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Superexchange in Magnetic Insulators: An Interpretation of the Metal-Metal Charge
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The superexchange interactions in four three-center model systerhs-B, for A and B being paramagnetic
centers ad L a diamagnetic bridging ligand, are analyzed by valence bond configuration interaction models in
combination with fourth-order perturbation theory. We analyze the four distinct cases where a bridging ligand
orbital simultaneously interacts with half-filled orbitals localized on A and B (case i), a half-filled orbital localized

on A and an empty orbital localized on B (case ii), a full orbital localized on A and a half-filled orbital localized

on B (case iii), and finally a full orbital localized on A and an empty orbital localized on B (case iv). In all four
cases we compare our new results using localized orbitals with the equivalent results obtained using the Anderson
ansatz of delocalized (magnetic) orbitals. The effective metal-to-metal electron transfer Elgligythe old
formalism with delocalized orbitals is expressed in terms of the metal-to-metal electron transferléredyhe
ligand-to-metal electron transfer energyusing localized orbitals. We find that the old formalism containing

only Uess is in general not sufficient. For cases i and ii we show tlat can be regarded as an effecti\de
strongly reduced with respect to the free ion as a result of hybridization effects, whereas the same reduction of
U for the cases iii and iv is not possible. The relevance and applicability of our theoretical results is demonstrated
on magnetochemical data from the literature.

1. Introduction of this information heavily depends on whether suitable labora-

. . . ry-synthesized model ms are available for comparativ
Understanding the magnetic consequences of weak |nterac-t0 y-synthesized model systems are available for comparative

. . . i .7~ purposes:*

tions between paramagnetic metal ions is not only a classical The dimer interaction has traditionally been formulated in

goal in inorganic physical chemistry. It is indeed a prerequisite h - Y )

for an understanding of macroscopic magnetic phenomena ancﬁrm.S Of. the HeisenbergDirac—van Vieck (HDvV) spin

for the design of new magnetic materiaf. amiltonian
In extended lattices the nearest neighbor interactions are the b=38 5 (1)

leading ones. Dimers and higher clusters of magnetic ions can A

therefore be considered as molecular models for a detailed study

of the microscopic magnetic interactions. Cooperative phenom- We are in the following only interested in the ground state

ena and more extended interactions do not complicate themagnetic propertiesSy and S are thus the ground state spin

situation in these systems, and an analysis in terms of simplevalues of the paramagnetic metal centers A and B, respectively,

molecular models can be done. and they are both non-zero. Equation 1 leads to a Lartdeval
Another context in which understanding the magnetic proper- splitting of the spin multiplets witls= Sy + S, Sa + S — 1,

ties of transition metal complexes has gained importance is that--- [Ss — Ss|. ForJ = 0, these spin multiplets are all degenerate.

of natural enzymatic systems containing paramagnetic metal ionsAs defined in eq 1 positive and negative values of the exchange

and especially polynuclear transition metal units. Compositional parameted correspond to antiferromagnetic and ferromagnetic

and structural information is contained in a temperature de-

pendent magnetic susceptibility curve of a polynuclear transition (3) Hartmann, J. R.; Rardin, R. L.; Chaudhuri, P.; Pohl, K.; Wieghardt,

; K.; Nuber, B.; Weiss, J.; Papaefthymiou, G. C.; Frankel, R. B
metal complex, natural or not. However, a successful extraction Lippard, S. JJ. Am. Chem. Sod987, 109, 7387, Amstrong, W. H.
Spool, A.; Papaefthymiou, G. C.; Frankel, R. B.; Lippard, SJ.J.
(1) Gatteschi, DAdv. Mater. 1994 6, 635. Am. Chem. Socl984 106, 3653.

(2) Kahn, O.Molecular MagnetismVCH: New York, 1993. (4) Weihe, H.; Gdel, H. U.J. Am. Chem. S0d.997 119, 6539.
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interaction, respectively, between the centers A and B.a
parameter to be determined from experiment.

Weihe et al.

Magnetic insulators can be characterized as being of Mott
Hubbard type < A) or of charge-transfer type\(< U).1° It

Equation 1 provides an excellent basis for rationalizing bulk has been shown that Anderson’s original treatment of the
properties such as magnetic susceptibility and heat capacity inexchange phenomenon only gives a reasonable description of
dimer systems as well as systems with extended interactions.the situation wherJ < A.1® This might be a fair assumption
There has therefore been a great effort to interpret the parametefor materials like the divalent titanium and vanadium oxides,
Jin eq 1 in terms of more fundamental quantities for the metal in which the band gap is known to be of-d (MMCT)
pair in question. charactet® This is also qualitatively easy to understand from a

Among the models proposed, the Goodenctiganamori chemical point of view. " and \2* are both strongly reducing
rule$—9 are probably the best known. They were formulated as species. This implies that the orbital energies of the valence d
a result of an interplay between experimental studies and orbitals are relatively high compared to the later divalent
theoretical considerations. In short, these rules state that whenmembers of the first transition series, making ligand (oxide) to
there is a non-zero one-electron interaction matrix element metal electron transfers high-energy excitations. However, the
between orbitals centered on different paramagnetic centers, ther@ssumptiond < A will certainly break down for most other
this one-electron interaction can lead to an antiferromagnetic insulating transition metal compounds in which the metal is less

or ferromagnetic energy splitting. The magnitude and sign of reducing and/or the anion less electronegativie, a reinves-
the contribution taJ depends on the filling of the interacting
orbitals1%-12 There are the following four possibilities to
consider:

(i) both orbitals are half-filled;

(ii) one orbital is half-filled and the other one is empty;

(iiif) one orbital is full and the other one is half-filled,;

(iv) one orbital is full and the other one is empty.
If, on the other hand, there is no such one-electron interaction
matrix element, the interaction can be ferromagnetic due to a
true two-center two-electron exchange integral. There are other
contributions toJ than the one-electron and two-electron
interactions! These are small and will not be considered here.

The conceptual framework to understand the interaction
within pairs of paramagnetic ions in insulating lattices was first
developed by Andersoni® A valence bond configuration
interaction (VBCI) model expliciely including the bridging
ligands was introduced and applied to molecular systems in refs
13 and 14. A splitting of the spin multiple&= Sy + S5, Sa
+S—1,...,|Ss — S| from the ground electron configuration,
and hence a nonzetbvalue of eq 1, arises because these spin
multiplets can interact with spin multiplets arising from two
distinct energetically higher-lying electron configuratidfs.
These are first a bridging ligand-to-metal electron transfer
(LMCT) and second a metal-to-metal electron transfer (MMCT)
electron configuration at energiasandU, respectively, relative
to the ground state electron configuration. The ground config-
uration interacts under the action of the one-electron part of
the Hamiltonian directly with the LMCT configuration, which
in turn interacts with the MMCT configuration. This latter

tigation of the magnetic properties of the oxides of divalent
manganese, iron, cobalt, and nick@lt was concluded thah
and U in these substances were in the ranges 484@800
cm~tand 71008-77400 cnt?, respectively, and hence of equal
magnitudes. We conclude thi#U < A < U is a typical range

of A values relative tdJ.

The position of the first charge transfer bands in an absorption
spectrum of a coordination compound is known to depend
strongly on the nature of the ligands as well as the cdfion.
For classical monomeric coordination compounds LMCT bands
usually appear in the blue or the near ultraviolet spectral region.
This makesA ~ 30000-40000 cm?, and U values are
estimated to be typically at least twice this, see above.

We will use the valence bond configuration interaction
(VBCI) model as introduced and applied to molecular systems
by Solomon and Tuczek:14We will show that the restriction
of one unpaired electron per magnetic celitean be overcome
and that a similar treatment of cases ii, iii, and iv is justified.

