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Comparative analysis of local spin definitions
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This work provides a survey of the definition of electron spin as a local property and its dependence
on several parameters in actual calculations. We analyze one-determinant wave functions
constructed from Hartree-Fock and, in particular, from Kohn-Sham orbitals within the collinear
approach to electron spin. The scalar total spin operzﬁ%randéz are partitioned by projection
operators, as introduced by Clark and Davidson, in order to obtain local spin ope&at&ksand

S, A, respectively. To complement the work of Davidson and co-workers, we analyze some features
of local spins which have not yet been discussed in sufficient depth. The dependence of local spin
on the choice of basis set, density functional, and projector is studied. We also discuss the results of
S, partitioning and show thafS,,) values depend less on these parameters ¢BanSg) values.
Furthermore, we demonstrate that for small organic test molecules, a partitioniSg with
preorthogonalized [wdin projectors yields nearly the same results as one obtains using
atoms-in-molecules projectors. In addition, the physical significance of noh%gré@ values for
closed-shell molecules is investigated. It is shown that due to this prokﬁ@n%) values are

useful for calculations of relative spin values, but not for absolute local spins, WEg()avalues
appear to be better suited. @005 American Institute of Physic§DOI: 10.1063/1.1829050

I. INTRODUCTION definition of local projection operators as, for instance, pro-

posed by Davidsoff and as applied to local electron spin by

Local properties, that is properties of atoms or fl"mt'on""ICIark and Davidson® The aim of this work is to study those

groups in molecules, have always been an important conce%tspects of local spin which have not yet been addressed in

to chemists, since it makes an abstract molecular wave func; .
o . L . he work of Davidson and collaborators. These aspects range
tion interpretable in terms of intuitive building blocks. The . o

fsrom purely formal points such as local spin in closed-shell

best-known example of local properties are partial charge . i .
(see the comparative review by Meister and Schivarx molecules to purely practical points like the dependence on

also Ref. 2, but in principle, any molecular property may be the size of the atom-centered basis set.

distributed among any set of subsystems of a molecule in We will work within the collinear approach to electron
order to gain information which guides qualitative under-SPin, which means that the same quantization axis is used for
standing of chemical process&bAssigning portions of the all spin operators, so that information @pin can be ex-
total molecular electron spin to individual atorfer groups  tracted fromspatial orbitals. From a puristic point of view,

of atomg, for example, is necessary for predicting electronicthe underlying physics would be reflected better by a de-
spin-spin coupling constants within the Heisenberg spinscription of electron spin within a noncollinear framework.
ladder model. Such local decomposition schemes have a longghat makes the collinear approach interesting is that most
history and range from Bader's atoms-in-molecules theory quantum chemistry programs work within thisonrelativis-

to most recent developments in Car-Parrinello molecular dytic) framework for the sake of lower computational cost. Fur-
namics based on local orbitdiecently, Clark and David- thermore, we restrict this study to single-determinant wave
son have proposed a rigorous definition of local eleCtrorfunctions, constructed from Hartree-Fo¢kiF) or Kohn-
spins using projection operators onto local basiffsyhich Sham (KS) orbitals. However, the results may be easily
might also be called par_tial spins in_ analogy to_partialtransferred to multideterminant wave functions.

charges based on population analyses. For local spin, as for This paper is organized as follows: In Sec. I, the defi-

all local properties, a proper definition of an atom in a mol- . . : o . .
) . . . ... nition of local basins by projection operators is outlined and
ecule is required. It is common knowledge that the definition

and the properties of atoms in molecules cannot be deducéﬂ.e e?<pI|C|t form ?f Mulhkep, Lavdin, preor.thogongllzgd
from first principles of quantum mechanics, but require ad--oWdin and Bader’s atoms-in-molecules projectors is given.
ditional postulates and are thus defined somewhat arbitrarily? S€¢- lll, partitioning of the total spin expectation values
A vast amount of literature has been written on this subject{S”) and(S,) is discussed, and the dependence of local spins
mostly in the context of population analyse¥~'°In this  on the choice of the projector, the basis set, and the orbitals
work, we shift the definition of atoms in molecules to the from which the wave function is constructed is investigated

for some small test molecules. The results are summarized in
dAuthor to whom correspondence should be addressed. Electronic maiﬁec' IV. The computational methodology is outlined in the
reiher@thch.uni-bonn.de Appendix.
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Il. DEFINITION OF THE LOCAL BASINS partial populations sum up correctly to the total electron
] ] ) numberN. Strictly speaking, Mulliken's scheme therefore
Local basinsA in a molecule can be defined by local yyes not define true projection operators, which is the reason
one—elect_rgn projection operatops,, which have to fulfill why we will use the phrase “Mulliken pseudoprojector” in
two conditions: _ _ the following. For severalamong other historicalreasons,
_ (1). The sum of all projectors must be equal to the iden+ne \ylliken partitioning scheme is in spite of its formal
tity operator, deficiencies by far the most popular way of performing
N population analyses. This is why we also use the Mulliken
> pa=1. (1) pseudoprojectors, which can be defined in the following
A way:
This makes it possible to multipliz sp, with any operator
without changing its expectation value, thus partitioning the
operator into local operators. pk": 2 |,,>s;ﬂ1<,u|_ (7)
(2). The p, should be idempotent and orthogonal, mehy

