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Local Hybrid Functionals with an Explicit Dependence on Spin Polarization’

Alexei V. Arbuznikov,* Hilke Bahmann, and Martin Kaupp*

Institut fiir Anorganische Chemie, Universitdit Wiirzburg, D-97074 Wiirzburg, Germany
Received: April 8, 2009; Revised Manuscript Received: June 14, 2009

A new family of local hybrid functionals with a position-dependent mixture of local and exact exchange has
been constructed. On the basis of conceptual similarities between local hybrids and explicit nondynamical
correlation functionals, the relative spin polarization has been introduced as an additional variable into the
local mixing function (LMF) that determines the position dependence of the exact exchange admixture. This
leads to two new two-parameter LMFs, one based on the ratio of the local kinetic energy density to the von
Weizsicker kinetic energy density and the other on the dimensionless density gradient. After optimization of
the two free parameters for small test sets, significant improvements of atomization energies of the full G3
set are obtained (mean absolute errors of 2.96 and 3.18 kcal mol ™!, respectively), with minor deterioration
for classical reaction barriers (HTBH38 and NHTBH38 test sets). The simultaneous description of two-
center three-electron dimer cations remains a challenge. It is shown that the exact and local spin density
exchange energy densities have closely related gauge definitions, so that gauge mismatch is only a minor
problem for local hybrids based on local exchange.

I. Introduction

The ability of hybrid exchange-correlation functionals to
describe various properties of different physicochemical systems
with high accuracy at low computational cost has made them
the most successful and popular class of density functionals in
a wide range of applications from chemistry via materials
research to biophysics. The B3LYP'® hybrid functional is
nowadays well-known to every computational chemist and to
most experimentalists as well. A typical hybrid functional is
written as

hybr __ exact ~DFT
E xc aOE X +E xc

0=<gqgy=1 (1)
where EJ is the exact exchange (EXX) energy
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and EXFT is some (physically justified) linear combination of
“traditional” density functionals, usually based either on the local
spin density approximation (LSDA)*® or on the generalized
gradient approximation (GGA).271° The simplest form of E2FT
is given by!!

EXMM =1

. — a)E)" + Epc’ (3)
where ERFT stands for the LSDA, GGA, or meta-GGA exchange
energy and EBE' simulates dynamical (short-range) correlation
within one of these approximations (EBET is often termed just
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“correlation energy” and denoted as EPFT). An important reason
for the success of hybrid functionals is that they provide a
balance between a reduction of the Coulomb self-interaction
error (SIE) and the simulation of nondynamical correlation
(NDC).">'* The exact exchange (EXX) energy (eq 2) is free
from SIE, while the DFT exchange EP™ accounts implicitly
for some NDC due to the local character of its exchange hole.!
For traditional (“global”) hybrids, this balance is determined
by the constant amount of the EXX admixture, aq (eq 1).!°
Increased attention has recently been given to the limits in the
achievable accuracy and universality of this ansatz. It is usually
not possible to find a unique value of a, to obtain optimum
accuracy for a wide range of properties or for different types
of molecular or solid-state systems. For example, with GGA
approximations for ERFT, the best performance for thermo-
chemical properties (in particular, for atomization energies)
requires rather modest EXX admixtures of typically about
0.16—0.30 (some theoretical justifications have been put for-
ward'?), whereas larger values tend to be optimum for, e.g.,
reaction barriers'® or for some linear response properties. '

In the past decade, the concept of hybrid functionals has been
generalized into two different, promising directions. One of them
has led to the notion of “range-separated hybrid functionals”,
where the electron-electron repulsion energy is split into short-
range and long-range contributions along the interelectronic
coordinate.”’ The second route, considered in the present work,
is the so-called local hybrid functionals.'?!42!-26 Here, the EXX
admixture is not a constant but a function of coordinates in real
space (a local mixing function, LMF)"?

Ei(::c—hyb —
D [ {,mENm) + 11— g, mlels ()}dr + £

o=,
“)

that is, constant ay (eqs 1 and 3) is replaced by the LMF g,(r).
One usually assumes that
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0<gr =1 ©)

In contrast to the integrated energies ES and EP'T in egs 1
and 3, the corresponding local energy densities £t and e2F

(0 = a, p) enter eq 4. By definition

B = Y EX' =Y [ madr (6)

o=a.f3 o=o.f3

and

exact — 2 Eexact _ 2 feexact(r)dr (7)

o=a.f3 o=o.f3

We note that energy densities (unlike integrated energies) are
“gauge-dependent” and hence not unique quantities. They may
be calibrated arbitrarily by adding some function which
integrates to 0.27-?® It is easy to show that any mismatch in the
gauge origin of mixed energy densities creates an error that
hampers refinement of LMFs (i.e., it is not straightforward to
eliminate such errors just by a special choice of the LMF). The
effect of the gauge dependence of the exchange energy densities
on the quality of a resulting local hybrid is currently not fully
clear but is suggested to be moderate by some recent studies.?*?*%
For reasons addressed further below, we will employ the
conventional gauge for both the EXX energy density

qz/*( )«;o, (r)

- Z gEOp, ) [ —dr’

’ax/u
o=a,3 (8)

) =

and the LSDA exchange energy density

=32 e o=ap O

(other types of exchange energy densities will only be mentioned
in passing).