Our paper is organized as follows. In the next section we
outline some of the problems which are met when the old
formalism for exchange interactions is used to interpret experi-
mental J values. Section 3 gives an introduction to the
configuration interaction model and defines the orbitals and one-
electron parameters that are used. In section 4 we apply the
configuration interaction model to the four above-mentioned
cases +iv in turn. In section 5 we discuss the results and
demonstrate their applicability to experimenfavalues from
the literature. The obtained results will allow us to predict which
electron configurations can give rise to large ferromagnetic

interaction is spin dependent and hence produces a splitting ofinteraction between paramagnetic centers in a solid.

the spin multiplets arising from the ground electron configu-
ration. In a configuration interaction model this splitting appears
on going to fourth order in perturbation theory. Such a
perturbational treatment is valid when the paramgtdescrib-

ing the one-electron interaction is much smaller than kdth
andA.

(5) Anderson, P. W. IMagnetismRado, G. T., Suhl, H., Eds.; Academic
Press: New York, 1963; Vol. 1, Chapter 2.
(6) Goodenough, J. BPhys. Re. 1955 79, 564.
(7) Goodenough, J. Bl. Phys. Chem. Solids958 6, 287.
(8) Kanamori, JJ. Phys. Chem. Solids959 10, 87.
(9) Wollan, E. O.; Child, H. R.; Koehler, W. C.; Wilkinson, M. Rhys.
Rev. 1958 112, 1132.
(10) Anderson, P. WPhys. Re. 1959 115 2.
(11) Goodenough, J. Bdagnetism and the Chemical Bgndterscience:
New York, 1963.
(12) Weihe, H.; Gdel, H. U.Inorg. Chem.1997, 36, 3632.
(13) Tuczek, F.; Solomon, E. Inorg. Chem.1993 32, 2850.
(14) Brown, C. A;; Remar, G. J.; Musselmann, R. L.; Solomon, Fdrg.
Chem.1995 34, 688.

2. The Problems

In this section we briefly outline the commonly used
formalism and discuss the model parameters.

We consider a system consisting of two metal centers A and
B. Both A and B have their individual environments of
nonbridging and bridging ligands. The geometry and symmetry
of the system is not relevant at this point.

We are interested in the interaction between the orbitals a
and b centered on the metal centers A and B, respectively. a
essentially an antibonding A orbital, i.e., it contains some
bridging-ligand character; similarly with orbitaj.brhese so-

(15) Zaanen, J.; Sawatzky, G. A.; Allen, J. Rhys. Re. Lett. 1985 55,
418.

(16) Zaanen, J.; Sawatzky, G. 8an. J. Phys1987, 65, 1262.

(17) Ronda, C. R.; Arends, G. J.; Haas,Rhys. Re. B 1987, 35, 4038.

(18) Jgrgensen, C. KRrog. Inorg. Chem197Q 12, 101.
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called magnetic orbital8 & and b are made orthogonal by an
orthogonalization process. The reason for this redefinition of
the relevant orbitals is simply that the splitting of the spin
multiplets arising from the ground electron configuration will
now appear already in second order in perturbation theory.

If both & and b are half-filled (case i), an interaction between
a and b contributes to the value with?

2
j=+-t @
NANg Uggy
na and ng are the total number of unpaired electrons in the
ground state of A and B, respectively.is a parameter formally
defined as
hy = [&lhib,0 ©)
with h the appropriate one-electron interaction Hamiltoniay.
is the energy difference between the ground electron configu-
ration and an electron configuration in which one electron has
been taken from the magnetic orbitabad restored in the other
magnetic orbital p and vice versa. We distinguish clearly
betweenU and Ug in this paper.Ues is the electron transfer
energy appearing in the old formalism with magnetic orbitals,
whereasU is the electron transfer energy involving localized
metal orbitals with no bridging-ligand character. The relationship
betweenUe andU will be established below.
If & is half-filled and b is empty (case ii), we find the
following contribution toJ:

2
Ma(Ng + 1) Uyt Uggr

21
h“ nB+l

(4)

Here we introduced the symb#h,+1 which accounts for one-
center exchange interactions on center B. The rhtj01/Uesx
can be approximated ¥s

1 ng+1

Ueff

|
= (ng + 1)U—Bﬁ (5)

with Ig a constant which is an average one-center exchange
integral for centeB. See refs 12 and 20 for a detailed discussion
of this quantity. The average one-center exchange integral is
closely related to the spin-pairing energy discussed by Jgr-
gensert!

If a; is full and [ is half-filled (case iii), we find the following
contribution toJ*?

> hl
(g + 1)ng Ut Ugge

2
. i n,+1

J

(6)

Notice the similarity between equations 4 and 6. Cases ii and
iii are particle-hole equivalents as long as we operate with
magnetic orbitals only. This is clearly no longer so when the
bridging ligands are included. We will show that inclusion of
the bridging ligand orbitals will dramatically influence the
relative magnitudes af; and Jj;.

(19) Construction of magnetic orbitals in a three-center model system is
discussed in some detail by Mayer and Angelov: Mayer, |.; Angelov,
S. A.Int. J. Quantum Cheml98Q 18, 783.

(20) Weihe, H.; Gdel, H. U.J. Am. Chem. S0d.998 120

(21) Jergensen, C. KModern Aspects of Ligand Field Theoriorth-
Holland Publishing Company: Amsterdam, 1971.
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Finally, if & is full and f is empty (case iv), we find the
following contribution toJ:1?:22

J Zhﬁ 2 | | 7

[\ + (nA+ 1)(nB+ 1) Ugﬁ n,+1%ng+1 ( )
Equations 4, 6, and 7 are all valid wheRg > 1, +10ng+1.

Case i has received by far the most attention, and eq 2 has
been used for numerous successful analyses of experindental
values of transition metal dimers in which the constituting metal
ions are antiferromagnetically coupléé?23-26 However, in
most of these studies, the raﬂiﬁlueﬁ has been taken as an
effective parameter. No critical analysis of this ratio seems to
have been performed. We now list several examples in which
tr;e hﬁ/Ueﬁ ratios obtained in this way clearly deviate from
hi/U.

]The u-oxo-decaammine-dichromium(lll) cation [(N}-
CrOCr(NH)s]** (basic rhodo) has a special place in this context,
by having a high symmetry (close @4,) and having been
investigated with several techniques. Temperature dependent
magnetic susceptibility measureméhtsas well as optical
spectroscopd??® have determined ~ 450 cntl. Due to the
high symmetry, the parametiaf can be related to the; ligand
field parameter in the angular overlap model (AOM) descrip-
tion?230 (see also section 4.1) as follows:

hy=e, (8)
Using eq 2 we then obtalif20.29.30
_8¢

I=9u,, ©)

The AOM parametee, is a measure of the donor strength of
the oxide ion as ligand to trivalent chromium. It was estimated
in ref 29 to have the value 4000 ¢’ which makes the oxide
ion an outstandingly strong donor compared to other simple
ligands. This high value is supported by the analysis of single
crystal absorption spectra of oxo coordinated™ Mind N#*
species, in whicle, values of 3000 and 3500 cth respectively,
were determined Insertinge, = 4000 cnt! andJ = 450 cn1?

in eq 9 we obtairJes = 31600 cn1l. An upper limit forU, on

the other hand, can be estimated from the free ion ionization
potentialst® This upper limit is for a chromium(lll) dimet ~
146300 cm! 32 which is obtained as the difference between

(22) An algebraic mistake appears in ref 12 when deriving eq 49 from eqgs
41—-44. There it was erroneously stated that the contribution td net
was proportional to the differench,,+1 — Ing+1. In the limit 1,41,
Ing+1 << Uerr is proportional to the produdtn,+11n,+1 @s given in eq
7 of the present paper.

