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Valence delocalization in the [Cu3
7+] trimer is considered in the model of the double-exchange coupling, in which

full delocalization corresponds to the migration of the single dhx2-y2 hole and relatively strong isotropic double-
exchange coupling. Strong double exchange results in the pairing of the individual spins in the delocalized trimer
even at room temperature. The model explains the delocalized singlet 1A1 ground state in the planar Cu3(µ3-O)
core by strong double exchange with positive double-exchange parameter t0, whereas the delocalized triplet ground
state of the [Cu3

7+] trimer, which was observed in the Cu3(µ3-S)2 cluster, may be explained by the double exchange
with relatively weak positive t0: 0 < t0 < 2J (degenerate 3E ground state) or negative t0 (triplet 3A2 ground state).
An analysis of the splitting of the delocalized degenerate 3E term requires inclusion of the antisymmetric double-
exchange interaction, which takes into account the spin−orbit coupling in the double-exchange model. The cluster
parameter KZ of the antisymmetric double-exchange coupling is proportional to t0 and anisotropy of the g factor
∆g|[Cu(II)], KZ , t0. Antisymmetric double exchange is relatively large in the [Cu3

7+] cluster with the dx2-y2 magnetic
orbitals lying in the Cu3 plane [Cu3(µ3-O) core], whereas for the dx2-y2 magnetic orbitals lying in the plane perpendicular
to Cu3, antisymmetric double-exchange coupling is weak [Cu3(µ3-S)2 cluster]. The antisymmetric double-exchange
coupling results in the linear zero-field splitting ∆K ) 2x3KZ (∼t0) of the delocalized degenerate 3E term that
leads to strong anisotropy of the Zeeman splittings in the external magnetic field and a complex electron paramagnetic
resonance (EPR) spectrum. The delocalized model of hyperfine interaction explains the hyperfine structure [10
hyperfine lines with the relative intensities 1:3:6:10:12:12:10:6:3:1 and the interval a/3] of the EPR transitions in the
triplet states that was observed in the EPR spectra of the Cu3(µ3-S)2 cluster.

1. Introduction

Polynuclear clusters of Cu ions have attracted significant
interest as active centers in several copper proteins, their
synthetic models,1,2 and models of molecular magnetism.3

The mixed-valence (MV) [Cu2(II)Cu(III)] clusters4-8 repre-
sent the trigonal Cu3 systems with a diamagnetic Cu(III) ion.

The localized [Cu2(II)Cu(III)] cluster in the [Cu2(II)Cu(III)( µ-
O)2]3+ core4,5,8apossesses the triplet ground stateSgr ) 1, J
) 7 cm-1, andH0 ) -2Js1s2.5 The synthesis and magnetic
properties of the valence-delocalized [Cu3

7+] clusters were
recently described.6,7 The hyperfine structure (10 hyperfine
patterns) of the electron paramagnetic resonance (EPR)
spectra at room temperature and at 10 K demonstrates the
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valence delocalization among all three Cu centers of the
triangle and a fully delocalizedS ) 1 ground state for the
[Cu3

7+] cluster of the [Cu2(II)Cu(III)( µ-S)2]3+ core.6 The
orbitally degenerate3E term is the ground state of the
valence-delocalized [Cu3

7+] cluster in the trigonal-bipyra-
midal centers.5,6 The valence-delocalized [Cu3

7+] cluster in
the planar Cu3(µ3-O) core7 is characterized by the orbital
singlet 1A1 ground state.7 The energy spectrum of the
valence-delocalized [Cu3

7+] cluster was considered (see the
Supporting Information of ref 6) in the Heisenberg model
with strong ferromagnetic exchange. The influence of the
valence delocalization on the spectrum of the valence-
delocalized [Cu37+] clusters and the origin of the splittings
of the delocalized degenerate3E triplet were not considered.

In the valence-delocalized MV dimers, the migration of
the extra d electron results in the Anderson-Hasegawa
double-exchange splitting9

whereB ) t0/(2s0 + 1) is the double-exchange parameter10-12

and t0 the electron-transfer (ET) parameter. The double-
exchange model is widely used for consideration of the
valence-delocalized [Fe2.5+Fe2.5+] dimers in synthetic10-25 and

native26 systems. Strong double-exchange coupling (B )
800-1400 cm-1) was found in compounds with the MV class
III 30 fully delocalized [Fe2.5+Fe2.5+] dimers.14-20 The double-
exchange parameterB and Heisenberg exchange parameter
J for the valence-delocalized [Fe2.5+Fe2.5+] dimers were
calculated in the broken-symmetry density functional theory
model.11,15,19c,22,23In trimeric MV [Fe3S4] and tetrameric MV
[Fe4S4] centers of ferredoxins, enzymes, and synthetic model
systems,10-12,27-29 the valence delocalization is associated
with double exchange within one [Fe2.5+Fe2.5+] pair.

The double-exchange model of trimeric [dndndn(1]
clusters31-39 with delocalization of the extra electron over
all three ions shows that the double exchange in the MV
trimers cannot be explained by the Anderson-Hasegawa
equation (1). The theory of the double-exchange parameters
in tetramers and more complicated clusters was developed.34a

The double-exchange model for the valence-delocalized
[Cu3

7+] cluster was not considered.
The degeneracy and the origin of the zero-field splitting

(ZFS) of the valence-delocalized3E state are of interest for
the trigonal valence-delocalized [Cu3

7+] clusters because this
splitting determines the EPR spectra and hyperfine structure.

Magnetic properties of the monovalent [Cu3(II)]
clusters13,40-55 were described in the Heisenberg exchange
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model, taking into account the Dzialoshinsky-Moriya56,57

(D-M) antisymmetric exchange interactionHDM ) ∑Gij
Z[si

× sj]Z, which splits linearly the ground spin-frustrated2E
state of trigonal monovalent [Cu3(II)] clusters.13,42-47,53-55

Strong D-M antisymmetric exchange was found recently
in the monovalent [Cu3(II)] clusters,53-55 GZ ) 28-47 cm-1.
Is the D-M antisymmetric exchange interactionHDM also
active in the splitting of the delocalized degenerate3E term
of the valence-delocalized [Cu3

7+] cluster?

The aim of the paper is to consider the isotropic double-
exchange model and energy spectrum of the trigonal valence-
delocalized [Cu37+] clusters, the origin of the ZFS of the

delocalized degenerate3E term, in particular, the role of the
antisymmetric double exchange in ZFS, and the splittings
in magnetic field and hyperfine structure of the EPR spectra.