PaPA= OasPa, @ Although Eq.(7) looks somewhat unusual because the sum
which reflects the natural requirements that operatiop,0f is running overu e A, v instead ofu e A,ve A, this defini-
on basinA does not change any quantityAtand operation jon ensures thatP¥)=SNi|p¥|i) is equal to the Mulliken
of pg on basinA, which is chosen to have no overlap with population of cente, NY ,
basinB, cannot yield contributions to quantities At

There is a multitude of ways to define local basins which
have been developed for the partitioning of the electron den- <|’:‘,M>:2 <i|p""|i)
sity, i.e., for performing population analysésee, e.g., Refs. A i A
5 and 10-15 which are in general not formulated in terms
of projection operators for historical reasons. The connection => (il > |v>S’1(,u|i)
between classical population analysis and the projection op- [ weAw "
erator formulation is as follows: The one-electron projectors

pa can be summed up to an all-electron proje(fPQr, = E 2 :iCMS;MlSkUSM
ik, peAw
Pa=2) Pali). 3
i = > P,S,,=2> (P9,,=N}. ®)
nehAv nehA

If the one-electron projection operators fulfill conditi¢h),
the sum over the expectation values ofRyj| will be equal to
the total electron numbed due to the normalization of the
molecular orbitals,

P is the(symmetrig density matrix for an unrestricted Slater
determinant. Thelu) are elements of an arbitrary atom-
centered basis set with,, being the corresponding overlap

~ N _ _ matrix element. These Mulliken pseudoprojectors are real
EA <PA>:2A EI (1|pali) and not symmetric and thus not Hermitian,
N N
=2 (12 paliy=22 (ilfi)=N, (4) piT= 3 (ul's,tn)'= 3 |wsiol#p) @
nehA,v nehA,v

where the sum is running over all occupied molecular orbit-
als (MOs) denoted byi. Then, the partial populatioN, of  and will yield non-Hermitean local spin operators. Nonethe-

centerA can be defined as the expectation valuégf less, it is interesting to investigate the performance of such
N ill-conditioned pseudoprojectors in local spin analyses, and
& PO results of the Mulliken partitioning scheme obtained for local
Nao=(Pa)= i 1), 5
A= (Pa) 2. (i|pali) )

spins in this work are compared to two different types of

) - Lowdin projector-based partitioning schentésSince the
since the(P,) sum up correctly to the total electron number | 5\wdin basis is orthonormal, the idempoteritidin projec-
N. In principle, for each population analysis scheme, a proygg are given by

jector p, can be defined that yields the corresponding partial
population according to E@5). The sum over all all-electron

projectorsP, is equal to the number operathir, @k: z |/ W] (10)
u'eA

> Pa=N. (®)

A The |n') are elements of a lwdin-orthonormalized basis,
Among others, we employ Mulliken “projectors® in this  defined as a linear combination of basis functippswhich
work, which do not fulfill condition(2). Still, Mulliken are centered at any atom in the molecule,
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) 1 These projectors can be separated into a one- and a two-
| >:2V v)S,,."* (1) electron part, which are then evaluated separately, using
PaPs= dagPa. For wave functions which consist of a single

Although a Lavdin basis is in general not atom centered,Slater determinant, the expectation vali# - Sg) is given

w' €A denotes the Lwdin-basis functions that appear at the by sums of products of projector matrix elements in a basis
same place in the overlap matrix as the original, atom®of molecular orbitals,

centered basis functions located on atémAccording to <é 'éB>

Clark and Davidson, before performing the Lwdin or- A

thonormalization, the original basis set has to be orthonor- 3 N NA

malized within the centera in order to obtain sensible re- =7 %8 > (ilpali)+ 2 (T1palD)
sults. We will denote this approach asvidin* and compare ! :

its results to those of the “standard” alin analysis. By NNE NANE

comparison with the Mulliken results, local spins obtained +Z 15N Bali)+ = 18T T
with Lowdin projectors illustrate the influence of the basis 4 ; (i1PAli1Peli) 4 % (TPAT(TTPaT)

set orthonormalization on local expectation values. Sor LNNe 1NBN5

P : ; ~AIM ;
partitioning, we will also use projectorg, * that project _ = 164N 1Bali)— = 10 Bali
onto atomic basins according to Bader’s atoms-in-molecules 4 ; (iPali)ilPsli) 4 .E,— (TTPAT)(TTPe[T)

(AIM) theory® These projectors are a conceptually different

and thus interesting complement to Mulliken andwldin NN NN

projectors, since they partition the three-dimensional space T4 2— (1Pl )(TTPs(T) — 4 E— (i Pali)(TTPAIT)
of Cartesian coordinates instead of the high-dimensional ! b

space of one-electron basis functions. Such projectors can N“NP

formally be written as — > (ilPaT(TTPeli)- (15
ij

The first derivation of this equation was given in Ref. 7. The
differences between E@L5) in this paper and the analogous
0 else Eqg. (27) in Ref. 7 are obviously due to typing errors in Ref.
(12) 7, since our validation calculations based on 8d) on the
diatomic test molecules given in Ref. 7 have yielded exactly
. LOCAL SPINS identical results. A more detailed derivation of Ef5) can
be found in Ref. 17, although typing errors also affect this
Apart from the difficulties in defining local basins, “lo- equation. In Eq(22) in Ref. 17, which is the equivalent of
cal spin”is not a V\_/ell-defi_ned concept in quantum chemis_try.Eq_ (15) here, the term — —E.’fNﬁ<i|f)A|i)(j_|f>B|j_>
What we are looking for is a quantity that gives information | _nens,. . = . o
on the portion of total molecular electron spin located at a~ 4~ij (i1peli)(iTPali) IS misprinted as
certain part of this molecule. In order to characterize this— }TEFNﬂ<i|ﬁA|i>- When Lawvdin projectors are employed

local spin fully, we need local values for the tyvo spin quan-go. the P, One obtains an expression K&A‘éB> which is a
tum numbersMs and S. The elegant general idea by Clark function of elements of the overlap and theand -density

and Davidson is now to apply the local Qrojectgrs ag deﬁne%atrix analogous to Eq27) in Ref. 17,
above to the two scalar total spin operatSfsandS,,’ since

the former gives information oi% and the latter orMg. & AL 3 o 5
Both are briefly revisited in the following sections. (Sa- Sg) =7 OnB EA Pou™ EA P