(23) Glerup, J.; Hodgson, D. J.; Pedersen AEta Chem. Scandl983
A37, 161.

(24) Glerup, J.; Goodson, P. A.; Hodgson, D. J.; Michelserinétg. Chem.
1995 34, 6255.

(25) Lambert, S. L.; Hendrickson, D. Nnorg. Chem.1979 18, 2683.
Lambert, S. L.; Spiro, C. L.; Gagn®&. R.; Hendrickson, D. Nnorg.
Chem.1982 21, 68. See also ref 43.

(26) Hotzelmann, R.; Wieghardt, K.; Fle, U.; Haupt, H.-J.; Weatherburn,
D. C.; Bonvoisin, J.; Girerd, J.-J. Am. Chem. S04992 114 1681.

(27) Pedersen, EActa Chem. Scand.972 26, 333.

(28) Gidel, H. U.; Dubicki, L.Chem. Phys1974 6, 272.

(29) Glerup, JActa Chem. Scand.972 26, 3775.

(30) Atanasov, M.; Angelov, SChem. Phys1991, 150, 383.

(31) Maller, A.; Hitchman, M. A.; Krausz, E.; Hoppe, Rnorg. Chem.
1995 34, 2684. Hitchman, M. A.; Stratemeier, H.; Hoppe, IRorg.
Chem.1988 27, 2506.

(32) Handbook of Chemistry and Physi®9th ed.; CRC Press: Boca
Raton, FL, 1988-1989 (table with ionization potentials).
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the fourth and the third ionization potentials of chromium. These any orbital in (b). Notice, that we have made no assumption on
values are significantly reduced in a solid or a complex, but the nature of the two overlafg$ andS,. They can be pure-
even allowing a reduction down to 580% of the free-ion or w-type overlaps, but might as well be a mixture of both due

valuet® we conclude that the above-calculatégys value of to misoriented orbitals. Similarly, we have made no assumptions
31600 cm? is a factor of 2-3 lower thanu, i.e., about the nature of the and b orbitals. They can be valence
or core orbitals. We do, however, assume that the bridging
2 <1 3 (10) ligand has no unpaired electrons, i.e., that the orbitatloubly
U Ug U occupied in the ground electron configuration of the lA-B

. ) . ) three-center system. Notice that the orbitals (a) and (b) contain
We note in passing that in CuCIU has been determined t0 g pridging-ligand character, but they might contain nonbridg-
be 53000 cm*,* and that the MMCT energyl is expected  ing-ligand character not explicitly included in the description.
Fr)lelnactgg\?:ec(\;\;:E:Tugi(c;?la%)nnotﬁirpgfn’:gﬁ Iiﬁzg:nt?e;mgﬁ?gf the The hybridization matrix elements describing the one-electron
: P interaction between A and L and between L and B are in the

basic rhodo ioff inserted an estimatddis value of 74500 cmt . . ) :
into eq 9. This led to am, value of 6150 cm?, which is much goellf(i)r\]/élggage&gnated/A and Ve, respectivelyVa is formally

too high, and has not been supported by independent experi-
ments (see above). s

This problem is not specific for the basic rhodo ion. In ref Vi = Hihjat=
20 we analyzed experimentdlvalues of linear and bent oxo 1 mihla— Alal— S A 13
bridged trivalent transition metal dimers witAdd, d?d?, d?d?, 1-§- ﬁ[ &t Sialhiat- Sbihial (13)
d®d®, d*d*(hs), dd®(hs), d(hs)d'(hs), d'(Is)d*(ls), d*(hs)cP(hs)
and d(hs)cb(hs) electron configurations (hs and Is stand for high-
spin and low-spin, respectively). The ratinﬁ‘s/Ueﬁ were found
to be transferable between the various electron configurations,
so we conclude that the problem is a general one.

This conclusion is further supported by a similar investigation

with h being the one-electron part of the Hamiltonian; similarly
with Vg. h is spin independent; therefox& is zero unless the
electrons in the orbitals and a have the same spin quantum
numbers. Following the approximation by Wolfsberg and
of the ratiol/Uex using eq 5 and a comparison withJ. The HelmholZ24 or Ballhausen and_Graf’;‘?,the first term in the square
theoretical value of the ratigU is estimated as follows.is an bracket f’f eq 13 is proportional to the overlap between the
average one-center exchange integral which takes the value®bitalsl” and a namely, . The termiB|hjalis therefore
4000-5000 cnr? for di- and trivalent 3d transition metals! vanishing since and ado not overlap. This leads to the simple
values for dimers with trivalent 3d metal ions, as estimated "eélationship thatVy is proportional toS, Similarily Vs is
above, are of the order 8008200000 cm’. Consequently, ~ Proportional toS.

I/U values should be of the ordékg to Y15 In an analysis of The key matrix elements to be calculated in the following
the ground state magnetic properties of an extensive series ofare of the type

homo- and heteronuclear oxo bridged 3d transition metal dimers

with trivalent metals we found/Uer = /4,20 a factor of 4-5 [ST'MM;|A|STMM, O (14)
bigger than the estimatddJ ratio, i.e.,
4 1 5 where each function is characterized by the spin quantum
] < U < ] (12) numbersS and Ms as well as the irreducible representatibn
eff

and its componeritlr. We will not present a lengthy derivation
of a general theory for the computation of this matrix element
(cf. ref 12). We generate explicit expressions for the two
functions |ST'"MM}. and |STMgMrO and then evaluate the
matrix element (eq 14). The eigenvalues of the matrixes thus
obtained will be examined with nondegenerate perturbation
theory up to fourth ordet®

The basis functions representing the states arising from the
3. The Model electron configuration (&)(1)M-(b)Ne with Na, N, andNg being

In our A—L—B three-center system the paramagnetic centers (e total number of electrons on A, L, and B, respectively, are
A and B may be identical or they may be different. (a) is a set 9€nerated by applying the following coupling scheme,
of pure A orbitals centered on A; similarly with (b). We consider
a pure ligand orbital’ centered orl, and this orbital has an {(a)NASA ® [(I)NLSL ® (b)NBSB]SLB}S (15)
overlapS, with only one orbital acentered on A and an overlap
$ with only one orbital pcentered on B. We define a new  \here we have left out the spatial transformation properties for
“ligand” orbital*® clarity. In using eq 15 we first take the product in the square

bracket to form the intermediate sp8. Then we form the

(I"'—Sa —Sp) (12) S, ® S g product to obtain the final function with spin quantum

1
J1-8-5 numberS. The relevant coupling schemes for the casel i
are listed in the Appendices A1A4, respectively.

This clearly indicates that the parametéy; as used in the
original Anderson theory must not be equated with the MMCT
energyU. The model needs refinement if the model parameters
are to be correlated with other physical properties of the system.
This will be done in the next sections by explicitly including
the relevant orbital on the bridging ligard

With the definition eq 12 the orbitdlis orthogonal to both;a

and k. In addition, any orbital in (a) is assumed orthogonal to (34) Wolfsberg, M.; Helmholz, LJ. Chem. Phys1955 23, 1841.

(35) Ballhausen, C. J.; Gray, H. Bhorg. Chem.1962 1, 111.