By their very construction, local hybrids are clearly more
flexible than standard global hybrids, and they should thus be
able to provide an improved balance between the reduction of
SIE and the simulation of NDC. Indeed, some recent results
with rather simple one-parameter LMFs have provided numer-
ical evidence for this point by exhibiting simultaneously accurate
atomization energies (which depend decisively on the simulation
of left-right correlation in bonding) and reaction barriers (which
require often a reduction of NDC at the transition state and are
affected significantly by SIE),'* as well as response properties
(in particular, nuclear shielding constants®'). These data have
already pointed to improved universality of local versus global
hybrids. The performance of local hybrids is determined by (i)
the choice of the LMF, that is, the spatial dependence of the
mixture and (ii) the nature of the £2'T used. So far, the clearly
best results for computational thermochemistry and kinetics, with
dramatic improvement over the underlying global hybrid, have
been obtained!*?> when mixing just LSDA exchange (“Slater
exchange”,* without GGA or meta-GGA contributions) with
exact exchange, using the simple one-parameter LMF (a scaled
variant of a previously suggested LMF'?)
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8,(r) = 0.48¢,(r) (10)
. Ty (1)
W0 = 0 (1n

Here, 7,(r) is the o-spin local kinetic energy density

occ

T, (r) = 2 Ve, ()’ (12)

and Tw () is the corresponding von Weizsicker kinetic energy
density

1 Vo, (r)l?

1
8 p,0) )

TWO( ) =

The VWN LSDAZC has been used for dynamical correlation, and
the resulting local hybrid has been denoted as “Lh-SVWN”,
with explicit indication of the LMF.!#2?

Other types of LMFs examined so far include (i) functions
depending on the dimensionless density gradient,'*?* g(r) =

Fls,(r)], where

IVp, (1)l
2037 )m 43 (r)

IV, (r)l
6.1873p."(r)

$,(r) = o=ap

(14)

and F is a monotonous mapping of the semi-infinite interval
[0; o] onto the finite [0; 1]; (ii) constructions based on density
matrix similarity metrics;** and (iii) more sophisticated functions
including energy densities, designed to satisfy as many exact
physical constraints as possible.?® We have also examined the
construction of LMFs in a purely ab initio framework based on
a local version of the adiabatic connection formalism.? So far,
together with the very complicated five-parameter functional
of ref 26, the “semi-empirical” LMFs based on physically
intuitive inhomogeneity parameters like #,(r) or s,(r) (in the
following denoted as -LMFs and s-LMFs, respectively) have
provided the best numerical results'*#?>?3 and thus apparently
the best SIE/NDC balance for the properties and systems
examined. Here, we extend and further improve these types of
LMFs by introducing spin polarization as an additional variable.
The resulting two-parameter LMFs are then optimized for small
calibration sets of atomization energies and reaction barriers
and subsequently evaluated for more extended test sets.

II. Theory

A. Local Hybrids versus Models for Nondynamical Cor-
relation. Our introduction of spin polarization into LMFs for
local hybrids (see below) has been stimulated by a different,
recently proposed way to include NDC into exchange—
correlation functionals, that is, Becke’s coordinate space model
of nondynamical correlation (B05).3>33 This approach starts from
100% EXX and compensates the too-delocalized nature of the
EXX hole in certain situations (e.g., upon bond stretching) by
an appropriately nonlocal NDC hole. The total BOS exchange-
correlation functional is written as
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BO5 exact opp r-opp par par
Exc - E +a NDCENDC +a NDCENDC + EDC

15)

where EXpe and EXpe stand for the nondynamical correlation
between opposite spin and parallel spin electrons, respectively,
and anpe and alpc are fitting coefficients (positive numbers not
much less than 1). While we have recently examined in detail
the problems arising in the self-consistent implementation of
the full BO5 model for open-shell cases,>* here we are interested
only in the general structure of the underlying equations. The
predominant NDC energy contribution arises from the interac-
tions between opposite spin electrons and is (unscaled)

a( ) exact ) exact
EXSe = [ fn—— o0 AT+ S fnE2 o () o (0
(16)

where f(r) is a sophisticated, highly nonlinear (implicitly defined
and nonsmooth) function of both alpha and beta spin densities,
their gradients, Laplacians, noninteracing kinetic energy densities
(eq 12), and, finally, the EXX energy density (eq 8).> The
smaller but still important parallel spin NDC energy is given
by

ERpe = Expe + Effc (17)
where

EXhe = [p,mB,mdr  o=wp (18)

and function B,(r) is determined mainly by o-spin quantities
(i.e., the dependence on o’-spin quantities, 0’ = o, is weaker).>
The expression for E¢h¢ (0 = @, ) resembles structurally EXfc,
except that further, even more complicated functions are
employed in the corresponding integrand (see refs 32 and 33
for details).