2. Model of Isotropic Double Exchange for the
Valence-Delocalized [Cu37+] Cluster

The [Cu3
7+] clusters6,7 are the first examples of the trigonal

trimers with full delocalization over all Cu sites (MV class
III 30). The three equivalent states|i* 〉 of the localization of
the Cu(III) ion in thei apex of the Cu3 triangle are shown
schematically in Figure 1 for the trigonal cluster,i ) a, b, c.
The localized MV cluster includes two paramagnetic Cu(II)
d9 ions (solid circles) coupled by ferromagnetic5 Heisenberg
exchange,Jij ) 7 cm-1 5 (Figure 1, solid lines). The Cu(III)
site is diamagnetic5-7 (low spin) because of the square-planar
coordination5-7 and strong ligand field.58-60 The absence of
the Heisenberg exchange interaction between the two
paramagnetic Cu(II) ions and the diamagnetic low-spin
Cu(III) ion (empty circles) is shown schematically by the
dashed lines in Figure 1. The ground state of the low-spin
Cu(III) d8 ion is described by the spin singlet function61

[b2g
2e4a1g

2] ) [(dxy)2(dxz,yz)2(dz
2)2].

In the d-hole approach58 for the [Cua(III)Cu2(II)] localized
cluster, the two paramagnetic Cu(II) ions are described by
the dx2-y2 holes, dx2-y2, mi ) 1/2 ) Vi, dx2-y2, mi ) -1/2 ) Vji

(dx2-y2 ) V58,59). The singlet wave function of the Cua(III)
ion may be represented by the two paired dx2-y2 holesøj

0 )
|VjVjj|, øj

0 ) øj(sj ) 0, mj ) 0), [(vV)j in Figure 1]. The
localized [Cu2(II)Cu(III)] system is represented schematically
(Figure 1) as the three dx2-y2 (m ) 1/2) holes (v) in the apexes
of the triangle with localization of the fourth dhx2-y2 hole (m
) -1/2, V) at the unique Cu,5 giving a low-spin Cu(III) site,
s0[Cu(III)] ) 0. The localized cluster triplet and singlet spin-
wave functionsΦa*(S,M) may be represented in the form of
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Figure 1. Three schemes of the localizations of the low-spin diamagnetic
Cu(III) ion in the [Cu2(II)Cu(III)] cluster and the d hole transfer (see the
text).
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the Slater determinants

Φb*(S,M) andΦc*(S,M) are obtained by the cyclic permuta-
tion of the a, b, and c indexes. The Heisenberg energies are
the same in the three localizations becauseJij ) J, H0 )
-2J∑ij)ab,bc,acsisj, E0(0) ) 0, andE0(1) ) -2J.

In the double-exchange model for the MV trimers,32 the
valence delocalization (or migration of the Cu(III) site over
all three centers) is described by the spin-dependent transfer
of one dhx2-y2 hole (Figure 1) or resonance interaction between
the three equivalent localized states. The spin-dependent ET
interaction between the|R* 〉 and |â* 〉 states of localization
is described by eq 3,Râ ) ab, bc, ca,

where

is the ETσ-type integral,VRâ, is the intercenter electron-
electron interaction [of the direct Coulomb or indirect (trough
ligands) type]. The double-exchange parameter12 B ) t0/(2s0

+ 1) isB ) t0 for the formally MV [Cu(II)Cu(III)] pair with
s0[Cu(III)] ) 0. The spin-dependent dhx2-y2 hole transfer
between the cluster states of different localizations is shown
schematically in Figure 1. The double-exchange coupling,
which leads to full delocalization of the extra dhx2-y2 hole over
all three Cu centers, is stronger than the interactions that
result in localization of the dhx2-y2 hole at the center Cu(III).

For the delocalized [Cu37+] cluster, the effective Hamil-
tonian of the isotropic double-exchange interaction has the
form (Râ ) ab, bc, ac)

whereTRâ is the double-exchange operator for theRâ pair
of the trimer, which describes the hole transfer (eq 3).

In the valence-delocalized [Cu3
7+] system, the double

exchange and Heisenberg exchange (HtJ ) HDE
0 + H0) form

the energy spectrum

wheret ) tab ) tbc ) tac ) tV for the trigonal system. The
double-exchange interaction (migration of the d hole) forms
the delocalized trigonal states3A2, 3E, 1A1, and 1E of the
trigonal group of symmetry of the valence-delocalized

[Cu3
7+] cluster from the localizedS ) 1 and 0 states. The

spectrum (5) differs in the sign oft from the spectrum of
the delocalized MV [Cu2(II)Cu(I)] cluster32,64(the dhx2-y2 hole
transfer witht ) tV corresponds to the dx2-y2 ET with t )
-tV).

The spin functions that diagonalize the double-exchange
coupling in the considered [Cu3

7+] system have the form

The spectrum and ground state of the valence-delocalized
[Cu3

7+] clusters depend on the sign and magnitude of the
double-exchange (ET) parametert and Heisenberg exchange
parameterJ (Figure 2). In the case of a strong double-
exchange couplingt . J, wheret > 0, the cluster ground
state is the delocalized spin singlet1A1 (Figure 2). The
delocalized singlet1A1 ground state of the double-exchange
model (5) confirms the conclusion7 that the ground state of
the valence-delocalized [Cu3

7+] cluster in the planar Cu3-
(µ3-O) core7 is antiferromagnetic delocalized singlet1A1. In
the molecular orbital calculations,7 D3h symmetry of the
planar Cu3(µ3-O) core generates linear combinations (of the
a′1 and e′ symmetries) of Cu dx2-y2 orbitals, which lie in the
Cu3 plane.7 The splitting in the Cu dx2-y2 manifold with the
1A1 ground state is 1.85 eV for this system.7 The total double-
exchange splitting between the1E and1A1 terms is∆[1E,1A1]
) 3t in the model (5). One can roughly estimate the value
of the double-exchange parametert ≈ 5000 cm-1. The

(62) Kanamori, J. InMagnetism; Rado, G. T., Suhl, H., Eds.; Academic
Press: New York, 1963; Vol. 1, p 127.

(63) Belinsky, M. I.Chem. Phys. 2003, 288, 137.
(64) Belinsky, M. I.Chem. Phys. 2003, 291, 1.

