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In this paper an overview is presented of several approximations within Density Functional

Theory (DFT) to calculate g-tensors in transition metal containing systems and a new accurate

description of the spin–other-orbit contribution for high spin systems is suggested. Various

implementations in a broad variety of software packages (ORCA, ADF, Gaussian, CP2K,

GIPAW and BAND) are critically assessed on various aspects including (i) non-relativistic versus

relativistic Hamiltonians, (ii) spin–orbit coupling contributions and (iii) the gauge. Particular

attention is given to the level of accuracy that can be achieved for codes that allow g-tensor

calculations under periodic boundary conditions, as these are ideally suited to efficiently describe

extended condensed-phase systems containing transition metals. In periodic codes like CP2K and

GIPAW, the g-tensor calculation schemes currently suffer from an incorrect treatment of the

exchange spin–orbit interaction and a deficient description of the spin–other-orbit term. In this

paper a protocol is proposed, making the predictions of the exchange part to the g-tensor shift

more plausible. Focus is also put on the influence of the spin–other-orbit interaction which

becomes of higher importance for high-spin systems. In a revisited derivation of the various terms

arising from the two-electron spin–orbit and spin–other-orbit interaction (SOO), new insight has

been obtained revealing amongst other issues new terms for the SOO contribution. The periodic

CP2K code has been adapted in view of this new development. One of the objectives of this study

is indeed a serious enhancement of the performance of periodic codes in predicting g-tensors in

transition metal containing systems at the same level of accuracy as the most advanced but time

consuming spin–orbit mean-field approach. The methods are first applied on rhodium carbide but

afterwards extended to a broad test set of molecules containing transition metals from the fourth,

fifth and sixth row of the periodic table. The set contains doublets as well as high-spin molecules.

1 Introduction

Theoretical calculations of magnetic resonance properties can

be very useful to assist the interpretation and assignment of

electron paramagnetic resonance (EPR) spectra. Several

approaches for these calculations have been developed1–8 which

are very successful but often limited to relatively small systems

in gas-phase calculations. Much less attention has been given to

calculations in extended condensed-phase molecular systems.

Paramagnetic defects in the solid state (such as crystals) are

preferentially investigated in periodic codes, where the full

environment of the defect is incorporated in the model space in

a natural and efficient way. The implementation of the

g-tensor in periodic codes is rather scarce,6,8–10 but already

demonstrated its usefulness and success in predicting EPR

parameters in radiation induced radicals formed in amino

acids and proteins.11–13

Fully employing the periodicity, one can simulate much

larger molecular systems which do not suffer from unphysical

borders which are present in cluster-in-vacuo simulations. For

these extended systems Density Functional Theory (DFT) is

the most appropriate method, since the computation time is

much smaller compared to other correlated methods, such as

post-Hartree–Fock methods.

These periodic programs could be of considerable interest,

e.g. to investigate transition metal containing materials such as

transition metal defects in ionic lattices, transition metal doped

zeolites, metal–organic frameworks or even bio-inorganic

systems. However, the implementations of the g-tensor in

programs with periodic boundary conditions such as CPMD,6

CP2K,9 GIPAW and BAND have only been scarcely applied

to transition metal containing systems.14,15

Several studies have calculated EPR properties of transition

metal substituted zeolites.16–18 This spectroscopic technique is

very sensitive to the transition metal environment and can be
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very successfully used to characterise transition metal centers.

However all of the ab-initio studies on EPR properties for

these systems have used a cluster-in-vacuo gas-phase approach

to calculate the g-tensor. These intrinsically periodic systems

require a geometry optimization in periodic codes as the full

crystalline structure is taken into account by imposing periodic

boundary conditions in the simulation cell.

In these applications it is convenient or even necessary to be

able to compute also the g-tensor and hyperfine tensors in

their true periodic environment. However, a thorough bench-

mark study on the various implementations for the g-tensor in

codes with periodic boundaries on systems containing a broad

variety of transition metals is prerequisite before the various

codes can be reliably applied to more complex and larger

applications. The state-of-the-art electronic structure program

packages for the computation of spectroscopic EPR parameters

and in particular g-tensors are ADF,19–21 ORCA 2.8.0,22

Gaussian09,23 Dalton24 and Mag-ReSpect25 (see Table 1).

Suitable periodic codes are however rather limited. The

pioneering work of Pickard and Mauri8 resulted in the GIPAW

code26 which is a post-processing module for QuantumESPRES-

SO.27 It uses plane wave functions and a reconstruction scheme

for the core electrons. The calculation of EPR parameters, such

as the g-tensor, has become available recently in CP2K28–30 but

no benchmark calculations with respect to transition metal

complexes were performed. This code differs from the GIPAW

implementation since it combines plane waves and traditional

Gaussian basis sets to perform all-electron calculations. A third

periodic code is BAND31 which differs from most periodic codes

since it does not use a plane wave basis set but Slater type orbitals

as used in ADF. An overview of available properties and

relativistic calculations is presented in Table 1.

Despite all the efforts, predictions of g-tensor for transition

metal complexes are still more challenging than for organic

systems. In this paper we show that one possible cause is the

lack of efficient two-electron spin–orbit calculations. Both the

direct spin–orbit (SO(2e)) and the spin–other-orbit interaction

are revised by reformulating the spin–orbit mean-field

approach in second quantization. While the same result is found

for spin-12 systems, a term which was neglected in past studies

arises for high spin systems. It originates from the direct

spin–other-orbit contribution and can be introduced even in

an effective potential method, for which the results are explicitly

calculated in this work. Besides this contribution, the exchange

contribution of the spin–other-orbit term is discussed in both

the spin–orbit mean-field and the effective potential method.

Before discussing the new approaches concerning the

spin–other-orbit contribution, a benchmark is performed

using existing methods in both periodic and gas-phase compu-

tational schemes to calculate EPR properties for transition

metal containing systems. It is complementary to several other

studies7,8,25,32–34 as emphasis is on the impact of the various

relativistic and spin–orbit approximations which are imple-

mented in the various codes, with specific focus on the periodic

ones. Focus is made on the g-tensor calculation, since this

property in particular is sensitive to relativistic effects.

As a first test system the transition metal containing rhodium

carbide (RhC) is chosen. Experimental data for this molecule

are available for the g-tensor as well as for the internuclear

distance. For this reason the system can very accurately be

modeled without extra assumptions with respect to geometry

optimization. In addition, the absence of a molecular environ-

ment enables a clear assessment of the different methods, with-

out interference of the molecular environment.

This system is typically used as a model system for rhodium

in surface chemistry35,36 and the conclusions made in this study

can be used as a validation for extension to more complex

molecular structures using Rh or other transition metals.

The EPR spectra for RhC were measured by Brom et al.37 in

the gas phase, identifying an orthogonal and parallel compo-

nent for the g-tensor (gortho = 2.0541 and gpara = 2.0039).

Configuration interaction methods36,38 and DFT methods35

were applied previously to this system. These studies conclude

that the wavefunctions predicted in DFT methods are described

in a suitable manner.35

Subsequently, this benchmark investigation is extended to a

set of other diatomic molecules in both doublet and high spin

states. We have chosen the same set of molecules as used by

Patchkovskii and Ziegler.33 To allow a one-to-one corre-

spondence, also the internuclear distances, which have been

determined computationally in gas phase DFT calculations by

these authors, have been used in this work for the computation

of the different g-tensor contributions.

All the experimental g-factors of the diatomic molecules

were found by EPR experiments in inert gases.33,39–59

Particular attention will be given to the new protocol

proposed to treat SO exchange contributions to the g-tensor

in effective potential models in a more accurate way and to the

additional terms in the spin–other-orbit (SOO) contribution

for high-spin (S > 1/2) molecules.

The structure of the paper is as follows: first the influence of

various theoretical approaches and implementations for the

g-tensor in non-periodic codes are investigated. In particular,

special attention is devoted to relativistic corrections (Section 3.1),

spin–orbit contributions (Section 3.2) and effects of choosing a

suitable gauge (Section 3.3). For the spin–orbit coupling

special care is given to the two-electron contributions in

density based methods, more specific to how to approximate

methods for the exchange integrals and to the derivation of the

spin–other-orbit interaction. It is important to assess the

importance of each of these models on the results as not all

variants are implemented in periodic codes and one can

determine the level of accuracy to be expected from these

implementations (Section 4.1). Subsequently all conclusions

are validated to a broad set of doublet and high spin diatomic

Table 1 Availability of EPR and relativistic modules in several
ab-initio packages. MAG-ReSpect and Dalton were not used in this
work but are given for reference. A-tensor: hyperfine tensor, ZFS:
Zero-Field-Splitting, DKH: Douglas–Kroll–Hess

A-tensor g-tensor ZFS ZORA DKH Periodic

ORCA | | | | |
G09 | | |
ADF | | |
Dalton | | | |
ReSpect | | | |
CP2K | | | |
GIPAW | | |
BAND | | | |
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molecules which were also subject of previous theoretical

papers33,60 (Section 4.2 and Section 4.3).

2 Computational details

In order to assess each method for the calculation of the

g-tensor on an equal footing, no optimization with respect to

the internuclear distance was performed. The experimental

value of R = 1.613 Å for RhC was systematically used as well

as the same functional (PBE61) for all calculations.