A. Partitioning of (S?)

SAIM 1 atall points in space within the AIM basi

Pa

l al a/ 1 B! BI
Clark and Davidson have used Hermitean one-electron + ZMEAZDEB PuuPut ZMEAEVEB PPy
projection operators to partition th&% operator. When ' '
SAPa=1 is inserted twice into the decomposition &F 1 ' pa’ L 5 B’
=1 1S : _ > PP > PEPE
=2;;8(1)5(j), one can define local spin operators that sum 4 chveB 4, chveB
up to the totalS? operator,
_ E E pﬂ' pﬁ'_ l 2 pﬁ' pH'
A . 4,u,eA,VeB pps vy 4,ueA,VEB ppvy
> X 55%=9 (13)
he - > PYPE (16)
neAveB py v
with where matrix elements in a halin basis are primed. Con-
NN structing(S,- Sg) according to Eq(15) with Mulliken “pro-
3.8 = 5 (&) Da(i 1), 14 jectors” is, of course, not rigorously correct, since Mulliken
aSo= 20 Pall)A)Ps(1)S() (14

pseudoprojectors do not fulfill the projection operator condi-
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tions (cf. preceding sectionwhich are used in the derivation momentum operators. However, since the Mu||ik(;j“§A

of Eq. (15). We recall that Mulliken pseudoprojectors are not. &) values sum up in good approximation to the ta),
Hermitean and yield non-Hermitean local spin opera®s they are interpreted as local spins and compared to results
which do thus not fulfill all conditions necessary for angularobtained with Levdin projectors in this work. One obtains

1
2 (P9 (P9, X (PSP,

nehAve neAveB

A 3 1
(Sa-S)M==6n8 X (P9, + X (PP, |+
4 pneAveA neAveA 4

eAve

1 1 1

- — P« P« - — pA pA - P« pp
7,5 P OulP Oz 2 (PSP, m7 2 (P9, (PS),
1

—— PES), . (P*S),,— P*S),,(P?S),,, 1
7,2 PP S 2 (P19, (PYS),, (17

|
where|w), |v), ... is an atom-centered basis. description of the true electronic structure, but from our

There are some requirements Wh(&)\-éB) should sat- point of view, a local spin analysis of a closed-shell MO
isfy in order to be physically meaningful. The diagonal termswave function should reflect all the deficiencies/features this

<§i> should give information on the electron spin that is MO wave function has in describing a given system. Accord-
ing to Clark and Davidsony;;(i|Palj)(j|Pg|i) can be re-

garded as a bond-order contribution that affectsahsolute
energy of several spin states, but not theiative energies
within a family of spin state&® It is therefore possible that
this closed-shell inconsistency does not affect the use of

4Sa- Sg) values for the description of spin ladders within the

restricted MO framework to have local spi(é,i) and hence Helsenbgrg §§|n model, whereas care should be taken.when
interpreting(S;) as an absolute measure for the local spin of

(8a-Ss)azp equal to zero. But in fact, when Eq15) is . : .
applied to a closed-shell MO wave function, one obtains lo? certam.subsy§tem. In peirycular, as dlscgssed by Clark
d Davidson in Ref. 7(S;) cannot be interpreted as

cal spins that are different from zero regardless of the pro&"

jector chosen. This fact has been mentioned, but not yet beetr(Sat1). ) -

discussed in depth with respect to its physical interpretation Apart from this conceptual difficulty, the dependence of
in previous work! A closed-shell Slater determinant is built {Sa-Sg) values on the construction of the wave function and
from pairs of@ and 8 orbitals which share the same spatial the local projector has not yet been evaluated. This shall be

located on a subsystem, and the cross termsS,- Sg)a-s
should give information on how strongly the electron spin
attributed to subsystemA is coupled with the electron spin
on subsystenB. Clearly, from this point of view, one ex-
pects subsystem&@toms or functional groupsof closed-

shell molecules whose wave function is constructed within

one-electron function. Applying this to E¢L5), we have done in the following for one-determinant wave functions,
o using manganocene as an example. We picked out this par-

(Sa" Sg)closedshell ticular transition metal complex because it is known that a
N/2 N/2N/2 description of different spin states based on density func-

:§5ABZ <i|f3A|i>—§ > (ilpalid|psli). (1g)  fional theory (DFT) yields unreliable energetics. Conse-
i i] quently, the wave functiofor electron density, respectivgly

If the sum were running over a complete set of functions of transition metal complexes can be very sensitive to the

and j, the completeness relation could be used, and sinc hoice of the density funct|on.é?. This is, n particular,
o o P . the case for the class of complicated cA%&swhich thermal
Pabe=aePa. (Sa- Se)cioseasherwould indeed be equal to