(33) Didziulis, S. V.; Cohen, S. L.; Gewirth, A. A.; Solomon, EJI.Am. (36) Dalgarno, A. In: Quantum TheoryBates, R. D., Ed.; Academic
Chem. Soc1988 110, 250. Press: New York, 1961; Vol. I, p 171.
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A L B A L B
a + b a) —— Vg —_—b)
I \&’—H—‘/:/B S=0(1),1(2) : E=0 1 aj + /' + b} S=0(2),1(1) : E=0
v~ 2
+ -+ — +
IT 4 $=0(3),1(4) : E=AA || R 4 S=0®).1(7) : E=Ap+2lp
4 $=0(6),1(5),1(4).2(3) : E=Ap

11 -+ $=005).1(6) : E=AB 111 $=0(10).1(9) : E=Ag

1|

v $=0(7) : E=U — —
_H_ @ A IV 2 4 S=0(12),1(11) : E=Ay
4
v A4 $=0(8) : E=Up — 4+
vV 4 S=0(16) : E=U+2Ig
4 S=1(15) : E=U
VI — S=0(9) : E=AAB . s
Figure 1. Possible electron configurations for the most simptelA-B VI 'H' 4 S=0(14) : E=ApAB+2Ig

four-electron model (case i). Configuration | represents the ground
electron configuration; Il and Il represent single LMCT electron
configurations; IV and V represent MMCT electron transfer configura-
tions; and VI represents a double LMCT electron configuration. The
function illustrated for each electron configuration is the highdst
component of the highest possible spin value. Non-zero hybridization
matrix elementd/, andVg are indicated with double arrows. Possible
spin valuesS and diagonal energiels are given to the right of each
configuration. The numbers in parentheses are basis function number
used in Appendix Al.

—_ S=1(13) : E=AAB

Figure 3. The relevant electron configurations for case ii where the
ligand orbital interacts with a half-filled orbital on A and an empty
orbital on B. Configuration | represents the ground electron configu-
ration. Configurations Il and IV are single LMCT configurations. Il|
and VI are double LMCT configurations, and V is a MMCT config-
uration. Non-zero hybridization matrix elemeMgandVg are indicated

with double arrows. Possible spin valuBsand diagonal energies

or each configuration are given to the right. The numbers in parentheses
refer to the basis functions used in Appendix A2.

/ AVAYA, =ha electron e>.(chan.ge integrals, the singlet gnd triplet states arising
4/ from configuration | are degenerate in the absence of an
interaction, i.e., folVa = Vg = 0. The same applies for the
singlets and triplets arising from Il and IIl.

The interaction matrices for the singlet and triplet states are
/o given in eq 43 and 44 in Appendix Al, respectively. The
— splitting of the lowest-energy triplet and singlet is given by
Figure 2. lllustration of the relationship between thgparameters of application of fourth-order perturbation theory as
section 2 and the rati¥3/A.

E(1) - E(0)=
4. Results | | | V2 \2 22 22 n 22 + 22 4
4.1.3;: & Half-Filled and b; Half-Filled. Although this case A3Ug AU, A3As  AiAns  DAalslge
has been discussed by other auti8%;3®we have chosen to (16)
include it here in order to illustrate the method, to introduce
the approximations, and to illustrate how the parametgtis As defined in Figure 1, the quantitiéds, andAg correspond to
section 2 are related to ligand field parameters. LMCT and the quantitiedJ, and Ug to MMCT excitation

We consider first the frequently studied three-center four- energiesAag corresponds to a double LMCT excitation. We
electron system. Distribution of the four electrons in the three now introduce the approximatiodsy, = A = Ag andUx = U
relevant orbitals gives rise to six different electron configura- = Ug, which are valid if A and B are identical. We thus obtain

tions, see Figure 1. The electron configurations I, II, and IlI -
give rise to singlets§= 0) as well as triplets§= 1), whereas _ VaVg[1 2
IV, V, and VI give rise to singlets only due to the Pauli exclusion E(1) - E0)= 4K AlU A_AB 17)

principle. Since we do not take into account two-center two-

: which is valid for this particular four-electron system, i.e., for
(37) Geertsma, WPhysica B199Q 164, 241.

(38) Shen, Z.; Allen, J. W.; Yeh, J. J.; Kang, J.-S.; Ellis, W.; Spicer, W.; Ma = ng = 1. . .
Lindau, 1.; Maple, M. B.; Dalichaouch, Y. D.; Torikachvili, M. S.; We also performed calculations for model systems with the

Sun, J. S.; Geballe, T. HPhys. Re B 1987, 36, 8414. ground electron configuration (afl)3(b)" with nx and/orng
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different from 1. The general expression for the contribution to
Jis

2\ 2

_ 4 VaVs

%= nang A Al (18)

1, 1
U+K]

where we have assumethg = 2A.1437 Notice that there will
be no splitting unless both one-electron interaction matrix
elementsva andVg are non-zero.

If the energy difference between the metal and the ligand
orbital is the main contribution to the LMCT energy, then
the factorV4/A can be identified as the second-order energy
shift of orbital a due to the presence of the ligand. The ratios
VA/A and, similarly,V4/A are thus closely related to a ligand
field parameter, see Figure 2.

4.2.J;i: a; Half-Filled and b; Empty. Now the ligand orbital
I has non-zero overlaps with the half-filleg @bital on A and
the empty b orbital on B. The six relevant electron configura-
tions are illustrated in Figure 3. Apart from the ground electron
configuration we have only included single and double LMCT
and MMCT configurations.

The situation here is slightly more complicated than in the
previous section, since we now have the possibility to generate
excited configurations with two unpaired electrons on center
B, see configurations Il, V, and VI in Figure 3. We thus have
to include one-center two-electron exchange integrals. The
diagonal energies of the spin multiplets arising from the
configurations Il, V, and VI are determined as follows. We take
configuration 1l as an example. The subconfiguratio}rb})
gives rise to a singlet and a triplet. Due to Hund’s rule the triplet

is lower in energy. The separation between the singlet and the

triplet is 25 wherelg is the exchange integral involving the
orbitals i and b. The possible spin valueS for the total
configuration @l'b}b; are obtained by inspection of the
following series of products,

{(@)S, @ [(1NS. ® (b; b)) S:1S 6} S

with Sy = Y5, § = 1/,, andSs = 0 or 1. All spin multipletsS
obtained forSs = 0 are degenerate and similarly with the spin
multiplets obtained witiss = 1. This degeneracy is retained

(19)

Weihe et al.
Ji =
_ 2 2 2l 1 1
(g + 1) A AéU (Ag + InB+1)2(U + InB+1)
2 . 2 n 1
(ApApsAn (Ag+ 1 )(Bps + 11 )AL  AZAL
1 n 1
2 2
(Ag + InB+1) (Aps + InB+1) TAVNAVNS
1
Ai(AAB + InB+1)

(21)

In,+1 = (ng + 1)Ig accounts for the intra-atomic exchange
interaction on center B.

It is interesting to note that the double LMCT configuration
[l at energyAg: in Figure 3 does not contribute to the splitting
to this order of perturbation theory. The reason for this is that
this electron configuration only involves center B and not both
centers. The quantitieSa, Ag, Aag, U, andlg are all positive.
Consequently, the content of the square brackets in eq 20 is
positive leading to a negativd. If the double LMCT config-
uration VI at energyAas was not included in the model, the
content of the square brackets would be reduced to the first
two terms.