For the sets of doublet and high-spin molecules in Sections

4.2 and 4.3, the reported internuclear distances by Belanzoni60

and Patchkovskii33 were used.

Several basis sets of increasing size were used to validate the

dependence on basis set completeness. Whenever possible

(ORCA, Gaussian09, CP2K), the Ahlrichs type basis sets of

double-z (VDZ) and triple-z (TZV) quality were chosen.62,63

Additional polarization functions (2df, dp, ppp)64 and diffuse

functions (p)65 were introduced.

In ADF, Slater type basis sets of similar quality were used: a

double-z (DZ) basis set without polarization functions and a

triple-z basis set with one (TZP) polarization function. Both

are frozen core basis sets up to the 3d and 4p shell.

Since the treatment of core electrons is of great importance

for EPR parameters, the Gaussian Augmented Plane Wave

(GAPW) method was chosen in the CP2K code.66 This

method does not solely use pseudopotentials, as is usually

the case in periodic codes, but treats the core electrons with

Gaussian Type Orbitals (GTO’s) and valence electrons with a

plane wave basis set. In our calculations the Ahlrichs type basis

sets were augmented with plane waves up to 300 Rydbergs.

In the QuantumESPRESSO calculations the core region is

not explicitly described since Troullier–Martins pseudo-

potentials67 were used with a cutoff of 150 Rydbergs. They

were generated based on relativistic atomic calculations. The

GIPAW post-processing code uses a projector augmented-

wave (PAW) like method68 in which a linear transformation

operator T is used to map the valence pseudo-wave functions

to the corresponding all-electron wave function. Hence this

description treats the core electrons adequately and can be

used for accurate calculations of EPR properties.

For the calculation on the gas phase systems in CP2K and

GIPAW, convergence with respect to the box size was investi-

gated (see Section 5) and interactions between periodic images

of the atoms and charge distribution were switched off. For

the latter, the Martyna–Tuckerman Poisson solver69 was used.

3 Methodological aspects

The g-tensor is defined as a second order property

gij ¼
2

a
@2hCjHjCi
@Bi@Sj

����
B¼S¼0

ð1Þ

in which i and j indicate the Cartesian coordinate indices, a is

the fine structure constant, B is the magnetic field and S is the

spin operator. Note that in atomic units the Bohr magneton mB
equals a

2
¼ 1

2c
. All further expressions throughout the paper will

be given in atomic units.

The ground state C is an implicit function of the external

magnetic field B and double-perturbation theory is applied to

evaluate the second order derivative. Eqn (1) yields different

contributions arising from different terms in the perturbed

Hamiltonian:

gij = gedij + DgZKE
ij + DgSO,para

ij + DgSO,dia
ij + DgSOO

ij

(2)

Terms of the relativistic two particle Hamiltonian which are

bilinear in both the spin and magnetic field give rise to the free

electron g-factor (ge = 2.002319304), the Zeeman Kinetic

Energy contribution (DgZKE
ij ) and diamagnetic spin–orbit

contributions (DgSO,dia
ij ). The paramagnetic spin–orbit

(DgSO,para
ij ) and spin–other-orbit (DgSOO

ij ) contributions result

from terms linear in the electronic spin. The diamagnetic

contributions DgSO,dia arise due to the lack of gauge invariance

of the magnetic vector potential.

Expressions for all these contributions can be found in the

literature, though the formulation can vary.1,7,9,26,34,70,71 In

the further subsections of the methodological part, we only

mention those expressions which are relevant to the discussion

held in the paper.

Most packages compared in this study use the one-component

method first proposed by Schreckenbach and Ziegler70 in

which the spin–orbit coupling is implemented in a perturbative

way. For states represented by the nS molecular term symbol,

such as the ground state of RhC,36 this method cannot

reproduce correctly the parallel component gpara = ge + Dgpara
of the g-tensor since the first order spin–orbit terms vanish. No

higher order spin–orbit contributions are taken into account

and only small contributions such as the Zeeman kinetic

energy and gauge terms are non-vanishing.1 For this reason,

the focus in this paper is on the orthogonal component of the

g-tensor, which is substantially influenced depending on the

specific spin–orbit or relativistic treatment.

Van Lenthe3 derived a so-called two-component formalism,

in which the Dirac Hamiltonian is appropriately transformed

and the spin–orbit coupling is computed during the self-consistent-

field iterations. For this non-perturbative calculation of the spin–

orbit the gpara component is relevant even for nS states.

3.1 Relativistic effects

Relativistic effects are not negligible for transition metal

containing systems. The most convenient choice is to use the

Breit–Pauli Hamiltonian but this perturbation series is not

valid near the nucleus. Van Lenthe et al. proposed the regular

expansion72 in which unperturbed states are those of the bound

electrons. In zeroth order approximation this leads to the

ZORA Hamiltonian.72 Originally it was implemented in the

two-component method in ADF, but van Wüllen73 introduced

a model potential which resulted in a computationally less

expensive expression, which can be used as a scalar-relativistic

method, e.g. as implemented in ORCA. Another commonly

used relativistic Hamiltonian is the Douglas–Kroll–Hess

Hamiltonian.74 We refer to Table 1 for an overview of various

implementations in the different software packages.

In ADF both the (unmodified) ZORA and Breit–Pauli

approximations are implemented. Table 2 compares the results
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of both methods for the RhCmolecule. Both are two-component

methods and use the van Lenthe method to calculate

g-tensors.3 This method is not comparable to any method

within the other programs used in this work since the spin–

orbit operators are not treated perturbatively.

The ZORA results are in general in good agreement with the

experimental values. When using the Breit–Pauli Hamiltonian,

a good agreement is found when the triple-z basis sets are used.

3.2 Spin–orbit coupling

Spin–orbit coupling is the leading correction term in the

g-tensor computation. It is relativistic in origin and therefore

becomes much more important for heavy elements.

The reduction of the full Dirac equation to two-component

equations results in the Breit–Pauli spin–orbit Hamiltonians

(HBP), which can be categorised in

(i) the one-electron spin–orbit–nucleus term

ĤSOðNÞ ¼
X
i

g0a2

4

X
A

ZAsi �
ðri � RAÞ � pi

jri � RAj3
ð3Þ

(ii) the two-electron spin–orbit term

ĤSOð2eÞ ¼ �
X
i

X
jai

g0a2

4
si �
ðri � rjÞ � pi

jri � rj j3
ð4Þ

(iii) the spin–other-orbit term

ĤSOO ¼ �
X
i

X
jai

a2si �
ðrj � riÞ � pj

jri � rj j3
ð5Þ

In eqn (3) ZA represents the nuclear charge and g0 = 2ge � 2.

The latter will be set to 2 in the remainder of the paper.

The direct calculation of the two-electron Hamiltonian

matrix elements requires the evaluation of four-center integrals

which are computationally very demanding. Several approxi-

mations have therefore been suggested, mainly based on the

replacement of the two-body interaction by an effective one-

electron operator, although contributions arising from the

antisymmetric (or exchange) term are therefore completely

neglected, which poses serious problems in the evaluation of

the spin–other-orbit term (SOO). A reduction to a single-

particle operator is most efficiently accounted for by means

of some mean-field approach. As emphasized by Neese71 a

more quantitative accuracy is reached by explicit inclusion of

the antisymmetric term. The different approaches, as proposed

in the literature, will be tested on their reliability for the

g-tensor computation for different isolated paramagnetic

molecules with spin varying from 1/2 to 3. In particular the

high spin radicals will be the subject of thorough investigation

as they pose additional problems due to the presence of

multiple singly occupied molecular orbitals.

3.2.1 Spin–orbit mean-field (SOMF). We apply a some-

what different method than proposed by Neese71 for the

derivation of the antisymmetric (direct Coulomb + exchange)

two-electron spin–orbit interaction ĤSO(2e) and spin–other-

orbit term ĤSOO. It relies on second quantization formalism

and leads to additional contributions for high-spin molecules.

Intermediary key steps are explained in the Appendix.

Completely similar to mean-field approaches, like Hartree–

Fock, we define a spin–orbit mean-field ĜSO, which takes into

account the interaction with all occupied orbitals:

hhjĜSOjpi ¼
X
a2occ
hhajV̂SO

12 jpaias

¼ � 1

2

X
a2occ
hhajL̂1zjpai þ

3

4

X
a2occ
ðhhajL̂1zjapi þ hahjL̂1zjpaiÞ

ð6Þ

with V̂SO
12 = V̂SO(2e)

12 + V̂SOO
12 ; h stands for the singly occupied

orbital in the case of a spin-1
2
system and p any virtual orbital.

Essential in the evaluation of the mean-field is the anti-

symmetric nature of the two-body interaction matrix elements

including exchange terms besides the direct Coulomb contri-

bution. L1 stands for some pseudo orbital momentum.

L1 ¼
a2

r312
ðr12 � p1Þ ð7Þ

which coincides with �2gsoc(1,2) used by Neese.71

The different steps leading to the final expression of eqn (6)

are outlined in the appendix. Use is made of the exact

relationship between the exchange of the SOO and the SO(2e)

X
a2occ
hhajVSOO

12 japi ¼ 2
X
a2occ
hhajVSOð2eÞ

12 japi ð8Þ

which remains valid for high-spin systems (see Appendix).