! ! crossover complexes such as manganocene belong.
zero. However, since occupied MOs do not form a complete

basis, Clark and Davidson’s closed-shell local spin value
can be equal to zero only by accident. Surely, one coul
argue that in molecules with a closed-shell ground state, one We optimized high-spin manganocel&aggered con-
does not necessarily have zero spin on each atom, whid@rmation using the B3LYP density functional and analyzed
would be consistent with a valence bof\B) description of  local spins with Levdin* projectors acting on wave func-
these molecules. For the sake of clarity, it should be note@ions constructed with five different basis sets of increasing
that the term “closed-shell” in this work does not refer to Size, SMP), TZV, TZVP, and TZVPRsee methodology sec-
molecules with a closed-shell ground state, but rather to thefiion in the Appendix The local spins were calculated for a
description by a closed-shell restricted one-determinant wavéxed geometry optimized with B3LYP/TZVfee also meth-
function within a MO framework, without any implications odology sectiop in order to exclude the influence of the
concerning a VB description of these molecules. Surely, anolecular geometry on local spins for this comparison of
local spin analysis of a VB wave function may give a betterbasis sets. As test calculations have shown, the I@%N

. Dependence of (S,-Sg) on the basis set
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TABLE I. Local Lowdin* (32) values and selected atomic populations for high-gpgxtej manganocene
(wave function, B3LYP; geometry optimization, B3LYP/TZYFor several basis sets. To illustrate a reverse
trend of the local spin values with increasing size of the basis set, we include SVP and TZVP results for three
diatomics in this tabl¢wave function: B3LYP, geometry: experimental interatomic distariBes. 22]. Local

spin results for these diatomics have been previously published by Clark and Davidson for HF/6ARE.

7. Local spin values for symmetrically equivalent atoms are virtually identical within the given accuracy.
(82)co and — (&¢- So)co are equal to/S2)¢o. Note that CO is an example for nonzero local spins within a
closed-shell electronic structure.

Manganocene

Basis - - - — — —
set (S (82 (8 GmS (% (5S» Nw  Neo Ny
SV(P) 8.91 1.75 0.40 —0.08 -0.52 -0.31 2469 6.15 0.88
TZV 8.45 1.83 0.40 —-0.04 —-0.55 —-0.28 23.90 6.26 0.85
TZVP 9.03 1.85 0.44 -0.10 —0.53 -0.30 2475 6.08 0.94
TZVPP 8.66 2.16 0.56 —0.08 —0.56 —-0.31 2420 6.03 1.05

Carbon Dioxygen Nitric oxide

monoxide - — - - —

(%) (8 (SorSn (B 8 (&S M No
SVP 1.35 1.60 —0.60 1.60 1.36 —-1.10 7.05 7.95
TZVP 1.44 1.76 -0.74 1.85 1.41 —-1.22 6.89 8.11

values are identical within a range 6f0.01 a.u. to those in intermediate spiy and $ (sextet, high spif respectively;
Table | when the geometry is optimized for each basis sethote that spin contamination is in most cases negligible

We expect the loca|S?) values to converge to a certain limit (compare also Table
when the quality of the basis set is increased. In Ref. 7, a similar set of data for unrestricted HF wave

As can be seen from Table I, the l0¢&R) values do not  functions of the manganese complex MaQiH,0); is

converge as the basis set is extended. For exami@ip.). given, where the occupation of d orbitals in the initial guess
20 g 20 - mﬁfﬁﬁ) had been modified in such a way that the three degenerate
(Sg), and(S;) vary within a range of 0.58, 0.41, and 0.16,

. . M f thes=3 wer ined.We al
respectively, which corresponds to 7%, 22%, and 36% of the > s_tg te§ of the5=; state ere obtained. We also tested
modified initial guesses, but in the case of manganocene, the

. "2 .
respective meagS,) value over all basis sets. Whereas noyq, energies foM¢= % andM¢= 2 did not converge to the
systematic trend can be observed for the central atom and f%rnergy of theMS=§ state. In other words. we could not
2 . ]

the cross termeSyn- Sc), (ScrSe), and(Se: Sy), the local converge the $=3, Mg={3,3}) states but only theS= 1%,
spins on the ligand atoms increase systematically when the, " 3 > 3 . L
5) and (S=3, Mg=3) states. Since we are mainly in-

basis set is extended. On the other hand, we observe that fPrS_ . . . 4
, } ~ A . erested in the performance of different density functionals
several diatomic moleculgsSy- Sg)| values are smallerin a ¢ 5 given state, the nature of this state should not matter as

TZVP basis than in a SW) basis Sf:t(see also Table)! long as it is the same for all functionals. The results in Table
Consequently, we conclude that lo¢&F) values do not de- || (with the exception of the spin contaminated PBEO and
pend on the size of the basis set in a systematic way. Howgs3| vp values foM s= 1) should therefore be significant for

ever, the deviation of local expectation values calculated,r analysis of different method-inherent approximations.
with various basis sets is often not much larger than about \yhen comparing the results for the three different total
0.30 a.u., so that the same qualitative results are obtained for .

