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We analyze the effect of removing self-interaction error on magnetic exchange couplings using
the Fermi-Löwdin orbital self-interaction correction (FLOSIC) method in the framework of density
functional theory (DFT). We compare magnetic exchange couplings obtained from self-interaction-
free FLOSIC calculations with the local spin density approximation (LSDA) with several widely
used DFT realizations and wave function based methods. To this end, we employ the linear
H–He–H model system, six organic radical molecules, and [Cu2Cl6]2− as representatives of dif-
ferent types of magnetic interactions. We show that the simple self-interaction-free version of
LSDA improves calculated couplings with respect to LSDA in all cases, even though the nature
of the exchange interaction varies across the test set, and in most cases, it yields results compara-
ble to modern hybrids and range-separated approximate functionals. Published by AIP Publishing.
https://doi.org/10.1063/1.5050809

I. INTRODUCTION

Accurate theoretical determination of magnetic proper-
ties in molecular complexes is a long standing problem with
potential implications in the design and development of molec-
ular magnets, spintronics, and memory devices and even in
biochemistry.1–6 Advances in recent years have focused on dif-
ferent fronts and in most cases simple model spin Hamiltonians
are invoked.7–16 The magnetic behavior of molecular com-
plexes depends on many factors such as the interaction between
the localized spins at the magnetic centers and the magnetic
anisotropy.17,18 The magnetic interaction between localized
spins can be described in terms of the magnetic exchange cou-
pling parameter JAB, whose magnitude and sign, respectively,
reflect the strength and nature of the magnetic coupling.19–21

The magnetic exchange interaction between localized spins
~SA and ~SB corresponding to spin centers A and B, respectively,
can be modeled using the simple Heisenberg-Dirac-Van Vleck
(HDVV) spin Hamiltonian22

ĤHDVV = −
∑
A,B

JAB ~SA · ~SB. (1)

The ĤHDVV Hamiltonian is commonly used in magnetochem-
istry studies because of its ability to simplify the complex
quantum mechanical electronic interactions in terms of sim-
ple spin operators. This allows modeling of the experimen-
tally observed magnetic behavior in terms of only a few

a)Electronic mail: peral1j@cmich.edu

parameters. The ĤHDVV Hamiltonian is routinely used to cal-
culate magnetic exchange couplings by mapping the energy
spectrum of different spin states onto the corresponding energy
spectrum obtained from available ab initio electronic structure
methods.23–26

Among electronic structure methods, multi-reference
wave function based methods23,27 such as multi-reference
configuration interaction (MRCI), complete active space with
second-order perturbation theory (CASPT2), complete active
space self-consistent field (CASSCF), etc. are considered very
accurate methods to evaluate magnetic properties. However,
the computational cost associated with these methods lim-
its their use in practical calculations for large complexes.28,29

Over the years, single-reference methods such as density func-
tional theory (DFT) have been successfully used in electronic
structure calculations30,31 since they offer a good compro-
mise between accuracy and computational cost for diverse
systems and properties,32,33 in particular for magnetic prop-
erties.3,29,34–40 Despite its success, DFT is not free from lim-
itations. One of the most striking limitations of approximate
exchange-correlation density functionals is that they do not
completely cancel the interaction of electrons with themselves,
resulting in self-interaction error (SIE). SIE is the sum of
self-Coulomb and self-exchange and correlation interactions
and its presence has several consequences, such as an incor-
rect potential energy curve for H+

2 ,41,42 an underestimation
of energy band gaps,43 and unphysical Kohn-Sham orbitals
and orbital energies,44 which are known to impact calculated
magnetic properties.45 The self-Coulomb and self-exchange
in Hartree-Fock (HF) cancel exactly, and hence this method is
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free from SIE. This partly explains the fact that hybrid density
functionals (which include a fraction of HF exchange by con-
struction) reduce SIE and in general give improved J couplings
compared to semi-local functionals.12,46