Application of eqn (6) is the so-called spin–orbit mean-field

(SOMF) approach, as implemented in ORCA. A similar

method is the Atomic Mean-Field Integrals (AMFI) approach,

where only one-center integrals are computed to further

reduce the computational cost. Even this rather crude approxi-

mation performs quite well.5

The expression for the spin–orbit mean-field is slightly

modified for high-spin complexes. The hp-pair also interacts

with the singly occupied orbitals b, leading to some additional

contributions in the direct Coulomb term:

hhjGSOjpi ¼ � 1

2

X
a2occ
hhajL1zjpai �

1

4

X
b2occ
hhbjL1zjpbi

þ 3

4

X
c¼a;b2occ

ðhhcjL1zjcpi þ hchjL1zjpciÞ
ð9Þ

In contrast to the spin-1
2
systems there is a non-vanishing

contribution from the SOO interaction to the direct

Table 2 Calculated g-tensors (Dg = g � ge) in parts per thousand
(ppt) for RhC, calculated in ADF using relativistic two-component
calculations with various basis sets. For these calculations Gauge
Including Atomic Orbitals (GIAO) were used (see Section 3.3)

Basis set

Breit–Pauli ZORA

Dgortho Dgpara Dgortho Dgpara

DZ. 3d 62.92 �0.71 51.00 �0.46
DZ. 4p 58.59 �0.47 — —
TZP. 3d 51.44 �0.38 52.78 �0.31
TZP. 4p 49.48 �0.32 51.22 �0.29
Exp 51.78 1.58 51.78 1.58
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Coulomb term

� 1

2

X
ba2occ

hhbjL1zjpbi ð10Þ

This term is new and hence not taken into consideration in

earlier theoretical works.71,75 It gives a non-negligible contri-

bution to DgSOO as discussed in the computational results.

3.2.2 Effective potential within the KS-scheme. Explicit use

of a two-body operator in a Kohn–Sham (KS) scheme is in

principle inconsistent with the DFT concept. The direct

Coulomb term for the two-electron spin–orbit interaction

can easily be implemented with DFT, but the exchange con-

tribution cannot be simulated within a one-body scheme. It is

not surprising that the method as suggested by G. Schreck-

enbach and Ziegler70 where the SO(2e) exchange contribution

is modeled as rvxc gives rise to arbitrary and thus unreliable

results. Similarly it is excluded that the exchange part of the

spin–other-orbit contribution can be evaluated within the

Kohn–Sham scheme even approximately by using functionals

specifically constructed to find an accurate ground state energy.

The effective potential method is based on the fact that the

gradient of a Coulombic potential has the same radial depen-

dence (i.e. r/r3) as the spin–orbit coupling. This is true for the

external potential vext ¼
P

A
�ZA
jr�RAj and for the Hartree term

vH ¼
R rðrÞ
jr�r0 jdr

0

The direct part of the two-body interaction can therefore

exactly be reduced to an effective one-body potential

Ĥ
ð1Þ
SO;Coul ¼

X
i

a2

2
si � ðrvHðrÞ � pÞ: ð11Þ

Its contribution to the first order-perturbation energy expres-

sion, needed for the calculation of the g-matrix (see Appendix)

readily becomes

hCð0ÞjĤð1ÞSO;CouljCð1Þi ¼
a2

2
hms;hjsjms;pi � hhjrvHðrÞ � pjpi

ð12Þ

¼ � 1

2

X
a2occ
hhajL1zjpai ð13Þ

after inserting the electron density rðr0Þ ¼
P

c2occ
c�cðr0Þccðr0Þ

determined by the Kohn–Sham orbitals cc. |C
(1)i represents

the first order excitation of the KS ground state |C(0)i, where
the singly occupied orbital h is replaced by p.

So, the direct Coulomb two-electron distribution of eqn (4)

is exactly reproduced by the effective one-body operator (11).

On the basis of this exact relationship, this concept has been

extended by Schreckenbach and Ziegler70 and others,6 to the

whole Kohn–Sham potential vKS = vext + vH + vxc. In this

way some effective spin–orbit interaction of one-body nature

can be introduced:

H
ð1Þ
SO;eff ¼

X
i

a2

2
si � ðrvKSðrÞ � piÞ ð14Þ

This effective operator includes the gradient of the exchange

correlation functional vxc and one expected that it could mimic

the exchange contribution of the two-electron spin–orbit

interaction. Unfortunately, as it was already clearly reported

by Neese,71 numerical calculations undoubtedly demonstrate

that the corrections arising from thervxc term are more or less

of the same magnitude but with opposite sign compared to the

exact exchange as calculated in the SOMF. We will come back

extensively to this issue later on in the discussion section. Thus

far about the two-electron spin–orbit interaction.

Regarding the spin–other-orbit coupling terms, within DFT

there is no ready-made solution. Several approximations were

suggested:

(i) It can completely be omitted (referred to Veff method), as

originally proposed by Schreckenbach and Ziegler.70 These

authors argued that this contribution is very small even if there

is more than one unpaired electron. As correctly noticed by

Neese71 this is true for the direct Coulomb contribution in spin-1
2

molecules, but certainly not for the exchange term (see eqn (8)).

(ii) Another alternative is the method proposed by Pickard

andMauri8 for the evaluation of the SOO correction. It is based

on the screening of the external field B by the induced electronic

currents, as experienced by the unpaired electron (Veff,PM).

DgSOO
xy ¼ 1

S

Z
B1;x
y ðrÞ½ra � rb�dr ð15Þ

in which B1,x is the magnetic field induced by the electronic

currents when a magnetic field with unit magnitude is applied

in the x direction (referred to as Veff,PM).

(iii) The SOO exchange can be taken into account following

its relation with the exchange of SO(2e) as established in

eqn (8). This would imply that in the effective potential method

the Ĥ
ð1Þ
SO;vxc

contribution should be multiplied by a factor +3 to

take into account the spin–other-orbit correction:

Dg(SO(2e)exch) + Dg(SOOexch) = sDg(rvxc) (16)

with s = 3.

However, as already noticed, the H
ð1Þ
SO;vxc

corrections have

the wrong sign but roughly the same magnitude (factor 1.3

larger) as the exchange contribution of VSO(2e)
12 . The scale

factor s switches to a value which can vary between �2 and

�2.4. This procedure for computing the SOO exchange fol-

lowing the lines as expressed in eqn (16) with introduction of a

scale factor s is referred to as Veff,SOO(s). Neese71 suggested a

scale factor s = �2 to achieve numerically the best agreement

with the SOMF.71 One of the goals of this work is to

investigate the possible transferability of this scale factor to

other paramagnetic systems and its dependence on the choice

of the exchange correlation functional. Such an investigation

has its large merits as it can be further explored to compute

spin–orbit corrections to the g-tensor at the same accuracy as

the SOMF method, but at a significantly less computational

cost, especially for periodic purely density based codes.

(iv) Next to the scaling method, we found for high spin

states an extra contribution for the direct SOO part as given by

eqn (10). This term can also be written in the form

hCð0ÞjĤSOO;eff jCð1Þijdirect ¼
a2

2
hhj½rvH½r" � r#�ðrÞ � p�zjpi

ð17Þ
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with vH½r" � r#� ¼
R r"ðr0Þ�r#ðr0Þ

jr�r0 j dr0, which makes the imple-

mentation into CP2K much easier. In Section 4.3 we discuss

the results of this new approach. This method, combined

with the scaling of the exchange contribution, is referred to

as V�eff;SOOðsÞ.

3.2.3 Effective nuclear charge (Zeff). For completeness we

also include a more simple approach which considers the

two-electron spin–orbit Hamiltonian terms as screening terms

for the one-electron HSON contribution. One could neglect

those two-electron contributions and compensate for them

using an effective nuclear charge ZA,eff.
7,76–78 Eqn (3) is then

rewritten as:

ĤSOðNÞ ¼
X
i

g0

4c2

X
A

ZA;eff si �
ðri � RAÞ � pi

jri � RAj3
ð18Þ

This simple approximation is available in several packages

including Gaussian and ORCA.

For convenience of the reader an overview of the various

models discussed in the paper is given in Table 3, including the

various ingredients of the method. In Table 4 these are linked

to the appropriate ab initio programs, including the new

implementations.

3.3 Gauge

The vector potential A is defined up to an arbitrary translation.

In principle the choice of this gauge should not influence any

result, but basis set incompleteness causes a gauge dependency.

When using a common gauge origin (e.g. in ORCA) it is of

interest to vary its position along the internuclear axis of the

RhC molecule. This results in a maximum difference between

the calculated g-values of |gortho(�1.2 Å) � gortho(1.2 Å)| r
1ppt which is much smaller than the effect of a relativistic

Hamiltonian or the inclusion of the spin–other-orbit term

(see below).