To draw analogies between local hybrids and the BO5 model
and following ref 26, we may formally rewrite eq 4 for local
hybrids as

Eloc hyb __ Eexact
Y 11— g () — e mldr + Epc

o=o.8
= EX™ + Expe” + Epc (19)

with
B EGRERY o

and

CXaC[(r)]dr
o=apf (20b)

Exser = [11 = g,m)llers (x) —

As the LMF g,(r) is involved exclusively in the term E }3,3‘2“’,

we will, for brevity, sometimes call this term loosely “local
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hybrid” in the following. Comparison of Exge”” (eq 20) with
Expe = a¥be EXc + afe EXbe (eqs 15—18) indicates the
former to be clearly structurally simpler. In particular, in the
integrand on the right-hand side (RHS) of eq 20b, all analytical
forms of g, known up to now (except one?) are determined by
same-spin (“o-spin”) quantities only and do not depend on
opposite spin ingredients. It may seem paradoxical, but it is
the basic structure of a hybrid functional that opposite spin NDC
is mimicked by information on the same-spin subsystem only
and that eqs 19 and 20 lack “cross terms” (or “other spin terms’)
like those occurring in eq 16. Obviously, these differences
between the two constructions vanish for closed-shell systems
(see discussion below).

In the following, we will not attempt to fully mimic or
approximate the BO05 functional by local hybrids but only
incorporate an important structural feature of the former into
our LMFs. The simplest way to introduce such cross terms in
an ad hoc fashion would be to interchange the LMF-dependent
factors between alpha and beta spin terms in eq 20

exact(r)]dr
o=auo,p,0 =0 (21)

Bt = [11 = g,m)ller(r) —

In local hybrid eq 21, the LMF determined by alpha spin
quantities controls the beta spin EXX admixture and vice versa.
However, we decided to choose a less drastic approach, as
detailed in the following.

B. Spin Polarization As an Additional Variable of Local
Mixing Functions. Another way to introduce the above-
mentioned opposite spin terms into local hybrids is by using
the spin polarization  as an additional variable

Po(T) — pp(r)

where
p(r)

p(r) = py(r) + py(r) (22)

&r) =

The inclusion of spin polarization is also useful from other
viewpoints (see below). Note that —1 < § < 1, but overall, {
is predominantly positive (except for strongly spin-contaminated
SCF solutions). For brevity, hereafter, we omit the argument r
where the latter is immaterial. We emphasize that & is employed
here in a completely different context than in a recent local
hybrid of Perdew and co-workers.?®

Using ¢, we modify the best previous #- and s-LMFs
and obtain two #-G- and s-E-LMFs (eqs 23 and 24, respectively)

14,22,23

o= b+ D, (23a)
8= b — iy (23b)
g = erfl(b + ¢&)s,] (24a)
gs = erfl(b — cO)sy] (24b)

The variables 7, and s, are given by eqs 11 and 14, respectively.
At first glance, the analytical form of the LMFs (eqs 23 and
24) looks somewhat restrictive, and one might wonder about
using a more flexible ansatz like, for example
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o = Flb, + ¢, 01,1 or Fl(b, + c,0)s,] (25a)

and
gp = Fl(bs + cﬂC)tﬂ] or Fl(bg + cﬂé)sﬂ] (25b)

with independent values of by, cq, bg, and ¢z (the particular form
of F in eq 25 is unimportant). Indeed, for non-selfconsistent
(post-Hartree-Fock, post-LDA, post-GGA, etc.) calculations of
total energies, any unconstrained b, and ¢, (0 = @, 3) could be
used, and even a “generalization” of eq 10

8, = byt o=a,p (26)

g0

with b, #= bg, could be envisioned. However, evaluation of
functional derivatives of the corresponding energy functional
(eq 19) with respect to the occupied orbitals, OERSEL/O@; 4
needed for self-consistent implementation, must respect the

constraints
bﬁ =b (27a)
and

(27b)

Otherwise closed-shell systems will exhibit spurious spin
polarization during the SCF (see Appendix).

There is no straightforward way to identify “opposite spin
NDC” and “parallel spin NDC” in the functional defined by eq
20 if the corresponding LMF is a nonlinear function of &, z,,
and/or s, [like, e.g., in eqs. 24]. Such a separation may be done
for the particular case of a linear function given by eqs. 23.
Then, eqs 20 may be rewritten as

loc-hyb __ ploc-hyb z loc-hyb
ENDC — “NDC,opp + ENDC,par,o (28)
o=a.f

where

oc Cp(j(r)
Bt = S 1= o+ o)
[2T(r) — e2%Yr)ldr  (29)

X,0

and

oc- 'OU exacl
Exsenm=c [ )(,< els' () — £ (r)ldr
(r—u/f
o =0 (30)

A basic qualitative difference between such local hybrids and
the BO5 NDC model remains; as will be shown below, efficient
local hybrids with ~--LMFs (eq 23) obtain optimized values
on the order of » = 0.4 and ¢ = 0.05. Then, eqs 29 and 30
mean clearly |ER6E8,] < IERSES., whereas the opposite relation
between the two NDC contributions is expected.*>* However,
both in explicit NDC models like B05°>* and in the present
model, each of the spin components of the parallel spin NDC
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energies depends always on other-spin quantities. This speaks
against overrating separations like those in eqs 28 —30. Strictly
speaking, there is no complete separation of alpha and beta spin
variables in eqs 29 and 30, as both expressions contain
P = put pp.