Perdew and Zunger proposed a scheme to explicitly
remove the SIE47 on an orbital-by-orbital basis. This scheme,
commonly known as PZ-SIC, is based on a modified energy
expression

EDFT-SIC = EKS[nα, nβ] −
∑
iσ

(EXC[nσi , 0] + EH[nσi ]) , (2)

where nσi are the single orbital densities, σ = α, β refers to the
respective spin, and EXC and EH are the exchange-correlation
and Hartree energies. The PZ scheme to remove SIE delivers
the proper corrections to approximate density functionals via
localized orbitals. However, this scheme has not been used for
routine applications in large systems due to the high compu-
tational cost associated with solving the resulting system of
equations, which involves an additional O(N2) scaling factor
with respect to standard DFT calculations for a system of N
electrons.

It has been argued in the literature that SIE, although being
non-physical in nature, might fortuitously mimic long-range
non-dynamical correlations effects, stabilizing the Kohn-Sham
solution and hence lending some multi-reference character to
approximate density functional calculations.48,49 Thus, remov-
ing SIE from available approximate functionals may be detri-
mental and demands careful construction of SIC functionals.
This problem is outside the scope of the current work. Here,
we focus on the more limited question of how self-interaction
correction affect magnetic exchange couplings.

Recently, an alternative method for removing the SIE
based on the construction of Fermi-Löwdin orbitals for self-
interaction correction (FLOSIC) was proposed.50–52 Within
this approach, the localized orbitals that are used for the
correction are parameterized in the form of Fermi orbitals53

F i(r),

Fi(r) =
N∑
j

ψ∗j (ai)ψj(r)√
ρ(ai)

, (3)

where ai are the Fermi orbital descriptors (FODs) which can
be viewed figuratively as classical electron positions, N is
the number of occupied orbitals, and ψj(r) are the canoni-
cal Kohn-Sham orbitals. The non-orthogonal Fermi orbitals
F i(r) are then orthogonalized using the Löwdin orthogonaliza-
tion scheme.54 Afterwards, a Schrödinger-like equation with a
modified Kohn-Sham Hamiltonian, including self-interaction
correction, is solved self-consistently to determine the station-
ary solutions of the electronic energy corresponding to that set
of FODs. The derivatives of the total energy with respect to
the FODs can be calculated.51 These FOD “forces” are used
to relax the set of FODs using a standard gradient-based mini-
mization algorithm, ensuring that the energy is optimized with
respect to both the density and the orbitals through the FODs.
For more details on the methodology, we refer the reader to the
original literature.50–52,55–57 The purpose of the present work is
twofold: On the one hand, we aim to evaluate the impact of SIE
for magnetic exchange couplings in realistic molecular sys-
tems, including transition metal complexes. On the other hand,

we want to gauge the performance of the FLOSIC method
for this property. To this end, we employ the widely used
spin-projected (SP) broken-symmetry approach of Noodle-
man58 and the non-projected (NP) approach of Ruiz et al.59

to calculate the magnetic exchange couplings JSP and JNP,
respectively, from a high-spin (EHS) and a broken-symmetry
spin (EBS) state,

JSP =
EBS − EHS

2SASB
and JNP =

EBS − EHS

2SASB + SB
, with SA ≥ SB.

(4)
Ruiz et al.12,46 showed the effect of explicitly removing

SIE on exchange couplings for the 4-electron linear H–He–H
model system using PZ-SIC. In this work, we widen the scope
of that analysis to realistic molecules in the context of the
FLOSIC methodology.

