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X-ray absorption spectroscopy (XAS) in the metal K pre-edge is a standard probe of
electronic and geometric structure of transition metal complexes. Simulating the K pre-edge
spectra require contributions beyond the electric dipole, but if that term is non-zero, the
second-order terms, e.g., electric quadrupoles, are no longer origin independent. In the ve-
locity representation, complete origin independence can be achieved by including all terms
to the same order in the oscillator strength. Here we implement that approach in the length
representation and use it for restricted active space (RAS) simulations of metal K pre-edges
of iron monomers and dimers. Complete origin independence is not achieved and the size of
the remaining errors depend on the electric dipole oscillator strength and its ratio in length
and velocity representations. The error in the origin independence is in the ANO basis sets
two orders of magnitude smaller than the value of the individual contributions. For systems
with strong electric dipole contributions the errors are not significant within 3A from a metal
center, far enough to handle many multi-metal systems. Furthermore, we discuss the con-
vergence of the multipole expansion, the possibility to assign spectral contributions, and the
origin of negative absorption intensities.
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1. Introduction

The electronic and geometric structure of transition metal enzymes and solution
catalysts can be probed in situ using hard X-rays. The metal K-edge is dominated
by electric-dipole allowed 1s to 4p transitions, while the electric-quadrupole al-
lowed 1s to 3d transitions make up the metal K pre-edge. The latter transitions
give information about electronic structure. e.g., oxidation state, spin multiplic-
ity and ligand-field strength.[1] The pre-edge is sensitive to geometric structure
as distortions from centrosymmetry allow for 4p orbital character to mix into the
valence orbitals, thus adding contributions from dipole-allowed transitions into the
pre-edge.[2]

Distortions that change the pre-edge intensity are changes from six- to five- or
four-coordinate tetrahedral sites. [1, 3] Another alternative is the presence of a
strongly binding ligand, e.g., the metal-oxo groups proposed to be the reactive
species in many enzymatic and synthetic systems.[4-7] Oxo groups also appear as
bridging ligands in many bi- and multinuclear transition metal complexes.

An electronic structure approach that is well suited for transition metal systems
is the multi-configurational self-consistent field (MCSCF) method, among which
the complete active space (CAS) SCF version is the most widely used.[8] The MC-
SCF method has also been frequently used to calculate X-ray spectra as pioneered
by Jensen and Agren. [9-11] They showed how a fully optimized core hole can be
obtained for an MCSCF wavefunction without variational collapse by first optimiz-
ing the wavefunction with the core orbital frozen and then using a second-order
optimization algorithm to ensure convergence to a local minimum.[9, 12] Further,
they showed how to efficiently calculate transition intensities for both photoelec-
tron and radiative transitions with orbitals that are optimized separately for ground
and core-excited states by taking advantage of the biorthogonalization scheme of
Malmqvist.[10, 11, 13]

Recently, the restricted active space (RAS) SCF and PT2 methods have been
used to model metal L-edge XAS spectra of a variety of transition metal com-
plexes using the electric dipole approximation.[14-20]. For metal K-edge XAS, in
particular the pre edge, the dipole approximation no longer suffices and electric
quadrupole and magnetic dipole contributions are therefore also considered. We
showed that the RAS method can also be used to accurately model iron K pre-
edge spectra, including the effects of 3d-4p orbital hybridization that leads to a mix
of electric dipole and quadrupole transitions, as well as those from multiplet inter-
actions and spin-orbit coupling.[21] These calculations were made on mononuclear
systems with the metal in the centre of symmetry.

However,for transitions with non-zero dipole contributions the electric
quadrupole and magnetic dipole transitions are, however, origin-dependent. This
becomes important for multi-metal systems since these systems lack a natural ex-
pansion point. Extending the RAS method to a wider set of molecular systems,
including those with multiple metal centers, requires a better understanding of the
origin dependence of the second-order transitions.

In the calculation of transition probabilities a Taylor expansion of the exponential
form of the wave vector into electric dipole and higher order terms is usually per-
formed. Bernadotte et al.[22] showed that full origin independence of the oscillator
strengths can be achieved by including all terms of a given order in the expansion
of the observable oscillator strength and not in the transition moments, and im-
plemented this approach for time-dependent density-functional theory (TD-DFT)
calculations of K edges. The electric dipole is the only contribution to the zeroth-
order expansion. The second order, typically associated with electric quadrupole
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and magnetic dipole interactions, also requires the calculation of electric octopoles
and magnetic quadrupoles because they couple with the low-order electric dipole
transitions. We have implemented this scheme in the restricted active space state in-
teraction (RASSI) method to calculate oscillator strengths between non-orthogonal
RASSCF and RASPT2 states.

Another possibility is to avoid the multipole expansion and use the exponential
form of the wave vector as a perturbation where the integral of the exact expression
is evaluated using the Euler formulas.[23] However, this requires the calculation of
new types of integrals that are not readily available in most codes. An isotropic
tensor averaging, known from the terms in the multipole expansion, is not known for
the exponential form of the wave vector. Obtaining expressions for the isotropically
averaged oscillator strengths for the exponential form of the wave vector instead
needs to be performed by introducing a Lebedev grid [24].

When calculating transition probabilities, it is usually assumed that the elec-
tromagnetic field is weak and therefore can be treated as a perturbation to the
stationary Hamiltonian Hy. Wavefunction metods, with exception of full configu-
ration interaction (FCI) in the complete basis set limit, only provide approximate
solutions to the electronic structure problem. It has been argued that the use of
non-exact eigenfunctions of Hy gives transition moments that are not exact and
hence origin independence cannot be guaranteed, independent of the form of the
perturbation. It can, however be shown that the origin independence is always
guaranteed in the velocity representation irrespectively of the choice of Hy, basis
set and level of correlation treatment even when using the multipole expansion [25].
In the theory section we will here clarify the arguments for why the convergence
of the multipole expansion does not depend on the choice of origin as claimed [26]
and comment on the interpretation of spectra since the latter is often performed
in the origin dependent terms.

However, an important detail is that the expansion of the origin-independent
formulation in reference [22] is only strictly valid in the velocity representation.
Transformation to the length representation is typically done through commutator
relations, which, however, requires that these hold exactly. Our implementation, as
most other quantum chemistry codes, is in the length representation and origin-
independence can thus not be guaranteed even when using the complete second-
order expansion of the wave vector.