C. Notes on the Choice of Gauge for Energy Densities.
Here, we provide a partial rationalization of the previously
observed particularly good performance of local hybrids that
mix only LSDA exchange and EXX without GGA contribu-
tions.!*?22 As mentioned above, the nonuniqueness of energy
densities is an underlying fundamental potential problem of any
functional relying on these quantities.?’*® For local hybrids (eq
4), both DFT exchange and EXX energy densities should be
represented in the same gauge. Otherwise, a spurious residue
arises that may affect the performance of the functional and is
hard or impossible to eliminate (see Introduction). In two recent
studies,?®? the EXX energy density gauge has been adjusted
approximately to that of the GGA or meta-GGA exchange
energy density by adding a calibration function. However, the
opposite way may be chosen as well: starting from the
conventional definition of the EXX energy density (eq 8),
consider its gauge as the reference, and try to adjust the DFT
exchange energy density to this gauge. While a rigorous
adjustment is certainly nontrivial for GGA or meta-GGA
exchange, the LSDA exchange energy density (eq 8) appears
to be close to the EXX reference gauge by definition. For the
homogeneous limit, this may be shown via the well-known
derivations of eq 9, starting from exact exchange (eqs 7 and 8)
followed by substitution by plane waves for a particle in a box
(which describe one-particle states in the uniform electron gas)
in place of orbitals ¢;. Integration over only one set of three-
dimensional variables, say r’, and some transformations typical
for uniform electron gas theory leads to eq 9 (see chapter 6.1
of ref 37 for details). That is, LSDA and EXX gauges for
exchange energy densities are identical in the homogeneous limit
by definition. While this is of course also true for GGA or meta-
GGA functionals (which reduce to the LSDA in the homoge-
neous limit), in those cases, the enhancement factors involve
partial integrations of the underlying exchange energy densities
or exchange holes, which are usually performed to remove
higher derivatives of the electron density (see, e.g., refs 2b and
8). Most likely, these enhancement factors introduce a larger
deviation of the GGA and meta-GGA gauge from that of the
exact exchange energy density than is the case for the simple
and straightforward LSDA energy density (cf. eq 9). This may
explain the surprisingly good performance of local hybrids based
on LSDA and exact exchange only. For future work, one may
envision the a priori construction of new GGA or meta-GGA
enhancement factors with improved gauge, specifically for the
use in local hybrids.

What seems less straightforward to understand at first sight
is the observation that, so far, local hybrids with LSDA (VWN)
dynamical correlation have performed best.!*?*?3 This may have
to do with a good match between LSDA exchange and
correlation contributions; in regions without or with low exact
exchange admixtures, LSDA exchange dominates but is known
to underestimate exact exchange. This is partly compensated
for by the too large LSDA correlation.'®> Other possible implicit
error cancellations at work in local hybrids still remain to be
analyzed.

III. Computational Details

We report here results obtained with LA-SVWN functionals
(see above), where the LMFs have been chosen according to
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TABLE 1: Optimized Parameters of Local Mixing
Functions and Results for the Fit Set of Atomization
Energies and Reaction Barriers (in kcal mol ')

AE6 BH6

Functional LMF MAE MSE MAE MSE
B3LYP 391 —3.07 481 —4381
Lh-SVWN g, = 0481, (0 = a, ff) 3.45 1.52 278 —223
Lh-SVWN g, 0.446 + 0.05318)¢, 1.73 0.53 3.07 -—3.07

(
gp = (0.446 — 0.05318)1

Lh-SVWN g, = erf(0.22s,) (0 = a, ) 52 1.81 3.80 —3.80

Lh-SVWN g, = erf[(0.197 + 0.04230)s,] 2.53 050 4.64 —4.064
gp = erf[(0.197 — 0.04230)s4]

“Lh-SVWN local hybrids, results with an uncontracted QZVP
basis. The fit set* contains six atomization energies (AE6) and six
barrier heights (BH6). For comparison, results with B3LYP and
previously reported local hybrids without dependence on ¢ are also
shown. See eqs 11 and 14 for the definitions of 7, and s,
respectively.

eqgs 23 and 24. While our earlier studies of local hybrids!#2%2325
were based on the MAG-ReSpect code, all of the calculations
reported in this paper have been performed using a locally
modified version of the Turbomole package.*® Other changes
in the computational details include (i) replacement of a
truncated cc-pVQZ basis set* (g functions were omitted in the
past) to the fully uncontracted QZVP*! basis set;* (ii) non-self-
consistent evaluation of total energies using B3LYP orbitals
rather than those obtained previously with 10% exact exchange
mixed with Slater exchange and VWN correlation;® (iii) the
semiempirical parameters entering the LMF being optimized
for the small AE6 and BH6 sets consisting of six atomization
energies (AEs) and six barrier heights (BHs)** (instead of
previous optimizations that were done for the G2-1 test set of
55 atomization energies*®). A completeness insertion in the
uncontracted orbital basis set has been used to compute the exact
exchange energy density in eq 8.4>%