Φa*(S)1,M)1) ) |VaVjaVbVc|

Φa*(0,0)) 1/x2(|VaVjaVbVjc| - |VaVjaVjbVc|) (2)

〈ΦR*(S)1) |VRâ|Φâ*(S)1)〉 ) tV

〈ΦR*(0) |VRâ|Φâ*(0)〉 ) -tV (3)

tV ) 〈VR||Vâ〉 ) 〈dx2-y2
R||dx2-y2

â〉

HDE
0 ) ∑

Râ

TRâtV (4)

〈ΦR*(1) |TRâ|Φâ*(1)〉 ) 1

〈ΦR*(0) |TRâ|Φâ*(0)〉 ) -1

E(1A1) ) -2t, E(1E) ) t

E(3A2) ) 2t - 2J, E(3E) ) -t - 2J (5)

Figure 2. Dependence of the energy (E/J) of the delocalized levels of the
valence-delocalized [Cu3

7+] cluster on the double exchange (t/J parameter,
whereJ > 0).

Φ(3A2) ) 1/x3[Φa*(1) + Φb*(1) + Φc*(1)],

Φ(1A1) ) 1/x3[Φa*(S)0) + Φb*(0) + Φc*(0)],

Φ(2S+1Ex) ) 1/x6[2Φa*(S) - Φb*(S) - Φc*(S)],

Φ(2S+1Ey) ) 1/x2[Φb*(S) - Φc*(S)],

Φ ([2S+1E(M)] ) 1/x2{Φ[2S+1Ex(M)] ( iΦ[2S+1Ey(M)]}
(6)
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double-exchange parameter in the valence-delocalized [Fe2.5+-
Fe2.5+] clusters14,15 is B ) 1350 cm-1 and tu ) 6750 cm-1.

The model of the valence-delocalized [Cu3
7+] cluster with

the singlet1A1 ground state7 cannot explain the triplet (Sgr

) 1) ground state, which was observed experimentally for
the valence-delocalized [Cu3

7+] cluster of the trigonal-
bipyramidal Cu3(µ3-S)2 core.6 The double-exchange model
(5) results in a triplet spin ground state in the two cases
(Figure 2).

(I) In the case of the relatively weak positive double-
exchange coupling 0< t < 2J, the ground state of the system
is an orbitally degenerate delocalized3E term (Figure 2).
The delocalized triplet3A2 excited state is separated by the
double-exchange interval∆[3A2,3E] ) 3t (eq 5). The mo-
lecular orbital calculations of Solomon and co-workers5 for
the [Cu3

7+] cluster in the trigonal-bipyramidal Cu3(µ3-O)2
core result in an orbitally degenerate triplet3E ground state.
The splitting within the Cu dx2-y2 manifold is relatively small5

(∼0.5 eV). Jahn-Teller distortion5,8a leads to localization
of the valence electron in the Cu3(µ3-O)2 cluster with anS
) 1 ground state because the vibronic stabilization energy
in this cluster is larger than the electronic delocalization
energy.5 For the Cu3(µ3-S)2 cluster, the ground state is a fully
delocalized (e′′)2 triplet state6 and the Heisenberg singlet-
triplet interval was estimated6 asEHS - ELS ) -J, whereJ
) 523 cm-1.

The authors6 suggested that the two valence electrons are
unpaired and fully delocalized at room temperature in the
Cu3(µ3-S)2 cluster. In the double-exchange model (5) (Figure
2), valence delocalization in the [Cu3

7+] cluster corresponds
to full delocalization of one dhx2-y2 hole. If the extra dhx2-y2

hole (Figure 1) is fully delocalized over the three Cu centers
at room temperature, relatively strong double-exchange
coupling occurs in the system. In the valence-delocalized
[Cu3

7+] clusters, the electronic delocalization energy (double-
exchange coupling) is larger than the vibronic stabilization
energy,t0 > Vvibr. In the valence-delocalized trimer, strong
double-exchange coupling results in the pairing of the
individual spins at room temperature (S ) 1 andS ) 0; eq
5 and Figure 2) even in the case of weak (or zero) Heisenberg
exchangeJ , t.

In the case 0< t < 2J (Figure 2), the interval∆[3A2,3E]
) 3t may be on the order of 300-400 cm-1 and the
delocalized3A2 excited-state level (magnetic momentµ )
2.8 µB) may be thermally populated at room temperature.
The EPR spectrum of the delocalized3A2 term with the 10-
line hyperfine structure (see section 6) may be observed at
room temperature. In this model, the EPR spectrum of the
valence-delocalized3E ground-state term may be observed
at low temperature.

(II) Double-exchange coupling with the negative ET
parametert < 0 leads to the valence-delocalized3A2 ground
state (Figure 2). This valence-delocalized3A2 state is an
orbitally nondegenerate triplet without a Jahn-Teller insta-
bility. In the case-J < t < 0, the first excited state is the
valence-delocalized3E term (Figure 2). In the case of the
strong double exchange|t| . J, only the lowest delocalized
3A2 state is thermally populated at room temperature. The

negative double-exchange parametert can be realized in the
MV trimers because the value and sign oft depend on the
angle of overlap of the d orbitals in the trimers.33a

The isotropic double-exchange splittings for the slightly
distorted [Cu37+] trimer with nonequivalent ET parameters
tab ) tac * tbc are represented in eq 1A of Appendix A.

3. Antisymmetric Double-Exchange Splitting and ZFS
of the Delocalized Degenerate3E Term

The delocalized degenerate3E term is the triplet ground
state in the valence-delocalized [Cu3

7+] centers of the
bipyramidal clusters.5,6 In the clusters with the delocalized
1A1 (and 3A2) ground state, the degenerate3E term is the
first EPR-detectable excited state (Figure 2). The splitting
of this 3E term determines the EPR spectra. In a symmetrical
(tij ) t) delocalized [Cu37+] cluster, the degeneracy of the
delocalized3E term cannot be lifted by the electron-electron
coupling. In the trigonal cluster, the ZFS of the triplet levels
is described by the standard trigonal ZFS Hamiltonian60

The axial ZFS parameterDS)1 is formed by the anisotropic
exchange62 between the Cu(II) ions.55a,c The ZFS operator
HZFS

0 lifts only partially the degeneracy of the3E term
(Figure 3a).

For consideration of the splitting of the delocalized
degenerate3E term, it is necessary to go beyond the
framework of the isotropic double-exchange modelHDE

0

and include the antisymmetric double-exchange coupling.63-67

This interion coupling in the MV systems is the result of
taking into account the spin-orbit coupling (SOC) in the
Anderson-Hasegawa9 isotropic double-exchange model in
second-order perturbation theory.

The antisymmetric double exchange in trimeric clusters
of high-spin ions was considered in ref 64. We will use the
results64 for the valence-delocalized trimeric [Cu3

7+] cluster

(65) (a) Belinsky, M. I. Phys. Status Solidi A2004, 201, 3293. (b) Belinsky,
M. I. J. Magn. Magn. Mater. 2004, 272-276, e775.