To analyze the stability of second-order oscillator strengths for approximate
wavefunctions, these have been calculated for four different model systems. First,
the basic principles are outlined with the use of the spherically symmetric Fe3*
atomic system where the pre-edge has no dipole contribution. This is followed
by [FeCly]'~ where the dipole contributions to the metal K pre-edge are strong,
but where the metal is in the centre of symmetry. The remaining two models are
both biferric systems with an oxo bridge, the three-atom [FeoO]** core and the
[(hedta)FeOFe(hedta)] iron dimer. They both have dipole contributions in the pre-
edge and at least one metal center away from the origin. The negative oscillator
strengths previously observed [27] are also here observed. Since the negative in-
tensities are only observed in some basis sets for the same system we ascribe the
negative oscillator strengths to basis set deficiency and not to the lack of higher
order in the multipole expansion since the different terms in the multipole expan-
sion have different basis set requirements and the different terms can therefore
individually be over- or underestimated.
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2. Theory

In this section we breifly recapitulate the findings by Bernadotte et al.[22] essential
for our implementation and application. The notation will be kept the same and
we will refer the reader to reference [22] for derivations. This implementation is for

the isotropically averaged second order intensities féi) which are colloquially called
quadrupole intensities and this term will also be used in the proceeding text.

2.1. The electromagnetic field as a perturbation

It is thoughout assumed that the electromagnetic fields are weak and can be treated
as a perturbation of the molecular system

H=Hy+U() (1)

where the zeroth order Hamiltonian fIO, in this derivation, is a molecular system
described by the Schrodinger equation within the Born-Oppenheimer approxima-
tion

N o 52
A~ 1:)z
Hozzﬁ—i—V(m,...,rN) (2)

i=1 €

and U (t) is the time-dependent perturbation

U(t) = Uexp(—wwt) + U*exp(uwt) (3)

where U is the time-independent part of the perturbation

e Z [erp(Zk 1) (€ - Pi) + dezvp(zk 1)k X E)- gl] . (4)

In Eq. 4 k is the wave vector pointing in the direction of propagation, £ the
polarization vector perpendicular to k and w, in Eq. 3, is the angular frequency
which is related to the frequency v as w = 27v. The second term in Eq. 4 describing
the interaction with the spin § is in the following omitted.

By applying Fermi’s golden rule and assuming that transitions only occur when
the energy difference between the eigenstates of the unperturbed molecule matches
the frequency of the perturbation

E,—E
WZWUn:nTO, (5)

where 0 and n is the starting and final state, respectively, the explicit time depen-
dence can be eliminated from the transition rate

R A2
(01T 1) [26(w — won) = =L Tou|?8(w — won)- (6)

_om
- h 2hce

Copn(w)

In Eq. 6 the transition moments Ty,, have been introduced and the effect of the weak
time-dependent electromagnetic field can now be expressed as a time-independent
expectation value.
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2.2. Origin independence of the oscillator strengths

Bernadotte et al.[22] showed that origin independence in the oscillator strengths

fOn

2me

T, ™)

fOn:

where Ey, = E, — Ejy is the difference in the energy of the eigenstates of the
unperturbed molecule, comes naturally provided that the collection of the terms
in Taylor expansion of the exponential of the wave vector k

1
exp(ik « r;)) =141k - 7r;) — B

is collected to the same order in the observable oscillator strengths fo,
0 1 2
fon = Fon) + fou + fon + - (9)
in Eq. 7 and not in the transition moments Ty,
Ton =T + TV + 70 + .. (10)

traditionally done. Hence when the multipole expansion for the transition moments
in Eq. 10 is inserted in the expression for the oscillator strength in Eq. 7

2me
62E0n

fon = T + T + T2 + .. 2 (11)

the truncation should be to the same order in the observable oscillator strengths
fOn-

The choice of origin for the coordinate system in the velocity representation can
be choosen completely freely and will give exactly the same result when all terms
to a given order in the oscillator strengths are included due to exact cancellation.
Hence there will never be a choice of origin where the Taylor expansion in Eq. 8
will converge faster than any other choice of origin as claimed in [26] and repeated
in [27]. The only difference between the different choices of origin is the size of the
terms in the exact cancellation.

The concern about the different interpretations and assignments of spectral fea-
tures in terms of orders of electric and magnetic contributions as raised in [27]
stems from trying to interpret transitions in terms of non-observable transitions
with a given choice of origin. Only the total oscillator strengths are observable, the
individual contributions are not. For the origin independent oscillator strengths
the change of origin will leave every order in oscillator strength in Eq. 9 unchanged
but will make large shifts in the size of the different contributions and therefore
only the sum should be interpreted.

2.3. Isotropically averaged oscillator strengths

Truncating the expansion of the oscillator strengths in Eq. 9 at the second order
gives the dipole and quadrupole intensities. The isotropically averaged oscillator
strengths are here written in the length representation since this has been used in
the implementation. The zeroth order in Eq. 9 is the electric-dipole-electric-dipole
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2
fég ) contribution

2me

2 2m
(o iso = 5575 Bon 3 (0lftaln)? = =555 Bon (01 n)? (12)

where the sum is over z, y, z if Cartesian coordinates is used. The first order in Eq.
9 vanishes, since the real term is zero, while the second order gives four non-zero

contributions. The electric-quadrupole-electric-quadrupole fég *) contribution

2 e ~ 1 ~
(ot iso = 5o Eon | 22 001Qasln)® = 5O (01Qaaln))? | (13)

af o

along with the magnetic-dipole-magnetic-dipole fézﬁ)

m?2 2me, 2Mme
i Yiso = 5y Eon D (Olialn)? = <3 Eon (0lsi)n)’ (14)

[e7

are the two terms normally included when the order expansion is truncated at

the first order in the transition moments in Eq. 10. The isotropic average of the

(Q@m)

electric- quadrupole magnetic-dipole f;~"" contibution is zero.

) p(m?)

» J0n
dent, as discussed in Sec. 2.4, means that only including the fégQ) and fé:f )

second order terms will become problematic in oxo-bridged multi-metal systems
and other systems where there is more than one scattering center and where there

Since neither fo or the sum of these contributions are origin indepen-

is significant f;,, W) contribution as discussed in Sec. 1. These problems will also be
discussed in more detail in Sec. 2.4 where the origin dependence of the transition
moments is repeated.

To achieve origin independence the electric-dipole-electric-octupole fézo) contri-
bution

o 2m R A
(onViso = — iz Eon 9 (Olias|n) (010aasln) (15)
af
along with the electric-dipole-magnetic-quadrupole fézM) contribution
M m . .
o™ Viso = 5350 Bon D casy(Olias|n) (0| Maaln) (16)

afy

have to be included since these terms are also of the second order expansion of the
oscillator strengths.