Another method which is commonly used is to include the

gauge dependency into the atomic orbitals (Gauge Including

Atomic Orbitals, GIAO79) as implemented in the Gaussian

program and ADF (see Table 2). In Fig. 1 the Gaussian09

results using the Zeff method (which is the only available

option in Gaussian09) are compared with those of ORCA,

in which a common gauge at the center of electronic charge

was used. We can clearly see the agreement between both

approaches. Additionally this figure shows that the gauge

dependence is indeed due to a basis set incompleteness, as

the differences are smaller for more extended basis sets.

The large discrepancies between experiment (Dgortho =

51.78 ppt) and computed results are caused by the use of a

non-relativistic Hamiltonian and the Zeff method, as will

become clear further on.

4 Results and discussion

The focus of the paper is twofold. First we present a complete

assessment study for the computation of the g-tensor for a spin

1/2 system containing a transition metal. We choose RhC as

test case and discuss the predictions of the various models for

the spin–orbit coupling as outlined in the methodology section.

Table 3 Overview of the various spin–orbit contributions to the Dgortho shift involved in the different methods. Exchange spin–other-orbit
contributions are always evaluated according to the relation Dg(SOO,exchange) = 2Dg(SO(2e),exchange). In the effective potential method the

exchange contribution of the two-electron spin–orbit interaction is evaluated through Ĥ
ð1Þ
SO;vxc

, multiplied with a scale factor s as given in eqn (16).
In this convention: Veff = Veff,SOO(s=1)

SO(N) SO(2e)direct

SO(2e)exchange SOOexchange

SOOdirectTwo-body rVxc Two-body rVxc PM

Zeff |
Veff | | s = 1
Veff,PM | | s = 1 |
Veff,SOO | | s |
V�eff ;SOO | | s | |
SOMF | | | |

Table 4 Ab-initio packages–available spin–orbit approximations

Zeff Veff Veff,SOO V�eff;SOO Veff,PM AMFI SOMF

ORCA | | | |
G09 |
ADF |
DALTON | |
ReSpect | |
CP2K | | | |
GIPAW |
BAND |

Fig. 1 Non-relativistic Gaussian09 results compared to the ORCA

results. In both cases the Zeff spin–orbit approximation was used. Both

double (VDZ) and triple (TZV) x basis sets are used, to which several

types of polarization (2df, ppp) and diffuse functions (p) are added, as

indicated on the x-axis.
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Almost all spin–orbit models are implemented in ORCA. In

addition, both relativistic and non-relativistic wave functions

can be used, and a large choice of basis sets with polarization

and diffuse functions is available in which the wave function

can be expanded. For obvious reasons we choose ORCA as

the reference non-periodic code for computation of g-tensors

in gas-phase molecules.

Subsequently the ability of periodic codes to calculate

accurately the g-tensor of RhC will be investigated. Although

periodic codes are not ideally suited to model small isolated

molecules, it is useful in this assessment study as the contribu-

tions of the different approaches for the g-tensor evaluation

can easily be compared to their gas phase counterparts. The

detailed comparison between the gas phase calculations and

the various periodic results can give valuable information on

how far the current protocols embedded in periodic codes are

suitable to predict accurate g-tensors for more extended

transition metal containing molecular systems for which standard

gas phase calculations cannot be used due to the restrictions

imposed on the cluster size.

Next to the preliminary conclusions drawn on the RhC

compound, the other objectives of this study can only be

accomplished if we extend the validation set to a wider range

of molecules. We selected two sets of diatomic radicals used in

previous benchmarks.33,34,60 The first set consists of molecules

with one unpaired electron,34,60 while in the second set only

high-spin radicals are taken up.33 Both sets contain transition

metal complexes and thus are relevant for the goal of this

paper.

The second focus lies on the prediction of accurate spin–

orbit contributions and in particular the exchange part of the

two-electron spin–orbit term and the contribution of the

spin–other-orbit interaction. In particular for paramagnetic

high-spin molecules this discussion has not yet been held in the

literature. Focus will also lie on the ability of periodic codes in

predicting Dg shifts in close agreement with the spin–orbit

mean-field method. The method proposed by Neese to over-

come the anomaly present in the effective potential method for

the prediction of the exchange contribution has been tested for

a whole range of radicals and high-spin molecules.

For all molecules no further optimization has been per-

formed: all geometrical parameters and the spin multiplicity of

the energetically most favored configuration (for the high spin

radicals) have been taken as reported in the literature.33,60

When available the experimental values for the internuclear

distances were taken for the spin-1/2 molecules. For more

details concerning these sets we refer to the ESI.w
Discrepancies between the calculated g values and experi-

mental EPR data for this test set can have several reasons: they

can be due to the neglect of the molecular environment of the

radical in the calculation (typically an inert matrix in the

experiment), the internuclear distance might be incorrect

(whether calculated or taken from X-ray diffraction experi-

ments), or they indicate an inherent methodological failure of

the approach used to calculate the g-tensor. In this work we

will only concentrate on the last aspect.

To bias the influence of both experimental (internuclear

distance, environment) and computational (exchange-correlation

functional) errors and focus on the computational accuracy of

the method under investigation, we opted to choose computa-

tional reference values of high quality calculations.

4.1 RhC as a test case for spin-1
2
systems

Rhodium is an element of the second transition row (Z = 45)

with electronic structure [Kr]4d85s1. RhC has a 2S+ground

state with the unpaired electron in a molecular orbital con-

structed by the 4d2z and 5s orbitals of rhodium and the orbital

2pz character of carbon.

The g-tensor anisotropy is large: 51.78 ppt for the ortho-

gonal and 1.58 ppt for the parallel component. The prediction

for the parallel component of the g-tensor is independent of

the choice of the spin–orbit approximation and the basis set.

A constant value of 0.22 � 0.01 ppt is found. This is in full

agreement with the fact that the Schreckenbach and Ziegler

method cannot calculate the gpara for molecules with nS
molecular term symbols.1 Table 5 collects the various model

predictions for the orthogonal Dgortho contributions in RhC.

4.1.1 Effect of relativistic Kohn–Sham orbitals and basis set

dependence. A first survey concerns the impact of a relativistic

approach on the gortho tensor values. Table 5 reveals that

relativistic effects give rise to a shift of the g-tensor predictions

with respect to the non-relativistic results, independently of the

spin–orbit couplingmethod taken into account. The non-relativistic

Table 5 Calculation of the orthogonal component of the g-tensor (Dgortho in ppt) in RhC using the PBE functional in ORCA. Different models
and basis sets are considered: non-relativistic versus relativistic models and contributions from the various spin–orbit approaches are reported. In
Veff,SOO a scale factor of �2 is considered. Relativistic model makes use of the ZORA approach and the common gauge at the center of electron
charge. The parallel component gpara is not tabulated as the same value (0.22 � 0.01ppt) is found in all cases

ORCA CP2K

Relativistic Nonrelativistic Nonrelativistic

Zeff Veff Veff,SOO SOMF Zeff Veff Veff,SOO SOMF Veff Veff,PM Veff,SOO

VDZ 89.62 62.51 52.27 51.97 111.73 70.72 66.06 65.69 70.80 70.73 67.63
VDZ, 2df 80.02 55.80 46.32 46.05 91.89 57.61 53.66 53.34 58.01 58.00 55.30
VDZ, 2df, p 82.47 56.44 47.83 47.55 96.27 60.45 56.33 56.00 60.63 60.58 57.82
VDZ, ppp, p 81.07 55.33 47.05 46.78 94.03 59.06 55.04 54.71 59.30 59.26 56.56
TZV 98.69 56.26 58.14 57.80 122.04 77.81 72.69 72.27 78.17 78.13 74.52
TZV, 2df 88.56 49.94 51.82 51.50 104.28 66.04 61.59 61.21 66.64 66.61 63.42
TZV, 2df, p 89.56 51.54 52.42 52.10 106.09 67.22 62.68 62.30 67.61 67.59 64.35
TZV, ppp, p 87.81 50.69 51.39 51.08 103.08 65.29 60.88 60.52 65.76 65.75 62.58
Exp 51.78 51.78 51.78 51.78 51.78 51.78 51.78 51.78 51.78 51.78 51.78



This journal is c the Owner Societies 2012 Phys. Chem. Chem. Phys., 2012, 14, 10690–10704 10697

predictions are overestimated and strongly affected by the

choice of the basis set. Indeed, inclusion of polarization

functions leads to significant decrease of the orthogonal

component of the g-tensor. The relativistic ZORA-predictions,

however, reproduce the experimental value systematically

better. The dependence on the presence of polarization

functions is less dramatic. When the most advanced spin–orbit

approximation, SOMF, is used, both double- and triple-z basis
sets yield a more pronounced convergence behavior towards

experiment with preference to the triple-z, which converges

towards the experimental gortho. With a double-z basis set,

without polarization or diffuse functions, the experimental

gortho is even correctly reproduced, which is most likely a

coincidence, but which should be verified in other transition

metal doublets.

4.1.2 Spin–orbit approximation. From Table 5, it is clear

that the most rudimentary approach (Zeff) performs poorly as

it systematically overestimates the experimental data by more

than 28 ppt in the relativistic case and even twice this value in

the non-relativistic treatment. This method is not appropriate

to investigate systems containing transition metals.