. : . . Spin states in Table II, it can be seen that {Bg- S5) values
all basis sets. For comparison, some partial populations arfé) )
given in Table I, and it can be observed that their dependencéJr the I.|gand atoms are.unaffect.ed by changes of both the
on the basis set is also small, although changes in sign mat\9ta| spin and tt]e dAenS|ty functional. The ligand-to-metal
occur when the reference point is shifted as it is the cas€oupling terms(Sy,-Sc) are only slightly affected, while
when partial charges are calculated from partial populationsirtually all changes in total spin and density functional are
reflected in the local spin at the manganese cei@gy). For
o example,(éf,m> in high-spin manganocene ranges from 9.75
2. Dependence of (S,-Sg) on the density functional a.u.(HF) to 8.67 a.u(BLYP), which corresponds to an ab-
In order to investigate the influence of the type of orbit- solute difference of 1.08 a.u. and a relative difference of
als from which a single-determinant wave function is con-12.5% (with respect to the lower vallieAs one would ex-
structed, we compare the walin® local (3?) values for a  Pect, no systematic trend can be observed for the dependence
Hartree-Fock wave function and wave functions constructe®f (Sa-Sg) values on the density functional, as there is no
from Kohn-Sham orbitals using two pure and three hybridsystematic connection between the different density func-
density functional{see methodology section in the Appen- tionals. The local spin property therefore reflects the general
dix). For this purpose, we analyze manganocene in three difncapability of standard density functionals to describe the
ferent total spin statesSE 3 (doublet, low spif, 3 (quartet,  energetics and thus the wave functi@r electron density,
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TABLE II. Lowdin* local(3?) values for manganocene in three different tdti] states for a one-determinant
wave function constructed from Hartree-Fock and Kohn-Sham orbitals, respectively, in a TZVP basis with
several density functionalgeometry optimization: B3LYP/TZVP, high-spirLocal spin values for symmetri-

cally equivalent atoms are virtually identical within the given accuracy.

Ms  Funconal (&) () (&  (Ged (& (&8 (&)

5/2 HF 9.75 185 044  —013 -053 -030 876
PBEO 9.20 185 044  —0.10 -0.53 -029 876
B3LYP 903 18 044  -0.10 -053 -030 876
B3LYP* 8.96 185 044  -0.10 -0.53 -029 876
BP86 8.79 186 044  —0.09 -0.52 -029 876
BLYP 8.67 185 044  -008 ~0.52 -029 876
32 HF 5.32 185 044  -0.15 -0.53 -030  3.77
PBEO 5.50 185 044  —0.16 -0.52 -029 384
B3LYP 543 185 044  —0.16 -0.52 -030 383
B3LYP* 5.42 185 044  —0.16 -0.52 -029 383
BP86 5.43 186 044  —0.16 -0.52 -029 384
BLYP 5.33 186 044  —0.15 -0.52 -029 383
172 HF 2.49 184 044  -017 -053 -030 076
PBEO 3.35 186 044  —0.18 -0.52 -0.29 1.66
B3LYP 298 185 044  —0.19 -0.52 -0.30 1.10
B3LYP* 2.89 186 044  —020 ~0.52 -029 094
BP86 2.89 186 044  —021 -0.52 -029 078
BLYP 2.86 186 044  —020 -0.52 -029 077

respectively of transition metal complexes with sufficient basis set and functional. Still, the dependence on the projec-
accuracy®~* This fact has also been observed by otherior is not negligible. The(32,) values for Mulliken and
groups for the calculation of exchange coupling constants im gwdin* projectors, for example, differ by 0.54 a.u. which
Heisenberg spin laddef$>As the best relative energies for corresponds to a relative difference of 6With respect to

the different tcl)galﬂspi_n states of manganocene are obtainegie lower valug In contrast to what has been observed for
with B3LYP*,*~" this functional will be used Ln further the dependence C(féA’éB> on basis set and density func-
investigations on the projector dependence of I¢&4} val-  tional, this projector dependence is not only present in the

ues. local spin on the metal atok$Z,,) but also in the local spins
L _ on the ligand atoms(S2) and(S?), and for the coupling
3. Dependence of {S,-Sg) on the local projector terms(évm'éc% <écéc> and<éc‘S4>- The values of these

Having analyzed the dependence 8f - Sg) on the basis  quantities increase systematically in the order Mulliken
set and the density functional, we now investigate its depen< Lowdin< Lowdin*, except one(Sc-Sc), whose values
dence on the choice of local projectors. The question iglecrease in this order. This projector dependence can be ex-
whether an optimum projector can be identified or whethepected from what is known about population analyses. Com-

<§A-§B) depends on the basis set and density functionapared to population analyses, the dependence(sﬁ)
more strongly than on the particular projector chosen. partitioning on the type of projection operator is small, since
From Table Ill, it can be understood that |o«;$;2> val-  all projectors yield qualitatively equivalent results, whereas
ues depend less on the choice of the projector than on thgartial charges obtained from different population analyses
may even differ in sigr:® As there is no practical criterion
) for an ideal projector that is valuable for all molecular
TABLE 1Il. Local (S?) values obtained with several local projectors for systems, we choose for subsequent analyses the projection
high-spin and low-spin manganocene for a one-determinant wave functio ' - . . . S
constructed from Kohn-Sham orbitals in a TZVP basis using B3LYde- Bpera}tor _WI“Ch I_S best f_rom a f_ormal point of view. This is
ometry optimization: B3LYP/TZVP, high spinLocal spin values for sym-  the Lowdin® projector, since it is bfﬁlsed on an orthonormal
metrically equivalent atoms are virtually identical within the given accuracy.basis and, compared to the standaraviin projector, it has
the extra feature of preorthonormalization within the atomic

centers.