In order to discuss in simple terms the importance of
configuration VI in the model, we first assunteg = Aa +
Ag and I ng+1 < U, Aa, Ag.3% Equation 21 then becomes

S 2 e MtAe ang+2a,
om0 A B ASUZ AZAL(AG + AL
3Ag + 2A
3 ° Az 2 L 2 InB+1 (22)
AAg+ A A2(Ag+ A)

With the assumptiol\a = Ag = A we get

2 VaVelu+a
na(ng +1) A Al AU?

J

3
A—z] L. @3)

The effect of including configuration VI in the model is

because we neglect two-center two-electron exchange integralscondensed in the second term in the square brackets of equation

The configuration interaction matrices for the singlets and
triplets are given in eq 46 and 47 in Appendix A2, respectively.
After applying fourth-order perturbation theory we find the
following energy difference between the lowest triplet and
singlet:

E(1) — E(0) = —V3 V| —=— - L
A2U  (Ag + 213U + 21)
2 2 1
AgAppAp (Ag + 215)(Axs + 215)A4 AéAAB
1 1 1

- (20)
(AB + 2 B)Z(AAB + 2l B) A,%AAAB Ai(AAB + 2 B)

This result is specific for A and B each having one unpaired
electron, i.e.,nn = ng = 1. The general expression for the
contribution toJ of this type of interaction is

(39) The quality of the assumptidh, +1 < U (k= A or B) was discussed
in ref 12. Referring to eq 5 of the present paper we see that
increases witmy. The quality of this assumption hence gets worse
with increasingni.*? The same is true for the assumptiohg:1 <
Aa and |nk+1 < Apg.

23.

4.3.Jii: a; Full and b; Half-Filled. Now the ligand orbital’
interacts with a full orbital on A and a half-filled orbital on B.
The relevant electron configurations and their diagonal energies
are given in Figure 4. There are only three possible electron
configurations. In particular, it is not possible to generate a
double LMCT configuration. The configuration interaction
matrices for the singlet and triplet states are given in eqs 49
and 50, respectively, of Appendix A3. After applying fourth-
order perturbation theory we find the following energy differ-
ence between the lowest triplet and singlet:

This result is specific for A and B each having one unpaired
electron, i.e.,nn = ng = 1. The general expression for the
contribution of this type of interaction tdis

1 1

B~ EO) = U U+2,

A A

(24)

(. +1ng A A

1
U U+ |nA+1] (25)
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A L B A L B
a2+ —_Db) I a2+ v — V)

I . v S=0(1),1(2) : E=0 . ?/ S=0(1),1(2) : E=0
l%x%;ut—bl ATV\”% -~

T 4 no Y
A 4 S=03).1(4):E=A _H_ 2 $=03),1(4) : E=Ag+2Ip
4 4 $=0(5),1(6),1(7),2(8) : E=Ag
+ = + 4
11T 4 A S=005): E=U+2Ip 11T A 4 8=0(9).1(10) : E=AR

_H_ S=1(6) : E=U —_

Figure 4. All the possible electron configurations for case iii where
the ligand orbital interacts with a full orbital on A and a half-filled

orbital on B. Configurational | is the ground electron configuration; Il 4 4 S=0(11) :E=U+2Ip+2Ig
and Il are LMCT and MMCT configurations, respectively. Non-zero v 4 gf}g%g Efgﬁ}g

hybridization matrix element¥, and Vg are indicated with double % S=0(14).1(15).2(16) : E=U

arrows. Possible spin valu&and diagonal energiels are given to
the right of each configuration. The numbers in parentheses refer to

the basis functions used in Appendix A3. Figure 5. The relevant electron configurations for case iv where the

ligand orbital interacts with a full orbital on A and an empty orbital on
SinceU and I ,,+1 are both positive, the content of the square B. Configuration | represents the ground electron configuration. The
A ’

- " : : : configurations I, Ill, and IV represent single LMCT, double LMCT
brackets is positived IS therefore negative. Assuminkg, , and I\%IMCT electron configurati%ns, respegtively. Non-zero hybridiza-
< U, eq 25 simplifies to tion matrix elementsva and Vg are indicated with double arrows.

A Possible spin valueS and diagonal energies are given to the right of
2 Va Vg InA+1 each configuration. The numbers in parentheses refer to the basis
Si= (26) function numbers used in Appendix A4.

(ny +1ng A A 2
) . configuration Il in Figure 5 involves only one paramagnetic

_ 4.4.3y: a Full and b; Empty. Now the ligand orbitall center and therefore does not contributelfato this order of
interacts with the full orbital aand the empty orbital b The perturbation theory, cf. section 4.2. In the linif, 1, Ing+1 <
relevant electron configurations and their diagonal energies arepA, U, eq 28 reduces to " ¢
given in Figure 5. Notice that it is not possible to generate a
double LMCT configuration which involves both paramagnetic 5 V2 \2 5 4
centers. The configuration interaction matrices for the singlet J, = ¢ = ATBlZ _] 1,04 (29)
and triplet states are given in egs 52 and 53, respectively, of M+ +1) A AfU3 ALY ™™
Appendix A4. After applying fourth-order perturbation theory
we find the following energy difference between the lowest Where we have writtelhg = A.

triplet and singlet states: . .
P 9 5. Discussion

E(1) — E(0) = Equations 18, 23, 26, and 29 are the main results of this paper
U \2\2|4 1 1 _ and form the basis of the following discussion.
2%A TB| T\ 2 2 It is important to realize that in all four cases it is possible to
VAU (Ag + 21g)XU + 21, + 21,) o realize | :
1 1 express the contribution tbin terms of the number of unpaired
5 - 5 (27) electronsn (na, ng), the hybridization matrix elementg (Va,
Ag(U+21,)  (Ag+2Ig)7(U +2lp) Vg), the LMCT energyA (Aa, Ag), and the MMCT energy)

) . -~ ] . (Ua, Ug). While J is a property of the whole system, the
This result is specific for A and B each having one unpaired parameters, V, A, andU represent properties of elements of
electron, i.e.,na = ng = 1. The general expression for the the dimer.n is obviously a single-center property.andA are

contribution of this type of interaction tdis properties of a specified metaligand combination. The
5 1 magnitude ofA can be obtained by studying LMCT transitions
Jy = f\ é +——+ in absorption spectra of mononuclear complexes,\&\ can
Ny + 1)(ng + 1) AgU be obtained from the study of-dl transitions in the case of
1 1 transition metal complexes. When A and B are identithls
2 - - a single-ion propertylU then corresponds to the difference
(Ag + 'nB+1) U+ 'nA+1 + InB+1) Ag(U + 'nA+1) between two ionization potentials. When A and B are different,
1 U corresponds to the difference between an ionization potential

(28) of one center and an electron affinity of the othdrcan be

2
(Ag + 1)U+ Topi) experimentally obtained from photoelectron spegtf-42

An analysis of the content of the square brackets of eq 28 reveals4g) Fyjimori, A.; Saeki, M.; Kimizuka, N.; Taniguchi, M.; Suga, Bhys.
that it is positive resulting in a positivé,. The double LMCT Rev. B. 1986 34, 7318.
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Table 1. Summary of the=,, G, Ha, andK, Factors as Found in Section 4 and Discussed in Secfion 5

Ja Fa(nAynB) Ga(VAyVB.A) Ha(U ,A) Ka(IAyI B) -Ja,old

Ji 4 V,ZAV_ZB 1.1 1 4l
NANg A A U A NN Ugg

Ji 2 VA V3 2U +2A + % ls £h2i2|8
Ng AA AU A Ng U

Jii 2 VA iz la £h2iz|A
Na AA u M Ugg

Jv 2 Va Va % 4 > Iale hZ%IAIB

A A U AU Ui

2 The last column gives the old formulas as summarized in section 2. We used the approxitqatien(n; + 1)I; (j = A or B) eq 5 to obtain
the columns withF,, Ki, andJa oig.