The effective potential approximation (Veff) performs much

better, despite the unphysical behavior of the Dg(rvxc) contri-
bution. But as this correction term is small, it does not

significantly affect the global Dg shift. Compared to the Zeff

results, this approach almost always causes a rise of Dgortho by
about 40 ppt, yielding a much better agreement with

experiment.

The agreement further improves if we correct the wrong sign

of the effective Dg(rvxc) contribution (s = �1), but it

becomes even much better if we consider a scale factor s =

�2 (Veff,SOO) following the suggestion of Neese, in this way

incorporating the spin–other-orbit interaction in the effective

potential method, as discussed in the theoretical section. The

predictions of the Dg shift with SOMF don’t differ much from

Veff,SOO(s=�2), but this is due to the choice of the scale factor.

We come back to this issue later in the discussion.

What conclusion can be drawn from Table 5 about the

methodology reproducing as best the experimental g-tensor in

the case of RhC? In both relativistic and non-relativistic

approaches the best performing method is SOMF, followed

by the Veff,SOO(s=�2) method. The former is much more

expensive in computation time, while the latter is computa-

tionally favorable as no two-body matrix elements have to

be evaluated, especially for periodic codes. The remarkable

property that the effective exchange contribution scales linearly

with SOMF makes this approach the most favorable for larger

radicals. It fails when the linear relationship with the SOMF

result does no longer hold or when the scale factor is strongly

varying throughout the training set. Therefore the accuracy of

the Veff,SOO(s) method will depend on this behavior and will be

the subject of study in the remainder of this paper.

Concluding, the two SOMF and Veff,SOO(s) methods, both

including spin–other-orbit interactions perform the best, and

in view of the significantly larger computation time for the

SOMF method, we could give preference to the Veff,SOO(s)

method, but this should be confirmed by additional calcula-

tions on other systems.

4.1.3 Box size dependence on periodic codes. When apply-

ing a periodic code on an isolated molecule, the periodic cell

should be large enough to prevent unphysical interactions

originating from nearby periodic images or boundary condi-

tions. Only under these conditions a reliable comparison with

previous results can be made. The CP2K prediction for the

orthogonal component of the g-tensor at different box sizes is

plotted in Fig. 2. It shows a nice convergence behavior

towards the ORCA result, using the same basis set (TZV),

functional (PBE) and spin–orbit approximation (Veff). For this

small test system with a molecular size of about 1.613 Å, a box

size of 12 Å is sufficient to yield an almost completely

converged value.

A similar calculation is performed to test the box size

dependence of the GIPAW predictions. It is expected that

they approach the relativistic ORCA results with ZORA and

the Veff method. Due to the inherent usage of plane waves and

pseudopotentials in GIPAW a direct comparison to a specific

basis set choice in ORCA is not possible. Therefore we

consider a range of width 6 ppt, determined by the ORCA–

ZORA gortho values belonging to a TZV basis with various

polarization and diffuse functions (see Fig. 2), as a reference

for the convergence in GIPAW. Convergence is only reached

at very large box sizes (at least 18 Å). This is an undesirable

side effect, as large box sizes are computationally very

demanding since a huge number of plane waves is required

to describe the vacuo. This unfavorable aspect with respect to

non-periodic codes has no serious consequences for truly

periodic systems (e.g. defects in salts15 or zeolites).

BAND on the other hand does not show a typical conver-

ging behavior as other periodic codes, but rather exhibits a

fluctuating pattern when increasing the box size (Fig. 3). This

is probably caused by interactions between periodic images

which cannot be turned off in this program.

For the calculation of EPR properties, it is recommended to

use an all electron approach. In GIPAW the core electrons are

reconstructed, while BAND uses frozen core atoms for heavy

elements. In CP2K the g-tensor can be determined from both

Fig. 2 Box size dependency of the orthogonal component of the

g-tensor using the periodic CP2K (non-relativistic, TZV, Veff) and

GIPAW code (relativistically corrected pseudopotentials). Reference

values are taken from ORCA (TZV basis, Veff) and a range of values

generated by ORCA (Veff, ZORA) using a TZV basis set and several

diffuse and polarization functions.
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pseudopotential (GPW) and all-electron (GAPW) wave-

function calculations. The GPW method fails to reproduce

the experimental data. When 36 core electrons were consid-

ered, a Dg of �0.84 ppt was found. Use of a smaller set of core

electrons (28) yields no improvement (Dg = �2.22 ppt). This

could be caused by the inaccurate description of the valence

electrons in this core region. Therefore, the computationally

more expensive all electron GAPW method is highly recom-

mended for g-tensor calculations on radicals.

In the current versions of CP2K and GIPAW the Veff,PM

method is the highest level present for the computation of

the spin–orbit matrix elements, whereby the spin–other-orbit

correction is computed using the Pickard and Mauri (PM)

scheme (see theoretical section). From Table 5 it is clear that

this spin–other-orbit term is negligible and even shows the

wrong sign. As already mentioned the accuracy of the CP2K

prediction can seriously be improved by implementing the

Veff,SOO(s) method with s = �2 or even a higher value for the

scale factor (see further discussion) and inclusion of the direct

SOO contribution for high spin systems. In Table 5 both Veff

and Veff,SOO(s) results obtained in ORCA and CP2K are

given. They show a nice agreement despite the difference in

the choice of gauge.

4.2 Radical doublets (spin 1/2 systems)

The next two subsections will be devoted to the reproduction

and the discussion of the various spin–orbit contributions,

which lie on the origin of the observed Dg shift from the free

electron ge value. Conclusions drawn for the specific RhC case

will be further assessed to a wider range of molecules. The

most advanced SOMF method can be taken as reference

model, but the performance of the effective Veff,SOO(s) method

will receive special attention due to the significantly less

computational cost, the more as in periodic codes as CP2K

g-tensor calculations are based on the DFT-based effective

potential method. In particular the behavior of the scale factor

s will be assessed on its robustness.

First we select a set of diatomic radicals, which already has

been used in earlier benchmark studies.33,34,60 They are listed

in Tables 6 and 7 and ordered according to the position of the

heaviest element in the periodic table. Experimental Dg shifts

are taken from the literature.60 For all ORCA results a triple-z
quality basis set with polarization functions (Ahlrichs 2df)

was used.

In Table 6 the several contributions to the g-tensor are listed

to give insight into the importance of each spin–orbit term.

Both ORCA and CP2K results are present, however the

SO(N) part is only calculated separately using ORCA. The

Zeeman Kinetic Energy part (ZKE) is identical for both codes

and therefore only reported for ORCA.

The one-electron contribution SO(N) is the trendsetter

whether g will deviate largely from the free electron value.

All species reporting a g value significantly different from the

free-electron g-value report a large SO(N) contribution. In

most of the cases the prediction of SO(N) overshoots the

observed Dg shift. This is best illustrated with PdH exhibiting

the largest deviation from ge and whose experimental Dg
tensor value amounts to 290.88 ppt. From all spin 1/2 molecules

Fig. 3 Box size dependency of the orthogonal component of the

g-tensor using BAND (TZP.3d basis set). The reference value is an

ADF result with the same basis set.

Table 6 Various spin–orbit contributions to the Dgortho shift(in ppt) for several radical doublets. All calculations were performed with PBE and
Ahlrichs TZV, 2df basis set. The scaling factors s and s0 are defined in eqn(19) and (20) respectively

Exp

ORCA CP2K

ZKE SO(N) SO(2e)dir

SO(2e)exch

SOMF rvxc SO(N)+SO(2e)dir (rvxc) s s0

RhC 51.78 �0.144 83.680 �18.990 �1.110 1.485 65.869 1.311 �2.24 �2.54
BO �1.72 �0.095 �2.832 0.790 0.129 �0.174 �1.750 �0.120 �2.22 �2.21
BS �8.12 �0.107 �11.571 1.822 0.263 �0.362 �9.063 �0.259 �2.18 �3.05
AlO �1.22 �0.181 �2.861 0.455 0.015 �0.016 �2.545 0.007 �2.85 6.68
GaO �34.32 �0.234 �37.676 2.360 �0.028 0.006 �35.642 0.030 �14.59 �2.84
ScO �0.52 �0.070 �1.263 0.912 0.074 �0.091 �0.203 �0.058 �2.45 �3.82
ZnH �17.12 �0.096 �17.648 1.255 0.154 �0.233 �16.030 �0.162 �1.99 �2.85
ZnF �6.32 �0.152 �7.309 0.426 0.056 �0.084 �6.878 �0.013 �2.03 �13.45
ZnAg �11.82 �0.066 �20.200 2.535 0.208 �0.307 �17.124 �0.195 �2.03 �3.20
YO �0.22 �0.071 �1.778 0.968 0.064 �0.082 �0.695 �0.050 �2.34 �3.80
PdH 290.88 �0.348 344.702 �79.558 �4.664 6.323 250.802 4.765 �2.21 �2.94
CdH �49.92 �0.098 �55.316 3.102 0.326 �0.481 �51.340 �0.358 �2.03 �2.73
CdF �17.32 �0.154 �21.812 1.385 0.129 �0.186 �20.211 �0.133 �2.08 �2.91
CdAg �31.22 �0.072 �60.136 4.696 0.356 �0.579 �54.459 �0.379 �1.85 �2.82
InO �192.32 �0.247 �110.208 5.635 0.254 �0.396 �104.067 �0.332 �1.93 �2.30
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of the training set indeed PdH predicts the largest spin–

orbit–nucleus correction, but with 344.70 ppt it overestimates

the experimental value with 54 ppt.

