View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by idUS. Depésito de Investigacion Universidad de Sevilla

JOURNAL OF CHEMICAL PHYSICS VOLUME 116, NUMBER 7 15 FEBRUARY 2002

Analysis of the magnetic coupling in binuclear complexes.
I. Physics of the coupling

Carmen J. Calzado ;
Laboratoire de Physique Quantique, IRSAMC, UniverBitail Sabatier, 118, Route de Narbonne,
31062 Toulouse, France

JesUs Cabrero i
Departament de Qmica Fsica i Inorganica and Institut d’Estudis Avaats, Universitat Rovira i Virgili,
Pl. Imperial Tarraco, 1. 43005 Tarragona, Spain

Jean Paul Malrieu ;
Laboratoire de Physique Quantique, IRSAMC, UniverBigail Sabatier, 118, Route de Narbonne,
31062 Toulouse, France

Rosa Caballol .
Departament de Qmica Fsica i Inorganica and Institut d’Estudis Avaats, Universitat Rovira i Virgili,
Pl. Imperial Tarraco, 1. 43005 Tarragona, Spain

(Received 4 September 2001; accepted 6 November)2001

Accurate estimates of the magnetic coupling in binuclear complexes can be obtaineabfioitin
configuration interactioiCl) calculations using the difference dedicated CI technique. The present
paper shows that the same technique also provides a way to analyze the various physical
contributions to the coupling and performs numerical analysis of their respective roles on four
binuclear complexes of Cudf) ions. The bare valence-only descripti¢including direct and
kinetic exchangedoes not result in meaningful values. The spin-polarization phenomenon cannot
be neglected, its sign and amplitude depend on the system. The two leading dynamical correlation
effects have an antiferromagnetic character. The first one goes through the dynamical polarization of
the environment in the ionic valence bond forthe., the M"---M~ structures The second one is

due to the double excitations involving simultaneously single excitations between the bridging
ligand and the magnetic orbitals and single excitations of the environment. This dispersive effect
results in an increase of the effective hopping integral between the magnetic orbitals. Moreover, it
is demonstrated to be responsible for the previously observed larger metal-ligand delocalization
occurring in natural orbitals with respect to the Hartree—Fock ones20@2 American Institute of
Physics. [DOI: 10.1063/1.1430740

I. INTRODUCTION Noodleman’s approximatiott,in which the magnetic cou-

The field of molecular and solid state magnetism arouseB“hg IS ev_aluated.from .the d|ﬁerepce between the Unre-
increasing interest in organic and organometallic chemistr?trICted (spin polarlze_ai highest multlple_t and the broken-
as well as in material scienda® These systems are charac- SYMMetry(BS) determinant. Although this procedure may be
terized by the existence of localized unpaired electrons, usySeful, in- particular to predict or to analyze trends in
ally located on metallic ions. The properties of the materiaimagneto-structural correlations, it suffers from two weak-
are governed by the interaction between their unpaired ele¢€SSes: the dependence on ¥hg multiparametric exchange
trons on neighbor centers, which may be viewed as an effecorrelation potential and the spin contamination problems,
tive interaction between site-centered spins, and mappegspecially severe for the broken-symmetry solution.

onto a Heisenberg—Dirac—Van Vleck Hamiltonfan, Properly using Noodleman'’s formula, i.e., taking into ac-
count the very small overlap between the magnetic orbitals
A=-> Jijgi“sj i (1)  inthe BS solution, the B3LYP functional usually gives val-
i

ues ofJ about twice the experimental one%'2 Moreover,

For a bicentric system witm,==1/2 on each center, the this procedure does not allow to analyze the various contri-
coupling constani="E — °E is negative for a singlet ground butions toJ and to check the validity of the semiempirical
state(antiferromagnetisinand positive in the opposite case rationales historically proposed to interpret the sign and the
(ferromagnetism J is usually very small, ranging from a magnitude of] and its structural dependencies that will be
few hundreds to a few cnt, and its calculation is a chal- briefly recalled.

lenge for theoreticians. Quantum chemistry may be success- Ab initio techniques that work with the exact Hamil-
fully applied for such evaluations. Numerous studies employtonian overcome these difficulties and limits provided that
the density functional theory approach, mostly with theall the meaningful physical effects are incorporated in the
popular B3LYP exchange correlation potenfial® using treatment, resulting in a good agreement with experiment.
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Among the successful methods one may first quote the non- e
orthogonal configuration interactigNOCI),*® which intro- a

duces a very limited number of valence bond configurations, Q. A e

including various ligand to metal charge transfer statés. )t‘;( n

The list suffers some arbitrariness. The method requires spe: C/IC“ !\\-j:fi/ O

cific optimization of the orbitals of each VB configuration (a)
and has not received numerous applications. More recently,
the CASPT2(Refs. 16 and 1)ymethod has been used in this
field. The second order expansion gives rather satisfactory
results provided that the variational complete active space is
large enough and properly chos&n?!

()
&)
In the recent past, an alternative configuration interaction Q o U
(CI) technique has been designed for a direct evaluation ofc‘c C; """"" =0
vertical energy differences, the difference dedicated configu- & ®) o

ration interactior{DDCI),?* which has been successfully em- () X (d)

ployed in a wide series of studies, concerning mole&dtaf

as well as solid state magnetic materi?grs?:o An error FIG. 1. Schematic representation of the four models considéeedhe

smaller than 10 crt is typical for a value ofJ~100 [CkCll*" complex, ina planar geometrh) the[ Cup(u-Ns)o(NHg)e]**
_q S . omplex with end-to-end bridging azido ligands;(c) the

cm = The Fiefln|t|on of the DDCI space is based on seconcguz( 11-CH,COO0),(H,0), complex:(d) the CyO, cluster.

order quasidegenerate perturbation theory arguments as ex-

plained in our early papers in this domaft: A second-

order perturbative approach has the advantage of providing

partition of the finald value into a sum of different physical

contributions! such as direct exchange, Anderson’s antifer-

romagnetigor kinetic exchangecontribution, spin polariza- electron in ... -type orbital[Fig. 2@)]. The Cu—Cu distance
tion, etc. However the second order perturbative expansion ii§1 the real c)c());nplex is 3.44 A. Experimentally, the planar

not nurr_lerigally rgliable be_cause of convergence p_rObk_amgtructure of this complex belongs to tk& point group but
and arbitrariness in the choice of the zero order Ham|lton|anOnly very slightly distorted fromD.y,, considered in the

The DDCI method goes through an exact diagonalizatio
dh S but th vsis of th . I})resent work.
and hence gains in accuracy, but the analysis of the various =, giilar  situation is  found in  the

physical mechanisms involved in the coupling is not Straight'[Cuz(,u-N3)2(NH3)6]2+ complex[Fig. 1(b)] with a square

forWHard any mcr)]re. ful f hoari vsis | yramidal coordination of the Cu centefBig. 2(b)]. The
i bf’Wg‘l"e“.‘ © ‘.’tse “’;335”0 S‘t“’ ﬁ“g"tﬁ’us alf‘;?ys'sf' u—Cu distance is 5.19 A, larger than in th@u,Clg]2~
Indubitable since it would allow to chec e validity o complex, but the magnetic coupling constant in the former is

th? qu?lltat'_uve m(;)gle!;, freqluenltly (;Jse_d n fanpostertlolg; | one order of magnitude larger than in the latter, showing that
rationalization and in the molecular design of new materials. .. .o to-end bridged @)~ groups play a crucial role in

The target of the present paper is to show that it is possiblﬂqe exchange phenomenti#°As in the precedent case, the

to combine numerical accuradgoing through large basis experimentalC; geometry has been symmetrizedQsg, . '

sets and long Cl expansiongnd analysis in terms of Regardingl the Cifu-CHy,COO),(H,0), molecule
physical contributions. F_our different antiferromagnetic ig. 1(c)], the Cu atoms have also a square pyramidal coor-
systems hav_e been considered in the present WO!’k, all ination, but are placed in parallel planes, bridged by four
them involving two electrons on two CudY) sites: bidentate acetato-ligands and separated by 2.64 A only. Each

2— 2+
tge [nglgoé tp'eO[CUZ(M'I\Ib)Z(NH?’()jG]h ' gnd Ithe Cu atom bears an unpaired electron id,a_2 orbital [Fig.
Up(p-CHy )a(H,0), complexes and the GO, clus- 2(c)]. The experimentaC; geometry® has been used in the

ter, a model of the L#CuG, perovskite. Section || describes calculations. The nature of the magnetic interaction in this

the computational details. After recalling the valence Onlysystem was a matter of controversy during three decades: Do
treatments in Sec. lll, the theoretical development and th(ﬁ1e two d_.» unpaired electrons interact directly via a
Xe=y

strategy of analysis are presented in Sec. IV and applied %8 bond or indirectly through the acetato-ligant/s?The ex-
these four binuclear systems. Finally, Sec. V reanalyzes thﬁerimental works of Gdel et al3® and Ewald and Sirfd
role of the different contributions when using natural Orb'talstogether with theab initio calculation of de Lothet al3!

instead of the triplet Hartree—Fock orbitals used in Secs. led out thes-bond hypothesis and showed the role of the
and IV. acetato-ligand in the Cu—Cu exchange.