2.4. Origin dependence of the transition moments

As shown in [22] the individual terms in the expansion of the oscillator strengths
in Egs. 13-16 are not origin independent, except the electric-dipole-electric-dipole
term, but rely on exact cancellation for the total oscillator strength order for order.
To assess when problems in conserving origin independence can occur numerically
it is interesting to examine what happens to the individual transition moments
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when the origin is shifted from O to O + a. For the electric-quadrupole transition
moments

(01Qas(0 + a)ln) = (0Qas(0)[n) — as(Olfialn) — aa(0lasln), (17)

where the «, § are the different x,y, z components, the electric-octupole transition
moments

(0104as(0 + a)n) = (0]Oaas(O)In)

— 0,(01Qas(0) 1) — a5 (0] Qe (O) ) — a0 {01Q 5, (O)Im)
+ a0as (0] |n) + aaa Olaln) + asar{Olialn),  (18)

the magnetic-dipole transition moments

(0010 + @)ln) = (Olia(O)|n) — <z (012 |n)

ZEon

= (O (O)n) = a5 5 (0] ). (19)

where €44, is the Levi-Civita tensor, and the magnetic-quadrupole transition mo-
ments

<0|M7a(0 +a)ln) = <0’M'ya(0)‘n>
1 A 2
— st 1O} + —casagas {012In)
2
+ 30ap(a - (0lm(0)|n) — 2a5(0lina(0)In)

= (0| M4a(O)n)

ZEOn A Z2-EOn ~
+ %5a'y§a7<0|Q55(0)’n> - Wga'yéaﬁa’y(m;uﬁ‘n)
2 . .
+ 30ap(a - (01 (0)[n) — 2a5(0)ma(0)In) (20)

where the terms electric-dipole /ﬂg and electric-quadrupole terms Qgé have been
converted from the velocity to the length representation.

The shifting of the origin in Egs. 17-20 all produce all lower order contribu-
tions. This means that the shift will introduce a linear distance dependence of the
electric-dipole transition moments on the electric-quadrupole and magnetic dipole
transistion moments and for the electric-octupole and magnetic-quadrupole tran-
sition moments the distance dependence of the electric-dipole transition moments
will be quadratic. The distance dependence of the transition moments will have
multiple effects in molecules with multiple scattering centers. If the electric-dipole
transition moments are non-zero then for transitions, which for symmetry reasons
will have identical total oscillator strengths, will have different individual contribu-
tions to the total oscillator strengths and there need not exist a single coordinate
system where a symmetry between the different contributions can be restored. Fur-
thermore, the total oscillator strengths for transitions, which for symmetry reasons
will have identical total oscillator strengths, will also be different unless the comm-
mutation relations, in the conversion from the velocity to the length representation,
are exactly fullfilled since the order by order cancellation depends on this. If the
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total oscillator strengths is not conserved the difference between transitions, which
for symmetry reasons will have identical total oscillator strengths, will depend
on where the coordinate is placed. This exact problems is faced in oxo-bridged
multi-metal systems, in the length representation, since significant electric-dipole
transition moments occur in otherwise dipole forbidden transitions due to orbital
mixing with the ligands.

For the magnetic-dipole and magnetic-quadrupole transition moments in Eqgs. 19
and 20, respectively, the electric-dipole transition moments have been converted
from the velocity to the length representation. The magnetic-dipole and magnetic-
quadrupole transition moments will therefore only show approximate origin depen-
dence if the conversion form the velocity to the length representation is not exact.
The electric-quadrupole and electric-octupole transition moments in Eqs. 17 and 18
will, however, show exact origin dependence both the velocity and length represen-
tation. Rewriting the electric-quadrupole and electric-octupole transition moments
to the velocity representation is simple. For the electric-quadrupole transition mo-
ments

(0|Q%4(O + a)|n) = (0|Q% 5(O)|n) — ag(0|fh |n) — aq 0] i|n) (21)
and electric-octupole transition moments

(010%,,5(0 + @) |n) = (0|0%,,5(0)|n)

aaf aaf
— a,(0|Q0 5(0)[n) — ag(0|Q%,(0)[n) — aa(0|Q%,(0)n)
T aaag {012 In) + aaay (08I0 + aga, (O]LIn) (22)

in the velocity representation all terms now just come in the velocity representation
just like all terms in the length representation came out in the length represen-
tation. The origin dependence of the electric-quadrupole and electric-octupole are
therefore trivially reproduced in any basis, representation or level of wavefunction
theory [25].

We have used the exact origin dependence to verify the correctness of our imple-
mentation of the fégz) and fé,’fO). The origin dependence in the length representa-
tion have for small systems been used to verify the correctness of the implementa-

tion for the fézﬂ) and féZM) where the basis set could increased to up largest basis

sets available and the exact origin dependence of the fézlz) was checked with the
electric-dipole transition in the velocity representation. Like in benchmark stud-
ies of molecular properties [28-30] the inclusion of diffuse functions is here also

very important to show the origin dependence of the fé?f) and fézM) oscillator
strengths in the length representation and in general for converging the different
contributions.

3. Implementation and computational details

The RASSCF calculations were performed as state-average calculations with the
1s orbitals in RAS1, allowing up to one excitation and with the valence orbitals
in RAS2. Orbitals were obtained separately for ground and core-excited states.
For the calculations of the excited states, the weights of all configurations with a
doubly occupied 1s orbital have been set to zero. The method to relax core holes
published by Jensen and Aogren,[Q] is not compatible with the current optimization
algorithm in the MOLCAS program package [31]. To avoid orbital rotation, i.e.,



August 9, 2016

Molecular Physics main

that the hole variationally collapses to higher-energy orbital, the 1s orbital was
frozen in the optimizations of the final states.

Oscillator strengths between the non-orthogonal states were calculated using the
biorthonormalization approach in the RASSI program. [32, 33] This procedure
removes the problems associated with the use of non-orthogonal states such as
gauge dependence. Due to relatively weak spin-orbit coupling, all excited states
have the same spin multiplicity as the ground state. A second-order Douglas-Kroll-
Hess Hamiltonian with an associated relativistic atomic natural orbital basis set
was used to take into account the scalar relativistic effects.[34-37] A density-fitting
approximation of the electron repulsion integrals was used to reduce the cost of
the calculations, especially important for the large iron dimer.[38§]

The origin-independent quadrupole oscillator strengths, as shown in Eqgs. 13-16,
have been implemented in the RASSI module of the MOLCAS program package.
The integrals for the electric part of the multipole expansion, in the length rep-
resentation, and for the angular momentum operator was already available in the
MOLCAS program package [31]. Since the integrals for the electric parts in the
length representation already were available and since the length representation
is usually used in quantum chemistry, at least for the dipole, we have chosen to
examine if the length representation also will be applicapable for intensities be-
yond the dipole. The integral code was therefore extended with the integrals for
the spin-independent orbital magnetic-quadrupole operator:

N e 2 . .
Mag = 2mec Z §(ri,ﬁ(Ti X Pi)a + (Ti X Pi)arip)- (23)

%

The integrals are evaluated using a Hermite-Gauss quadrature.