High spin Low spin

Mulliken Lowdin Lowdin* Mulliken Lowdin Lowdin*

4. Local spin of different total spin states

(8, 8.42 8.51 8.96 2.16 2.29 2.89 .
(&) 1.40 1.60 1.85 1.43 1.60 1.86 We have shown thgt the absolute I(_)¢SI2> values can
(&) 0.37 0.39 0.44 0.36 0.39 0.44 d_epend strongly on various para_meters in actuz_il calculations.
(3-8 ~—003 -004 -010 -013 -0.14 —0.20 Since for the cal_cul_atlon of Heisenberg couplmg constants
(5-8) —046 —051 -053 —047 -050 —0.52 on_Iy the local spindifferencesbetween two different total
(&-8) —037 -033 -029 -036 -033 -029 spin states and not the absolute values are relevant, we

should now investigate whether this dependence is still
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TABLE IV. Absolute and relativelSZ,,) values obtained with several den- R ) ) )

sity functionals and local projectors in a TZVP basis for high-<pi8) and Sa= > 5,a(1)=2 Pali)s,(i). (20
low-spin (LS) manganocendgeometry optimization: B3LYP/TZVP, high i i

spin).

By applying the standard rules for calculating expectation
(Sns  (Bds (Bdus— (s values of one-electron operators for Slater determinants, one

HE Lowdin® 975 249 796 obtains the local expectation valgg, ),

BP86 Lowdin* 8.79 2.89 5.90 . 5

BLYP Lowdin* 8.67 2.86 5.81 ) N N

PBEO Lawdin* 9.20 3.35 5.85 (S,0="2 (i|pad,]iY+ > (T1Pad,T)

B3LYP Lowdin* 9.03 2.98 6.05 [ i

B3LYP*  Lowdin* 8.96 2.89 6.07 e NE

B3LYP*  Lowdin 8.51 2.29 6.22 1 o1 N 1 e B
B3LYP*  Mulliken 8.42 2.16 6.26 =3 Z (ilpali)— EZ (TTPalT) = 5 (NZ=NR).

(21

present when differences in |0f<€§52> values between differ- N the second line of equatidi21), it can be nicely seen that

ent total spin states of a molecule are compared. In order 9@/ (S,) values for closed-shell singlet MO Slater determi-

keep absolute and relative data comparable to one anoth&@nts Will be equal to zero, which is in agreement with what
e intuitively expects.

we again investigated the manganocene molecule. Of coursg” ) .

as a mononuclear complex, it exhibits no spin coupling and  FOr open-shell singlets, on the other hand, things are
therefore the results given im Table IV permit no direct con-M0ré complicated. Describing an open-shell singlet with a
clusions concerning the Heisenberg model. Still, the obsersiNgle Slater determinant is obviously not rigorous, but an
vations made in this simple molecule can provide an indica&Xtension into the multiconfigurational regime is straightfor-

tion of the trends one might observe in a systematid"’ard' In the most simple model case, an open-shell singlet
investigation of polynuclear complexes. consists of two symmetric spin centeksand B with one a

Whereas the absolute Iocz{léA-éB) values depend electron on centeA and oqu elect.ron on centeB. A.
. ) . o one-determinant wave function for this system—abbreviated

strongly on the choice of the density functional, this is not ) ) : ~p
the case for the correspondimglative values between the @S|T1|—is not an eigenfunction of th&" operator. On the
different total spin states of manganocene given in Table IvOther hand, the most simple multiconfiguration singlet wave
The large difference between the absolute PBEO and BLYfunction |1 ||-|| 1] is an eigenfunction of th&® operator.
results has almost vanished when relative local spins are coNYhen a local spin analysis based () is performed for
sidered, while in most other cases, this effect is less prosuch a wave function describing an open-shell singlet state
nounced or not present at all. The dependence of relativiormed by antiferromagnetic coupling of two separated spin
local spins on the projector and the choice of HF versus Kgenters as a superposition of Slater determinants, one will
orbitals, however, is not reduced in comparison to theobtain zero locakS,,) values as can be easily shown by
absolute values. Interestingly, compared to the DFT data, th@Perating withS,,=2;s,(i) on the superimposed Slater de-
HF value is much closer to what one would expect for aterminants. The question now is, whether zero local Spins
system where the electron spin is completely located at th€S;) are reasonable for such systems. At first sight, a nega-
central atom. tive answer to this question would restrict the applicability of
a local spin analysis based dd, partitioning to single-
determinant wave functions. However, the z&g, values
obtained for a multiconfigurational wave function result from

Having discussed the considerable parameter depem: superposition of two homologous determinants with same
dence of local $?) values, we now investigate this issue for weight, which in the qualitative picture thus purely reflects
local ($,) values, which contain information on the distribu- the “Schralinger cat behavior” of the superposition in this
tion of the totalM s onto molecular subunits. Within the col- Simple model of two interacting spins.
linear approach, the axis of spin-quantization is chosen to be We should note that partitioning &, has already been
thez axis. While not every single determinant wave functionintroduced by Clark and Davidson in the context of lo8al
is an eigenfunction of th&? operator, restricted as well as (Ref. 7) and shall here be compared %3 partitioning as an
unrestricted wave functions in the collinear approach are alalternative tool for local spin analysis. For Mulliken and
ways eigenfunctions of th&, operator. Applying the same Lowdin projectors(S,,) is
local projection operator technique as above, one obtains lo-

B. Partitioning of (S,)

cal operatorsS,, that sum up to the tota, operator, (SaM=2 (P*9),,— > (P’9),, (22)
neA neA
EA: ézAz ASz (19 and
with ézA defined as as the sum over &llone-electron op- & \L_ pa’ _ pB’ 23
eratorss, \= P83, (Sen) EA e EA p @3

Downloaded 02 Jul 2007 to 129.132.217.103. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



034102-8 Herrmann, Reiher, and Hess J. Chem. Phys. 122, 034102 (2005)

TABLE V. Local spins and partial populations for HF/TZVP wave functions for NO at the experimental
interatomic equilibrium distance 115.1 p(Ref. 22 and two carbenes, GHand C(NH), (abbreviated as
“ard” ) in the triplet statggeometry optimization: HF/TZVP Local spin values for symmetrically equivalent
atoms are virtually identical within the given accuracy.