II. COMPUTATIONAL DETAILS

To assess the performance of FLOSIC for magnetic
exchange couplings, we considered the linear H–He–H model
system, six organic bi-radical molecules, and one transition
metal complex (shown in Fig. 1). These systems cover the
diverse nature of magnetic interactions both qualitatively and
quantitatively, ranging from strong anti-ferromagnetic radicals
to weak anti-ferromagnetic and strong ferromagnetic systems.
For H–He–H, we selected three different H–He distances,
1.250 Å, 1.625 Å, and 2.000 Å. This allows us to evaluate
the performance of FLOSIC at different strengths of the spin
interaction and compare to existing calculations from the lit-
erature.12,60 The organic radicals consist of two anti-aromatic
systems ([C3H3]−, C4H4), two aromatic systems (p-C8H8,
m-C8H8), and two non-aromatic systems (TMM, TME).61–65

Finally, we also consider the widely studied dinuclear transi-
tion metal complex [Cu2Cl6]2−.66,67 The structures of these
systems are given in the supplementary material. All systems
considered in this work have the DFT solutions with a triplet
HS and a singlet BS state.

One of the most time-consuming components of the cur-
rent implementation of the FLOSIC methodology is the relax-
ation of the FODs. For this reason, a careful choice of the
starting FODs is crucial. For this work, the initial FOD config-
urations are constructed following Ref. 68. For the H–He–H
system, since there are only 1s electrons involved, the calcula-
tions were carried out by placing the initial FODs at the nuclear
positions. For larger systems, in every single-bond other than
C–H, two FODs are placed at the bond center, one for each spin
channel. Similarly, for double bonds, we assigned four FODs
in a line perpendicular to the bond axis, two on each side of the
bond, one for each spin channel. FODs corresponding to C–H
single bonds are assigned at the nuclear position of the H atom.
For transition metal atoms, FODs corresponding to 1s orbitals
were initially placed at the atomic positions, 2s2p FODs were
arranged in a tetrahedral configuration with the atomic position
as the center, and valence FODs were arranged symmetrically
around the core FODs. The FODs corresponding to unpaired
electrons are both spin up in HS calculations, whereas in BS
calculations, one FOD from the HS configuration is switched
to the spin down channel. These FOD positions were then fully
relaxed using a conjugate gradient algorithm to obtain the FOD

ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-149-016840
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FIG. 1. Structures of the molecules
employed in this work for the evaluation
of magnetic exchange couplings. (a)
H–He–H, (b) cyclopropenyl anion
([C3H3]−), (c) cyclobutadiene (C4H4),
(d) trimethylenemethane (TMM),
(e) tetramethyleneethane (TME),
(f) p-C8H8, (g) m-C8H8, and (h)
[Cu2Cl6]2−. Gray—carbon, white—
hydrogen, blue—helium, green—
chlorine, and brown—copper.

positions that minimize the total energy of the system with a
confidence of 10−7 hartree (0.022 cm−1). It is also important
to point out that FOD optimization is necessary to obtain reli-
able exchange couplings from FLOSIC calculations and one
should not extract J without fully optimizing the FODs.

A simple alternative to decrease the computational cost
of FLOSIC calculations is to use effective core potentials
(ECPs) to reduce the number of occupied orbitals (and hence
FODs). In this work, we explored this alternative and com-
pared the resulting exchange couplings with their all-electron
counterparts for the series of organic radicals. To this end, we
used small-core Stuttgart ECPs69 in an in-house version of
the NRLMOL code that implements ECPs.70,71 Since these
ECPs replace the 1s core electrons in the second-row atoms,
they remove the innermost FODs, which are typically the ones
with large FOD-forces and more difficult to optimize.

We compared the FLOSIC results with the ones obtained
from widely used density functional approximations and wave
function based methods. In detail, we used the global Perdew-
Burke-Ernzerhoz (PBE) hybrid (PBEh)72 and B3LYP,73 the
meta-generalized gradient hybrid M062X,74 and the long-
range corrected hybrid ωB97XD.75 We note that hybrid func-
tionals are known to yield reasonably good exchange couplings
for transition metal complexes.16,21,76 However, a better stan-
dard for comparison are multi-reference wave function based
methods.61–65