The last considered system is a model of the antiferro-
magnetic perovskite L&EuUQ,. It consists of a Cy0O; cluster
[Fig. 1(d)], embedded in a set of point charges to mimic the

The four systems considered here, represented in Fig. Madelung field of the LgCuQ, lattice. The unpaired electron
contain two Cu@®) centers, bridged by different ligands and is placed in ay2_y2 orbital, but unlike the precedent models,
with different relative positions. Figure(d) depicts our first the Cu atoms are bridged by just one oxygen ligaRi).
model, the[Cw,Cls]>~, which magnetostructural depen- 2(d)]. The magnetic coupling in this compound is quite large

&ence has been extensively studied in the recent’gast:33
We have concentrated on the planar structure, where each Cu
atom has a square planar coordination and bears its unpaired

II. DESCRIPTION OF THE MODELS
AND COMPUTATIONAL DETAILS
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ing the magnetic coupling. Early analysis pointed out the
existence of two antagonist contributiond=Jg+Juf,
where F and AF indicate ferromagnetic and antiferromag-
netic contributions, respectivelyg is attributed to the direct
exchange between the magnetic orbita@bvays ferromag-
netic), andJ g is interpreted through the delocalization effect
y that can only occur in the singlet stateence antiferromag-
x ,_ netic and is sometimes called kinetic exchange. These ratio-

nalizations may follow orthogonal valence bor¥B),>?
nonorthogonal VB(Ref. 53 or valence configuration inter-

action(VCI) (Ref. 54 arguments, but in general they handle
two electrons in two magnetigocal or symmetry-adapted
orbitals.

b d

a

Let us consider the VCI and the orthogonal VB ap-
proaches for the simplest symmetrio&l-B* system with
FIG. 2. Relative orientation of the magnetic orbitals(@ the [ Cu,Clg]?~ two _eIECtronS in tWO Orbitals_' _The orbitals are supposed _tO be
complex; (b) the [Cu(u-Ng)o(NHg)gl2® complex; (c) the previously determined, giving orthogonal core orbitals
Cuy( - CH;CO0),(H,0), molecule; andd) the CyO; cluster. (closed she)land magnetic orbitals. These magnetic orbitals
may be either symmetry-adaptepandu, or their equivalent

(around —1000 cmY), well established from Ram&hand localized transformsa andb,

neutron diffractioi experiments. Different theoretical ap- a+b a—b
proaches have been employed to evaluhfdor instance, g=—— and u=
finite® and periodié? DFT calculations, nonorthogonal ClI
(Ref. 14 and DDCI(Refs. 27, 28 calculationg the ClI pro- )
cedures giving the most correct results.

Since the four models presented here have been studied g+u g—u
in previous independent works, different basis sets have been ==~ and b= W
used in the HF—CI calculations. In th€u,Cls]?~ complex
A, the azido-bridged complex B, and copper acetate C, afvith two active electrons in the magnetic orbitals, the CI
effective core potential of Barandiaraand Seijo has been space is limited to four determinants. In the orthogonal VB
employed for the Cu atoms, where the valence electrons amgpproach, for thevig=0 component, there are two neutral
described by a (86p6d)/[3s3p4d] basis sef? ANO-type  determinants,
functiond* have been used for Cl, N, and H, with the fol- _ _
lowing  contractions: ~ ANGs.4s3pld  for  Cl, |ab)=[core ab) and [ba)=|core ba), ()
ANO-s.3s2p1d for the bridging N atoms, ANGs.3s2p for  and two ionic determinants,
the N atoms of the external NHyroups, and ANGs.2s for N o
the H atoms. For the copper acetate C, due to the sizsﬁof the |aa)=|core aa) and |bb)=|core bb). (4)
system, the effective core potentials proposed by Huzfifaga .
have been used for the C and O atoms, with basis set-ghe Cl matrix takes the form
(5s6pld)/[2s2pld] for oxygen atoms and &pld)/ |aE> 0 Ko tap tap
[2s2pld] for the carbon atoms. In the GHyroups and
H,O molecules, minimal basis sets have been used, [03)| Kap 0 tap  tap
(6s3p)/[2s1p] for O and C, and (8)/[ 1s] for H.*® Finally, laa)| tap tapy U Kgpl’
in the CyO;, cluster D, the Hay—Wadt pseudopotential and |b3) too twy Kap U
basis functions have been used for Cu at6hfsor the oxy- oo 2
gen atoms an all electron basis set $30) contracted to where the energy of the neutral VB determinants is consid-
[3s2p] has been employeli enlarged with a polarization ~ered as the energy origin. The direct exchande,,
function (@=0.85) in the bridging-oxygen atom. =(ab|1/r,/ba), is necessarily positive since it is the self-

The ROHF molecular orbitals have been obtained byrepulsion of theab overlap electronic distribution, as well as
using themoLcAs 4.1 packagé’® The caspI (Ref. 50 pro- U, the energy difference between the ionic and the neutral
gram has been usgd in the CI qalcglatlons andNRIRAL  forms. The hopping integrat,,=(ab|F|aa)=(a|F|b),
(Ref. 51 program in the determination of the natural MOs.

©)

whereF is the Fock operator, is the coupling between the
neutral and the ionic VB forms. As shown by Hayal>*

this integral can also be expressed by the diagonal Fock el-
A. Theory ements of the symmetry adapted orbitals,,= %(Fgg

1. One-band model —Fuw-

. L The four solutions are:
From the early seventies, several qualitative models
were proposett >*to interpret the physical factors govern- (i) in the u symmetry:

I1l. VALENCE-ONLY DESCRIPTION
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(@ a purely neutral triplet state, Diagram 1
(R a b
T,)=—(lab)—|ba (6) - —<— _ —<
| u> 1/2(| > |_§) |ab> = |ba) _
—<— —<<—
of energy b a
3E,=—Kgp. (77  where the double arrows indicate the magnetic orbitals.