The equations 18, 23, 26, and 29 are all composed as ametal with the same ligar.Ligand field parameters increase

product of four factors as follows: strongly on increasing the oxidation numBetue to a lowering
of the metal orbitals and thus a decreasé\ofSimilarly, they
Ja = Fa(Nang) Go(Va, Ve, A)H(U,A)K(Ia,1g)  (30) increase dramatically on moving down a group in the periodic
table. This is so because 4d and 5d orbitals are more diffuse
with a = i, ii, iii, or iv. Table 1 summarizes the equations in than 3d orbitals, giving rise to higher hybridization matrix
terms of these factors. elementsva and/orVg, see eq 13. In the simple case\¢f =
5.1. The Principal Factors in the Expressions ofl. The Vg and S, = S, J will be proportional to the fourth power of
influence of the number of unpaired electrons on A and B is the metat-ligand overlapS, sinceVa is proportional tds,. This
given in the factor$, (a = i, i, iii, and iv) of Table 1. Then,, has been found to be valid using ab initio calculatitffs.
ns dependence af, Ji, Jii, andJy found here agrees with what The factorsHa(U,A) correspond to the factorsUdy, 1/UZ;,

has been found earliéf.For A and B both being transition 1/UZ, and 1UZ; in the old model, see last column in Table 1.
metals, the factoF; can vary by as much as a factor of 25, From Table 1 we see that in the Anderson limit, i3> U,
from 4 to%s for na = ng = 1 andna = ng = 5, respectively. .4 equalsU for all cases. In the Introduction it was shown
Then,, ng dependency of; is experimentally very well verified  that1,U < A < U is a physically typical range of relativa

for several series of dimers in which there is only one dominant gnduU values. We obtain the following ranges of tHg factors
interaction pathway*2°24The agreement is not as good when \hich are compared with the corresponding values in the old

there are several important interaction pathw#&ys. model:

As a result of the approximations made in the previous four
sections, the factor§,(Va,Vs,A) are identical for alla =i, ii, new model old model
iii, and iv. Ga(Va,Vs,A) equals a product of the two factors 2_y<3 i:i (31)
VA/A and V3/A which are related to ligand field parameters, vt U eff
see section 4.1 and Figure 2. The fornmGyfalso explains why 5. H, < 4 H; = iz (32)
ligand field models formulated in terms of the angular overlap u? u? Uetr
model have been successful in interpreting magnetic properties Ho=1 = 1 (33)
of structurally related complexes, e.g., dihydroxo bridged o Uze
copper(ll) dimers and hydroxo bridged chromium(Ill) dim&r! 6 _y 10 H =1 34
The factor G, immediately tells us which ligand and metal TNV E Yooud (34)

orbitals significantly contribute to thévalue and which ones . o

do not. ForV2/A to have an appreciable value, both metal and W& note that the ratidJer/U is different for the four cases,

ligand orbitals must be valence orbitals, corresponding to the "anging from a minimum of approximatels in case ii to'/,

lowest value ofA. Usage of this principle to vary the magnetic 1N ¢@se iii. For case i the reduction bty vs U is solely due to

ordering temperature of @dn'"[V"(CN)g]-H.O, CsMr![Cr'l- the inclusion of the double LMCT configuration in the model,

(CN)gl, and MA'[Mn'V(CN)g]-xH,O was discussed in ref 45,  S€€ section 4.1. For case ii there is already a reduction (first

Core orbitals on the ligand and higher-than-valence orbitals on €'m of Hi in Table 1) without including double LMCT

the metal can usually be neglected, since for these combinationsconfigurations in the model. The second termHhfexpresses

A becomes very large and?/A vanishes. Ligand field pa- the effect of double LMCT configurations and leads to further
A :

rameters are roughly constant for isostructural series of ho- "eduction. For case iilles = U, since it is not possible to
movalent transition metal complex®sThis means that the generate double LMCT configurations. The slight reduction for

ligand field parameteNi/A, if known for a given metat case iv simply results from the perturbational treatment.

ligand combination, can be transferred to another homovalent. The K.a factors in Table 1 express the Intra-atomic exchange
interactions on the centers A and B. TKgfactor is different

(41) van der Laan, G.: Westra, C.; Haas, C.; Sawatzky, GPHys. Re. from unity when it is possible to add an electron into the relevant
B 1981, 23, 4369. empty orbital or remove an electron from the relevant full orbital
(42) Sangaletti, L.; Parmigiani, F.; Ratner,FEhys. Re. B 1998 57, 10175. on either of the two paramagnetic centers. Therefdrds

43) Kahn, O.Struct. Bondingl987, 68, 89. ; -

2443 Bencini, A.; Gatteschi, gI]lnorg. Chim. Actal978 31, 11. |ndependent ofia andlg. Ji and Jii depend onls and I,

(45) Entley, W. R.; Girolami, G. SSciencel995 268 397. The metal respectively, andi, depends on the product 6f andlg.
orbitals havingr symmetry with respect to the MrrCN—M"™ (M=
V2*, Cret, Mn*") axis interact via an empty* orbital on the cyanide (46) Hart, J. R.; RappeA. K.; Gorun, S. M.; Upton, T. Hinorg. Chem.
ion. These systems hence have the ground electron configuration 1992 31, 5254. See also: Hart, J. R.; Réppe K.; Gorun, S. M.;

[t3 e%[(n*)o][tgg]. This is a hole-particle equivalent of case i and Upton, T. H.J. Phys. Chem1992 96, 6255.

can therefore be treated as such. (47) Schrivastava, K. N.; Jaccarino, Phys. Re. B 1976 13, 299.
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The magnitude of thel, andKj, factors in Table 1 cannotbe  This is the case for the 90nteraction® and using eq 26 we
directly compared since they have different units for the different find that the ferromagnetic contribution #90°) is
cases. However, we can compare the relative magnitudes of the
productsHa(U,A) x Ka(la,lg). We chooselU between 50000 2V127p Vﬁp 1
and 100000 cmt (roughly 6-10 eV) and letA take values i =258 A [ (40)
within /,U < A < U. I andlg are in the interval from 4000 U
to 5000 cnt?, which is a reasonable estimate for 3d transition
metal ionst? Using these values we find the produtgK, in
the following intervals:

2

Vo and Vp are the one-electron parameters relevant for the
po—do and pr—dr interactions, respectively. Using parameter
values from ref 16, 1.6 e\t Vg < 1.9 eV, Vap = YoVgp, A =

6 eV,U=09.5¢eV, and = 0.5 eV we find that—4 cnr? >

\/ —1
200 < HK; x 10" cm™* < 600 (35) 3, > —8 cnrt. This compares well witd(90°) = —10 cnTt
7 -1 as found in ref 49. There are also antiferromagnetic contributions
24 < HiK; x 10°cm =< 340 (36) (%) to netJ in this systen? These involve the s orbitals on the
4<H.K. x 10 cm™t < 20 (37) oxide ions and are therefore expected to be small, since the 2s
e orbital is lower in energy by 16 €9 than the 2p orbitals. Ab
1 <HK, x 100em < 20 (38) initio calculation8! on di-oxo bridged nickel complexes have
indicated that the relevant two-center exchange integrals in this
The left and right numbers are the values fat, (A, 1) = system vary from 1 cm* for unperturbed localized d orbitals

(100000 crmt, 200000 cm, 4000 cnl) and U,A,1) = (50000 to 10 cn? for orbitals which are allowed to delocalize onto
cm™1, 25000 cnT?, 5000 cntl), respectively. This allows us to the bridging ligand. We.(:(.)nclude.thait substantially contrjb-
determine the relative importance of the different contributions Utes to the ferromagnetic interaction between nearest neighbors

3., Ji, Jii, andJy to J: in NiO. This is in agreement with ref 48.
Jii. Our theoretical finding from egs 3338 that|J;| is an
J > 131> 131 > I, (39) order of magnitude bigger thafUii| eqs 36 and 37, and

comparable in magnitude with for low U and A values is

This is at variance with the discussion of these terms in the new and important. It can be shown that this theoretical result
earlier literaturé! using the Uey formalism. There it was  is also experimentally verified. Recerfyve analyzed experi-
concluded that the ternd andJ;; were equal and both of minor ~ mentalJ values of a series of bent oxo bridged dimers with the
importance compared withi. J,, appears to be ferromagnetic ~ electron configurations'd?, d?d?, d?d®, Bd®, d®d*(hs), dd®(hs),
in the older literatur&, but we find it to be antiferromagnetic. ~ d*hs)d(hs), d(hs)cP(hs), and &hs)cd(hs) in terms of the old
We find that|J;| is smaller but of the same order of magnitude Ues formalism. Since these electron configurations represent
asJ. |Ji| is an order of magnitude bigger thaly |, which again empty and half-filled d orbitals only, eqs 2 and 4 were used in
is bigger than but of the same order of magnitude;as the analysis Witfhﬁ/Ueﬁ and|/Ues as independent parameters.