N(NO) O(NO) C(CHy) H(CH,) C(ard N(ard) H(ard

Na Mulliken 6.91 8.09 6.21 0.90 6.05 7.40 0.79
Lowdin 6.92 8.08 6.31 0.85 6.07 7.35 0.81
Lowdin* 6.89 8.11 5.89 1.06 6.07 7.35 0.81
AIM 6.57 8.29 6.12 0.90 5.29 7.93 0.63

<§2A> Mulliken 0.52 —0.02 111 —0.06 0.99 —0.02 0.02
Lowdin 0.48 0.02 1.01 0.00 0.83 0.06 0.02
Lowdin* 0.46 0.04 0.98 0.01 0.76 0.08 0.02
AIM 0.46 0.02 0.98 0.01 0.78 0.08 0.02

<§i> Mulliken 1.34 0.80 2.93 0.37 2.62 1.08 0.36
Lowdin 1.52 1.07 2.70 0.40 2.46 1.29 0.40
Lowdin* 1.85 1.41 2.68 0.47 2.62 1.51 0.49

respectively. Partitioning o8, is straightforward to imple- Pprojector, basis set, and density functional has not been re-
ment into any program that performs population ana|yse§’)0rted so far. In the following, we will investigate the pro-
because no knowledge of the action of the projection opera€ctor dependence for some small test molecules—beginning
tors on a single molecular orbital is required. It is sufficientwith NO, which is one of the most simple diatomic radicals

to carry out separate population analyses with omlyor ~ and therefore an ideal test case, and continuing with two
B-molecular orbitals as input. Especially if one wants to per-radicaloid systems which are conceptually interesting or-
form spin analyses with numerical local projectors like Bad-ganic moleculesthe triplet carbenes CHand the Arduengo-

er's AIM projectors, this simple calculation of locés, ) carbene model C(N§),]. Furthermore, due to its sensitivity
based on population analyses has an advantage with respéetthe choice of the density functional, high-spin manga-
to the computational costs compared to the partitioning ofiocene is used as a test case for the dependence on density

(8?). An AIM projector pA™ projects onto the atomic basin functional and basis set as before.

Q, within the three-dimensional space of Cartesian coordi-

nates. AIM local(S,,) values can be understood as inte- 1. comparison between different projectors for (S,
grals over the spin density“(r) — p#(r) within an atomic

basin, defined by the AIM theory, t dI_ndthis section, the projector dependence <éfZA> is
studied.

(S, )M :}f dr[p?(r) - ph(r)]= E[NZ'A'M _ gAY Two opservations:can be made for the examples.given in
2 Ja, 2 Table V: First, locak'S,) values are much less sensitive to
(24 the choice of the projector than lod&?) values. The largest
which is a more intuitiveland, of course, less basis set de-difference is the one between th8,\)no values calculated
pendent concept than projections on subspaces of an atomwith a Mulliken and a Levdin* projector, respectively,
centered basis set. We have comput&gd,)*™ values for  which differ by only 0.04 a.u. or 8%with respect to the
small molecules for comparison with basis-set-based partipwer valug, whereas the corresponding values(8f) par-
tioning schemegsee below. However, the AIM evaluation titioning differ by 0.51 a.u. or 38%. From all partitioning
is very time consuming so that it is difficult to routinely .,mes it follows that the toté$,) of the NO molecule is
obtain(S, ) values for large molecules like transition metal completely located at the nitrogen atom, which is in agree-
fr?umsptl)?exzs\}iamg ;)I?;i-ast(ia\/tébasgtcjcﬁacl:gg:g?mSm would  ent with qualitative MO-theory: the singly occupied mo-
s . lecular orbital should have a larger coefficient on the less
As can be seen from E¢21), partitioning theS, opera- electronegative atom, which is nitrogen. Lo¢&?) values,

tor is essentially the same as computing atomic spin denan the other hand, suggest that a rather large portion of local

ties, with the exception of a factor 1/2 that stems from the_}spin(about 41% for the Lwdin projecto is located on the

spin properties of electrons as fermions. Atomic spin dens'bxygen atom, which is due to the “closed-shell contamina-

ties for interesting molecules have been reported in many. ~ | o2 . . .
different contexts in the literature, so that it is hardly possibIeYIon of () partitioning. This demonstrates that in order to

to give a survey on these results here. Just to mention orfélculate absolute local spin values, o¢8}) values should
recent example, we refer the reader to the interesting study & used instead of locd5?) values. Second, although the

a nitrogenase FeMo-cofactor model by Huniar, Ahlrichs, and-owdin® partial populations differ from AIM partial popula-
Coucouvani€® where the calculation of atomic spin densi- tions at least as much as from those obtained with the other
ties based on Mulliken pseudoprojectors was employed. Awo projectors, the Lwdin*-local (S,) values are virtually
systematic study on the dependence of these quantities adentical to the corresponding AIM values for the whole
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TABLE VI. Local Lowdin* (S,) values for the manganese center in high- operator than |OC6(|‘52> values. Therefore, in order to inves-
spin (sextej manganocene, calculated with different density functionals ba-

sis sets. Geometry optimization: B3LYP/TZVP, high spin. tigate the absolute local spin distribution in a given Slater
determinant,(:‘%z) partitioning appears to be a much better

SV(P) TZV TZVP TZVPP . N -
choice than(S?) partitioning.