(66) Belinsky, M. I. Chem. Phys. 2006, 325, 313, 326.
(67) Belinsky, M. I.Chem. Phys. 2004, 308, 27.

Figure 3. (a) Standard trigonal ZFS (HZFS
0 ; eq 7) of the degenerate3E

term. (b) Linear ZFS of the delocalized degenerate3E term of the valence-
delocalized [Cu37+] cluster induced by the antisymmetric double-exchange
coupling (eq 12).

HZFS
0 ) D1[Sz

2 - S(S+ 1)/3] (7)
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with the low-spin Cu(III) ion. The effective Hamiltonian of
the antisymmetric double-exchange coupling for the valence-
delocalized trimeric [Cu37+] cluster has the form

whereTRâ is the isotropic double-exchange operators (eq 4)
and Râ ) ab, bc, ca is the cyclic condition for the pair
indexes. The Hamiltonian of the spin-flop hopping in the
form of annihilation and creation operators was consid-
ered57,68,69for the D-M exchange and for hole transfer68a in
the hole-doped La2CuO4.

Only KRâ
Z components of the vector coefficients (8) of

the antisymmetric (KRâ ) -KâR) double-exchange interaction
in the pairs of the trimer contribute to the cluster parameter

KX ) KY ) 0. The pair parametersKRâ
Z of the MV trimer

(Râ ) ab, bc, ca)

depend on (1) the double-exchange (ET) coupling between
the dx2-y2 ()V) ground state of the CuR ion and the dxy ()ú)
excited state on the neighboring Cuâ center of the trimer and
(2) the SOC admixture of the dxy excited state to the dx2-y2

ground state. In the SOC admixture parameterγú )
λ/∆(dx2-y2,dxy), λ is the SOC constant for the Cu(II) d9 ion
and∆(dx2-y2,dxy) is the interval between the dx2-y2 ground and
dxy excited states.58

The antisymmetric double-exchange couplingH1 leads to
the dependence of the double exchange on the projectionM
of S and the mixing of the sates with different total spins:

H̃DE ) HDE + H1 andM ) ((1, 0). Using eqs 11, 6, and 7,
one obtains the splitting of the delocalized degenerate3E
term, which is induced by the antisymmetric double exchange

The antisymmetric double exchangeH1 results in the linear
∆K ) 2x3KZ splitting of the delocalized degenerate3E term

represented in Figure 3b (KZ > D1, whereD1 > 0). The
antisymmetric double-exchange couplingH1 results in the
splitting of the valence-delocalized degenerate2S+1E states
in the delocalized MV trimers.64

In the framework of the effective Hamiltonian58-60 method
for individual d ions, the linear SOC of the orbital momentum
of the trigonal3E term and total spinS is described by the
effective Hamiltonian59

whereT(A2) is the orbital operator59 [in the (u+u-) bases of
the orbital E doublet], which coincides with the matrix of
the operatorLZ. Heff (eq 13) results in the splitting of the3E
term:

A comparison of eqs 12 and 14 shows that the Hamiltonian
H1 of the antisymmetric double exchange is the operator of
the linear SOC between the total cluster spinSand the cluster
orbital momentum formed by the migrating d hole in the
delocalized [Cu37+] trimer and oriented along the trigonal
(Z) cluster axis,∆ ) x3KZ.

H1 mixes the isotropic double-exchange states with dif-
ferent spinsS:

The splitting of the valence-delocalized3E term in a
distorted [Cu37+] trimer with the nonequivalent ET param-
eters tab ) tac * tbc is represented in eqs 2A and 3A of
Appendix A.

4. Orbital Origin of Antisymmetric Double Exchange
in the [Cu3

7+] Cluster

Antisymmetric double-exchange interaction originates
from the combined effect of the SOC admixture of the
excited states to the ground state of the Cu(II) ion and ET
between the excited and ground states of the neighboring
ions.63-66 In the localized clusters [Cu2(II)Cu(III)] loc, the local
crystal field forms orbitally nondegenerate ground state dx2-y2

) V of the Cu(II) ion.6,7 SOC admixes the excited state dxy

) ú to the ground state dx2-y2:58,59 V((1/2) ) V0((1/2) (
iγúú((1/2). In the |R* 〉 localization, it corresponds to an
admixture of the excited-state clusterΦ′R* to the ground
stateΦR*

0 : ΦR* ) ΦR*
0 + iγúΦ′R*. For the double-exchange

matrix elements〈ΦR*||Φâ*〉 ) 〈ΦR*
0 ||Φâ*

0 〉 + iγú[〈ΦR*
0 ||Φ′â*〉

- 〈Φ′R*||Φâ*
0 〉], the standard isotropic double exchange (eq

11) describes the migration of the extra d hole between the
neighboring MV Cu ions in the dx2-y2 ground state (the first
term in the right part). This strong isotropic double exchange
(the parametert0) is accompanied by the antisymmetric
double exchange (the second term) due to the SOC admixture

(68) (a) Koshibae, W.; Ohta, Y.; Maekawa, S.Phys. ReV. B 1993, 47, 3391.
(b) Koshibae, W.; Ohta, Y.; Maekawa, S.Phys. ReV. B 1994, 50, 3767.
(c) Bonesteel, N. E.; Rice, T. M.; Zhang, F. C.Phys. ReV. Lett.1992,
68, 2684.

(69) (a) Shekhtman, L.; Entin-Wohlman, O.; Aharony, A.Phys. ReV. Lett.
1992, 69, 836. (b) Shekhtman, L.; Aharony, A.; Entin-Wohlman, O.
Phys. ReV. B 1993, 47, 174.

Heff ) ∆T(A2) SZ; T(A2) ) [1 0
0 -1] (13)

ε[3E(((1)] ) -ε[3E-((1)] ) ∆; ε[3E((0)] ) 0 (14)

〈Φ[3E((1,0)]|H1|Φ[1E((0,0)]〉 ) -iKZ;

〈Φ[3A2(1,0)]||Φ[1A1(0,0)]〉 ) 2iKZ (15)

H1 ) i∑
Râ

{KRâ
Z [(SRZ - SâZ)TRâ + TRâ(SâZ - SRZ)]} (8)

KZ ) 1
3
(Kab

Z + Kbc
Z + Kca

Z ) (9)

KRâ
Z ) λ

∆(dx2-y2,dxy)
[〈dx2-y2

R |VRâ|dxy
â 〉 - 〈dxy

R ||dx2-y2
â 〉] )

γú[〈VR||úâ〉 - 〈úR||Vâ〉] (10)

〈ΦR*(1,M)|H̃DE|Φâ*(1,M)〉 ) tV - iKRâ
Z M;