The correctness of the implementation has been verified by explicitly program-
ming the origin dependence of every term as mentioned in Sec. 2.4. The origin-
independent quadrupole intensities code will be released with the next MOLCAS
release.

For the Fe3T atomic system only the 3d orbitals are included in the RAS2 space.
This d° system has high-spin °S ground state with one electron in each orbital, from
which there are only five possible core excited states. [FeCly])!~ has a T; geometry
with an Fe-Cl distance of 2.186 A. [39] The RAS2 space has 11 electrons in 13
orbitals, see Figure 1, and the orbitals of the sextet excited states were averaged
over 70 states.

The geometry of [(hedta)FeOFe(hedta)] was obtained from a BP86/6-311(d) ge-
ometry optimization. This give an Fe-O distance of 1.76 A and an Fe-O-Fe angle of
148 degrees, see Figure 2. The structure of the three-atom model Fe-O-Fe complex
were extracted from the full complex. The RAS2 space for these systems consists
of the three 2p orbitals of the bridging oxygen and the ten 3d orbitals of the irons,
which gives a total of 16 electrons in 13 valence orbitals, see Figure 1.

For both the iron dimers the ground state of the is an antiferromagnetically cou-
pled singlet, with five unpaired electrons on each iron. To achieve stable RASSCF
convergence, calculations are instead performed with ferromagnetic coupling be-
tween iron, giving undectet states. For the Fe-O-Fe model, 60 core-excited states
were used while for [(hedta)FeOFe(hedta)] all possible 1716 undectet states were
included.

To be able to freely move the origin in the simulations, calculations have been
performed without the use of symmetry. The exception is the full hedta dimer
where the correct Cy symmetry was used.

Experimental K-edge spectra are taken from reference [1]. Simulated spec-
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Figure 1. Active orbital diagrams for [FeCly]!~ (left) and Fe2O (middle). For Fe2O the shapes of the
active orbitals are also shown (right).

Figure 2. Geometric structure of the [(hedta)FeOFe(hedta)] complex.

tra are plotted using a Lorentzian lifetime broadening with a full-width-at-half-
maximum (FWHM) of 1.25 eV and further convoluted with a Gaussian experi-
mental broadening of 1.06 eV. The incident energy of the calculated spectra for
the [(hedta)FeOFe(hedta)] complex are shifted to align with the experimental ones
at the first intense transition, which requires a shift of approximately 20 eV where
the necessity shift is mainly due to the frozen core approximation. The intensity
of the [(hedta)FeOFe(hedta)] spectrum is multiplied by a factor of 1942.5. This is
the scaling factor that gave the best fit between calculated and edge-subtracted
normalized K-edge intensities in the previous RAS studies, but here divided by
two to take into adjust for the presence of two absorption centers.[21]

4. Application

Three distinct x-ray spectroscopy applications of F'e have been chosen to show how
the origin independence of the oscillator strengths are affected by the basis set,
choice of origin, spin-orbit coupling and multiple scattering centers. The 1s — 3d
transitions studied here are formally dipole forbidden, however, orbital mixing
with the ligands can give significant féf) contributions to the oscillator strengths
otherwise known as pre-edge enhancement. For the basis set part we will here limit
ourselves to only discussing the origin independence and not the convergence of
the actual oscillator strengths. In the small correlation consistent basis sets some
numerical problems are evident. We have chosen to include the results from these
basis sets despite not knowing the exact cause of the problem.

We will here discuss basis set effects and how far out the origin independence is
numerically conserved simply by moving the origin. Here we will look at individual

10
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intensities and follow these to show how exact the cancellation of the individual
contributions is. Both transitions that should be strictly dipole forbidden and tran-
sitions with strong dipole contributions are included to show the difference. We will
compute spectra for different origins and show how the spectrum is built from the
individual terms with different origin dependence. Since the spectra for calculations
with and without spin-orbit coupling are almost identical we will not always show
both.

4.1. Fe3t

The Fe3t atom is a d° system with a 85 ground state. From there, a quadrupole
excitation leads to a 9D 1s core-excited state. This transition is electric-dipole

forbidden, and the fégz) and fé::lz) contributions, in Eqs 17 and 19, to the total
oscillator strength should be constant when the origin is moved, at least in the

ideal case. The fézo) and féZM) contributions, in Eqs 18 and 20 will show dis-
tance dependence in the transition moments of the electric octupole and magnetic
quadrupole but since the electric dipole, in the ideal case, is zero fézo) and féZM)
should also be origin independent and hence no cancellation would be necessary.
In Figure 3 the origin dependence, in the ANO-RCC-VDZP basis, of the different
contributions to the total intensity of the transition from the ground state to the

first core-excited state (1s—3d excitation) is shown. As expected, the total intensity

)

is completely dominated by the fég *) contribution.

Origin dependence

107
1078 | 1
1078 1
<
g 10710 ¢ ]
@ W .,
5 1072 | fon, 1
= 1
= -14
10T {m?) 7
(@] On
1078 £ {40) 1
10718 | 6 ]
@
10-20 ‘ ‘ on
0.1 1 10 100

z (A
Figure 3. The origin dependence of the different contributions to the total oscillator strength for the
transition from the ground state to the first core-excited state in Fe3t in the ANO-RCC-VDZP basis.
The origin has been moved to 0.1A to fit in the plot. Since the transition shown is dipole forbidden the

(

magnitude of the fozo) and féi:M) intensities grows quadratically with the displacement of the origin

2
along the z—axis as would be expected from Eqs. 18 and 20. Since the fég ) intensity is not exactly zero

2 2
in the calculation the fé? ) intensity also grows with distance. The change in the intensity for the fég )
intensity is so small compared to the value at the origin that the change is not visible. Values below 1019
are set to 10719,

Since the f(gif) intensity is not exactly zero for the ANO-RCC-VDZP basis, as

seen in Figure 3, then this is not the ideal case and fo(gz), 0(212), égo) and fézM) are

not constant when the origin is moved. In fact, the ideal behaviour is not observed
2
in any of the basis sets listed in Table 1 and despite féz ) being very small the

2
effect of a non-zero féﬁ ) is very visible.