) . Hereafter, simple left-to-right arrows symbolize holes, i.e.,
We also refer to thidvis=0 component of the triplet jnactive doubly occupied orbitals, from which an electron is

configuration as excited, and simple right-to-left arrows- symbolize par-
1 ticles, i.e., virtual orbitals, into which electrons are excited.
Tgb:‘E(ab_baj; 8 The direct exchange appears as a first order interaction,
. represented in Diagram 2:
(b) a purely ionic singlet state, Diagram 2
1 —
=" (|a@)—|bb 9 a b
[Sw=— (1a3)~[ob)) 9
of energy
1Eu:U_Kab; (10 —_ —
b a
(i) in the g symmetry, two singlet states which are mix- — _
tures of the neutral and the ionic components: |ab> a4+ 4-b a— b |ba>

(@ the lowest one is essentially neutral, hile the k h d order eff h
— — while the kinetic exchange is a second order effect, as shown
)= alaB+Io@) + e oB), (5-7>0. (1 whie e kine ’

Its energy is Diagram 3
U—u?+16t;
L =Kyt 2. (12) Lo
2 a b
It is also useful to define the singlet configuration, P <<
1
=— (ab+ba); 13 < —<<
Sap fz( a) (13 < <<
(b) the second one is essentially ionic, b t;b a
and much higher in energy,
The same result is obtained when working with symmetry-
2 2
1Eé:Kab+ U+ V U2+ 16tab (15) adapted MOS,
. . S 1
The singlet—triplet energy separation is given by |Sg)=)\|g§}—,u|uﬁ}, IT)= qug}_w@),

18
B L a U—U?+16t2, (18)
J=AEgr="Eq—E=2Kapt ——— (16) , 1
|Sg)=1|gg) +\|uuy, IS«J>=5(|9U>+IUE>)-

WhenU>|t,,|, a power expansion, equivalent to a pertur- - .
bation of the neutral singlet by the ionic one, is possible an(irhe coefficients in both approaches are related by

the coupling constant tends®to

26=\+u and 2y=r—u. (19
2
_ Y When|t/U| is small,\ and u are both close to ¥2 andy is
J=2Ka— 7D gmal

The relations that give the values Kf,,, t,,, andU

where the opposite signs of both contributions become evi]irom the solutions of the (@ /2MO) Cl are easily estab-

dent. |iShed,

It may be worth to introducing a diagrammatic picture of 1 o) 3 1
the coupling. The two neutral VB determinants may be de- |, _ Eq+ Eg—"Eu—"Ey 20
picted as in Diagram 1: ab 4 ’
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U='E,—3E,, (21) Diagram 4

I | la

\/(lE'—lE )2—(E,—3E,)2
t=— (22) a

Hence this variational Cl calculation enables us to evaluate

the direct exchange,,, as well as the hopping integral, a
tap, and the on-site repulsiorl). Analogously, effective
Kab, tap, andU values that include the effects of the dy- fla 7 ilb
namic correlation can be extracted in an exact way from
large Cl expansions, as will be shown in part Il of this 4 4+ N4+ - - 4+
work.? T

The corresponding contribution tbis antiferromagnetic,

Je— 4t|2at I2b (23)

2. Two-band model AE%TU

Analogous elementary pictures may explicitly introduceand is the usual interpretation of superexchange. The contri-
ligand orbitals, when the exchange between the metal centepition of the consecutive charge transfer processes through
is supposed to proceed through a bridging-ligand in ghe ligand may be included in an effective hopping integral,
A’—L—B" structure. For simplicity, the ligand orbitals will be

ot
limited to a unique doubly occupied orbitdl, The two neu- =t p+ A"Elb : (24)
tral VB determinants may be depicted as in Scheme 1: cr
Scheme 1 and whent, is small,
4(t5h)°
a+ +b a+ 4v_b 3= 2Kap= — (25
which returns to the one-band model, Efj7). In principle,
% l % l other mechanisms proceeding through the double charge

transfer A L**B7) intermediates (of relative energy

" : . . . AE may also be considered giving a contribution,
In addition to the previously discussed direct coupling, a 2c7) may gving

fourth-order indirect coupling between them is possible that 8t|zat|2b
proceeds through a ligand to metal charge trangf&tCT) Je== AEZ;AE ot (26)
process, according to Scheme 2: ) S
Scheme 2 A typl_cal representation is Diagram 5:
Diagram 5

a-%—%b a%%b tgb [ tla
a : :// b
! 1

Itla Itla lia

4 M N A A

T U = e
> «—>

This double ligand to metal transfer is known in solid state

l

~|

Lip

+ 1) ﬁ- T + physics as the Goodenough mechantsf.Since the rela-
tive energy of the doubly ionic structuteE,c is certainly
AEcr U AEcr larger thanJ this mechanism may be supposed to bring very

small contributions, although it has been invoked some-
: . " ; 29,56
whereAEc7 is the excitation energghence, positiveto the ~ tImes:

ligand to metal charge transfer statés (*B"). Obviously,
there is an equivalent contribution involving'L "B~) in-
termediate. The diagrammatic representation of one of them The present section reports calculations of the valence-
is shown in Diagram 4: only CASCI(2e~ in 2MOs) for the four model problems. It

B. Numerical results
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TABLE |. Valence-only description with ROHF molecular orbitals. Direct exchaigg,, hopping integral,
t,. ON-site repulsiony, coupling constant]. All results in cm .

[Cu,Cls]?~ [Cun(N3)2(NH3)1%* Cu,(CH;CO0),(H,0), Cu,0;
deu_cdA) 3.44 5.19 2.64 3.78
2K ap 27 12 4 67
2tap —1756 —4436 —2085 —7917
U(X10% 19.0 20.8 19.1 19.4
J +11 —-82 -19 —255
Jexp 0,—40° <-800° —286°, — 294+ 41 —1032+48°

—1081+ 40

®Reference 62. 9Reference 38.
PReference 63. “Reference 40.
‘Reference 64. Reference 41.

has been showhthat the orbitals of the ROHF triplet and of consequences can be summarized as follows. When acting
the (22/2MO) CASSCEF singlet are almost identical. The re-on theT, triplet state, the single excitatioraa*aj (wherea

sults presented in Table | are obtained from the triplet statanda* are annhilation and creation operators, respectjvely
MOs and show that: lead to<31i+aj-Tu determinants that do not interact with,,

(1) TheK,, ferromagnetic direct exchange is small, without
a clear correlation with the Cu—Cu distance, since the
orientation of the magnetic orbital§ig. 2) is not the
same and the tails on the bridging-ligands depend o
their chemical nature. (1) The 1h determinants correspond to the single excita-

(2) The t,p hopping integral contribution is quite different tions that send one electron from an occupieaatbital to
from one system to another. Comparing the chloride and  the a magnetic orbital,a; a,, or aaiag, |hﬁ(a§— ba))

the azido complexes, both wittl,, magnetic orbitals :|h€a§— aﬁbﬁ}. The Brillouin's theorem imposes
(Fig. 2, makes evident the role of the delocalization tails A A oA
(alhc+Ja+3pln)=0, (29)

on the bridging ligand sincg,, is larger in the second @

one despite the larger Cu—Cu distance. The energy dif- where h, represents the Fock operator for the closed

ference between the neutral and the ionic VB compo-  shells of the system,

nents,U, is very large(around 2<10° cm %, ~24-25 I A A

eV), much larger than usually assumed in model Hamil- hfhﬂ(%re 29— Ky, (30)

tonians. One may notice that this quantity is almost in- .

variant of the ligand and of the metal-metal distance. J andK being the usual Coulomb and exchange opera-

This near-invariance is in better agreement with the on-  tors.

site repulsion of the simple Hubbard mod&than with ~ (2) The 1p determinant set contains all the single excita-

more elaborated methatisn which tions from the magnetic orbitals to the virtual set,

U=doadug, @7 a,a, or agag, |hh(ab—ba))=|hhpb—hhbp}. The
Brillouin’s theorem imposes in this case,

<ai+ajTu||:||Tu>:0- (29)

r'1I'hree types of single excitations are to be distinguished:

Jaa @and J,y, being the one-center and two-centers Cou- o

lomb repulsions, respectively. (plhc+Ja—Ka+Jp—Kpla)=0. (31
(3) The overallJ value is very far from the experimental (3) For the h+1p excitations,a;ah, the Brillouin’s theo-

one. It is even of the wrong sign for the chloride com-  yem gives

plex. It shows that a lot of physics is lacking at this stage

which nevertheless contains the two leading factors usu- .. K, . K,

ally involved for interpretation. It is clear that the anti- (plhc+Ja— 7+Jb— 7|h)=0. (32

ferromagnetic contribution is grossly underestimated.