All FLOSIC calculations were carried out on top of the
local spin density approximation (LSDA).77 The local-spin-
density approximation (LSDA) and LSDA FLOSIC (hereafter
called FLOSIC) calculations were carried out using the NRL-
MOL code with local-density approximation (LDA) exchange
and PW91 correlation,77 while for PBEh, B3LYP, M062X, and
ωB97XD calculations, we have used the Gaussian program.78

The magnetic exchange couplings were calculated using the
spin-projected and non-projected approaches, Eq. (4). We

have used the all-electron NRLMOL default basis set for
calculations of H–He–H and the organic bi-radical systems,
which consists of 5s4p3d contracted Gaussian functions for
the second-row elements and 4s3p1d contracted Gaussians for
H and He. For the [Cu2Cl6]2− complex, we have employed the
small-core Stuttgart ECP with the corresponding fully uncon-
tracted basis set as taken from the Environmental Molecular
Sciences Laboratory website.69,79 We note that FLOSIC can
be applied, in principle, to any local, semi-local, or hybrid
functional. However, how to best combine SIC with stan-
dard density functional approximations is presently an open
question.

In order to make a quantitative assessment of our results
with the reference calculations considered in this work, we
have calculated the percentage error (PE) and mean percentage
error (MPE) with respect to reference values given by

PE =
JCalc. − JRef.

JRef.
× 100 %, (5)

MPE =
1
N

∑ JCalc. − JRef.

JRef.
× 100 %, (6)

where N is the number of systems considered.

III. RESULTS AND DISCUSSION
A. H–He–H model

In Table I, we show the calculated magnetic exchange
coupling parameter (in cm−1) using the spin-projected and
non-projected approach [Eq. (4)] for the H–He–H model
system at three different H–He distances (1.250, 1.625,
and 2.000 Å) with LSDA, FLOSIC, PZ-SIC,12 global
hybrid PBEh,72 B3LYP,73 M062X,74 and the range-separated
hybridωB97XD75 along with the reference full-configuration
interaction (full-CI) values.60 In this neutral four-electron
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TABLE I. Magnetic exchange couplings (in cm�1) for the H–He–H model
system at different H–He distances (d) using different approaches.

d (Å) 1.250 1.625 2.000

LSDA
JSP �12493 �1494 �159
JNP �6246 �747 �79

FLOSIC
JSP �5503 �632 �61
JNP �2751 �316 �30

PZ-SICa JSP �5414 �614 �62
JNP �2707 �307 �31

PBEh
JSP �7041 �766 �74
JNP �3520 �383 �37

B3LYP
JSP �8415 �1007 �118
JNP �4207 �503 �59

M062X
JSP �7755 �958 �112
JNP �3877 �479 �56

ωB97XD
JSP �7174 �643 �46
JNP �3587 �321 �23

Full-CIb
�4860 �544 �50

aTaken from Ref. 12.
bTaken from Ref. 60.

system, two electrons are paired in the 1s orbital of the helium
atom, while the other two electrons are associated with the two
hydrogen atoms. These two unpaired spins are responsible for
the magnetic coupling in the system.

All computational methods considered predict that the
exchange coupling favors the (BS) anti-ferromagnetic con-
figuration for all three H–He distances. However, the values
of the coupling parameter decrease when the H–He distances
increase due to the reduction of the orbital overlap between
the two unpaired spins located on the hydrogen atoms. For the
three distances, 1.250, 1.625, and 2.000 Å, our SP FLOSIC
values for the exchange coupling parameters, −5503, −632,
and −61 cm−1, are in good agreement with the SP values
computed by Ruiz et al., −5414, −614, and −62 cm−1, using
PZ-SIC12 with LSDA. Slight differences in the exchange cou-
plings might be due to different basis sets used in our work
compared to Ref. 12. The uncorrected LSDA values show
similar differences. Both FLOSIC and PZ-SIC yield coupling
parameters that are closer by almost a factor of 2 to the ref-
erence full-CI values, −4860, −544, and −50 cm−1, than the
ones predicted by LSDA,−12 493,−1494, and−159 cm−1. For
LSDA, a PE of nearly 157%, 175%, and 217% in exchange
coupling values occurs for d = 1.250, 1.625, and 2.000 Å,
respectively. These values drop to approximately 13%, 16%,
and 21% when including SIC.