We will also give results obtained with previously reported
functionals.'*?2?* This allows the effect of the changes to be
seen (as in our previous studies, we use MP2-optimized
structures for the full G2*® and G3 sets;* this leads to somewhat
larger mean absolute errors than those found for B3LYP-
optimized structures that have been used in some evaluations
in the literature®®). The HTBH38/04°! and NHTBH38% compila-
tions of classical barriers for hydrogen and heavier-atom transfer
reactions, respectively, have been employed in our validation
studies of the performance of new local hybrids for “compu-
tational kinetics”. Dissociation energies for two-center three-
electron dimer cations X," refer generally to the correct
asymptote X + X,

IV. Results and Discussion

Fitting of the two free parameters b and ¢ of the 7-§- and
s-C-LMFs (eqs 23 and 24) against the AE6 set of six atomization
energies and the BH6 set of six reaction barriers (with a 1:1
weighting) leads to the results shown in Table 1. Data for the
original #- and s-LMFs, which may be described by the same
equations with ¢ set to 0, are also given. Introduction of the ¢&
term clearly improves the atomization energies but deteriorates
the barriers slightly. The optimized values of the additional
parameter ¢ are about one order of magnitude smaller than the
leading parameter b in both the 7-C- and s-&-LMFs. Parameter
b is decreased by about 7—10% compared to its original value
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in the former ¢- and s-LMFs (Table 1). This reduces the overall
exact exchange admixture in the functional for closed-shell
systems (& = 0) and explains why the barriers tend to be reduced
and thereby deteriorated somewhat. We note in passing that one
could of course prefer a lower weighting of the AE6 atomization
energies relative to the BH6 barriers (other than the 1:1
weighting used). This provides slightly worse atomization
energies but better barriers. Apparently, these two-parameter
LMFs are not yet sufficiently flexible to allow a completely
independent optimization of both barriers and atomization
energies. Parameter c is in both cases positive. That is, it adds
some exact exchange for the alpha spin subsystem of the open-
shell species while reducing it for the beta spin manifold.

Table 2 evaluates the thermochemical performance for the
larger G3 test set. We first note that for the one-parameter
functionals without { dependence, the somewhat different
computational procedure changes the mean signed and absolute
errors somewhat compared to our earlier calculations,'* but not
decisively. Upon inclusion of spin polarization, we see the same
behavior as that suggested by the small AE6 set results above:
the #-&- and s-C-LMFs perform appreciably better than their
unpolarized counterparts. The improvement is particularly
notable for the s-C-LMF, where the mean absolute error for the
full G3 set has dropped by 40%. However, even for the #-G-
LMF, the MAE is reduced by about 1 kcal mol~'. Given their
very simple structure with only LSDA exchange and correlation
and exact exchange and only two adjustable parameters, both
the #-& and s-¢ local hybrids provide G3 set atomization energies
that are a remarkable improvement over standard functionals
like B3LYP (Table 2). To our knowledge, the obtained mean
absolute errors near 3.0 kcal mol ™! (given the MP2-optimized
structures; cf. Computational Details) are competitive with any
known occupied-orbital-dependent functional (and close to
“double hybrids” like B2PLYP, which incorporate electron
correlation via inclusion of the virtual orbital space in a MP2-
like correlation term®*). A further notable observation is that,
while the original s-LMF exhibits an increase of the MAE when
extending the test set from G2-1 to G3 (albeit much less than
B3LYP), in the case of the s-{-LMF, the error even decreases
slightly.

The ¢-dependence makes an effect exclusively for open-shell
systems. While the small G2-1 test set includes 18 open-shell
species out of 55 molecules (~1/3), this number drops to 12
for the remainder of the G2 set (totally, 93 molecules and
radicals) and becomes very small (only 2) for the subset of 75
species constituting the rest of the full G3 set. Yet, the
improvement of the atomization energies by inclusion of the §
dependence is notable for all of the subsets. This points to an
improvement predominantly of the reference valence atomic
energies (13 of 14 atoms involved in the G3 test set are open-
shell species). Note that here, we specifically do not refer to
the quality of the total energies as these are appreciably affected
by the LMF in the core region, which we have not attempted
to optimize so far.