IV. BEYOND THE VALENCE-ONLY DESCRIPTION: Th|s condmoh |mpI|$s that+th_e stat'e qbtalned under t@ ac-
DYNAMICAL CORRELATION EEEECTS tlon_of the singleta, aptagay excitations,S,,= IV2(hp
L . +ph) on the triplet state,
A. The Brillouin’s theorem and its consequences

At this stage it is important to discuss the effects of the |Shp~Tu)=|Shp~Tgb>= 3/(hp+ph)(ab—ba)) (33
orbitals used in the calculations. In Secs. Il and 1V, self-
consistent orbitals obtained from a variational restricteddoes not interact with it,
open-shell Hartree—Fock calculation of the triplet state are
used. These orbitals satisfy the Brillouin’s theorem, which (Shp.Tu|I:||Tu>=0. (34)
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It is easy to show that the same excitation acting on the
singlet state, V|rtual DD ,H ﬂ m I
Shp* San=1/(hp+ ph)(ab+ba)), (35

satisfies a similar equation, Active
. a,b
(Snp* SablH|San) =0, (36)

whereS,,= 1/2(ab+ba) was defined in Eq(13). Doubly

In summary, single excitations from the core to the vir- occupied
tual space do not interact with any of both states. Single h,| L | .
excitations from the core to the active orbitals, E20), or CAS th 1p 1h 2h 2p 2h 1h 2h
from the active orbitals to the virtual ones, E&1), do not — +p ¥lp #20  +2p
interact with the SCF triplet state but they can give small CASCI
interactions with the singlet that have to be carefully ana- DDCH
lyzed. As a consequence, the ligand-to-metal charge transfer
excitations responsible for the delocalization tails on the — —
ligand do not interact with the triplet state. It is shown in bocl
Sec. VB 1la that their interaction with the singlet is also CAS*SDCI
extremely small. The off-diagonal elemengsandt,, of the
Fock operator are null and consequently the Superexchan%l’:oé(t;h:reslé:\i;:rr]'r;eglcsregcr:entatlon of the various excitation operators leading
mechanisms, Eq23) and Eq.(26), do not contribute. The P
variational optimization of the orbitals in the SCF procedure
defines an optimal delocalization between the ligand and the
magnetic centers in such a way that these effects are incofn the preceding section, the role pf)=|aa), |bb> has
porated in the valence-only CI. been analyzed. Other outer-space determinants can be ob-

tained by excitations involving nonvalenc¢mactive orbit-
als, either core-orbitals or virtual orbitals. The list of deter-

B. Taking only the neutral determinants minants contributing up to the second order as well as the
as model space corresponding physical contributions have been discussed by
de Lothet al3!

The determinants of this list will be labeled hereafter by

Following the logics of a previous work,the quaside-  the numben of the excited electrons from the core or holes,
generated perturbation theory may be used as a guideline {h and the numbem of promoted electrons to the virtual
understand the effective C0up|lng between the neutral form%pace or part|c|esrnp Up to the second Ordeh'a> involve
|ab> and|ba). The perturbative analysis is essentially con-five types of determinants:hl 1p, 1h+1p, 2h, and 2, as
ceptual, since the numerical analysis presented here is basegpresented in Fig. 3.
on variational calculations. These two determinants may be a. The 1h and 1p determinant&mong the previously
considered as defining a physically meaningful two-defined h determinants, the most important are the ligand to
dimensional model space, upon which quasidegenerate peanetal L— M) charge transfe(LMCT) states, which do not
turbation theory allows to build an effective Hamiltonian, interact with the triplet due to Brillouin’s theorem, but lead
Her. Its  off-diagonal matrix element givesJ  to a small interaction with the singlet state,

=2<a§|ﬂeﬁ|b€1}. Up to the second order, .
(ablA|a)(alH|b3) <7<hb+bh>a%“ 2 >
, 2
(37) =2(h|K,|a)=2(hb,ab), (38)

0 0
EY —EY
where E)=E|,p, . The second order contributions may be
schematized as in Diagram 6:

DDCI2

1. Theory

(ablAfba)=Kapt X B
|a)#|ab),|ba)

where the conventional notation of bielectronic integrals is
used. The integral,

Diagram 6
o 1 . -

a b <|(1)J(2)|G|k(1)|(2)>:<|l|k|>=(lk,l|) (39

< < represents the interaction between tkendjl overlap dis-
—<— —<< tributions. Since theA and B magnetic centers are usually

- _ well separated, thab distribution is very small. This results

b a in a small integral and consequently small coefficients of the

LMCT states in the singlet wave function, typically of the

4+ + |a> <+ + order of 10°2.
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Similarly, the Ip determinants, which involve metal to
ligand charge transfer excitations, do not interact with the —(Tﬁp-T;bJr T,jp-T;b—Tﬂp-Tgb). (43
triplet state, but their interaction with the singlet state is V3

ihﬁ(aﬁr pa)| A ihﬁ(aEJr ba) The interaction of the triplet states wifff, brings the fol-
V2 V2 lowing contributions:
=2(p|R.[b)=2(pa,ab). (40) N R
As in the precedent case, for two distant magnetic centers the (Tp: SanlH|Tan) = E<p| Ka=Kplh),
magnitude of this integral is small and therefore the coeffi- (44)
cients of the p determinants on the singlet wave function A o
are small as well. _ _ F(Tﬁp-T;b—Tgp-T;’b|H|Tgb)=<p|Ka+ Kp|h).
b. The 1h+1p determinantsThe 1h+ 1p determinants 2

belong to three different classes.
(i) The pure singlet excitations in the inactive p&,,
represented in Scheme 3:

For the singlet state,

h ! . -
Scheme 3 ‘/—§<T;—p'Tab"‘Thp‘T;b_Tﬂp'Tgb|H|Sab>
+ p
\ 3 (plRa—Relh) (45)
| :_7 p a~ Np :
2
a * | b

h The IocaIRa and Rb exchange operators introduce spin po-
larization of the inactive orbitalér closed shells The total
spin polarization energy in the triplet state is

+

act on theS,, andT_gb m_odel space states giving the singlet,
Shp* Sab=3|(WP+ ph)(ab+ba)), and the triplet,S, - Tay,
=4|(hp+ph)(ab—ba)), defined in Eqs(35) and(33), re- Bl =
spectively.

The interaction of these single-excited states with th%NhereAEth is a positive quantity representing the excita-

singlet and triplet states does not bring any contribution Qion energy of the promoted inactive electrorSyssy
the S—T energy difference, due to the Brillouin’s theorem, as E e pab)
aby -

shovy.n n Sec_. IVA. L . . . The total spin polarization energy of the singlet state is
(i) The triplet excitations in the inactive part, as shown

in Scheme 4: P )
Scheme 4 1E@_ 3/2(p|Ka—Kp|h) . 47

he AEp .,
S S

The contributions to both states are significant. The terms

_ 1/2<p|ka_ Rb|h>2+<p|r<a_ Rb|h>2
AEh—>p ’

(46)

(p|lA<a|h)2/AE,Hp (resp.b), which introduce the spin polar-

a + + b AL ) :
ization of the electrons around each magnetic center, contrib-
ute equally to the singlet and the triplet states and cancel in

+ h the transition. Hence, the contribution to t&e-T energy
splitting comes only from the crossed terms,
introduce the spin polarization effect. The inactive part be-
comes 4(h|K Kplh
jo. X |Kalp){p|Ky| ) 48
L1 o o AEn_,
Thp=—2(hp—ph), Ty,=hp, Ty,=hp, (41)
SRV hP P This contribution, labeled3sp in de Lothet al,* is non-

negligible only when thdp distribution is important neaf

which acting on the model space gives andB, i.e., forh andp being bridging-ligand orbitals. Its sign

(1) two ftriplet states: cannot be predicted since it depends on the signs ohthe
(. distribution near the magnetic centers, which depends on the
Tﬁp'sab:§|(hp_ph)(ab+ ba)), ligand. The corresponding second-order diagrams to the cou-

pling are of Diagram 7 type. The contribution of the spin
1 1 _ polarization toJ is easily identified by extending the CI
5(Tﬁp' Tab~ Thp Tan) = v |(hpab—hpab));  (42)  space, spanned by the valence CAS, with the determinants of
the Ty, Tap and Ty, Tap type, which are responsible for the
one singlet state: differential effect,
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Diagram 7

h

— 4~
+ + v+ F
¥ -+ ++

Calzado et al.

Diagram 8
h
p .
<K K
b a
_ + —
-+~ 3+ o — <+ -+
= + =
+

However these outer spacé ¥ 1p determinants have larger

interactions with the ionic VB determinantaa) and |bb)
which are parts of the valence CI singlet stdi,) [Eq.