However, with the NP approach, we see that LSDA with-
out correction gives J values close to the reference compared
to the SP uncorrected LSDA values and worsens when self-
interaction correction is introduced. This is in line with the
observation by Ruiz et al.12 for the same system. With the
NP approach, J values with plain LSDA are slightly overesti-
mated with a PE of nearly 28%, 37%, and 50% for d = 1.250,
1.625, and 2.000 Å, respectively. Including SIC through the
FLOSIC method, J values are underestimated compared to

the reference full-CI with a PE of −43%, −42%, and −40%,
respectively.

A way to implicitly reduce the effect of SIE on the proper-
ties calculated using DFT is to use exchange-correlation func-
tionals that include a contribution from non-local Hartree-Fock
exchange.12 This results in a partial elimination of SIE depend-
ing upon the amount of Hartree-Fock exchange being included
so that the calculated properties can be improved depending
on the impact of SIE on the systems considered. Among all
the hybrid functionals included here,ωB97XD gives exchange
couplings closest to full-CI values with the SP approach. Such
accuracy comes from 100% exact exchange used in this func-
tional for long range electron-electron interactions.75,80 This
also explains the increasing accuracy of ωB97XD in compar-
ison to the full-CI values as the H–He separation increases
from 1.250 Å to 2.000 Å. However, with the NP approach,
J values obtained with ωB97XD show a large deviation, and
among all methods considered, B3LYP, M062X, and PBEh
perform the best. We also notice that FLOSIC SP exchange
couplings at the LSDA level are even better compared to stan-
dard PBEh SP values for this system with respect to full-CI
values. Clearly, exchange couplings with other hybrids B3LYP,
M062X, and ωB97XD are also closer to full-CI values com-
pared to LSDA with the SP approach. It is important to note
here that the fraction of HF exchange being used is not the
only factor affecting exchange couplings. The construction
or parameterization of the XC functional also plays a role.
This can be observed from the PBEh and B3LYP J couplings:
despite having a similar amount of HF exchange (20% for
B3LYP and 25% for PBEh), these two functionals yield sig-
nificantly different couplings. Moreover, the J values from
M062X, containing 54% HF exchange, are more similar to
the B3LYP (20% HF exchange) values than to the PBEh (25%
HF exchange) values, further supporting our argument. Over-
all, compared to full-CI values with the SP (NP) approach, we
obtain a MPE of 183 (41)% with LSDA, 45 (−28)% with PBEh,
and 17 (−42)% with FLOSIC. Similarly we observe a MPE
of 98 (−1)%, 60 (−7)%, and 19 (−40)% for B3LYP, M062X,
and ωB97XD, respectively. These results show that for all the
H–He distances considered, the exchange couplings obtained
with SP LSDA are significantly improved in the same direc-
tion than more accurate calculations when self-interaction is
removed using the FLOSIC method, consistent with the find-
ings of Ruiz et al.12 In addition, with the NP approach, we
obtain similar absolute errors in J values with and without
SIC.

B. Organic radical molecules

In this section, we analyze the effect of SIC on the J cou-
plings for six organic radicals. In Table II, we show our SP
and NP results using LSDA, FLOSIC, PBEh, B3LYP, M062X,
and ωB97XD (see the supplementary material for additional
information). For comparison, we also include multi-reference
J couplings taken from the literature.61–65 Table II shows
that LSDA predicts the correct ground state for all radical
molecules. For cyclobutadiene, although LSDA predicts the
correct antiferromagnetic ground state, it gives a very small
exchange coupling of −90 (−45) cm−1 using the SP (NP)

ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-149-016840
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TABLE II. All-electron magnetic exchange couplings (cm�1) for organic radical molecules using different meth-
ods with the spin-projected (SP) and non-projected (NP) approach. See the supplementary material for additional
information.