11
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Basis b fn" Ray I

ANO-RCC-MB 0.354E-05
ANO-RCC-VDZP 0.441E-13 0.456E-13 0.968 0.472E-05
ANO-RCC-VTZP 0.109E-14 0.104E-14 1.051 0.477E-05
ANO-RCC-VQZP 0.225E-12 0.218E-12 1.032 0.463E-05
cc-pVDZ 0.613E-05
AUG-cc-pVDZ 0.560E-15 0.260E-17 215.5 0.265E-04

2
Table 1. The total dipole- ( éZ )) and quadrupole ( é?) intensities for the transition from the ground state to
the first core excited state in Fe®t in the ANO-RCC-VDZP basis set along with the ratio between the dipole

2 2
intensities Rg;p defined as jéi )/f(():; )p. Values below 1079 is not included.

Since the origin independence is only guaranteed in the velocity representation
and because the main error in preserving origin independence comes from the dipole
contribution, Rg;, has therefore been defined as the ratio of the dipole oscillator
strength in the length and velocity representation

2\p 2 2\p ('u'z) 2\p
A= =g = (= Sy = (1= Ray) (24)
On

where A is the difference between the dipole oscillator strengths in the two repre-
sentations. From Eq. 24 it is evident that if Rg;, deviates even slightly from unity,
origin dependence will be difficult to preserve in the length representation. This

2\p
problem is of course more critical if fég " s large.

Looking at different basis sets, the dominating féi) term only changes very little
for the ANO-RCC basis sets, see Table 1. However, changing to a correlation con-
sistent basis set gives a large change and when adding diffuse functions the total
intensity is almost trebled compared to the ANO-RCC basis sets. The importance
of the inclusion of diffuse functions for molecular properties has been demonstrated
several times before in the literature [28-30]. Rg;;,, however, grows dramatically go-
ing from the ANO-RCC basis sets to the AUG-cc-pVDZ which makes the AUG-cc-
pVDZ the basis set with the poorest conservation of origin independence, despite
having smaller dipole oscillator strength than the ANO basis sets, as shown in Fig.
4(a). The exact reason for the poor performance of the AUG-cc-pVDZ basis set
have not been analyzed.

Despite the non-ideal behaviour a small cancellation of the individual contri-
butions from moving the origin is observed in all basis sets. A complete origin
independence is, however, not observed for any of the basis sets. The deviation

in féi) from the origin for all basis sets is shown in Fig. 4(a). The changes in
éi) are several magnitudes smaller than the féi) values in Table 1, as well as the
uncertainty of fo(i) with respect to the choice of basis set.
Even though the changes in féi) are many magnitudes smaller than the value of
Q%)

féi), cancellation is still taking place as seen by comparing the changes in fén

in Fig. 4(b) with the changes in féi) in Fig. 4(a). These cancellations reduce the

change in féi) by one to two magnitudes.

The largest cancellation between the different terms are seen for basis sets where
Rgip, shown in Table 1, are closest to one. In the ANO-RCC-VTZP basis, where
Rgip is 1.05, the cancellation is around two orders of magnitude while for the
AUG-cc-pVDZ basis, where the ratio is 215.6, practically no cancellation is taking

place. The cancellation can be seen by comparing the origin dependence of féi) in

Fig. 4(a) and fég Y in Fig. 4(b). Hence to ensure good origin independence in the

12
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Figure 4. The origin dependence of f02n and fég ) in the different basis sets shown in Table 1. The

origin dependence of f2, and fé§2) is defined as |f2,(O) — f2,(O + z)| and |fé§2)(0) — é§2>(0 + z)|,
respectively.

length representation for transitions with large fégz) contribution, the commutation
relations between the approximate Hamiltonian and r must be very accurate since

this will determine the ratio between fézz) and féﬁz)p [25].

4.2. [FeClyJ*~

As mentioned in Sec. 1, breaking the centrosymmetry can lead to a significant
increases in pre-edge intensity through 4p mixing.[1, 2] [FeCly]!~ is a highly sym-
metric (Ty) complex, but lack an inversion center. The experimental K pre-edge
spectrum of [FeCly]!~ has a single intense peak at 7113.2 eV. The estimated dipole
to quadrupole ratio is 3.2:1.0 and the intensity increases 5.2 times compared to
hexa-coordinated [FeClg]3~ complex.[1]

[FeCly]'~ has an e?t33 electronic configuration and a ®A; ground state. There
are two different sets of single-electron core to valence excitations, leading to the
configurations, 1s'e3ty? and 1s'e?ty?, giving F and 7% excited states. The spec-
trum is completely dominated by t9 excitation as it gets dipole contributions from
the mixing with 4p orbitals (t2 symmetry).[40]

We will here analyze two transitions between spin-free states with very different
electric dipole oscillator strengths. Including spin-orbit coupling merely distributes
the intensity over many more transitions and does not alter I;, or the spectrum in
any significant way. The transition to the first core-excited state is an e excitation,
which ideally should should have zero electric dipole intensity. The transition to
the third core excited state is an electric-dipole allowed 9 excitation.

The dipole and quadrupole intensity for the transition from the ground state to
the first core-excited state are shown in Table 2. As was the case for the ion, the
dipole intensities are not zero but for the ANO-RCC basis sets the dipole intensi-
ties are very small and many magnitudes smaller than the quadrupole intensities,
thereby showing that for this transition there is no enhancement of the pre-edge
from the 4p mixing. The correlation consistent basis sets, however, gives a dipole
intensities only one magnitude smaller than the quadrupole intensity. Unlike the
ANO-RCC basis sets the correlation consistent basis sets also have a very large
Rgip thereby making it impossible to use these basis sets for this problem. For the

ANO-RCC basis sets the quadrupole intensity is completely dominated by fégz)

pO)

. gives a contribution of the same

while for the correlation consistent basis sets fé

magnitude as fég 9,

13
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Basis o) fon ) Ray  fy
ANO-RCC-MB 0.244E-10 0.239E-10 1.024 0.200E-05
ANO-RCC-VDZP 0.300E-12 0.290E-12 1.035 0.394E-05
ANO-RCC-VTZP 0.160E-12 0.149E-12 1.071 0.407E-05
ANO-RCC-VQZP 0.509E-13 0.504E-13 1.009 0.422E-05
cc-pVDZ 0.816E-07 0.248E-08 32.93 0.498E-06

AUG-cc-pVDZ 0.765E-06 0.447E-06 1.713 0.258E-05

Table 2. The total dipole- and quadrupole intensities for the transition from the ground to the first core-excited
state (1s —e) in [FeCl4]'™ without spin-orbit coupling.

Basis o fon Ray  fy
ANO-RCC-MB 0.115E-04 0.111E-04 1.040 0.717E-06
ANO-RCC-VDZP 0.295E-04 0.286E-04 1.033 0.116E-05
ANO-RCC-VTZP 0.283E-04 0.273E-04 1.033 0.144E-05
ANO-RCC-VQZP 0.285E-04 0.276E-04 1.033 0.161E-05
cc-pVDZ 0.214E-04 0.198E-04 1.080 -0.530E-04

AUG-cc-pVDZ 0.281E-04 0.168E-04 1.677 -0.585E-04

Table 3. The total dipole- and quadrupole intensities for the transition from the ground to the third core-excited
state (1s —t2) in [FeCly]'~ without spin-orbit coupling.