(iii) The inactive single excitations with a spatial change(11)]. Actually,
in the active part, shown in Scheme 5, namely, the single

excitations on the ionic VB formssinglet by naturk give
Shp-@a and Sy, bb singlets andTy,-aa and Ty, bb trip-
lets:

Scheme 5

The interaction ofS,,-aa with the neutral singlet is

(Snp- @alH| Sap) =2(ph,ab) — (pb,ah), (49)

while the interaction ofrﬁp- bb with the triplet state is
(Thp bBIH|T,) = —(pb.ah). (50

The final second-order contribution to the singlet—triplet
splitting is

8(ph,ab)?—4(ph,ab)[(pa,bh)+(pb,ah)]
- (U+AEpn_p) '

J—

(51)

The ab distribution has weak amplitude everywhere and
therefore this second order contribution, labetéd, » in the
work of de Lothet al,*! is expected to be small. The corre-
sponding processes are depicted in Diagram 8:

((hp+ph)aalH|hhaa)=v2(p|h.+23,~Kylh).

vz
(52
The Brillouin’s theorem implies thdEqg. (32)],
QA 3 3 I‘A<a IZb
(plhe+Ja+Jp— 7_7|h>=0, (53
which gives
L (nP+ phaalfihiaa) = va(p| T =23 Kbh
‘E« p+ph)aalH|hhaa)=v2(p[Ja=~ 5~ Jp+ 5 [h).
(54

The(plja—jb| h) integral is large since it represents the cou-
pling between thehp transition distribution with the

A~---A* valence dipole, resulting from the modification of
the field in the ionic VB structure with respect to the mean
field. The corresponding energy correction represents the ef-
fect of the dynamical polarization of the ligands under the
effect of the valence charge fluctuation in the singlet state.
The matrix elements may be visualized as in Diagram 9:

Diagram 9
h
P
a a
<<— —<<-
<<
a || a
4 —
=+ — =+ —
<+ ae7
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where the vertical box represents thgJ,—Jy|h) integral, Scheme 6

J,=3,— (K,/2) (resp.Jp) which corresponds to the instan- b ﬂ ﬂ a

taneous modification of the field.

In terms of perturbation of the neutral VB determinants, I
these interactions introdude) third-order effects, as repre-

sented in Diagram 10: % b
Diagram 10

h and they contribute to theab|HZ|ba) effective coupling by
zp fab , ,__(han'b)hbh'a) -
—=
> | AEhn —ab
as represented in Diagram 12:
< Diagram 12
b a
—_ 2 _ — h
- <+ = — o — <+ +
4+ =+ 4 4+ a b
that are expected to be small if tkiegp,ab integral is small, < <
and (b) fourth-order effects, represented in Diagram 11: A 73
Diagram 11
h —
hl
Lap
-+ <+ N +
a | b Ea 4 4
< 3 -+ ara

while the 2o determinants have no electrons in the magnetic

b — = a orbitals, as shown in Scheme 7:
tab Scheme 7
— — 4 — —
=+ - = — T p’
¥ = + 4+ ¥
with contributions of the type, p
b a

_ tab<h|ja_’jb| p><p|ja_jb| h>tab

U(U+AE,_)U (55

These fourth-order effects may be considered as contribua—md contribute to the effective coupling by

tions to the kinetic exchange ter,/U, since (pb,p’a)(pa,p’b)
Je—— (58
ABqap oy
t2, tgbz (h[3,=3plp)? represented in Diagram 13:
U U2 Diagram 13

U U?f3 (U+AEh )

~ o~ a p b
__ t?ib 1 2 <h|‘Ja_‘Jb|p>2 (56) s
U £ U(U+AE,_p) ) -

< < <

This effect was IabeledéESE+P in the work of de Loth N - -

etal® b D a

c. The2h and2p determinants. The 2h determinants, — =+ —

as represented in Scheme 6, have four electrons in the mag- — -+ —
++ — — + +

netic orbitals:
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TABLE Il. Coupling constant)) (in cm™?), at various Cl levels, using ROHF orbitals.

[CuClg] 2 [ Cuy(N3),(NH3)]2* Cu,y(CH;COO0),(H,0), Cu,0,
CASCI 11 —-82 -19 —255
SPCI 35 —-141 —36 —274
DDCI1 17 —362 —-71 —-707
DDCI2 9 —-375 —-73 —744
DDCI —22 —802 —-195 —-1077
Jexp 0,—40 <-800P —286, — 294+ 4¢ —1032+ 48
—1081+ 40
®Reference 62. dReference 38.
PReference 63. *Reference 40.
°Reference 64. 'Reference 41.

To cause significant contributions it is necessary that both CI levels, for the four systems analyzed. By comparing the
andh’ (or p and p’) have important amplitudes near the different levels, the different physical contributions may be
magnetic centers. The sign of these effects is not predictabigolated, as indicated in Table 1ll. The CASCI level gives
in principle. However whei’=h (or p’=p) the contribu-  direct exchange and the bare kinetic exchange. The differ-
tions are necessarily negative and hence favor the singleince between thé value obtained at this level and tlig,,
state, as evident from the closed shell character of the correbtained from Eq(20) gives the bare kinetic exchange, ac-
sponding perturbers. Therefore these contributions, labelegbrding to Eq.(17). The spin polarization is obtained from
S(ZLHCu)z and s(ZCLHL)z in Ref. 31, are expected to slightly the difference between the CASCI and the SPCI calculation.

increase the antiferromagnetic contributions. Since DDCI1 includes beyond SPCI the effect of the other
1h+ 1p determinants, the difference gives their contribution.
2 Numerical results Finally, DDCI2 also includes 2 and 2p determinants, which

effect is isolated from the DDCI2-DDCI1 difference. Look-

- . ) ing at Table Il several features appear.
When variational Cl calculations are performed instead ™ it of all. the sign and the magnitude of the spin po-

of perturpatlve expansions, it s Poss'b'e to analyzg the Vallarization contribution are variable. This contribution acts in
ous physical effects by generating Cl spaces of increasingl, 0. of the ferromagnetisni+23 cm %) in [Cu,Clg]2~
lengths that include different types of determinants: while it is weakly antiferromagnetic in the acetate 17

()  a first one by generating th&;, T, and T - T4, cm 1) and in the cupraté—19 cm %). In the azido complex
determinants, which are responsible for spin-the antiferromagnetic character of this contribution is larger
polarization, called SPCI hereafter; (=59 cmY). The role of spin polarization had been specu-

(i) a larger one that includes allhi 1p determinants, lated to be very largg in this complex. It is actually large,
usually called first-order ClI, hereafter called DDCI1; but adding this contribution to the valence-only effa@®Cl

(iii) the typical DDCI2(Ref. 23 list which generates all result$ the value ofJ only reaches-141 cm %, five times
determinants interacting with bofab) and|ba), i.e., Smaller than the experimental estiméte—800 cm *). Ad-

all contributing up to the second order, adding tte 2 ditionally, the variational absolute energies at this Cl level
and 2 determinants to the DDCI1 list. indicate that the stabilization of both the triplet and the sin-

glet states given by the spin polarization with respect to the
Table Il reports the singlet—triplet separation at variousvalence-only Cl energies is arounel1600 cm® in the cu-

TABLE III. Contributions to the coupling constant,(in cm™1), using ROHF orbitals.

[CwClg]*~ [Cup(N3)2(NH3)6]%" Cu,(CH3CO0),(H20) Cw,0,
Direct exchange 27 12 4 67
Kinetic exchange -16 -94 -23 —322
Spin polarization 23 -59 -17 -19
Other 1h+1p —-18 —221 —-35 —432
2h, 2p -8 -13 -2 —-36
2h+1p, 1h+2p -30 427 —-122 —-333
Total —-22 —-802 —-195 —-1077
Jexp 0,—4C¢° <-800P —286°, —294+ 49 —1032+48°
—1081+ 40
%Reference 62. dReference 38.
PReference 63. ‘Reference 40.

°Reference 64. Reference 41.
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prate and—1300 cm ! in the azido complex. This illustrates Scheme 8
that the total spin polarization is much larger than its differ-
ential effect, as previously discussed in S&¢BI1 b.