The direct Coulomb correction cancels for a part the excess

of the SO(N) contribution. It has systematically another sign,

and is essential to go closer to the experimental value. We

don’t see some systematics in its magnitude with respect to the

most dominant SO(N) value. Its relative importance with

respect to the SO(N) value varies from 5% to more then 50%.

In only one case (InO) the one-electron contribution is

largely insufficient for explaining the experimental behavior.

With a contribution of �110 ppt it is by far too small to come

in the vicinity of the experimental value of �192 ppt. Two-

electron spin–orbit contributions are insufficient to compensate

this underestimation of the one-electron part.

For the exchange contribution of the SO(2e) part, both the

SOMF and the Veff method were used and compared. It is clear

from the table that there is a systematic difference of the predic-

tions in both approaches. According to relation (16) discussed in

previous section, we report in Table 6 the scale factor s relating

the exchange contribution of the SOMF two-electron term and

the effective SO(2e; rvxc) prediction. It is determined by

s ¼ �
3DgðSOð2eÞexch;SOMFÞORCA

DgðrvxcÞORCA

ð19Þ

and shows a remarkable tendency to�2 which almost coincides

with the suggested value of Neese. This is a highly remarkable

behavior and we can make use of it to switch the unrealistic

DFT exchange correction SO(2e;rvxc) to a reliable value which

nicely reproduces the exact exchange obtained from a proce-

dure that needs a much larger computational cost. At the same

time the SOO contribution can be taken into account in view of

the relation with the two-electron exchange term.

We also include the results obtained with the periodic code

CP2K, making use of the effective potential method. Despite

the same functional has been employed and the same

exchange-correlation functional vxc for the evaluation of the

SO(2e; rvxc) contribution, we notice some discrepancies

in the values predicted by the non-periodic code ORCA.

The SO(2e; rvxc) contributions are systematically underestimated

with respect to their ORCA counterparts. We propose the

same procedure as in ORCA in introducing a scale factor s0

relating the CP2K exchange predictions to the exact

SO(2e;exch) in SOMF.

s0 ¼ �
3DgðSOð2eÞexch;SOMFÞORCA

DgðrvxcÞCP2K
ð20Þ

This procedure offers a suitable protocol to overcome the

obstacle of unphysical reproduction of exchange values under

conditions that the new scale factor s0 also behaves almost

constant throughout the training set. The last column in

Table 6 indeed confirms that for the radical doublets the scale

factor fluctuates between �2.30 and �3.80 with some minor

exceptions. The agreement with the computationally more

expensive SOMF-ORCA calculations is even largely improved

if we apply a scale factor of about �2.80 through the whole

set, but this scaling procedure remains some effective approach

which requires confirmation in other training sets. The value

of �2.80 is in magnitude somewhat larger than the scale factor

proposed by Neese, but this is due to the systematic under-

estimation of the exchange contribution in the periodic CP2K

code. There are some exceptions like AlO and ZnF where the

scale factor s0 leaps out to +6.68 and �13.45. For these two

cases the absolute values of the exchange contributions are

particularly small, generating large error bars. Even when

applying the effective value of �2.80 for s0 the global spin–

orbit Dg shift in these molecules will be hardly affected.

The exchange part has the same sign but is smaller than the

direct Coulomb contribution. To estimate its full impact, the

numbers of the column SO(2e)exchange (SOMF) in Table 6

should be multiplied with factor 3 in order to fully take into

account the SOO effect. For spin 1/2 systems and in case the

g-shift is larger than 5 ppt, the exchange can represent almost

2–8% of the total SO contribution. This is in line with the

observations made by Neese. It is by far not the leading term.

However, in cases where the deviation of the g-tensor from the

free electron value is small, it can even dominate.

Adding up the different individual contributions in Table 6,

we get the total Dgortho values for all diatomic spin-1
2
systems

(Table 7). In Neese71 work the different SO operators have

been assessed to a training set of small organic molecules with

spin 1/2. The Veff,SOO(s= �2) came out as most accurate, and

in fact our results on a completely different training set lead to

the same findings.

The overall agreement with experiment is more than satisfac-

tory (see Table 7). The total SOMF predictions succeed in

reproducing the experimental fluctuations of the g-tensor from

the free electron value taking place in the training set of radical

doublets. The two molecules showing the largest deviation have

already been discussed: InO and RhC. Use of relativistic wave

functions can resolve this discrepancy in the case of RhC. For InO

the use of relativistic methods improves the results as well (up to

�124.7 ppt) but the relativistic correction does not go far enough.

The conclusion derived for RhC that non-relativistic pre-

dictions are overestimating the Dg shift seems to be not valid

for most of the transition metal doublets of our test set. In this

context it is interesting to mention the case of PdH which has

also been investigated in the work of Neyman80 using a

Table 7 Complete Dgortho in ppt for spin-1
2
systems

Exp

ORCA CP2K

SOMF Veff

Veff,SOO

(s = �2) Veff

Veff,SOO

(s0 = �2.8)

RhC 51.78 72.29 77.79 72.69 67.04 61.79
BO �1.72 �1.75 �2.31 �1.79 �2.29 �1.81
BS �8.12 �9.07 �10.22 �9.13 �10.25 �9.21
AlO �1.22 �2.54 �2.60 �2.56 �2.54 �2.56
GaO �34.32 �35.63 �35.54 �35.56 �35.45 �35.57
ScO �0.52 �0.20 �0.51 �0.24 �0.46 �0.23
ZnH �17.12 �16.03 �16.72 �16.02 �16.82 �16.18
ZnF �6.32 �6.87 �7.12 �6.87 �5.99 �5.94
ZnAg �11.82 �17.11 �18.04 �17.12 �17.19 �16.41
YO �0.22 �0.69 �0.96 �0.72 �0.80 �0.60
PdH 290.88 250.80 271.12 252.15 269.63 250.57
CdH �49.92 �51.33 �52.79 �51.35 �53.27 �51.84
CdF �17.32 �20.19 �20.77 �20.21 �20.27 �19.74
CdAg �31.22 �54.44 �56.09 �54.35 �52.56 �51.04
InO �192.32 �104.06 �105.22 �104.03 �105.50 �104.17
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relativistic density functional Douglas–Kroll method. Despite

the relativistic approach the obtained Dg shift of 247 ppt is not
better than the non-relativistic SOMF prediction.

For completeness we also investigated the performance of

relativistic approaches in predicting the g-tensor shifts in this

extended set of radical doublets. We consider both the pertur-

bative treatment (ORCA) and the two-component methods

(ADF). The spin–orbit interaction is limited to the effective

potential approach in order to compare the results on equal

footing. In this approach the SOO is omitted and no scale factor

is introduced to correct for the unrealistic exchange part.

Fig. 4 displays the differences in Dgortho reported by the

various relativistic approaches for all diatomic doublet molecules

tabulated in Table 6, extended with some heavier elements.

The ZORA routine in ADF makes use of the relativistic two-

component method of van Lenthe for the evaluation of the

spin–orbit matrix elements. A TZP basis set is used. Similar

relativistic model is built in BAND. In ORCA the Veff method

with ZORA Hamiltonian is considered together with a triple-z
basis set with 2df polarization functions.

For the light elements, Fig. 4 reveals that the predictions of

the different programs are very close to each other, which is

not surprising since they only differ in whether the spin–orbit

elements were calculated perturbatively or not. For light

elements the spin–orbit interaction is indeed supposed to be

small. For the heavier elements, however, the deviations

become more and more significant, possibly indicating a fail-

ure of the perturbative approach.

But despite the same relativistic model the largest deviations

from ZORA-ADF are observed for BAND. It was already

noted that the g-tensor shows a fluctuating rather than a

convergence pattern, caused by interactions between periodic

images (see Fig. 3).

A correlation diagram with the experimental data is given in

the ESI.w
Conclusion: The set of radical doublets confirms what has

been concluded from the particular assessment of RhC: the

full treatment in SOMF is always preferable but the proposed

modification of the effective potential method makes

Veff,SOO(s = �2) an even accurate procedure for predicting

g-tensors in transition metal containing doublets due to the

robustness of the scale factor s. A new feature is that this

scaling protocol applicable to exchange contributions is also

transferable to periodic codes, but with a slightly larger scale

factor. We suggest to use s = �2.8.

4.3 High spin radicals

For the high spin radicals we select a training set as used by

Patchkovskii et al.33 Features observed in the radical doublets

will be tested on its transferability to high spin systems with

spins varying from 1 to 3.

The results are tabulated in Table 8. The experimental

agreement is very good and the largest deviation from experi-

ment is even substantially smaller (less than 50 ppm) than in

the training set of radical doublets.

It is clear that the results concerning the exchange contribu-

tion formulated for spin-1
2
molecules still hold.