Since féﬁz) is very small for the 1s —e excitation in [FeCly]'~, the change in

féi) when the origin is moved is very small, only 10~ between the origin and 304
as seen in Figure 5.

Origin dependence
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Figure 5. The magnitude of the origin dependence of the different contributions to the total oscillator
strength for the transition from the ground state to the first core-excited state in [FeCl4]!~ in the ANO-
RCC-VTZP basis without spin-orbit coupling. The electric dipole intensity is very small and the total
quadrupole intensity only changes by 10~° between the origin and 30A.

The dipole and quadrupole intensities for the transitions from the ground to
the third core-excited state in different basis are shown in Table 3. For the ANO-
RCC basis sets the dipole intensity is approximately 20 times stronger than the
quadrupole intensity thereby showing that the 4p mixing can give very signifi-
cant enhancement of the pre-edge. The correlation consistent basis sets gives a
total intensity which is negative and hence physically unacceptable. The negative
intensities will be discussed in more detail at the end of this section.

In Table 3 Rg;;, for the ANO-RCC basis sets is 1.03-1.04, which should give a
cancellation of the different second order contributions of two magnitudes. This
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cancellation in féi) can be seen i Fig. 6, where féi) is approximately two orders
of magnitude smaller than all other terms when the origin is moved. This exact
trend is seen in all the ANO-RCC basis sets while the correlation consistent basis
sets again produce inferior results since R, is significantly larger. Despite having
a cancellation of two orders of magnitude in the ANO-RCC basis sets the different
2 o
terms, however, grows rapidly with distance, since féz ) is large, and at 7A féi) is
2 2
larger than féz ) Tt is therefore evident that for transitions where fég ) is large, the
range where féi) can safely be calculated, in the length representation, is limited.

2\p
The range can, however, be reasonably estimated from Ry, and féﬁ )" since Raip

(

gives information about the cancellation and Of)p about the growth of the different
terms.

Origin dependence

1072

1073 | 1

1074 1

107°

Oscillator strength

1078

1077 : : :
z (A)

Figure 6. The magnitude of the origin dependence of the different contributions to the total oscillator
strength for the transition from the ground state to the third core-excited state in [FeCls]'~ in the
ANO-RCC-TZVP basis without spin-orbit coupling. When the origin is moved along the z-direction the
individual contributions rapidly rise by three to five magnitudes. There is thoughout a cancellation of
approximately two magnitudes when comparing the total to the individual terms. At about 7.0 A the error
in the total quadrupole intensity is larger than the dipole intensity.

Rgip is, however, not the same for all transitions which can be seen by comparing
R, for the transition from the ground state to the first core-excited state in Table
2 with Rg;), for the transition from the ground state to the third core-excited state in
Table 3. While the ANO-RCC basis sets produce similar Rg;;, for the two different
transitions the correlation consistent basis sets produce very different Rg),.

By comparing Fig. 5 and Fig. 6 it is evident that conserving the origin indepen-

2
dence for transitions with large fé’; ) is significantly more difficult than for tran-

sitions with small féf). Since not all intensities is shifted equally when the origin
is moved the spectrum will also change when the origin is moved, this, however,
need not be visible to the eye.

The unshifted spectrum for [FeCly]'~ with Fe in the origin in the ANO-RCC ba-
sis as shown in Fig. 7 compare very well with previous publications on calculations
on [FeCly)'~ [21] except in the minimal basis. The shape and the intensity of the
spectrum, when spin-orbit coupling is included, only shows minor changes going
from the ANO-RCC-VDZP basis to the ANO-RCC-VQZP basis and practically
no change when spin-orbit coupling is excluded since the ANO-RCC-VQZP and
spin-free (SF)-ANO-RCC-VQZP spectra are right on top of each other. The spec-
trum is, however, shifted significantly towards the experimental spectrum, where
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[FeCI4]1' spectrum with different basis sets
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Figure 7. The unshifted spectrum of [FeCl4]'~ in different ANO-RCC basis sets with spin-orbit coupling
included except for the SF-ANO-RCC-VQZP calculation. The spectra are plotted using a Lorentzian
broadening with a full-width-at-half-maximum (FWHM) of 1.25 eV and further convoluted with a Gaussian
broadening of 1.06 eV [21, 41].

the main peak in the experiment is at 7113.2 eV [1], when the basis set is increased.

By moving the origin from the Iron atom and along the z—direction the change
in the shape of the spectrum for distances up to 34 is minor, see Fig. 8. For a
displacement of the origin larger than 34 there is a pronounced change in shape
and intensity. At 5A the intensity is approximately halved, while at 7A there is
practically no intensity. Finally, at 10A the shape of the spectrum is very close to
that with Fe in the origin, just with opposite sign for the intensity.

[FeCI4]1' spectrum without spin—orbit coupling
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Figure 8. The unshifted spectrum of [FeCl4]'~ in the ANO-RCC-VTZP basis set with an origin displace-
ment along the z—axis up to 10A. Here the shape of the spectrum changes significantly when the origin is
moved more than 3A. At 74 the intensity is extremely low while at 10A the spectrum has the same shape
as for 0A but with opposite sign.

The changes in the spectrum in Fig. 8 follow the trend from the change in féi)
in Fig. 6 where féi) changes sign and increases in absolute value when the origin is
moved away from Fe. At distances up to 34 f(g,’f ) is still significantly larger than f, (2)

Oon
and the change in the spectrum, as seen in Fig. 8, is minor while at 5A the absolute
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2
value of fé? start to be comparable with féﬁ ) and the intensity in the spectrum

drops significantly. For long distances fo(i) will give the dominant contribution to
the spectrum and therefore give the negative intensity for the spectrum at 10A.
Had the cancellation not changed the sign of féi) there would have been no change
in the shape of the spectrum, only in the intensity. )
While the change in the spectrum between having Fe in the origin and at 14 is
hard to discern from Fig. 8, the individual contributions to féi) changes significantly

as shown in Fig. 9. The cancellation of the individual contributions in féi) thus
have to very good in order to conserve the origin independence since the individual
contributions are significantly larger than the total. These large terms have to
combine to a féz) that should be give much smaller contributions to the spectrum

compared with féf) .
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Figure 9. A comparison of the spectrum for [FeCl4]'~ in the ANO-RCC-VTZP basis set at z = 0A and
o 2
z = 1A where in the first row the fég ) and f(gfg contributions to the total are plotted. In the second row

the individual contributions to fé? are shown.