As could already be inferred from the small calibration sets
above (Table 1), the significantly improved thermochemical
performance of the “spin-polarized” LMFs is accompanied by
a moderate deterioration of the barriers. Table 3 shows that in
both the s-LMF and #-LMF cases, the MAE for the non-
hydrogen-transfer barriers (NHTBH38/04) remains essentially
unchanged (0.1 kcal mol™! increase), whereas that of the
hydrogen-transfer barriers (HTBH38/04) increases by about 0.8
kcal mol™!. This reflects the very slightly lower overall exact
exchange admixture.
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TABLE 2: Mean Absolute and Signed Errors (in kcal mol™!) in the Atomization Energies of the G3 Test Set and Subsets®

G2-1 (55) G2 (93) G3 (75) YG3 (223)
functional LMF MAE MSE  MAE  MSE  MAE MSE MAE  MSE
B3LYP 253 —-035 46l —-410 1076  —10.73  6.17 ~5.41
Lh-SYWN g, = 0481, (0 = o, f) 3.73 098 435 1.53 331 —0.12 385 0.84
Lh-SYWN  go = (0.446 + 0.0531)t 2.66 020 297 1.43 3.16 —0.58 296 045

25 = (0.446 — 0.05310)1
Lh-SVWN g, = erf(0.225,) (0 = o, f) 491 166 551 2.12 5.22 000 526 1.30
Lh-SYWN  gq = erf[(0.197 + 0.0423)s,] 3.30 060 321 1.74 2.97 ~1.23 3.15 0.46

gp = erf[(0.197 — 0.04238)s4]

“@Results with an uncontracted QZVP basis. The data with the “non-spin-polarized” LMFs differ very slightly from our previous results'*
obtained with slightly different computational settings (truncated cc-pVQZ basis set, SVWN-10 orbitals, ReSpect program; see Computational

Details).

TABLE 3: Mean Absolute and Signed Errors (in kcal
mol ) for Classical Barrier Heights®

HTBH38/04 NHTBH38/04

functional LMF MAE MSE MAE MSE

B3LYP 43  —43 50 —48

Lh-SVWN g, = 0.48t, (0 = o, ) 25 —21 25 -—15

Lh-SVWN  go = (0.446 + 0.05318)t, 330 —2.90 2.60 —1.90
gp = (0.446 — 0.05318)1

Lh-SVWN g, = erf(0.22s) 0=, f) 3.5 —34 43 =37

Lh-SVWN  go = erf[(0.197 + 0.04230)s,] 43 —43 44  —44

gp = erf[(0.197 — 0.04238)sy]

¢ Results with an uncontracted QZVP basis. The data with the
“non-spin-polarized” LMFs differ very slightly from our previous
results' obtained with slightly different computational settings
(truncated cc-pVQZ basis set, SVWN-10 orbitals, ReSpect program;
see Computational Details).

So far, the description of two-center three-electron dimer
cations like those shown in Table 4 has remained a challenge
for all functionals as their accurate description by DFT requires
a large amount of exact exchange (NDC is unimportant for
bonding in these systems, but SIE is a serious problem>*) that
is incompatible with good general thermochemical performance.
Unfortunately, this problem is not cured by the local hybrids
based on the spin-polarized LMFs (Table 4; CCSD(T) results>>*
are used as reference data). All local hybrids under consideration
give significant overbinding and too large equilibrium bond
lengths and are only somewhat better than B3LYP. The spin-
polarized LMFs give essentially the same distances as their
unpolarized counterparts and marginally larger binding energies
(likely due to the overall somewhat lower exact exchange, given
the slightly lower parameter b). Apparently, the flexibility of
the present one- and two-parameter local hybrids is not sufficient
to extend the good performance for general thermochemical and
barrier data to these systems with rather special bonding
situations.

As we have reported earlier (cf. ref 23 and references therein),
an interesting relationship is observed for the local hybrids with
both 7~ and s-LMFs when comparing density-averaged local
mixing functions

2, = [ g,mp,mdr/ [ p,mdr = (1/N,) [ g,(r)p,r)dr
o=aopB (Gl

For almost all open-shell systems studied, we observe

8p>8q or Ag=3;—8,>0 (32)

in spin-unrestricted calculations. In other words, the averaged
minority spin LMF is almost always larger than the averaged
majority spin LMF. Therefore, as was mentioned above, one
might expect from Table 1 and eqs 23 and 24 that the difference,
Ag in eq 32, will be reduced upon inclusion of the explicit
dependence on (. This is indeed the case, as one can see from
Table 5. Apparently, the decrease of Ag is significantly larger
than one could expect only from the reduction of factor b (eqs
23 and 24). This effect is particularly pronounced for s-§-LMFs,
where Ag drops by more than a factor of 2 on average. This
“damping” of the differences between the density-averaged o-
and f(-spin LMFs correlates with the observed improved
thermochemical performance. The reasons for this correlation
remain to be studied in more detail.

An advantage of the s-LMFs (e.g., eq 24) over the scaled
t-LMFs (eqgs 10 and 23) is the correct long-range behavior (i.e.,
g goes to 1 as the density goes to 0). Yet, the overall
performance of the scaled +-LMFs for thermochemistry and
barriers is better (see above). Figure 1 shows that we can easily
restore the correct long-range behavior of a scaled +-LMF by
adding a suitable s-LMF contribution. The example two-
parameter LMF shown (dashed line) provides identical atomi-
zation energies and barriers as the original +-LMF (solid line;
eq 10). We have so far not attempted to optimize the parameters
of such “mixed” LMFs (or of three-parameter LMFs that also
include {), as this requires an implementation and optimization
of properties (e.g., charge-transfer excitation energies in time-
dependent DFT calculations) that depend crucially on the long-
range part of the functional. This is ongoing work.