Method

System LSDA FLOSIC PBEh B3LYP M062X ωB97XD Ref.

[C3H3]�
JSP 3759 7036 6031 5173 4127 5548

4547a
JNP 1879 3518 3015 2586 2063 2774

C4H4
JSP �90 �6965 �3571 �2676 �3204 �3580

�2833a
JNP �45 �3482 �1785 �1338 �1602 �1790

TMM
JSP 4800 11487 9803 8539 9202 10016

6121b
JNP 2400 5743 4901 4269 4601 5008

TME
JSP �2839 �1948 �2251 �2091 �2094 �2052

�1224c
JNP �1419 �974 �1125 �1045 �1047 �1026

p-C8H8
JSP �2711 �4819 �1455 �1568 �1236 �1378

�2333d
JNP �1355 �2409 �727 �784 �618 �689

m-C8H8
JSP 2273 11905 5575 4723 4436 5928

6824e
JNP 1136 5952 2785 2361 2218 2964

aCASSCF-MkCCSD values taken from Ref. 61.
bCASPT2N values taken from Ref. 62.
cDDCI values taken from Ref. 63.
dAM1-CI values taken from Ref. 64.
eCASSCF values taken from Ref. 65.

approach. However, this molecule is known to have a large
antiferromagnetic exchange coupling of −2833 cm−1 from
accurate quantum chemistry calculations.61,81 FLOSIC with
the NP approach recovers the correct strength of the antiferro-
magnetic interaction between unpaired spins and gives a value
which is very close to the reference calculation. However,
FLOSIC with the SP approach overestimates the exchange
coupling by nearly a factor of 2 compared to the reference
CASSCF-MkCCSD value.61 With hybrid functionals PBEh,
B3LYP, M062X, andωB97XD, we obtain exchange couplings
similar to each other using either the SP or NP approaches,
with the SP values usually being closer to the reference
values.

For [C3H3]−, we observe a trend similar to that for C4H4

with both the SP and NP approaches: FLOSIC corrects the
LSDA values towards CASSCF-MkCCSD and other more
accurate calculations.61 Similar to the H–He–H model, in
this case, PBEh couplings are in-between the LSDA values
with and without FLOSIC. Quantitatively, for all the radical
molecules in this work, the J values obtained by plain LSDA
are underestimated by a significant amount compared to hybrid
functionals. FLOSIC corrects in the right direction, with the
NP couplings being close to the reference and the SP values
being significantly overestimated.

For the aromatic p-C8H8, the behavior of J in FLOSIC
is different from what we have observed for other radicals.
We observe that J values with FLOSIC are corrected in the
opposite direction compared to hybrid functionals. However,
FLOSIC combined with the NP approach gives J couplings
close to the reference, while the SP approach over-corrects
the exchange couplings, but still correctly predicts the singlet
ground state as in the reference calculations.64 To simplify the

analysis, Fig. 2 provides J couplings using the NP approach
as a bar diagram.

As mentioned in the Introduction, we explored the fea-
sibility of using ECPs to replace the inner core electrons
in FLOSIC calculations. To this end, we compared J cou-
plings obtained with ECPs replacing the 1s electrons in the
second-row atoms in Table III with all-electron calculations
for the set of organic radicals. With ECPs, the exchange cou-
plings obtained are in good agreement with their counterparts
obtained from all-electron calculations (Table II) and fol-
low the same trend (see the supplementary material for more
information).