Second, the effect of the otheh® 1p contribution is |
antiferromagnetic and especially large for the azido complex a 1]

|
and for the cuprate. Table Il shows that the resulting DDCI1 ‘—l— h

J values are three times larger than the CASCI ones, except
for the chloride. The study of the corresponding effective
Hamiltonians[paper Il (Ref. 58] confirms that this effect
actually comes from the fourth-order mechanifidiagram  and lead to second order corrections to the effective hopping
11, Eq.(56)]. integral between neutral and ionic states according to

Third, the Zh and 2o contributions, i.e., the difference
between DDCI2 and DDCI1, give a rather we@k30 cm %) £ (ab]A 2| a7)
antiferromagnetic contribution, as speculated above. ab— eff

Finally the overall result at this stag®DCI2) is not in . <aH|F||,8><B|F||a5}
satisfactory agreement with experiment: for the azido and for =(ab|H|aa)+ 2 O] =tpt Atyp.
the acetato complexes only 30%—-40% of the final value is Bes Eo —Ep
reached; for the perovskite fragment the result is only (59
slightly better, since 70% of the experimental value is - _— .
reached. This 70% ratio was observed on a wide series (}he specific contrlb_utlon 10 E¢59) of 2h+1p determinants
perovskites of both Cu and -8 Finally, the sign remains 'S represented in Diagram 14:
incorrect for the] Cu,Clg]?~ complex. Hence some impor- Diagram 14
tant physical effect is lacking at this level.

p

C. Enlarging the model space to the whole valence
space and adding 2 h+1p and 1 h+2p outer
space determinants

\ —
—_— g —_— a
1. Theory 2 — 2 4 4+ 4
The preceding list of perturberghe DDCI2 lis) was g =+ A3
obtained from second order arguments taking the neutral VB AR <+ 152
forms as degenerate model space. Since the ionic VB forms +
are expected to play a crucial role in the kinetic exchange,
the next improvement consists in enlarging the model space p

from the neutral VB forms only to the full valence space.
The new model space is no longer degenerate. Then at the
second-order perturbative level all the determinagjsthat
interact with either neutral or ionic VB determinants must be
added to the DDCI2 list. Most of them, obtained from purely
inactivehh—pp’ excitations, i.e., B+ 2p determinants, re-
sult in a common shift of all the diagonal matrix elements.
They can therefore be omitted for the calculation of energy
differences as argued in the proposal of the DDR&f. 22  The analytic contribution tat, is
method and the only determinants to be added to the DCCI2
space are thet2+ 1p and 1h+2p ones. 2(hp,ah’)(bh’,hp)—(h’'p,ah)(bh’,hp)
a. 2h+1p determinants: The antiferromagnetic charac- Alap— Eg))_E(BO) '
ter of their contribution and their impact on the wave func-
tion. In the recent past the role of this type of excitations For a non-negligible contribution from the second term both
has been shown to be very important in the evaluatiod, of h andh’ must have important amplitudes néaandB. It is
to which it brings a large antiferromagnetic contribution. likely to be less important than the first one which only re-
Among them, a special subset of determinants has beeguiresh’ to be important neaA andB, i.e., to be an orbital
shown to play a leading role, namely the sinfle:p exci-  of the bridging ligan¢s). The distributionah’ andbh’ may
tations on the ligand to metdl-a,b charge transfer con- be both important dipolar distributions whén=1, i.e., the
figurations. Therefore special attention is paid to the 2 doubly occupied orbité) of the bridging-ligand having
+ 1p determinants, that have three electrons in the magneti@rge delocalization tails on both metallic centers. Each of
orbitals, as shown in Scheme 8: these elementary excitations, according to Diagram 15:

&

(60)
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Diagram 15 Diagram 17

III h

\
]

/
RSIAAN T
Q
SE

|

results in a modification of the,, hopping integral,
2(hp,al)(bl,hp)
T AEcr+AEn,
Therefore, the global I2+1p contribution totS" are gov-
erned by

2(hp,al)(bl,h

My=S 3 3 AU

| h p CT h—p
which involves coupling ohp transition dipoles of the sur-
rounding electrons with the transition dipolasandbl, as
shown in Diagram 15. ThiAt,, modification of the interac- IV
tion between neutral and ionic determinants only affects the h
singlet state since the ionic determinants being pure singlets
do not contribute to the triplet state wavefunction. This effect <i>
results in third and fourth-order contributions 3o repre-
sented in Diagrams 16 and 17, respectively:

Diagram 16
I

(61)

(62)

S

Among these diagrams, | and Il should be the leading ones,
since they involve lower energy denominators and have
weaker exclusion requirements. From Diagram 15 and Eq.
(61) it is possible to write these contributions das
4t 4 2t,,0t 4
T U AEtAE,,

3rd order

4812, 8612, 63
U 2MEq+AE, ,+AE, L, (63
4th order

In order to analyze the sign of then2 1p determinant con-
tribution, it is useful to introduce strongly localized orbitals,
a, b, I, on the metal and on the bridging ligand such as
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al=\(a’-1%) and bl=x(b>—1?). (67)

The twoal andbl dipolar distributions have opposite direc-
tions. In order to have a significant contributiontf§ in Eq.
(61) h andp have to be located on the bridge and in this case
thehp transition dipole interacts with opposite signs with the
al andbl dipoles. Consequentl§t,;, is negative, i.e., has the
same sign as,,. Hence, the B+ 1p mechanism acts as an
enhancement df,,, as numerically confirmed in pap#f,>®
and following Eq.(63), the 2h+ 1p determinants induce an
increase of the value.

The precedent discussion leads to a modification of the
physical interpretation previously proposed by us in recent
paperé® to explain the role of the 2+ 1p excitations. The
interpretation was based on the two-band model. We sug-
gested that the I2+ 1p determinants introduce the dynami-

a) b) c) cal polarization of the inactive electrons in the field created
FIG. 4. Schematic shape of different types of magnetic orbitals obtained by the LMCT states. When looking at Diagram 4, this dy-
rotation of symmetry adapted MO&) ROHF orbitals;(b) strongly local-  namical polarization would be brought Ihp single excita-
ized orbitals(c) natural orbitals. tions after the LMCT processes. This single excitation intro-
duces the effect of the modification of the electric field in the

LMCT state, analogous to the effect occurring in the ionic

those used in the Anderson model. They can be expressed ggence states shown in Diagram 11. It gives rise to Diagram
linear combinations of the ROHF orbitaks, b, andl, with a

andb the magnetic orbitals obtained by rotation of the sym-

X _ Diagram 18
metry adapted onelf. Eq. (2)], andl the orbitals with a h
dominant weight on the bridging-ligand. Both sets are related
by the localizing transformatioda,b,l}=U{a,b,l}. To the @
first order, the linear combination gives w i P
a=a+\l a=a—\l :
I=l=X(a+b) or I=Il+\(a+h) (64)
b=b+\l b=b—A\l.
<
\ is positive since in the ROHF orbitals the ligand orbital, 7
takes in-phase tails on the magnetic centers and, conse-
quently, the magnetic orbitaBsandb take out-of-phase tails : T
on the ligand. Figure 4 illustrates schematically the transfor- tz l t;b
mation from the ROHF orbitals to these new more localized ¢
orbitals.
. _ . — _ - — S _  —
The a, b, and ] orbitals are no longer optimal since + 4 IV I S YES 4+ S
doubly and singly occupied MOs have been mixed and the 24 S M <+ <+ + 34
new reference configurations, 24 44 T I .
70 _ i.--m-( e b@> where the box represents the matrix elem@n,—J|p).
a5 o NEE =S The interpretation was based on the assumption that the
(65) 2h+1p configurations were reducing theE-; energy ap-
i pearing in Egs. 23 and 24 and the observed increase of the
ab ™ 5"'11"'(§b+b@>* weight of the LMCT configurations in the wave function
seemed to confirm our interpretatiéhsee Table IV ROHF
no longer satisfy the Brillouin’s theorem. In particular, column.
<a§a|'“lr“(§b_— @IHI---E--(@\E— ba) =ty 66) Diagram 18 involves,, andt;, hopping integrals which

are not null when strongly localized orbitats, b, andl, are
is no longer null and induces important coefficients on theused. In this case the leading effect goes through Diagram 18
ligand to metal charge transfer configurations. and the interpretation of the effect as due to the polarization
Let us now analyze the sign of the contribution of the of the charge transfer states is correct. This is no longer the
2h+1p determinants through these strongly localized orbit-case when ROHF orbitals are used since thenat,,=0 and
als,a, b, andl. In the A—L—B structure, it is easy to dem- Diagram 18 has an almost null contribution to the coupling,
onstrate that the distributiorsd andbl can be approximated as discussed above. The mechanism is not a 6th order one
by (Diagram 18 but third (Diagram 16 and fourth-order ones
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TABLE |V. Largest ligand to metal charge transfer coefficients in,@Qu Mixing the reference determinant|ll_a3> with
cluster for the singlet and triplet states, at DDCI1 and DDCI levels, using