5.2. Comparison with Experiments.Now we relate our We argue in section 2 of the present paper that as calculated
findings to experimental values and their interpretations in  from the experimentally determinedﬁlueff and 1/Ues, is
the literature. We comment on the four types of contributions significantly smaller than any reasonable estimatg.dVe now
Jiv, Jii, Ji, andJi to J in order of increasing importance. show that this is indeed expected. From the rakigles and

Jiv. It is indeed justified to check the order of magnitude of |/U.4 we estimated that BY < 1/Uex < 3/U and 4U < 1/Ues
the contributionJy, to netJ, since this term is always present. < 5/U, respectively. Combining these estimates we find2g/
The constituting metals in a dimer always possess filled and < 1/U§ﬁ < 1502, which is in perfect agreement withl& <
empty orbitals. The filled orbitals can be either valence or core 1/U§ﬁ < 1702 obtained independently, eq 32. This clearly
orbitals, and the empty orbitals can be either valence or higher-ei5"ys that the parameter values of ref 20 are reasonable.
than-vglence orbitals. However, Fhe contributionJpfto J is Ji. We finally return toJ; and apply it to the basic rhodo
vanishing due to thély, factor. This term has therefore never  ,plem mentioned in section 2. We saw in the Introduction
been recognized as important in analyses of experimental {hat the old formalism based @ only provides a qualitative

values. , picture of the situatiod® Equation 18 applied to the ground
Jii. It has been arguéd that the ferromagnetic nearest- state of the basic rhodo has the form

neighbor (90) interaction in NiO results from covalency effects,

i.e., the one-electron interactions discussed in the present paper. 4 V2 \2

This is in contrast to the traditional approach where this effect J=2x _ﬂﬂ(l l) (41)
is ascribed to potential exchangieNi?* is a &f electron system ' 33 A AU A

which in octahedral symmetry has the ground electron config- 8,1 . 1

uration Eg es Hence, a ferromagnetic interaction of tygg - §en(U + K) (42)
between the Ni" ions can arise, if there exist ligand orbitals

which are simultaneously overlapping with the filleglarbitals Fore, andU we use the values 4000 cA¥®and 74500 cmt,30

on one metal and the half-filled,@rbitals on the other metal.  respectively, see also section 2. We estimate the oxide-to-
chromium LMCT energyA from single crystal spectra of

(48) Oguchi, T.; Terakura, K.; Williams, A. RPhys. Re. B 1983 28, corundum doped with @r.5253 Oxide to chromium electron

(49) ?—ﬁghings, M. T.. Samuelson, E. Solid State Commuri971 9, transfer transitions start at 4_2000 th¥2 and an intense band
1011. was found at 56000 cm.>3 Usinge, = 4000 cntt, U = 74500

(g(i) \lj\;ljimor(ii AE,Mkinimi,SF-PhySI- Re\-c?] 198% EO, fgg. 192 25 cm™%, and 42000 cm! < A < 56000 cnt?, we find that 445

§5z§ McCitire . S Soiid é?gtr:n;ﬁ;’slgsg%, 390, Mc?:lurez, D. SJ. cmt < J < 530 cm! for the basic rhodo ion. This is in
Chem. Phys1963 36, 2757. excellent agreement with the experimentally determined value

(53) Tippins, H. H.Phys. Re. B 197Q 1, 126. of J = 450 cnt1.27-29 We note in passing that an intense band
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is found at 36000 cmt in the absorption spectrum of the basic unpaired electrons, LMCT and MMCT energies, and intra-
rhodo ion?82° It was nominally assigned as a MMCT band in atomic exchange integrals.

ref 29, but it is probably a LMCT band as suggested in ref 54  Using realistic model parameters the observed trends in the
with some MMCT character mixed in. The energy of this band exchange coupling of known transition metal ion systems can
is lower than the values ok used above. This is consistent be rationalized. Reliable predictions of the magnetic properties
with the fact that LMCT transitions are known to occur at lower can be made for new compounds.

energies upon dimer formation compared to the corresponding
energy for the mononuclear fragmefhig# 5>

5.3. The Ferromagnetic Contributions toJ. Terms of type
Ji are absent when no ligand orbitabr linear combination of  Appendix
ligand orbitals simultaneously has overlaps with half-filled . . . o .
orbitals on the paramagnetic centers A and B. Similarly the [N this appendix we present the configuration interaction
terms J are absent when halffilled orbitals on the two matnxgs which are used in sections 4.1, 4.2, 4.3, and 4.4. We
paramagnetic centers are orthogonal by symnfétjin these ~ @lso give the differenc&(1) — E(0) between the energy of
situations the termg andJ;; or true potential exchange, which |0W€_5t t_r|plet E(1) and singletE(0) state of the dimer after
we have neglected here, become important. application of fpurth-order perturpatlon thecty. . .

The fact thayJi| is an order of magnitude bigger thad | Al. & Half-Filled and b; HaIf-F|II_ed. The basis fl_mct_lons
immediately tells us which transition metal electron configura- [NOwheren refers to the numbers in parentheses in Figure 1
tions can possibly show strong net ferromagnetic interaction. Were generated by using the following coupling schemes, see
We designate the d electron configuration of the metals A and €9 15:
B as da and d'%, respectively, witiNy andNg being the total 1 111
number of d electrons. Ky > 5 andNg > 5 (or vice versa) |10 (a1)§® (1H0® (bl)E é}o
and both centers have the high-spin electron configuration, then
Jii is the only ferromagnetic term that can occur. This will, 1 , W1
according to our model, lead to small ferromagnefi¢ |20 (a )E ®1(190® (b )E 2}1
contributions toJ as exemplified above with the nearest-
neighbor interaction in NiO, see also eq 32. If, on the other
hand,Na < 5 andNg < 5 (or vice versa) and both centers have
the high-spin electron configuration, thek are the only
ferromagnetic terms present. This was exemplified with the high 2 nl 11
I/Uet ratio occurring wherd; is the ferromagnetic contribution 40 {(a)O ®|d )2 ® (b )2 1}1
to J.

For dimers in which either or both of the constituting metals |5 {(al)l ® 19t ® (b)0 1-}0
have the low-spin electron configuration, both types of ferro- 2 2 2
magnetic terms); and J; can be present. We conclude that 1 1 1
dimers containing transition metals from the first half of the |6 {(al)— ® [(1HZ ® (b9)0 —}1
transition series will exhibit ferromagnetic interaction more 2 2
frequently than dimers with metals from the second half of the
transition series. A similar conclusion, based on other principles, 7t {(a2)0 ® (|2)0}0
however, was reached in ref 45, see section 5.1 of the presenﬁ
paper.