Negative intensities, with the transition metal in the origin, have been observed
before in similar systems [27] where it was attributed to not including higher order
terms in the multipole expansion. Since this only happens in certain basis sets,
this indicates that this a basis set problem rather than a problem of not including
higher orders in Eq. 9. Since all transition moments does not have the same basis
set requirement the transition moments can therefore be under- or overestimated
independently of each other and hence give total negative intensities for a finite
truncation of the multipole expansion. Such an explanation would also be more in
line with the usual explanation where s — p and s — d transitions are dipole and
quadrupole allowed, respectively, where the dipole intensity is significantly larger
than the quadrupole intensity and enhancements from orbital mixing comes in the
lower order contributions. ,

For the ANO-RCC basis sets the quadrupole intensities are dominated by fég )

2
and fézo) where the contribution from fég ) is positive and féﬁo) negative. For
the correlation consistent basis sets the quadrupole intensities are completely dom-
inated by fézo), which are negative. Here again the different basis sets give very

2
different values for fég ) and féﬁo), thereby showing the unbalanced treatment in
some basis sets and the independent under- or overestimation of the transition mo-
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ments. This unbalanced treatment can be seen by comparing the spectra plotted in
Fig. 10 using the AUG-cc-pVDZ basis set and Fig. 8 using the ANO-RCC-VTZP
basis set. The same number of excited states have been used in both calculations,
which shows that many excited states are missing in the AUG-cc-pVDZ calcula-

tions. The spectrum in Figure 10 is very negative and could only be remedied by
4)

., to include

including higher orders in the multipole expansion, here at least to fé

f(ggQ), provided that none of the higher order transition moments will be larger
than the electric octopole transition moment. That fy,, in Eq. 9, always will give
positive intensities for finite truncation of the multipole expansion in finite basis
sets is not clear nor is the convergence behaviour of the multipole expansion.

[FeCI4]1' spectrum in the AUG-cc-pVDZ basis set
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Figure 10. The spectrum for [FeCl4]'~ in the AUG-cc-pVDZ basis with Fe in the origin along with all
the individual contributions to f(gi) is shown.

4.3. Fe-O-Fe model system and [(hedta)FeOFe(hedta)]

The p-oxo-bridged iron dimers have have two high-spin d° centers. The ground state
has antiferromagnetic coupling, giving an open-shell singlet. The energy difference
compared to the ferromagnetically coupled undectet is 0.1 eV, relatively small
compared to the range of the K pre-edge. As as the electronic structure of the
undectet is significantly simpler, the analysis is made using that structure.

The 13 orbitals in the active space consist of three doubly occupied Fe(3d)-
O(p) bonding orbitals, seven singly occupied metal-3d-dominated orbitals and three
singly occupied anti-bonding iron-oxygen orbitals, see Figure 1. The Fe-O-Fe core
has (5, symmetry and the hedta complex has C5 symmetry. The individual iron
sites can be viewed as having iron Cyy symmetry with axial ligand distances in
the plane of more than 2.0 A and a short iron-oxygen bond distance of 1.76 AD, see
Figure 2. The distortion away from centrosymmetry leads to mixing of metal 4p
orbitals into the valence space and thus the possibility for dipole-allowed transitions
in the pre-edge.

4.3.1. Fe-O-Fe

In Sec. 4.2 some problems in keeping the origin independence occured for transi-

tions with large féf) contributions. Since the distance between the two Fe centers

is approximately 3.39 A it is essential that the origin independence can be safely
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Basis e AR T

ANO-RCC-MB 0.590E-07 0.497E-07 1.189 0.200E-05
ANO-RCC-VDZP 0.540E-07 0.556E-07 0.971 0.168E-05
ANO-RCC-VTZP 0.400E-07 0.408E-07 0.981 0.151E-05
ANO-RCC-VQZP 0.373E-07 0.391E-07 0.954 0.119E-05
cc-pVDZ 0.418E-07 0.411E-07 1.017 0.171E-05
AUG-cc-pVDZ 0.353E-07 0.358E-07 0.985 0.167E-05

Table 4. The total dipole- and quadrupole intensities for the transition from the ground state to the first core-
2
excited state in Fe-O-Fe. In the ANO-RCC-MB basis this is the fifth core-excited state. The strongest f(gz ) s

approximately 0.2FE — 05 and hence around the same size as the strongest féi). The origin is here placed in the
oxygen atom and 1.76 A from the iron atoms.

conserved to at least 1.69 A away from an Fe atom, since the origin then can be
placed between the two Fe atoms without any problems. We will, however, ini-
tially place the origin on the O atom, since this would be the natural place in
Cy, symmetry, and then move along the molecular plane perpendicular to the Cs
rotational axis. This direction is usually labeled the y-axis, but here becomes the
displacement vector z.

Looking at the size of fo(ﬁz) and fé? for the first core-excited state in Table 4, it is

evident that féi) dominate in the total oscillator strength for the first transitions.
However, there does not exist a coordinate system where there will not be a need for

2
exact cancellation to determine the ratio between the féz ) and féi) contributions.
The ratio Ry, is about the same as for [FeCly]'~ and Fe3T where a cancellation

of up to two magnitudes is observed, hence we do expect that féi) will not be

significantly affected by the origin dependendence since fézz) is not significantly
larger than féi) for any of the excitations calculated for the spectrum.

With the origin on the oxygen atom, the spectrum shows three distinct peaks, ex-
cept in the minimum basis, as shown in Fig. 11. Like in the spectrum for [FeCl]'~
in Fig. 7 there is only minor variations in the shape of the spectra in the differ-
ent basis sets. The intensity, however, does vary more than for [FeCly]'~. Again
the expected downward shift in the energy when the basis set is increased is ob-
served. Despite the fact that the largest change in intensity is seen going from the
ANO-RCC-VTZP to ANO-RCC-VQZP, we will continue the analysis using the
ANO-RCC-VTZP since this is a realistically sized basis set when going beyond the
model systems.

Spectra with the origin in different places are shown in Fig. 12. Placing the origin
on the oxygen atom (O,—g), between the iron atoms (Fe-Fe), on one of the iron
atoms (Fe) or even moving the origin a bit from the oxygen atom (O,—;) does
not alter the spectrum. For these kinds of systems we can safely choose between
any of the natural choices of origin and the method is therefore also applicable for
molecules with multiple heavy centers.