〈ΦR*(0,0)|H̃DE|Φâ*(0,0)〉 ) -tV;

〈ΦR*(1,0)|H1|Φâ*(0,0)〉 ) iKRâ
Z (11)

E[3E((M)] ) -tV - 2J ( K′ZM + D1[(M
2 - 2)/3],

∆K ) E[3E(((1)] - E[3E--((1)] ) 2K′Z; K′Z ) x3KZ;

D1 ) 1
3
(Dab

1 + Dbc
1 + Dca

1 ) (12)
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of the excited state (dxy) and nonzero ET between theΦR*
0

ground andΦ′â* excited states.
Microscopic calculations result in an expression (10) for

the pair parameterKRâ
Z of the antisymmetric double-ex-

change coupling. Only a SOC admixture of the dxy excited
state determines theKRâ parameters. In theKRâ

Z coefficients,
the ET integrals〈VR||úâ〉 and〈úR||Vâ〉 of the coupling between
the dx2-y2

R orbital ground state of theR-Cu ion and the dxy
â

excited state of the neighboringâ-Cu ion may be considered64

with use of the approach to the local d functions, which was
used in the theory of the D-M antisymmetric exchange in
the monovalent dimers.57,68 The d-orbital functions inKRâ

Z

refer to the local Cartesian frame of each Cu ion in the trimer.
The local coordinate frames are noncollinear in the trimer
(Figure 4).

(1) For the cluster with the lobes of the ground-state
dx2-y2

R magnetic orbitals of individual ions lying in the plane
of the Cu3 triangle,7 the localxi axes are oriented along the
C2 axes, allzi local axes are parallel to the cluster trigonalZ
axis, andyi axes are in the plane of triangle (Figure 4). The
dx2-y2

R orbital transforms in the dx2-y2
â orbital by the 120°

rotation. The local 3d orbitals dx2-y2
R ) VR and dxy

R ) úR,
whereR ) a, b, and c (in their local coordinate system),
may be written in the clusterXYZcoordinate system (Figure
4) in the form

æ′A,B,C are the d functions in the clusterXYZ coordinate
system. The orbitals dx2-y2

R and dxz,yz
â of the neighboring ions

are orthogonal, which leads toKRâ
X ) KRâ

Y ) 0 andKX ) KY

) 0. Using eq 16, one obtains the nonzero ET integralstVú

between the ground dx2-y2
R (VR) and excited dxy

â (úâ) hole
states of the neighboring ions of the trimer in the cluster
XYZsystem

whereRâ ) ab, bc, and ca. Strong double-exchange coupling
(17) between theVR ground andúâ excited states of the
neighboring ions is determined by the geometry of the local
d functions in the trigonal trimer (16): the orbitals dx2-y2

R

and dxy
â of the neighboring ions are nonorthogonal in the

trimer.33a,55a,64

The isotropic double-exchange parameter for the ground-
to-ground state transfer of the dx2-y2 holes has the formt0 )
〈VR||Vâ〉 ) tVV ) (1/2)t′V in the cluster coordinate system,
wheret′V ) 〈V′i||V′j〉 is the double-exchange parameter of the
MV trimer in the cluster coordinate system,ij ) AB, BC,
CA, t′V ) t′ú ) 〈ú′i||ú′j〉 in the trigonal cluster,〈úR||úâ〉 )
(1/2)t′V. The parameters of the double exchange for ground-
to-excitedtVú and ground-to-groundtVV states are comparable
in magnitude and opposite in sign.

Using eqs 10 and 17, one obtains the componentsKRâ
Z of

the pair vector coefficients of the antisymmetric double-
exchange interaction in the MV trimer

tRâ ) x(tRâ
0 )2+(KRâ

Z )2. The correlation∆g|(Cu2+) ) -8λ/
∆ú

58,60 was used in eq 18 (γú ∼ -0.05;λ ) -700 cm-1 60).

The KRâ
Z components of the vector pairK Râ parameters

are directed perpendicular to theRâ side and parallel to the
clusterZ axis (Figure 4). The cluster vector parameter has
the form K ) (K ab + K bc + K ca)/3. The KX and KY

components (in the Cu3 plane) are equal to zero, which
determines the axial form of the HamiltonianH1 (eq 8). The
resulting clusterK parameter of the antisymmetric double
exchange

KX ) KY ) 0 is oriented along the trigonalZ axis (Figure
4). In the delocalized [Cu37+] trimer, the cluster coefficient
KZ of the antisymmetric double exchange is linearly pro-
portional to the ground-to-ground state double-exchange
parametert′V and the anisotropy of theg factor ∆g|(Cu2+).
Because∆g|x3/8 can be estimated as∼0.05-0.08,60 the
value of KZ may be relatively large,KZ ∼ (0.05-0.08)t′V.
The large magnitude ofKZ originates from the presence of
efficient ground-to-excited state double-exchange pathways
(tVú) for the cluster with the lobes of the ground dx2-y2

R

magnetic orbitals of individual ions lying in the plane of the
Cu3 triangle. At the same time, the antisymmetric double
exchange is small in comparison with the isotropic double-
exchange coupling,KZ , t′V. However, only antisymmetric
double exchange splits the delocalized degenerate3E term
and determines the magnetic anisotropy of the system.

Large positive ground-to-ground state double-exchange
parametert0 ) (1/2)t′V of the hole transfer corresponds to
the singlet1A1 ground state (Figure 2). The3E term is the
first excited state. This consideration does not take into
account the role of the ligands in the hole transfer.

Figure 4. Cluster parameterKZ of the antisymmetric double-exchange
couplingH1 of the valence-delocalized [Cu3

7+] trimer, KZ ) (Kab
Z + Kbc

Z +
Kca

Z )/3 (see the text).