B3LYP 231 229 2.28 222 As far as the dependence of local spin values on the
B3LYP* 2.30 2.27 2.27 2.21 density functional | d tematic trend b
PBEO 534 531 231 294 ensity functional is concerned, no systematic trends can be
BP86 2.28 2.23 2.24 2.18 expected, as there is no systematic connection between the
BLYP 2.26 2.22 222 2.16 different density functionals. In agreement with this expecta-
HF 2.44 2.41 2.41 2.35

tion, we observe no systematic dependence on the density
functional for local(S?) values. However, in the case of

manganocene, IocQABZ> values depend in a systematic way
range of atoms of the three molecules in Table V. This is anyy whether a pure or a hybrid density functional is chosen as
import?nt result, since it makes the calculation of AIM-like o results fall into the two group$BLYP, BP86 and
local (S,) values feasible in a much more efficient way and(g3Lyp, B3LYP*, PBEQ.
thus at very low computational costs.

Furthermore,(S,,) values for manganocene decrease
systematically with an increasing number of polarization
2. Comparison of different basis sets and density functions in the basis set, as can be observed in the series
functionals for the calculation of (S, TZV, TZVP, and TZVPP. In other words, the spin polariza-

The dependence of |Océ$2> values on the basis set and tion iS SomeWhat I’educed When the number Of pOlal’ization
on the density functional is now discussed for manganocenginctions in the basis is enlarge(céi) values, on the other
as a test case. For the reasons mentioned above, all valukand, do not depend on the basis set in a systematic way.
were calculated with Ladin* projectors. Since théabso- When Mulliken, Lavdin, and Lavdin* local projectors

lute) local |(§Z>| values are around 0.02 or even lower re-gre applied, mostabsolute |<§A.§B>| values increase and

gardless which der]sity functional and basis set has bee(%\bsolute |<§ZA>| values decrease in this order. Although
used, only the locaS,) for the manganese center is consid-<éA'éB> values depend less on the projector than on the

ered. . : . :
The relative dependence on basis set and density fun(p_ass set a.nd density functional, they appear to be still much

tional in Table V1 is less pronounced than in the case of localore sensitive to the choice of the projector tiah,) val-
(8?) values: For example, in the worst case ¢(Bay,) values ues. An important result concerning the projector Adepen-
differ by only 0.18 a.u. or 8% when comparing BLYP and dence of local spins is the observation that the Id&)

HF for SV(P), and by only 0.09 or 4% when comparing values obtained with preorthogonalizedviain®* projectors
SV(P) and TZVPP for B3LYP. In addition, the dependencefor our three test molecules NO, GHand C(NH), are
appears to be systemati(:ézM n)sexet dECreases when the virtually identical to those obtained with Bader's AIM ap-
number of polarization functions in the basis set is augfroach. Assuming that this also holds for other molecules,
mented. The values obtained with the two pure functionalgye have a method at hand to calculate AIM-like |0¢§i>

are Similar, as well as those obtained with the three hybrid/a|ues with much less Computationa| effort.

functionals. This also documents tH&, ) values are better
suited for investigations on absolute local spins than Iocab
($?) values not only because the former are not affected by.
the closed-shell inconsistencies the latter suffer from, bu
also because they do not depend that strongly on basis s
density functional and projector as the latter.

Since the partitioning ofS?) as introduced by Clark and
avidson has been designed for the calculation of spin-spin
oupling constants within the Heisenberg motehere dif-
ferences between local spins for different total spin states are
‘ﬁtnportant, the effect of the parameter dependence of local
($?) values on the calculation of the coupling constants
needed to be investigated. We have found that the parameter
dependence of local spin differences may be reduced in com-

Since the spin state of any system is characterized by thearison to the corresponding absolute values in a mono-
two quantum numberS and Mg, the local values of these nyclear test case, so it is likely that the re|evé§k.éB>
two quantum numberss, andMs,, are needed to charac- differences in polynuclear complexes and thus the spin-spin
terize the electron spin of a subsysténtompletely. (S,»)  coupling constants calculated from Clark and Davidson’s lo-
gives information onfMs,, but due to the nonzero closed- cal spins are in general less sensitive to the choice of these
shell (32) values,(S3) cannot be interpreted as an absoluteparameters than the absolute values. For future work, it
measure forS, (or Sy(Sa+1), respectively’ Local (S,) might be fruitful to study new projectors which have not yet
values, on the other hand, do not suffer from closed-shelbeen investigated like the one introduced by Heinzmann and
contamination. Apart from this formal aspect, lo¢&}) val- ~ Ahlrichs in combination with the so-called shared-electron-
ues have the practical advantage that they depend considemmbers approach;*®?’as this approach is characterized by
ably less on the basis set, density functional and projectioa small basis set dependence.

IV. CONCLUSION
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