V. Conclusions and Outlook

Introduction of spin polarization as an explicit variable into
the local mixing functions (LMFs) that determine the position-
dependent mixture of local and exact exchange in local hybrid
functionals is motivated by considerations of implicit and
explicit treatments of nondynamical correlation (NDC) in DFT.
The resulting two-parameter LMFs suggested here and the
LSDA-based local hybrids based thereon provide remarkable
state-of-the-art accuracy for thermochemistry, with significant
improvement over previously suggested one-parameter LMFs.
At the same time, the accuracy for classical activation barriers
is deteriorated only moderately. Yet, the optimization results
indicate that these two-parameter functionals are not yet flexible
enough to optimize barriers and thermochemistry simulta-
neously. Cases like two-center three-electron dimer cations, in
which NDC is essentially absent but where self-interaction errors
are particularly severe, are not yet improved sufficiently. The
current LMFs eliminate self-interaction errors fully only at long
range (see above), and it will be necessary to extend the correct
behavior to a larger relevant part of the electron density
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TABLE 4: Dissociation Energies (in kcal mol™!) and Equilibrium Bond Lengths (in A) of Two-Center Three-Electron Dimer

Cations®
H,* He," Ne," Ar,* (HF),* (H0),* (NH;),*
LMF D. Te D, Te D, Te D, Te D. Te D. Te D, Te
B3LYP 67.8 1.11 77.6 1.14 59.0 181 432 253 58.1 193 527 210 51.5 225
Lh-SVWN g, = 0481, (0 = a, ) 656 1.09 68.1 1.12 554 183 41.7 251 550 194 502 2.10 49.0 2.25
Lh-SVWN g, = (0.446 + 0.05310)1, 656 1.09 682 1.12 572 183 427 251 566 193 51.5 210 50.1 225
gp = (0.446 — 0.05310)15
Lh-SVWN g, = erf(0.22s,) (0 = a, f3) 66.5 73.6 548 1.83 41.7 250 544 193 496 2.09 488 224
Lh-SVWN g, = erf[(0.197 + 0.04230)s,] 66.4 72.9 573 183 429 250 565 193 513 2.09 50.1 224
gp = erf[(0.197 — 0.04230)s5]
CCSD(T) » 643 1.06 56.0 1.08 30.8 1.71 29.3¢ 242¢ 402 185 40.8 2.03 363 217

“@Results with an uncontracted QZVP basis. Dissociation energies are provided with respect to the correct dissociation limit X + X*. » Data
from ref 56 (unless noted otherwise). ¢ CCSD(T) calculation of the energy at the structure optimized at the MP2 level (ref 55).

TABLE 5: Density-Averaged LMFs, Ag (eqs 31 and 32), for
Open-Shell Atoms and Species from the G2-1 Test Set

Lh-SVWN, g, =
atom/radical, (0.446 + erf[(0.197 £+
multiplicity 0.48t, 0.05310)1,  erf(0.22s,) 0.0423)s,]
Li, 2 0.0579 0.0307 0.0235 —0.0046
C3 0.0964 0.0665 0.0630 0.0262
N, 4 0.1356 0.0986 0.0885 0.0417
0,3 0.0929 0.0718 0.0570 0.0295
F,2 0.0392 0.0303 0.0259 0.0138
Si, 3 0.0138 0.0030 0.0143 —0.0012
P, 4 0.0282 0.0140 0.0254 0.0048
S, 3 0.0274 0.0181 0.0206 0.0072
Cl, 2 0.0141 0.0098 0.0109 0.0045
BeH, 2 0.0405 0.0218 0.0276 0.0070
CH, 2 0.0581 0.0445 0.0312 0.0148
CH,, 3 0.1126 0.0896 0.0583 0.0304
CHs;, 2 0.0595 0.0488 0.0299 0.0167
ClO, 2 0.0071 0.0044 0.0058 0.0020
CN, 2 0.0103 0.0050 0.0112 0.0033
HCO, 2 0.0103 0.0051 0.0082 0.0013
NH, 3 0.1004 0.0786 0.0576 0.0300
NH,, 2 0.0470 0.0374 0.0277 0.0152
NO, 2 0.0134 0.0085 0.0098 0.0033
0,3 0.0240 0.0155 0.0197 0.0080
OH, 2 0.0418 0.0327 0.0266 0.0144
PH,, 2 0.0186 0.0137 0.0119 0.0051
S2 3 0.0083 0.0041 0.0084 0.0021
Sip, 3 0.0157 0.0148 0.0130 0.0062
SiH,, 3 0.0268 0.0166 0.0177 0.0040
SiH;, 2 0.0169 0.0115 0.0101 0.0032
SO, 3 0.0121 0.0064 0.0113 0.0031
average 0.0418 0.0297 0.0265 0.0108

distribution (hopefully without rendering the functional too
complicated®). As shown here, consideration of explicit real
space NDC treatments like the B0O5 ansatz*>* may provide
guidelines of how to achieve this goal. Alternatively, a search
for computationally more tractable’* analytical mixing functions
for explicit NDC models appears to be a promising avenue.