Va ) V′A, úa ) ú′A; Vb ) - 1
2
(V′B + x3ú′B),

úb ) 1
2
(x3V′B - ú′B); Vc ) - 1

2
(V′C - x3ú′C),

úc ) - 1
2
(x3V′C - ú′C) (16)

〈dx2-y2
R ||dxy

â 〉 ) 〈VR||úâ〉 ) -〈úR||Vâ〉 ) -
x3
2

t′V (17)

Kab
Z ) Kbc

Z ) Kca
Z ) -t′Vγúx3 ) t′V∆g|x3/8 (18)

KZ ) 1
3
(Kab

Z + Kbc
Z + Kca

Z ) ) t′V∆g|x3/8 (19)

Belinsky

9102 Inorganic Chemistry, Vol. 45, No. 22, 2006



(2) The antisymmetric double exchange essentially de-
pends on the orientation of the local d orbitals. In the case
of the Cu3 cluster with the lobes of the ground dx2-y2

R

magnetic orbitals of individual ions lying in the plane (xRyR)
perpendicular to the Cu3 triangle,xi||C2, all yi local axes are
parallel to the cluster trigonalZ axis and allzi axes lie in the
plane of the triangle.5 In this case, the cluster parameterKZ

depends linearly on the double-exchange parameters (t′V -
2t′ê), coefficientγú, and small angleϑ of deformation,KX )
KY ) 0. (The planes (xRyR) of the lobes of the dx2-y2

R

magnetic orbitals of each individual ion are slightly tilted
on the angleϑ(,1) around thexR axes.) The sign ofKZ in
eq 20 depends on the relationship between the double-
exchange parameterst′V andt′ê. The estimate leads toKZ ≈ 1
cm-1 for the parameterstVV ) 500 cm-1, t′V . t′ê, ∆g| )
0.2,60 andϑ ) 0.1. The linear ZFS (∼KZ) of the valence-
delocalized3E term of the antisymmetric double-exchange
origin is ∆K ≈ 3 cm-1 in this case. In the considered case,
the value of the ground-to-ground state isotropic double-
exchange parametert0 [tVV ) (t′V - 6t′u)/8] may be relatively
small and positive, which results in the3E ground state for
0 < t0 < 2J (Figure 2), or negative, which results in the3A2

ground state.
In the case when the lobes of the Cu dxy orbitals point at

the ligands O and N in the bipyramidal [Cu3
7+] cluster,5 the

KZ parameter has the form in eq 20,KZ ) 0 for ϑ ) 0. The
value of the ground-to-ground state double-exchange pa-
rameter for the hole transfer ist′ê/2; the ground state may be
the delocalized3E term.

5. Comparison of the Antisymmetric Double Exchange
with the D-M Exchange

The D-M antisymmetric exchange couplingHDM plays
the central role in the splitting of the spin-frustrated2E
ground state of the [Cu3(II)] clusters.42-47,53-55 The action
of the D-M exchange in the valence-delocalized [Cu3

7+]
cluster is different: The antisymmetric D-M exchange
HDM

0 ) Glm
Z [sbl × sbm]Z is active in the localized states

(Cu2(II) dimer; Figure 1) and results in the standard mixing
of the levels withS ) 0 and 1: 〈Φk*(1,0)|HDM|Φk*(0,0)〉 )
-iGlm

Z /2. For the valence-delocalized cluster, the Hamilto-
nian of the antisymmetric D-M exchange has the form (lm
) ab, bc, ca)

The antisymmetric D-M exchangeHDM (eq 21) does not
result in the linear splitting of the valence-delocalized3E
term (because the D-M exchange is not active in the triplet
state).

The D-M exchange contributes to the mixing (Hmix )
H1 + HDM) of the valence-delocalized states64 with different
total spinsSand axial parametersDeff(3Γ) of the ZFS splitting
(7) of the triplet states:

The microscopic theory of the D-M exchange was
developed by Moriya,57 and the D-M exchange parameters
for the [Cu3(II)] cluster were considered in refs 55a,c. In
the case of the superexchange57 coupling in the Cu2II pair of
the [Cu3

7+] cluster and for the magnetic dx2-y2 orbitals lying
in the Cu3 plane (Figure 4), the cluster D-M exchange
parameter has the form

The D-M exchange coefficientGZ is proportional to the
superexchange parameterJ0,57 whereas the coefficient of the
antisymmetric double exchangeKZ (eq 19) is proportional
to the double-exchange parametert0.

In the valence-delocalized MV trimer, the relationship
between the parametersKRâ

Z and GRâ
Z (KZ and GZ) of the

antisymmetric double-exchange coupling and the D-M
exchange interaction is the following:

The antisymmetric double-exchange interaction in the valence-
delocalized [Cu37+] cluster may be stronger than the D-M
antisymmetric exchange coupling,KZ . GZ, in the case of
t′V . J0.

In the case of the direct exchange in the Cu2(II) pair, the
D-M exchange coefficientG′ab ) -8γúJVaVb

úbVa is proportional
to the parameterJVaVb

úbVa of the direct Heisenberg exchange
coupling between the ground and excited states.55a In the
cluster coordinate system (16), the cluster parameters are

Equation 23 leads to the estimateGZ/|J0| ) 0.35 for the
value γú ) -0.05.60 This relationship is close to the
experimental observation55aGZ/|J0| ) 0.34. The relationGZ/
|J0| ) 0.35 confirms the conclusion of Solomon and co-
workers55a that the D-M antisymmetric exchange coupling
in trimeric [Cu3(II)] clusters with the dx2-y2 orbitals in the
Cu3 plane may be strong [and does not follow the estimate57

GZ ∼ (∆g/g)ϑJ0], in accordance with the experimental
observation [GZ (cm-1), J0 (cm-1)] for these systems:GZ )
36, J0 ) -105,55a GZ ) 27.8,J0 ) -95.5,GZ ) 31, J0 )
-87.7,53a GZ ) 33, J0 ) -97, andGZ ) 47, J0 ) -105.54

KZ )
x3
2

γúϑ(2t′ê - t′V) )
x3
16

∆g|ϑ(t′V - 2t′ê) (20)

HDM ) ∑
lm

Glm
Z [ sbl × sbm]Z (21)

〈Φ(3A2,M)0)|Hmix|Φ(1A1,0)〉 ) i(2KZ - 1
2
GZ)

〈Φ((3E,0)||Φ((1E,0)〉 ) -i(KZ + 1
2
GZ) (22a)

Deff(
3E) ) D1 + (KZ + GZ/2)2/2(t + J)

Deff(
3A2) ) D1 + (KZ - GZ/4)2/(|t| + J/2) (22b)

GZ ) J0∆g|x3/2

GZ ) 1
3
(Gab

Z + Gbc
Z + Gca

Z ), GX ) GY ) 0 (23)

KRâ
Z

GRâ
Z

)
t0

2J0
,

KZ

GZ
)

t0
2J0

(24)

G′Z ) 2γúx3(J′VV - J′Vú), J ) (J′VV + 3J′Vú)/4,

D′1 ) -γú
2(3J′VV + J′Vú), KZ > G′Z, KZ . D′1 (25)
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In the case of the dx2-y2 magnetic orbitals perpendicular to
the Cu3 plane (Figure 4), the coefficient of the antisymmetric
D-M exchange coupling

is proportional to the small deformation parameterϑ (,1)
and depends on the relationship between the ET parameters
t′V, t′u, and t′ê. The estimate leads toGZ ∼ 0.03J0 for ∆g| )
0.2, ϑ ) 0.1, t′V . t′u, t′ê, and GZ , J0. This result is in
agreement with theGZ ∼ (∆g/g)ϑJ0 estimate57 and confirms
the conclusion55athat the D-M antisymmetric exchange may
be weak in the [Cu3(II)] cluster with the dx2-y2 magnetic
orbitals perpendicular to the Cu3 plane.