2 L . . . .
either ROHF or natural orbitald.; and L, represent ligand-centered MOs C|(ﬂ)a|a| ba) is equivalent to mix the ROHF orbitala,andl,
with g andu symmetry, respectively. to generatd =1+¢{?,(a+b) anda=a—c{®,l natural or-

bitals, as shown in Fig.(d). By using Eq.(64), the natural
orbitals may be expressed as

ROHF MOs Natural MOs

DDCI1 Singlet  L,—u 0.0292 0.0826 _
Lo—g 0.0053 0.0731 [=(1-cZ M+ (N +c2 ) (a+b)
Triplet Lg—u 0.0167 0.0917
L,—g 0.0139 0.0684 and (72)
DDCI Singlet tu_>u 0.1249 0.0396 §=(1—Cf§ak)§—(h+cf§a)l
43 0.0644 0.0176
Triplet Ly—u 0.1030 0.0223 . . . o
Lo—g 0.0829 0.0338 which explains the larger ligand/metal delocalization found

in natural orbitals.

b. 1h+2p determinantsThe 1h+2p determinants have
only one electron in the active orbitals, as represented in
Scheme 9:

Scheme 9

(Diagram 17. The observed increase of the weight of LMCT
state$® from DDCI1 or DDCI2 calculations to DDCI, see
Table 1V, can be interpreted as a second order contribution to
the wave function depicted in Diagram 19:

Diagram 19

h

/E and lead to second order corrections to the effective coupling
between neutral and ionic states as shown in Diagram 20:
i Diagram 20
a
- 2 -
=+ =+ + -+
-+ —+ aed
= —+ =

In contrast to Diagram 18, theh2- 1p state is obtained in a
unique step, i.e., the charge transfer and the polarization oc-
cur simultaneously in the right part of Diagrams 16 and 17.
The second order coefficient of the LMCT determinant,

lalba), is
€ _ (hhalba]H|phalba)(phalba]H|hhil ba)
—a
h.p

AEct(AEcT+AEq_p)
(h|3a—Jilp)(hp.la)
= 68
hE,p U(U+AE_p) ©€8)
Using relation(67) gives
(hp,Jla)=x[(hp,aa)—(hp,L1)]
=M(h|35=J,[p)=(h[Ja—Ji|p). (69)  giving
Hence the second order coefficient of the determinant, 2(hp,ap’)(bp’,hp)—(p'h,ap)(bp’,hp)
h3o— 3 )2 Atgpe— E0_E0 . (72
(2) — ( [Ja I|p> (70) 0 B

Cl—»az)\z
U(U+AE . I . ,
hp U n—p) The most important contributions arise from the first term

is positive since\ is positive, as shown before. A direct whenp’ is a bridging-ligand antibonding orbital, with large
consequence of the sign of this coefficient is the increase aip’ andbp’ distributions. In this case the intermediate state
the metal-ligand delocalization observed in the natural orbitinvolves a simultaneous! — L charge transfer and a single
als, when comparing them to the ROHF ones, as showexcitation in the environment. These processes lead again to
elsewhere’ third and fourth order corrections th which take the same
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form as Eq(63), such as represented in Diagrams 21 and 22Adding the Zh+ 1p and 1h+ 2p determinants to the DDCI2

respectively:
Diagram 21

tab

Diagram 22

These contributions ofti+2p and Zh+ 1p determinants are

list leads to the full DDCI space and has been shown in the
recent pagf=28%6lg provide a systematic agreement with
experiment, in all the systems studied. The effect of the 1
+ 2p determinants goes through a modificationt gfinvolv-

ing products of two bielectronic integrals, each of them cor-
responding to the interaction of two transition dipoles. The
bielectronic integral §p’,hp) [resp. bp’,hp)] is involved

in the dispersion energy between the electrona {resp.b)

and in h, which is proportional to &p’,hp)? [resp.
(bp’,hp)?]. The contribution to the effective hopping inte-
grals no longer involves the quadratic terms, but a crossed
product @p’,hp) (bp’,hp). This contribution may there-
fore be considered of dispersive origin. A similar physical
content can be attributed to thén2 1p processes, now in-
volving al transition dipoles.

The effect of 2+ 1p and Th+2p can therefore be con-
sidered as a dispersive contribution to the kinetic exchange.
In other terms, the polarizability of the spectator electrons of
the ligand helps to transfer the active electrons from one
magnetic site to the other. It is expected that the more polar-
izable the bridging-ligand, the larger this effect will be.

2. Numerical results

When comparing DDCI2 and DDCI results in Table Il it
appears that the results are significantly improved over
DDCI2. The[Cw,Cls]?~ complex is now weakly antiferro-
magnetic, in accordance with some experimental Hata.
Moreover, in all cases a reasonable quantitative agreement
with experiment is obtained now. When looking at the iso-
lated contribution of B+ 1p and 1Th+2p determinants, re-
ported in Table Ill, several features can be commented.

Table 11l shows that the overall effect of these determi-
nants in the systems studied is systematically antiferromag-
netic. Additional calculations adding only théa2 1p or the
1h+2p to DDCI2 have been performed on the Cul@ttice
fragment and on the copper acetate. They show that:

nonadditive contributions since mixed fourth-order terms

also exists, such as represented in Diagram 23:
Diagram 23

(i) the 2h+1p contribution is large and antiferromag-
netic (leading to an exaggerated value bf — 1532
cm ! in the cuprate and-284 cmi t in the acetate

(i) the 1h+2p contribution is ferromagneti@reducingJ
to —563 cm L in the cuprate and te-62 cmi tin the
acetatg

(i) they interact at fourth order, as previously noti¢eti
Diagram 23 since the final contribution is not the
sum of the separate contributions.

The role of the bridging-ligand polarizability is manifest.
The relative effect of the dispersive contribution to the total
value ofJ is much larger for the azido and the acetato ligands
(where they multiplyd by a factor close to 3than for the
oxo bridge(30% increase ofl). The chloride case is excep-
tional since the effect changes the sign of an overall very
small J.

V. USE OF NATURAL ORBITALS

Natural orbitals obtained from diagonalization of the
one-electron density matrix, calculated from the DDCI most
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TABLE V. Contributions to the coupling constant,at the CASCI level, using quasinatural orbitals. Direct
exchangeK,,,, hopping integralt,,, on-site repulsiony. All results in et

[CwClg]*~ [ Cuy(N3)»(NH3)]2* Cuy(CH;CO0),(H,0), Cu,0;
2K 162 720 66 334
2tap —3528 —12200 —-3992 —-11179
U(X10% 14.8 15.2 16.0 15.8
J +78 —253 -33 —452
Jexp 0,—4C¢° <-800P —286, — 294+ 4¢ —1032+ 48
—1081+ 40

dReference 38.
‘Reference 40.
Reference 41.