The SOMF SO(2e) exchange values are all small but they

have to be multiplied with a factor of three to account for the

spin–other-orbit corrections before they can be added to the

direct Coulomb contribution. The remarkable feature of a

quasi constant scale factor relating the exchange contributions

between the mean field and the effective potential model still

holds. The robustness of the scale factor s0 throughout the

whole set of high spin molecules is even better than for the

radical doublets. These features have not been assessed and

reported before, and therefore very useful to communicate in

the recommendation of suitable protocols for g-tensor com-

putations of non-isolated molecules, where periodic codes are

obviously more recommended than gas-phase computations.

In Table 8 the direct Coulomb two-electron contribution

(SO(2e)direct) does not involve the additional terms arising

from the spin–other-orbit (SOO) interaction. In ref. 71 they

have been omitted. In the theoretical section we demonstrated

the existence of these extra terms, which are only increasing in

importance the higher the spin.

In Table 9 results of calculations including and excluding

this direct SOO contribution are reported and compared to

experimental values. It is clear that this is a non-negligible

contribution, which can contribute more than 20% of the total

Dg. For molecules with small Dg values, it can even be the

dominant contribution. In several cases, the accuracy can be

improved quite substantially.

There are, however, some particular cases where the dis-

crepancy with experiment remains large, despite the additional

correction terms arising from the direct contribution to the

SOO coupling. The origin of these large deviations should be

found elsewhere. Changing the internuclear distances does

not really improve the experimental agreement. Incorrect KS

orbitals could lie at the origin, but this investigation falls

outside the scope of this paper. The assumption of isolated

molecules in the theoretical calculations might not strike

reality when compared to the experimental setup.

5 Conclusion

In this paper an overview is given of all key factors playing a

role in the accurate reproduction of the g-tensor of a transition

Fig. 4 Dgortho,calc � Dgortho,ADF (in ppt) for several doublet mole-

cules, ordered by it’s weight. Results of ORCA (with ZORA and Veff)

and BAND are compared to the two-component method of ADF. For

all calculations a triple-z quality basis set with polarization functions

(Ahlrichs 2df if possible) was used.
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metal containing system using DFT-based methods: choice of

a relativistic Hamiltonian, spin–orbit approximation, gauge

corrections of the magnetic vector potential, etc. Special

attention has been given to the description of the spin–orbit

interaction and the contributions of the spin–other-orbit

coupling term to the g-tensor. A new protocol has been

suggested to improve the performance of periodic codes to

predict g-tensors.

The conclusions of this work can be summarized in

two parts:

(i) an effective method has been proposed to correct the

unrealistic character of the exchange contribution in periodic

codes like CP2K, bringing their g-tensor predictions at the

same accuracy as those obtained in computationally more

expensive spin–orbit mean-field models. A remarkable rela-

tionship has been noticed between the two-electron spin–orbit

matrix elements and the unrealistic Dg(rvxc) predictions in the

effective potential model within the KS scheme. An almost

constant scale factor is found throughout the whole set of

radical doublets and high-spin systems relating the wrong Veff

exchange contribution to the correct SOMF prediction. In this

work a scale factor of about �2.80 is proposed, which is

somewhat larger than the factor of �2 proposed by Neese, but

bringing the DFT predictions in periodic codes close to those

resulting from the computationally more expensive SOMF-

ORCA calculations. It opens new perspectives for using

periodic codes in the calculation of g-tensors in large extended

systems containing transition metals.

(ii) for high spin states there appear some extra contribu-

tions to the direct Coulomb term belonging to the spin–other-

orbit term. This is a direct consequence of the fact that in these

systems multiple single occupied molecular orbitals are pre-

sent. We found that these additional contributions are not

negligible and improve the experimental agreement in most of

the cases.

Concluding, with the implementation of the scale factor for

the exchange contribution and the extra SOO terms for

high-spin systems, CP2K has become a viable code for calcu-

lating g-tensors in periodic systems containing transition

elements.

Table 8 Various spin–orbit contributions to the Dgortho shift in ppt for several high-spin molecules. Molecules are ranked per spin multiplicity
according to the heaviest element. All calculations were performed with PBE and a Ahlrichs TZV 2df. The scaling factors s and s0 are defined in
eqn (19) and (20) respectively

Spin

ORCA CP2K

ZKE SO(N)

SO(2e) SO(2e) exch
SO(N)+ SO(2e) Scale factor Scale factor

Direct SOMF rvxc SO(2e)dir rvxc s s0

o4 B2 1 �0.08 0.48 �0.18 �0.03 0.05 0.26 0.03 �1.73 �2.45
o4 NH 1 �0.20 2.11 �0.55 �0.09 0.14 1.56 0.11 �1.89 �2.41
o4 NF 1 �0.27 2.82 �0.53 �0.10 0.15 2.22 0.12 �2.11 �2.67
o4 NCl 1 �0.24 6.84 �0.93 �0.17 0.24 5.84 0.19 �2.08 �2.69
4 NBr 1 �0.23 21.59 �1.55 �0.25 0.37 19.91 0.28 �2.06 �2.69
5 NI 1 �0.21 �0.47 0.14 0.02 �0.03 �0.22 �0.03 �2.15 �2.41

o4 O2 1 �0.35 3.98 �0.81 �0.17 0.23 3.11 0.18 �2.23 �2.84
o4 PH 1 �0.15 �1.80 6.43 �0.11 0.16 4.60 0.13 �2.03 �2.56
4 SeO 1 �0.27 18.32 �1.48 �0.28 0.39 16.48 0.30 �2.15 �2.79

o4 SO 1 �0.27 6.58 �1.01 �0.21 0.28 5.45 0.22 �2.24 �2.87
o4 S2 1 �0.23 16.68 �2.03 �0.32 0.45 14.59 0.35 �2.15 �2.79
o4 BC 3/2 �0.11 0.12 �0.04 0.01 0.00 0.07 0.01 7.52 2.67
o4 C2

+ 3/2 �0.15 �0.57 0.15 0.05 �0.05 �0.44 �0.02 �3.24 �6.43
o4 AlC 3/2 �0.12 �1.84 0.35 0.06 �0.08 �1.59 �0.05 �2.33 �3.67
o4 SiB 3/2 �0.10 �1.42 0.30 0.06 �0.08 �1.19 �0.05 �2.29 �3.60
o4 SiAl 3/2 �0.10 �5.14 0.81 0.13 �0.18 �4.40 �0.12 �2.14 �3.02
o4 Si2

+ 3/2 �0.12 �7.98 1.19 0.19 �0.26 �6.74 �0.18 �2.15 �3.04
4 VO 3/2 �0.36 �29.98 12.60 1.00 �1.28 �18.02 �0.95 �2.36 �3.15
4 TiV 3/2 �0.39 �26.94 11.97 0.90 �1.15 �16.37 �0.89 �2.34 �3.02
4 V2

+ 3/2 �0.35 �18.95 8.12 0.61 �0.78 �12.06 �0.61 �2.34 �2.98
4 CrN 3/2 �0.49 �7.18 2.79 0.25 �0.30 �4.54 �0.21 �2.44 �3.53
4 Ge2

+ 3/2 �0.14 �49.65 3.84 0.46 �0.67 �45.63 �0.49 �2.08 �2.83
4 GaAs+ 3/2 �0.17 �19.73 1.64 0.19 �0.27 �17.85 �0.19 �2.06 �2.93
5 YB+ 3/2 �0.14 �57.86 17.12 1.01 �1.39 �41.15 �1.01 �2.18 �2.98
5 YAl+ 3/2 �0.15 �100.80 28.53 1.66 �2.30 �73.10 �1.70 �2.17 �2.94
5 ZrV 3/2 �0.40 �40.90 15.80 1.11 �1.45 �26.47 �1.09 �2.30 �3.06
5 MoN 3/2 �0.36 �6.44 1.46 0.11 �0.14 �5.66 �0.10 �2.37 �3.37
5 NbO 3/2 �0.28 �47.61 12.77 0.78 �1.05 �36.05 �0.79 �2.23 �2.97
5 TiNb 3/2 �0.34 �43.71 14.50 0.94 �1.25 �31.18 �0.95 �2.27 �2.99
5 ZrNb 3/2 �0.32 �63.89 18.16 1.05 �1.43 �47.20 �1.06 �2.21 �2.97
4 CrF 5/2 �0.48 �16.49 6.32 0.46 �0.58 �10.66 �0.43 �2.36 �3.20
5 CrAg 5/2 �0.51 �0.34 0.58 0.05 �0.07 0.07 �0.04 �2.42 �3.79
4 MnO 5/2 �0.57 5.52 �2.35 �0.19 0.27 2.82 0.21 �2.14 �2.83
4 MnS 5/2 �0.59 16.89 �5.81 �0.43 0.59 10.40 0.44 �2.18 �2.92
4 MnH 3 �0.57 0.08 �0.93 �0.05 0.06 �0.93 0.06 �2.35 �2.52
4 MnF 3 �0.58 1.85 �0.94 �0.07 0.10 0.99 0.09 �3.30 �3.54
4 MnCl 3 �0.57 3.13 �1.26 �0.09 0.13 2.06 0.11 �2.19 �2.41
4 MnBr 3 �0.57 7.93 �1.65 �0.13 0.18 6.69 0.16 �2.15 �2.46
5 MnAg 3 �0.58 5.69 �2.19 �0.12 0.17 3.87 0.15 �2.22 �2.50
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6 Appendix: spin–orbit mean field

In this appendix we reformulate the Spin–Orbit Mean-Field

(SOMF) method and focus on the contribution of the direct

part of the two-body spin–other-orbit contribution which is

non-negligible for high-spin complexes.