One point that has so far been viewed as a severe obstacle
for the development of accurate local hybrids?*®’ is a mismatch
between the gauges of exact and DFT exchange energy densities.
The good numerical results of several recent local hybrids may
be viewed as an argument against this thesis. Notably, however,
almost all successful local hybrids so far used only LSDA and
exact exchange,'**>? with no GGA contributions to exchange
(but note ref 26). As shown in this work, this may reflect the
fact that the LSDA and exact exchange energy densities
are already in better matching gauges by definition. The gauge
problem is therefore reduced or absent in this case.
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Appendix

On the Self-Consistent Implementation of Spin-Polariza-
tion Dependent Local Hybrids. Occupied-orbital-dependent
functionals that explicitly depend on the exact exchange energy
density, 5 (eq 8), and/or the local kinetic energy density, ©
(eq 12), are implicit rather than explicit functionals of the
density. This leads to a well-known problem in their self-
consistent implementation as a Kohn-Sham potential cannot be
derived directly by taking explicitly the functional derivative
with respect to the electron density (OE,/0p). The first step of
an implementation will therefore always be the evaluation of
functional derivatives with respect to the occupied orbitals
(FDOs), O0E /0@, For a functional of the following form
(a typical “hyper-GGA” functional without dependence on the
density Laplacian'?)

E. = [ &.lpu(r). 04r): Vou(r), Voy(r): 7,(r), T4(r):
XAy, £i$C‘(r)]dr (A1)

Exa
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one can easily show that such FDOs are assembled from partial
derivatives (3ex/0p,), (0€xc/NV pgl), (06x/0T,), and (D /Ies S
(c=a,p)as

OE, e de V%, Vp,-VIVp,
o9, dp,  IVp,I\IVp,l Vo,

1 ey

IVpOI(V8IVpUI V”O}q)ka

[(V a SXC ) ]
_ . @
T, T, ks
9 Exe Vo non-loc {rnon-loc 9 Exe
+ 9e exact sz‘f Cpka + Vx,a de exact q)k;

(A2)

where the operator V“°“ loc js defined by its action on an arbitrary
function 1 as®®

e @EI)Y()
Anon loc(r)w(r) — Z(p/ (I’) f /—l dr’

(A3)

It is obvious that in a closed-shell system, for a doubly occupied
pair with an identical spatial part (i.e., ;, = @;, = @;), each of
the counterparts ¢;, and ¢;, must enter the expression for Ex
equivalently. Otherwise, spurious spin polarization will unavoid-
ably appear during the SCF process. In other words, if
OE /Og;, is not identical to OF XC/6g0,«ﬂ, then ¢;, and g, (identical
from an initial guess) will necessarily differ already after the
first SCF iteration. To ensure that these alpha and beta spin
FDOs coincide (cf. eq A2), one has to require that

de de

Xc

oK 3Kﬂ

XC

K = p,IVpl, 7, e (A4)

o8

On the RHS of eq 19, only the term ENS®® has to be verified
(for the other two terms, eq A4 is satisfied automatically). Let
us now substitute LMFs (eq 25) into such a functional (eqs 20)

Bt = Y, [ {1 = Flb, + ¢,£)0,x)]} x

o=o.f3

[eDFT(r) _ exact(r)]dr

X,0

0=rts (A5

Then, abbreviating (SEG — &34 as Agy,, we have

loc-hyb
denpe

oK

dAe,
= {1 = Fl(b, + ¢,0)0,1} 3 :

A a0,
F'l(b, + ¢,0)0,1|b, + c,| =0, + t—||Ae,, —
K, ok, ’

Fl(b, + ¢, £)0,]c, é0 Ae, 0 =a (A6)

where F’(z) = (dF(z)/dz) and z = (b, + ¢,£)0,.

The easiest way to justify eq 27a consists of substituting
Kk = e into eq A6. Indeed, since only Ag,, depends (linearly)
on SEXZICI
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agloc—hyb
NDC

3;;=—U—quw@%n (A7)
Use of ¢;, = @i, in the evaluation of p,, IVp,l, and 7, (and

exact

£35") obviously leads to g = 0, and { = 0. Therefore, to satisty
eq A4, one has to put by = b,. Inspection of eq A6 indicates
that the only additional difference upon passing from

0B /0Ky to 0eNHE®/ks may arise from 98/dp, (since §
depends neither on IV p,l nor on 7,,). Indeed

g _1=-¢ ¢ _-1-¢
= =-—2yd > =——>2 A8
9Py o dpg P (A8

and, in particular

_98

5 (A9)

Pple=0 t=0

Therefore, to satisfy eq A4, one has to put ¢z = —cq (eq 27b).
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