When the origin is moved further away (O,—3 and O,—5) the total and relative
intensity of the three peaks changes. Here the intensity of the large central peak
changes significantly more than the two peaks on the side. This can be understood
by looking at the spectra for féf) and féi), where for the central peak the intensity

is primarily from fégz) while for the two other peaks the fézz) contribution is
significantly smaller. This causes the central peak to be more sensitive to origin

displacements as can be seen from Eq. 24. From the spectrum of fégz) and féi) it is
2
also evident that the first peak in fact is two close lying peaks, one from both féﬁf )

and fé?, which also explains the apparent broadness of the first peak compared to
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Fe—-O-Fe spectrum with different basis sets
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Figure 11. The unshifted spectra of Fe-O-Fe in different ANO-RCC basis sets.

S

the more intense central peak. Therefore having both féf) and féi) is central in
2
the understanding of a spectrum since fég ) and féi) will be conserved separately

unlike the contributions to féi).

Fe-O-Fe spectrum a move of the origin
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Figure 12. A comparison of the spectra for Fe-O-Fe with the origin in the oxygen atom (O.—¢), origin
moved along the z-axis (O,—4), where d is the distance, the origin in the middle between the two Fe atoms

2
(Fe-Fe) and the origin placed on one of the Fe atom (Fe) in the ANO-RCC-VTZP basis set. The féz ) and

éi) contributions are shown with the origin placed between the two Fe atoms.

While the spectrum did not change significantly with some of the origin displace-
ments in Fig. 12 the individual terms that sum to féi) do. The change in fég )
for the origin displacements, where féi) did not change, have been plotted in Fig.

13. The intensities from fég *) is around 6 to 11 times as intensive as compared to
the total intensity in Fig. 12 and it is therefore obvious that for molecules with
multiple heavy centers all terms in the quadrupole intensities have to be included.
Furthermore Fig. 13 also shows that interpreting the individual contributions to

fé? does not make sense since these are heavily influenced by the choice of origin.
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Figure 13. A comparison of the spectra for fég ) for Fe-O-Fe with the origin in the Oxygen atom (O,—g),

origin moved along the z-axis (O,—4), where d is the distance, the origin in the middle between the two
Fe atoms (Fe-Fe) and the origin placed on one of the Fe atom (Fe) in the ANO-RCC-VTZP basis set.

4.8.2.  [(hedta)FeOFe(hedta)]

The experimental K pre-edge of the hedta dimer has a shoulder at low energy
and a more intense peak at higher energy, see Figure 14. The energy splitting
between the two features is around 1.7 eV. The RASSCF spectrum also shows two
distinct pre-edge features, with a more intense peak at higher energy. The energy
splitting is overestimated by 0.4 eV and the low-energy peak appears more intense
in the simulated spectrum. The deviation is not unreasonable considering the lack
of dynamical correlation. At the double-( level the PT2 calculation is feasible, but
there are problems to eliminate the intruder states for all possible final states,
which leads to erroneous predicitions of intensity below the pre-edge. A calculation
at the PT2/triple-( is to costly for a system of this size, especially considering the
large number of final states.
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Figure 14. Experimental and RASSCF/ANO-RCC-VTZP simulated K pre-edge spectra of
[(hedta)FeOFe(hedta)].

An analysis of the RASSCF spectrum shows that the contributions are almost
completely dominated by the second-order (electric quadrupole) contributions. The
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contribution from electric dipoles is small and equally spread between the two pre-
edge features. This is slightly different from previous suggestions that the higher of
the two features should have significant intensity due to increased mixing of metal
4p orbitals into the orbitals of antibonding character.[1] There is no experimental
data regarding the dipole contributions, which makes it difficuly to make a proper
evaluation of the simulation results, but a lack of significant dipole intensity could
possibly be related to the choice of active space in the current simulation. Although
there are 13 orbitals in the active space, there are no high-energy unoccupied
orbitals, unlike the case for [FeCly]'~ where the dipole-quadrupole ratio could be
well described. [21]

5. Summary and prospects

We have presented the implementation of the origin independent quadrupole in-
tensities in the length representation and shown the possibilities and limitations
of this approach for calculating XAS intensities for complexes containing both sin-
gle and multiple transition metal. While the quadrupole intensities in the length
representation would be origin independent in the limit of a complete basis, we
have found that this does not apply for standard basis sets available in quantum
chemistry.

The problem with the length representation stems from the formulation of the
origin independent intensities [22], which relies on exact cancellation order by order
of the oscillator strength of the different origin dependent contributions. Since
the transformation from the velocity to the length representation is not exact for
quantum chemical calculations the exact cancellation of the different contributions
are lost in the length representation.

For complexes with a single transition metal the length representation shows
no problems compared to the velocity representation provided that the origin is
placed on the transition metal. The method can also be applied to systems with
multiple transistion metals provided resonable basis sets are used. However, the
applicability of the method is limited by the distance between the transition metals,
the size of the dipole intensities and the ratio between the dipole intensities in
the length and velocity representation. A recommendation is to place the origin
between the transition metals and calculate the dipole intensities in both the length
and velocity representation to assess the size of the introduced error. For very large
dipole intensities and distances between the transition metals beyond 6 A, the ratio
between the dipole intensities in the length and velocity representation should not
deviate by more than 1073, which may be difficult to reach. For medium to weak
dipole intensities the method implemented here is capable of calculating metal
dimer as Fe-O-Fe and [(hedta)FeOFe(hedta)]. While the origin cannot be randomly
placed, the usual places for the origin from symmetry considerations are certainly
possible.

Since the exact cancellation of order by order in the oscillator strength gives
origin independence shows that the rate of convergence of the multipole expansion
does not depend on where the origin is placed contrary to previous claims [26,
27]. The position of the origin only help to determine the size of the cancellation
between the different contributions. As the different terms depend on the origin,
the interpretation of spectra should only be done for origin-independent parts since
the origin-dependent parts vary strongly even if the total is origin independent, as
shown for both [FeCly]!~ and Fe-O-Fe in Fig. 9 and Fig. 13.

The negative intensities first observed in [27] in the velocity representation is
also here observed in the length representation. These have only been observed in

22



August 9, 2016 Molecular Physics main

systems with large dipole oscillator strengths and only in basis sets where the ratio
between the dipole oscillator strength in the length and velocity representations
is large. Other basis sets therefore does not show the same unphysical behaviour.
We ascribe these unphysical solutions to basis set insufficiencies which arise due
to different basis sets requirement for different terms in the multipole expansion
causing some term to be either over- or underestimated. For this reason it is not
clear if a finite truncation of the multipole expansion always will give total positive
intensities in finite basis sets.

The problems associated with origin dependence can be overcome by switching
from the length to the velocity representation or even more elegantly to the exact
expression as presented by List et al.[23]. The List et al.[23] approach also avoids
the unphysical total negative intensities observed in [27] in the velocity represen-
tation and in the length representation in this work irrespectively of the choice of
basis set.
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