We note that some error in the evaluation of exchange
couplings with FLOSIC is expected when compared with cou-
plings obtained from multi-reference methods due to the use
of a spin-contaminated BS state instead of a multi-reference
LS state, as is the case with uncorrected BS DFT. It is known
that the SIE present in LSDA functionals mimics the non-
dynamical correlation contribution to the total energy to some
extent.46 Such non-dynamical correlation is needed along with
dynamical correlation to reproduce the exchange couplings
obtained from multi-reference methods and experiments.12

Although SIE-corrected LSDA functionals do not contain that
part of non-dynamical correlation, the exchange couplings
obtained from SIC-LSDA are corrected in general in the direc-
tion of more accurate calculations. We speculate that this
correction with FLOSIC compared to plain LSDA is due to a
more accurate description of the exchange-correlation energy
as is the case with hybrid density functional approximations.
It is also important to note that some of these organic radical
molecules do not consist of two localized spin centers, while
a simple two-center HDVV Hamiltonian is used to model

ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-149-016840
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-149-016840
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FIG. 2. Non-projected all-electron
magnetic exchange coupling values
(cm−1) for organic radicals with
different methods along with best
estimate reference values.61–65

the magnetic spectrum.61–65 However, this should not affect
the comparisons to the reference values, since the latter are
obtained using an approach that takes into account the multi-
reference nature of the wave function calculations, while the
broken symmetry approach is used for DFT solutions. Hence,
J coupling obtained with both approaches should be wor-
thy of comparison and interpreted as a good measure of the
single-triplet gap in these cases.

C. [Cu2Cl6]2−

The SIE is expected to be larger for transition-metal con-
taining complexes, making them particularly interesting to
assess the FLOSIC method. Moreover, it has been shown that
the accuracy of DFT approximations is not necessarily uniform

across the Periodic Table.82 We considered planar [Cu2Cl6]2−

as a representative model transition metal complex for the
calculation of exchange couplings. This complex is known
experimentally to have an anti-ferromagnetic super-exchange
interaction through bridging Cl atoms where each Cu ion has
one unpaired electron forming singlet and triplet spin states
as BS and HS, respectively.67,83 We calculated the magnetic
exchange couplings for this complex using Eq. (4) in combi-
nation with ECPs and collect the results in Table IV. It is worth
noting that LSDA with SP overestimates the J value by a factor
of 12 compared to experimental reference data, while FLOSIC
corrects the J value to yield an overestimation of a factor of 5
with respect to the reference. With the NP approach, we find
that FLOSIC exchange couplings are fairly close to the exper-
imental reference. This is consistent with what we observed

TABLE III. ECP magnetic exchange couplings (cm�1) for organic radical molecules using different methods
with the spin-projected and non-projected approach. See the supplementary material for additional information.

Method

System LSDA FLOSIC PBEh B3LYP M062X ωB97XD Ref.

[C3H3]�
JSP 3870 9816 5945 5622 3030 5708

4547a
JNP 1935 4908 2972 2811 1515 2854

C4H4
JSP �224 �8917 �4283 �3422 �3378 �3524

�2833a
JNP �112 �4458 �2141 �1711 �1689 �1762

TMM
JSP 5074 11871 10556 9360 8795 9999

6121b
JNP 2537 5935 5278 4680 4397 4999

TME
JSP �2896 �2689 �2451 �2269 �2114 �2126

�1224c
JNP �1448 �1344 �1225 �1134 �1057 �1063

p-C8H8
JSP �2713 �4800 �1471 �1562 �1332 �1736

�2333d
JNP �1356 �2400 �735 �781 �666 �868

m-C8H8
JSP 2521 13274 6143 5374 3875 7393

6824e
JNP 1260 6637 3071 2687 1937 3696

aCASSCF-MkCCSD values taken from Ref. 61.
bCASPT2N values taken from Ref. 62.
cDDCI values taken from Ref. 63.
dAM1-CI values taken from Ref. 64.
eCASSCF values taken from Ref. 65.

ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-149-016840
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TABLE IV. ECP magnetic exchange couplings (cm�1) for [Cu2Cl6]2� using
different methods with the spin-projected and non-projected approach.

Methods JSP JNP

LSDA �493 �247
FLOSIC �201 �101
PBEh �31 �16
B3LYP �56 �28
M062X 23 12
ωB97XD 47 24
Expt.83 0 to �40

for the organic radicals. Among hybrid functionals, we observe
that M062X andωB97XD predict a qualitatively wrong triplet
ground state whereas PBEh and B3LYP give J values close to
the experiment for this particular case.