Two-body interactions can be best treated within second

quantization formalism:

1

2

X
ij

V̂ ij !
1

4

X
abgd

habjV12jgdiascyac
y
bcdcg ð21Þ

with the antisymmetric matrix element hab|V12|gdias =

hab|V12|gdi � hab|V12|dgi and a, b, g and d as single-electron

spin orbitals, represented by creation ðcya; c
y
bÞ and annihilation

operators (cd, cg). The two-body interaction should be first

made symmetric with interchange of i and j. The two-body

matrix element of the two-electron spin–orbit interaction can

then be written as a product in spin and real space:

hab|VSO(2e)
12 |gdias = � 1

2
dms,b ms,d

hms,a|s|ms,ci�hab|L1|cdi
� 1

2
dms,a ms,c

hms,b|s|ms,di�hab|L1|dci (22)

with L1 ¼ a2

r3
12

ðr12 � p1Þ which coincides with �2gsoc(1,2) intro-
duced by Neese.71 In eqn (22) the spin–orbital a is decomposed

in the spatial orbital a and spin ms,a.

Similar to the spin–other-orbit interaction one gets

hab|VSOO
12 |gdias = �1

2
dms,b ms,d

hms,a|s|ms,ci�hba|L1|dci
� 1

2
dms,a ms,c

hms,b|s|ms,di�hab|L1|cdi (23)

One easily observes that the two spin–orbit interactions turn

out to show a linear relationship only when the spins of all spin

orbitals are equal to each other.

In the first order perturbation the most elementary excita-

tion of the ground-state Slater determinant |C(0)i as SCF

response to some external perturbation Vl is the substitution

of one of the unperturbed occupied orbitals h by its perturbed

orbital h(1)

jhð1Þi ¼
X
p2virt

Vl
ph

ep � eh
jpi ð24Þ

with a sum over all zeroth order virtual orbitals p.

For the further evaluation of the matrix elements it is

sufficient to consider a single one-electron particle–one elec-

tron hole excitation ðC1i ¼ cypchjCð0ÞiÞ where an occupied

orbital h is replaced by a virtual orbital p; also called singly

substituted determinants.

In the second quantization one gets the standard expression

valid for any two-body interaction

Cð0Þ
D �� 1

2

X
ij

Vij Cð1Þ
�� E

¼ 1

4

X
abgd

habjV12jgdiashCð0Þjcyac
y
bcdcgc

y
pchjCð1Þi

ð25Þ

¼
X
a2occ
hhajV12jpaias ¼ hhjGSOjpi ð26Þ

determining the spin–orbit mean-field GSO, completely similar

as in mean-field approaches appropriate in interacting many-

particle problems. For paramagnetic centers with only one

singly occupied spin orbital h, the summation runs over all

paired occupied molecular orbitals, hence
P

aAOCC =P
aAOCC

P
ms,a

.

For the two-electron spin–orbit interaction the contribution

to the spin–orbit mean-field becomes
X
a2occ
hhajVSOð2eÞ

12 jpaias

¼ � 1

2

X
a2occ
hhajL1zjpai þ

1

4

X
a2occ
ðhhajL1zjapi þ hahjL1zjpaiÞ

ð27Þ

Table 9 The inclusion of the direct contribution of the SOO coupling is compared to previous results. All calculations were performed in CP2K
using a TZV 2df basis set and PBE functional. A scaling factor of s0 = �2.8 is used

CP2K CP2K

Spin Exp Veff,SOO V�eff ;SOO Spin Exp Veff,SOO V�eff ;SOO

B2 1 �0.8 0.09 0.21 CrN 3/2 �5.6 �4.41 �5.02
NH 1 1.7 1.02 1.24 Ge2

+ 3/2 �63.3 �44.29 �44.66
NF 1 2.0 1.60 1.78 GaAs+ 3/2 �4.5 �17.44 �17.55
NCl 1 5.4 5.03 5.28 YB+ 3/2 �42.3 �38.25 �40.20
NBr 1 19.3 18.83 19.18 YAl+ 3/2 �60.3 �68.16 �71.33
NI 1 31.0 �0.34 �0.36 ZrV 3/2 �41.3 �23.60 �27.56
O2 1 2.9 2.22 2.40 MoN 3/2 �10.9 �5.72 �5.70
PH 1 4.5 4.07 4.24 NbO 3/2 �44.6 �33.97 �35.23
SeO 1 32.7 15.30 15.63 TiNb 3/2 �73.8 �28.68 �31.46
SO 1 3.6 4.53 4.74 ZrNb 3/2 �98.8 �44.34 �46.22
S2 1 14.5 13.31 13.64 CrF 5/2 �1.3 �9.86 �11.56
BC 3/2 �0.3 �0.08 �0.02 CrAg 5/2 1.7 �0.32 �0.49
C+
2 3/2 �0.5 �0.51 �0.48 MnO 5/2 �7.3 1.62 2.36

AlC 3/2 �1.3 �1.50 �1.53 MnS 5/2 6.7 8.47 9.94
SiB 3/2 �1.8 �1.14 �1.17 MnH 3 �1.3 �1.661 �1.35
SiAl 3/2 �4.5 �4.13 �4.23 MnF 3 �1.3 0.13 0.47
Si+2 3/2 �9.3 �6.31 �6.49 MnCl 3 �7.3 1.14 1.54

VO 3/2 �21.9 �15.52 �19.25 MnBr 3 �9.3 5.65 6.14
TiV 3/2 �24.3 �14.08 �17.96 MnAg 3 �4.3 2.84 3.33
V+
2 3/2 �46.3 �10.56 �13.20
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The above expression only holds if the spin of the molecular

orbital h is equal to that of the scattered state p:ms,h=ms,p =
1
2
.

The first term is the direct Coulomb integral, while the second

is the exchange contribution. For the spin–other-orbit inter-

action, one gets somewhat similar expression:X
a2occ
hhajVSOO

12 jpaias

¼ �
X
a2occ
hahjL1zjapi þ

1

2
ðhahjL1zjpai þ hhajL1zjapiÞ

ð28Þ

but with the fundamental difference that now the direct

Coulomb term is disappearing.

For real spatial wave functions the single-particle matrix

elements for the Hermitian momentum operator becomes

ha|p|ai = ha|p|ai * = ha|p*|ai = � ha|p|ai = 0, and hence

also the two-body matrix element of the spin–orbit operator

L1 will disappear (hah|L1|api = 0). Concluding, for spin-12
complexes the spin–other-orbit interactions only contribute by

means of their exchange term. In addition, inspection of

eqn (27) and (28) immediately learns that the exchange SOO

contribution is exactly twice the exchange contribution of the

SO(2e) term:
X
a2occ
hhajVSOO

12 japi ¼ 2
X
a2occ
hhajVSOð2eÞ

12 japi ð29Þ

This relation is also valid for high spin complexes.

Finally, the spin–orbit mean field GSO is then obtained as

hhjGSOjpi

¼ � 1

2

X
a2occ
hhajL1zjpai þ

3

4

X
a2occ
ðhhajL1zjapi þ hahjL1zjpaiÞ

ð30Þ

The derivation of the expressions, presented in this work,

differs slightly from those of Neese71 and others.75 However,

the final results are equivalent.

Application of eqn (30) to evaluate the DgSO correction is

the so-called spin–orbit mean-field (SOMF) approach, as

implemented in ORCA. It is an excellent starting platform

to estimate the contribution of the spin–other-orbit (SOO)

correction for spin-1
2
molecules.

The extension to higher spin states can easily be performed.

Instead of one we now consider 2 S singly occupied molecular

orbitals b where S represents the total spin of the molecular

system. The contribution to the spin–orbit mean-field from the

two-electron spin–orbit interaction becomes
X

g¼a;bocc
hhgjVSOð2eÞ

12 jpgi

¼ � 1

2

X
a2occ
hhajL1zjpai �

1

4

X
b2occ
hhbjL1zjpbi

þ 1

4

X
c¼a;b2occ

ðhhcjL1zjcpi þ hchjL1zjpciÞ

ð31Þ

Only in the direct Coulomb term one notices some slight

difference in comparison with the spin 1/2 systems. As the

b-orbitals are singly occupied they only half contribute to the

mean field.

In contrast to the spin 1/2 systems, there is now a non-

vanishing contribution from the spin–other-orbit interaction

in higher spin molecules to the direct Coulomb term:

� 1

2

X
b¼hocc

hhbjL1zjpbi ð32Þ

This is not really negligible for high spin systems, e.g.

diatomic molecules with Mn as element whose ground state

configuration generates spin 3 with 6 singly occupied molecular

orbitals with parallel spin. In this case of high spin our results

apparently differ from those of Neese. On the other hand, the

exchange contribution SOOexch still obeys relation (8).
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