6. Zeeman and Hyperfine Splittings

The ZFS of the delocalized3E term is determined by eq
12, Figure 3, whereas the ZFS of the delocalized3A2 term
is described by the standard ZFS Hamiltonian (7) with the
axial parameterD′1(3A2). In the spin-coupling model for the
|a*〉 localized cluster [Cua(III)Cu2(II)], the Hamiltonian of
the Zeeman and hyperfine interactions in the parallel external
magnetic field (Hz||Z) may be represented in the form70

Hpair(a*)
Z ) (gbZŝbZ + gcZŝcZ)âHZ + a(ŝbZÎbZ + ŝcZÎcZ), where

giZ and a are individualg factors and hyperfine constants,
respectively, of the Cu(II) ions of the bc pair,zi||Z (Figure
4). The Hamiltonians for the|b*〉 and|c*〉 localizations are
obtained by the permutations of the indexes a*bcf b*ca
f c*ab. Hpair(a*)

Z results in the standardg factor for the
localized triplet state of the Cu2(II) dimer41,42,47,70gpair(i*) )
(gl + gk)/2 and the hyperfine structure of the EPR spectrum
[1:2:3:4:3:2:1] with the intervala/2.

For the valence-delocalized3A2 and3E states, the sum of
the localized operatorsHpair(a*)

Z leads to the Zeeman split-
tings gZâHZM of the S ) 1 [M ) ((1, 0)] levels, which is
determined by the clusterg factor gZ ) (1/3)(gaZ + gbZ +
gcZ) for the 3A2 and3E terms.

The Zeeman splittings of the delocalized3E term are
described by eq 27,

whereg⊥ ) (1/3)(gaX + gbX + gcX) andD1 ) 0. The splitting
of the delocalized3E term in the parallel external magnetic
field (Hz||Z) is shown schematically in Figure 5 for the cases
KZ ) 0, D1 > 0 (Figure 5a) andKZ * 0, KZ > D1 (Figure
5b). In the caseKZ ) 0, hV < D1, two double EPR transitions
3E((M)0) T 3E((M)-1) with ∆M ) 1 may be observed
(1 and 1′; Figure 5a). In the caseKZ * 0, D1 * 0 (Figure
5b), the scheme of transitions, positions of the EPR lines,
and their intensities are different. In the localized

[Cu2(II)Cu(III)] cluster, the ZFS parameterD1 is very small.5

In the case of strong antisymmetric double-exchange splitting
(KZ . D1, gâHz), there are no∆M ) 1 EPR transitions for
the3E term. In the caseKZ ∼ D1, gâHz, the EPR transitions
1, 1′, and 1′′ may be observed (Figure 5b).

Because of the ZFS of the antisymmetric double-exchange
origin (∼KZ), the Zeeman splitting of the valence-delocalized
3E term is strongly anisotropic (Figure 5c;hZ ) gâHZ, hX )
gâHX, and D1 ) 0). In the magnetic field parallel to the
trigonal cluster axisZ (H ) Hz||Z; eq 27), the Zeeman
splitting is linear: K′Z ( (gâHZ), -K′Z ( (gâHZ) (solid
lines). In the case of the magnetic field lying in the plane of
the Cu triangle (H ) HX), the magnetic behavior is nonlinear

(xK′2Z + (gâHX)2 (eq 27; dashed lines in Figure 5c), which
leads to strong magnetic anisotropy of the delocalized3E
term [µ(HZ) * µ(HX)].

The isotropic double exchangeHDM
0 and Heisenberg

exchangeH0 form the trigonal double-exchange triplet and
singlet states (Figure 2); however, the system remains
isotropic. In an isotropic delocalized cluster (t * 0, J * 0,
KZ ) 0, andD1 ) 0), the magnetic behavior is isotropic

(70) Owen, J.; Harris, E. A. InElectron Paramagnetic Resonance;
Geshwind, S., Ed.; Plenum Press: New York, 1972.

GZ ) x3J0ϑ∆g|(t′V - 2t′ê)/(t′V - 6t′u) (26)

E[3E+(M)(1)] ) -t - 2J ( x(K′Z + gZâHZ)
2 + (g⊥âHX)2;

E[3E-(M)(1)] ) - t - 2J -

x(K′Z - gZâHZ)
2 + (g⊥âHX)2;

E[3E((M)0)] ) -t - 2J (27)

Figure 5. (a) Scheme of the Zeeman splitting (H ) HZ) and EPR
transitions for the delocalized3E term in the case of the standard ZFS,
HZFS

0 (eq 7). (b) Zeeman splitting (H ) HZ) and EPR transitions for the
delocalized3E term with the linear ZFS (∆K ) 2K′Z) induced by the
antisymmetric double exchange. (c) Anisotropy of the Zeeman splitting of
the delocalized3E term in the external magnetic field: the linear splitting
in magnetic fieldH ) HZ parallel to the clusterZ axis; the nonlinear behavior
in magnetic fieldH ) HX.
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{E[3E(HZ)] ) E[3E(HX)] in eq 27 forKZ ) 0 andµ(HZ) )
µ(HX)]. In the delocalized system, the antisymmetric double
exchange determines large anisotropy of the Zeeman splitting
of the delocalized3E term (Figure 5c) and magnetic
anisotropy.

The hyperfine splittings of the Zeeman levels of the
valence-delocalized terms are considered in the spin-coupling
model, using the spin-wave functions (6) in the cluster
electron-nuclear spin-wave functions, for example, for the
3A2 state,Ω(3A2,I) ) Φ(3A2) ψ(Ia,MIa) ψ(Ib,MIb) ψ(IcMIc),
whereψ(IR,MIR) is the nuclear wave function of theR ion,
in which IR ) 3/2 andMIR ) (3/2, (1/2. In the delocalized
cluster, the pair of hyperfine operators [a(ŝRZÎRZ + ŝâZÎâZ)]
for all localizations leads to the effective HamiltonianHI )
aM(Îaz + Îbz + Îcz)/3 of the hyperfine coupling for the Zeeman
levelsM of the triplet, which results in the hyperfine splittings
of the M levels ε(I,MI) ) aM(MIa + MIb + MIc)/3. In the
delocalized cluster, the effective hyperfine constant for each
Cu ion has the formAi ) a〈|siZ|〉/〈SZ〉, Ai ) a/3. For the EPR
transitions with∆M ) 1, 3A2(M)0) T 3A2(|M|)1) (Hz||Z),
the hyperfine structure has the form of the 10 hyperfine lines
with relative intensities 1:3:6:10:12:12:10:6:3:1 (Figure 6)
and the intervala/3.