®Reference 62.
PReference 63.
‘Reference 64.

exact wave function can be used to reanalyze the problentations with these orbitals. Comparing Tables Il and VI one
To apply the difference dedicated technique, a common setees that the DDCI1 and DDCI2 results are significantly im-
of MOs is to be used for both states, and therefore meaproved, i.e., closer to the final value. The fif@IDCI) re-
natural orbitals have been calculated from the average of theults are quite comparable to those obtained from ROHF
singlet and triplet states density matrices. As rationalized irorbitals, but in slightly better agreement with experiment.
Sec. IV of the present work, the delocalization tails between  The 2h+ 1p and 1p+ 2h introduced in DDCI have now
the ligand and the metallic centers become larger in the natta much weaker effect, as shown in Table (H6 cm !

ral orbitals than in the ROHF ones, and therefore #fe  instead—30 cmi ! for ROHF orbitals in[ Cu,Clg]?~, —185
overlap distribution is expected to have larger amplitudescm ! instead of—333 cm ! in the CyO, fragment,—310
especially on the bridging-ligand. The remaining parametersm™ ! instead of—427 cm ! in the azido complex and prac-
should be modified in consequence: the direct exchangdically invariant in the acetajeIn the azido complex these
Kap, IS expected to be enlarged as well as the hopping inteeffects now increasé by 38% instead of 114% when using
gral, |t,,|, and the on-center effective repulsidd, should ROHF orbitals. Their effect still doubles the value bfor

be slightly reduced. The results in Table V by comparingthe acetate, while it multiplies it by a factor 3 when using
with Table | show that ROHF orbitals. These two last cases show that it is not pos-
sible to rely on the use of quasinatural orbitals to rest on the

) F 8325]Z(jja:rt]lgaél:léolncgsazsoeic:{ thtzayaciat;ta;tg; 650 i:]n DDCI2 level of calculation, omitting the I2+1p and 1h
the azi?jo complex: » ’ +2p excitations. One may actually observe that the coeffi-
(i) |t is larger muIt’ipIied by 2 i Cu,Clg]>~ and in cients of the ligand to metal charge transfer configurations
thaé’ acetate ’by 1.4 in GO, and by 36in the azido are no Ionger zero at. the.h]:L 1p or the.DDCIZ Igvgl, cf.
complex: ' » Table 1V, since the Br|IIown"s 'theorem is not satisfied any-
i) Ulis redL,Jced by 20%—25% in all the systems. more. However these coefficients are decreased when the

2h+1p and 1h+ 2p configurations are involved. This is op-

The resulting valence-only CI remains unreliable. It is wrongPOSité 1o the phenomenon observed when starting from
in [Cu,Clg]2, +78 cm * (incorrect sigh, and weakly im- ROHF orbitals.

proved in CyO,, —452 cm ! (instead—255 cm ), more
significantly in the azido complex;-253 instead of—82
cm !, and—33 instead of-19 cni ! in the acetate. There is
no reason to hope that the complex dynamical correlation Recent works have shown the possibility to obtain accu-
effects can be kept through a mere revision of the orbitals. Itate values of the magnetic coupling constant throagh

is interesting to repeat the DDCI1, DDCI2, and DDCI calcu-initio CI calculations, especially when using the difference

VI. CONCLUSIONS

TABLE VI. Coupling constantJ (in cm™?), at various Cl levels using quasinatural orbitals.

[Cu,Clg]*~ [Cuz(Ns)z(N"|3)<s]2+ Cu(CHZCOO0),(H,0), Cu,0;

CASCI +78 —253 -33 —452

DDCI1 -9 —~745 -114 —-903

DDCI2 -21 -815 —-120 —-952

DDCI -15 —-1125 —238 —1137
Jexp 0,—40% <-—800P —286, — 294+ 4¢ —1032+ 48
—1081+40

®Reference 62.
PReference 63.
‘Reference 64.

dReference 38.
‘Reference 40.
Reference 41.
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TABLE VII. Contributions to the coupling constant,(in cm™3), using natural orbitals.

[CwClg]*~ [ Cuy(N3),(NH3)6]2* Cu,y(CH;CO0),(H,0), Cu,0;
Direct exchange 162 720 66 334
Kinetic exchange -84 —973 —-99 —786
1h+1p -87 —492 -81 —451
2h, 2p -12 -70 -6 —-49
2h+1p, 1h+2p 6 -310 —118 —185
Total -15 —1125 —-238 —-1137
Jexp 0,—40% <-800 —286°, — 294+ 44 —1032+48°
—1081+ 40
aReference 62. dReference 38.
PReference 63. ‘Reference 40.
‘Reference 64. Reference 41.

dedicated CI technique. However the result essentially con- tions dipole with transition dipoles of the surrounding
sisted in a number, and any physical analysis of the factors electrons, and an increase of the effective hopping inte-
leading to the final value o was lacking. This prevented gral of dispersive origin.

any confrontation with the qualitative models, popular

among the specialists of the domain, and frequently used as a At this stage, it may be interesting to see whether and
tool in the design of new magnetic architectures. The presertow these different physical effects are included in alterna-
work is an attempt to overcome this difficulty and to showtive ab initio techniques. The NOCI method certainly does
that it is possible from accurate calculations to analyze théot include the spin polarization effects since it works with
physical effects contributing to the observable. While pertur+estricted open-shell SCF descriptions of each VB form.
bative approaches provide a natural way for such analysiSince it only introduces a limited number bf-a charge
(and we actually have followed this way for analytic deriva- transfer state8with their specifich— p relaxations, selected
tion and qualitative considerationghey are not quantita- on rather intuitive considerations, it certainly lacks part of
tively reliable, since many partial series are too slowly con-the 2h+1p and 1h+ 2p effects, which have opposite trends.
vergent(for instance the dynamical polarization of ionic VB The importance of the lacking contributions may depend on
structures We have combined localization of the magneticthe nature of the bridging-ligands.

orbitals into atom centered magnetic orbitals and appropriate The CASPT2 approach, when starting from the valence
partitions of the CI space, in order to reach the desired inforCl space(minimal CAS), introduces the effects of all DDCI
mation. perturbers and in principle does not miss any of the above
The most relevant conclusions are the following: considered effects. However, it is a contracted scheme and

(1) The physics cannot be kept restricted to the valencdoes not revise the composition of the valence part of the

space, with the simple balance between the dit&gt wave function, namely the ionic/neutral ratio in the singlet
and kinetic (4t2/U) exchanges, whatever the defini- state. As shown in paper If,the dynamical correlation ef-

tion of the valence spadenean field variational or natu- fects dramatically increase Fhis ratimultiplied by a f_actor

ral magnetic orbitals the action of the exact Hamil- between 2 and )5through higher order effects, which are

tonian in this restricted space leads to valued which incorporated in a variational treatment. Using contracted

are one order of magnitude smaller than experintand schemes results in an underestimation of the perturbation,

sometimes even of incorrect sign especially when polarizable ligands are present in the mo-
(2) The spin polarization is non-negligible, although is notlecular structure. In these cases, the recipe consists in enlarg-

the main effect beyond the valence space. Its naturéd the CAS to include in this way part of the higher order

(ferro or antiferro is System_dependent_ effects. A detailed discussion Comparing CASPT2 and DDCI
(3) The main effect beyond the CAS and belonging to themethods will be given elsewhere. o
DDCI2 list, (built from second order argumehtsomes This paper has performed the above analysis with two

from 1h+1p outer space determinants and is a fourthrather different sets of orbitals, the Hartree—Fock ones, and
(and highey order correction. It consists in the dynami- quasinatural MOs. The magnetic orbitals are significantly

cal repolarization of the ionic VB structures. more delocalized on the ligands in the second set, as phe-
(4) The processes involving two inactive holes or two inac-nomenologically observed,and rationalized here. This ef-
tive particles have a much smaller effect. fect leads to larger zero-order values of the direct exchange,

(5) Beyond the DDCI2 space, which is not sufficient to K, and the hopping integrél The DDCI2 values become
reach a quantitative agreement with experiment, onénore accurate when natural orbitals are used, but the 2
must involve 2+ 1p and 1h+2p excitations. Their ef- +1p and 1h+2p excitations still have a non-negligible ef-
fect is large. It is not a dynamical polarization of the fect on the final value o.
ligand to metal charge transfer states, but it proceeds The present analysis of the physical effects that contrib-
through a dynamical coupling of the ligand-metal transi-ute to the magnetic coupling may seem quite complex. At
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this stage it seems to invalidate the models that essentialfyjs. Yamanaka, M. Okumura, H. Nagao, and K. Yamaguchi, Chem. Phys.
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