IV. LOCALIZATION OF THE SPIN DENSITY

It is interesting to look into the impact of the SIC on the
localization of the spin density. For the H–He–H molecule,
the coupling is given mostly by an overlap of the H 1s orbitals
and hence more localized orbitals should lead to weaker anti-
ferromagnetic coupling. This can clearly be seen in Table V
for the H–He separation of 1.250 Å. In this case, the use of
FLOSIC clearly localizes the spin in the BS configuration
much more than in LSDA and the corresponding exchange
coupling is much smaller (Table I). Also, we note that the
description of the orbitals in FLOSIC is better compared to
the plain LSDA calculations. For the large H–He separations
of 1.650 Å and 2.000 Å, the impact of FLOSIC on the inte-
grated spin populations is much smaller. We note that the
effect of FLOSIC in the atomic spin populations is similar
to that of PBEh. [Cu2Cl6]2− shows an increased spin local-
ization at the Cu centers from LSDA to PBEh to FLOSIC,
which is qualitatively similar to the H–He–H case. The J cou-
plings in this case are dominated by super-exchange, and hence
they are not expected to be directly related to the degree of
localization at the metal centers. In this case, the effect of
FLOSIC on the exchange coupling can be connected to its
effect in the coupling pathways through the Cl ligands. This is

TABLE V. Population analysis for the H–He–H model system at different
H–He separation and [Cu2Cl6]2� with different methods.

LSDA PBEh FLOSIC

Method SA SB SA SB SA SB

1.250 Å
HS 1.03 1.03 1.03 1.03 1.00 1.00
BS 0.66 �0.66 0.92 �0.92 0.95 �0.95

1.625 Å
HS 1.00 1.00 1.00 1.00 1.00 1.00
BS 0.97 �0.97 1.00 �1.00 1.00 �1.00

2.000 Å
HS 1.00 1.00 1.00 1.00 1.00 1.00
BS 1.00 �1.00 1.00 �1.00 1.00 �1.00

[Cu2Cl6]2� HS 0.40 0.40 0.54 0.54 0.73 0.73
BS 0.40 �0.40 0.57 �0.57 0.73 �0.73

clearly evidenced by the fact that PBEh gives a weaker cou-
pling than FLOSIC, even though FLOSIC gives larger spin
localization at the Cu atoms. Therefore, the effect of SIE
removal on the strength of the J coupling in the case of super-
exchange appears to be less related to the degree of localization
of the spin densities, but rather on the effect the localiza-
tion has on the chemical environment that determines the
coupling.

V. CONCLUSIONS

We assessed the impact of explicitly removing SIE in DFT
for the calculation of magnetic exchange couplings using the
FLOSIC method for a set of molecules with diverse types of
J couplings: the linear H–He–H test case, six organic radi-
cal molecules, and [Cu2Cl6]2−. We compared spin-projected
and non-projected FLOSIC exchange couplings with those
obtained from widely used hybrid density functional approx-
imations, wave function based methods, and experiment. We
found that removing SIE using FLOSIC generally corrects J
values in the direction of more accurate methods. We also
show that spin-projected methods yields best J values with
FLOSIC for the model H–He–H system, whereas the non-
projected approach works better for organic radicals and tran-
sition metal complexes. Importantly, we show that this is the
case even when exchange couplings originate from different
types of interactions. We also show that all-electron FLOSIC
exchange couplings can be accurately reproduced using effec-
tive core potentials, providing a more computationally efficient
alternative for FLOSIC calculations.

SUPPLEMENTARY MATERIAL

See supplementary material for bar diagrams showing
exchange couplings of organic radicals, (mean) percentage
error, and percentage deviation in exchange couplings with
respect to reference values. In addition, molecular geome-
tries of all systems considered and a figure showing the spin
population for all molecules are provided.
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