In summary, we have derived expressions for the contribu- > 2
tions to the HDvVJ value using a valence bond configuration 191 {(@)0® (b)0}0
interaction model. Insight into the superexchange mechanismsThe S= 0 configuration interaction matrix has the following
is obtained using perturbation theory to fourth order. An form:
important point is the inclusion of the double LMCT configura-
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tions in the valence bond configuration interaction model. In 1y [3) By 7y 18 19)
cases i and ii it is possible to perform a double electron transfer 0 —ve -V 0 0 0
. . . . B A
from the ligand orbital tdboth paramagnetic centers without
violating the Pauli principle. As a result, the parameltkf Vs Ap 0 VL 0 VRV
appearing in the old formalism for cases i and ii is strongly Vi 0 Aqx 0 V2V V2V (43)
reduced fromU due to mixing between ground and double 0 VaVi 0 Us 0 0
LMCT configurations. In cases iii and iv this mixing is not 0 0 Vave o U 0
possible due to the absence of double LMCT configurations B 4
involving both paramagnetic centers. 0 V2Va V2V 0 0 Aus

It is now possible to express the magnitude of all four _ _ ) _
contributionsJ;, Ji, Jii, andJy to J in terms of the number of ~ The S= 1 configuration matrix has the following form:

(54) Kahn, O.; Briat, BJ. Chem. Soc., Faraday Trans.1®76 72, 268. [2) ]4) [6)

(55) Schugar, H. J.; Hubbard, A. T.; Anson, F. C.; Gray, HJBAm.
Chem. Soc1969 90, 71. Reem, R. C.; McCormick, J. M.; Richardson, 0 Vg —Viu m
D. E.; Devlin, F. J.; Stephens, P. J.; Musselman, R. L.; Solomon, E. Vi A 0 (49)
I. J. Am. Chem. S0d.989 111, 4688. 5 4B

(56) Kahn, O.; Galy, J.; Journaux, Y.; Jaud, J.; Morgenstern-Badarau, I. Vi 0 Aa

Am. Chem. Sodl982 104, 2165.
(57) Mallah, T.; Auberger, C.; Verdaguer, M.; Veillet, . Chem. Soc., ) )
Chem. Commuril995 61. To fourth order in perturbation theory we have



Superexchange in Magnetic Insulators
E(1) - EQ0)=

2
V2 V2
A BAEUB

2
AU,

2
AéAAB

2
2
TAVYAWN

4
AAABAAB

(45)

A2. g Half-Filled and bj Empty. The basis functiongnC]
wheren refers to the numbers in parentheses in Figure 3 were
generated by use of the following coupling schemes, see eq
15:

110 {(ai)% ®[190® (b %]%} 1

1203 {(a})% ®[190® (b %]%}o

1300 {(a})% ® (|1)% ® (b bY)1 :—;} 2
1,1 nl 1,.1,4]3

|40 {(a1)2® (%5 ® (b} b1 2}1

150 {(a}%@ (|1)%® (bt bd)1 %}1

1601 {(a}%@ (|})%® (b bY)1 %}o

700 {(a}%@ (|1)%® (b bY)1 %}1

180 {(a})% ® (|1)% ® (b bY)1 %} 0

90 (@0 6l

11003 {(a})% ® (b bg)%}o

11109 {(aﬁ)o ® [(Il)% ® (b})%] 1} 1

11200 {(ai)o ® [(H)% ® (b})%] 1}0

1130 {(@)0® (bl b)1}1

11401 {(&)0® (b; b)0}0

11500 {(1H0® (b b)) 1}1

1601 {[(1)0® (by b;)0}0

The S= 0 matrix has the following form:

2) 16) (8) [10) 12) [14) [16)

0 -/ A 0 -V 0 0
-/3Ve  Ap 0 —/vs o0 0 0
/e 0 Ap+20p —/FVs 0 V2V, VaVa (46)
0 /e -/ Am 0 0 0
-Va 0 0 0 Ay Va 0
0 0 V2Vp 0 Vg App+2Ip 0
0 0 V2Vp 0 0 0 U +2Ig

The S= 1 matrix has the following form:
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1) [4) 15) 7) 9) 1) 13) 15)

0 0 /e —ive 0 Va0 0
0 Ag 0 0 0 0 Viva iva
~\/§VB 0 Ap 0 _\/EVB 0 ‘\/?VA *\/%VA
AZE 0 Ag+2p Ve 0 0 0 (47)
0 0 =3V Ve dm 0 0 0
—Va 0 0 0 0 Ay Vs 0
0 —Viu =T 0 0 -V A O
0 /4 -/ 0 0 0 0 U
To fourth order in perturbation theory we have
E(1) — E(0) = —VA V3 21 - 12
AgU  (Ag + 215)7(U + 2Ip)
2 _ 2 i 1
AplagAa  (Ag + 2)(Apg + 2Ig)A, AEAAB
1 -1 (48)
(AB + 2|B) (AAB + 2|B) AAAAB AA(AAB + 2|B)

A3. g Full and b; Half-Filled. The basis function;i\Cwhere
n refers to the numbers in parentheses in Figure 4 were generated
by use of the following coupling schemes, see eq 15.

10 @)@ [oe b0
20 e GLEYCF E
30 {@az8 50 GHofjo
a0 @ e e [hye mdd)
|50 {(ar &)0® [(1%)0 ® (b})0]0} 0
[5 {(@&)1®[(1%)0® (b})0]1} 1

The S= 0 matrix has the following form:

[ 13 1[5
0 -Va 0 (49)
-V A Va
0 Vi U+2l,4
The S= 1 matrix has the following form:
2) 14 6
0 -Vg 0 (50)
Ve A V4
0 Vi U
To fourth order in perturbation theory we have
VaVe[1 1
B~ EO)=- KK[U U+ 2|A] (1)

A4. g Full and b; Empty. The basis functiongnCiwheren
refers to the numbers in parentheses in Figure 5 were generated
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by use of the following coupling schemes, see eq 15.
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{(al &)0® [(1%0® (b; b)0]0} 0
{(a &)o@ [(1)0® (b} b)1]1}1
{(a &)1®[(1%0® (b; b)0]0} 1
{(a &)1®[(1)0® (b; b)1]1}0
{(al &)1®[(1H0® (b; b)1]1}1
{(a &)1®[(1H0® (b; b)1]1}2

Weihe et al.

ke 0 matrix has the following form:

1) 3) 15) 9) [11) [14)

0 /e -3V 0 0 0
/e Ap+2ls 0 -1V —Va 0
_\/gvg 0 Ag v\/gVB 0 vy | (52)

0 -2 —/iVe  Am 0 0

0 —Va 0 0 U+2[4+2Ig 0

0 0 Va 0 0 U

The S= 1 matrix has the following form:

2) [4) 16) 7) [10) [12) [13) [15)

0 v —fAvs 0 0 0 0 0
~iVs Ap+205 0 o -/ivs 0 Va 0
-ive 0 Ag o A Jiva 0 v,
0 0 0 Ap o a0 S| 69)
0 /e —iVe 0 Apy 0 0 0
0 0 ViVa —/Zva 0 U424 0 0
0 Va 0 0 0 0 U+2s 0
0 0 VEa a0 0 0 U

To fourth order in perturbation theory we have

1

E(1) — E(Q0) = Y, V2 V3| +—— +
(1) = E(0) = "/,V5 Vg AZU
1 B 1 B
(Ag + 210)%(U + 21, + 215)  AS(U + 21,)

1
(Ag + 213U + 215)

(54)
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