The isotropic EPR signal withg ) 2.05 and 10-line
hyperfine pattern, which was observed at room temperature
by Tolman and co-workers,6 was interpreted as evidence of
two fully delocalized unpaired electrons.6 In the double-
exchange model, the valence delocalization in the [Cu3

7+]
cluster is described by the delocalization of one dh hole
(Figure 1). Full delocalization in the system is associated
with strong double-exchange coupling (t′V * 0), which
results in the pairing of the spins (S) 1 and 0). The double-
exchange model leads to the delocalized3E ground and3A2

first excited terms in the case of 0< t < 2J (Figure 2). In
this scheme, the EPR spectrum at room temperature6 with g

) 2 and 10 line hyperfine structures may be attributed to
the EPR spectrum of the delocalized3A2 excited state with
the hyperfine structure (10 hyperfine lines) discussed above.

For the delocalized3E ground-state term with the ZFS of
the antisymmetric double-exchange origin (∼KZ), the number
and positions of the EPR transitions depend on the ZFS
parametersKZ and D1 and magnetic field (gâH) splitting.
For the delocalized3E term with ZFS (Figure 5), the
hyperfine structure of the EPR transitions3E((M)0) T 3E(-
(|M|)1) 1, 1′, and 1′′ (Figure 5b),Hz||Z, has also the form
of the 10 hyperfine lines (Figure 6). The EPR signals with
g ∼ 2 and g ) 4 (with hyperfine pattern), which were
observed6 at 10 K, may be attributed to the EPR transitions
in the delocalized3E ground-state term. In the case of thet
< 0 parameter (Figure 2), the order of the levels is
opposite: 3A2 is the ground state and3E the excited state.

In the case of the external magnetic field in the plane of
the triangle and/or nonzero rhombic ZFS in eq 7, the EPR
transition with∆M ) 271 may be observed for the3A2 and
3E terms.

7. Conclusion

In the delocalized [Cu37+] cluster, the valence delocaliza-
tion (migration of the extra d hole over all three Cu centers)
is described by the model of the isotropic double-exchange
interactionHDE

0 . The isotropic double exchangeHDE
0 results

in the pairing of individual spins at room temperature and
forms the delocalized trigonal states3A2, 3E, 1A1, and1E of
the delocalized [Cu37+] cluster. The model explains the
delocalized singlet1A1 ground state in the planar Cu3(µ3-O)
core7 by the strong double-exchange coupling with positive
double-exchange parameter 2J < t0, whereas the delocalized
triplet ground state of the [Cu3

7+] trimer, which was observed
in the Cu3(µ3-S)2 core,6 may be explained by the double
exchange with relatively weak positivet0: 0 < t0 < 2J (the
degenerate3E ground state) or negativet0 (the triplet 3A2

ground state).

The antisymmetric double-exchange couplingH1 results
in the linear ZFS of the delocalized degenerate3E term of
the valence-delocalized [Cu3

7+] cluster,∆K ) 2KZx3. The
operator of the antisymmetric double exchangeH1 describes
the SOC between the total cluster spinS and the cluster
orbital momentum formed by the migrating d hole in the
delocalized [Cu37+] cluster. The parameter of the antisym-
metric double exchangeKZ is proportional to the isotropic
double-exchange parametert0 and anisotropy of theg factor
∆g|[Cu(II)], KZ , t0. The antisymmetric double-exchange
coupling is relatively large in the [Cu3

7+] cluster, with the
dx2-y2 magnetic orbitals lying in the Cu3 plane [Cu3(µ3-O)
core7]. For the cluster with the dx2-y2 magnetic orbitals lying
in the plane perpendicular to the Cu3 triangle [Cu3(µ3-S)2

(71) (a) Carrington, A.; McLachlan, A. D.Introduction to Magnetic
Resonance; Chapman & Hall: London, 1978. (b) Weil, J.; Bolton, J.;
Wertz, J.Electron Paramagnetic Resonance; Wiley-Interscience: New
York, 1994. (c) Mabbs, F. E.; Collison, D.Electron Paramagnetic
Resonance of d-transition Metal Compounds; Elsevier: New York,
1992.

Figure 6. Hyperfine structure of the EPR lines for the delocalized
degenerate3E term (H ) HZ; Figure 5b) and delocalized3A2 triplet state.
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cluster6], antisymmetric double-exchange coupling is weak
andKZ is proportional to the cluster deformation parameter
ϑ.

In the delocalized [Cu37+] cluster, the D-M antisymmetric
exchange couplingHDM is not active in the linear splitting
of the delocalized degenerate3E term and only participates
in the mixing of the delocalized levels with different total
spins. In the valence-delocalized [Cu3

7+] cluster, the anti-
symmetric double-exchange interactionH1 plays the same
role in the splitting of the degenerate3E state as the D-M
exchange couplingHDM plays in the splitting of the spin-
frustrated 2(S ) 1/2) state of the monovalent exchange
[Cu3(II)] cluster.

The ZFS∆K of the3E term induced by the antisymmetric
double exchange leads to strong anisotropy of the Zeeman
splittings in the external magnetic field and complex EPR
spectrum. The theory predicts the linear Zeeman splitting
of the delocalized3E term in the magnetic fieldH ) HZ

directed along the trigonalZ axis, whereas the magnetic
behavior is nonlinear in the case of the magnetic field lying
in the plane of the Cu triangle (H ) HX). The model explains
the hyperfine structure [10 hyperfine lines with relative
intensities 1:3:6:10:12:12:10:6:3:1 and the interline interval
a/3] of the EPR transitions, which was observed for the triplet
states of the delocalized [Cu3

7+] cluster in theCu3(µ3-S)2
core.6
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Appendix A

In the case of the different double-exchange (ET) param-
eters in the pairs of the MV trimer,tab ) tac ) t, tbc ) t1, and
t * t1, the double-exchange couplingHDE

0 results in the
isotropic double-exchange splitting in the form

The isotropic “deformation” splitting of the3E term is∆0-
(3E) ) 2τ, whereτ ) (2/3)(t1 - t) and∆0(1E) ) -∆0(3E).
In this case of the slightly distorted trimer (t * t1; τ * 0),
the antisymmetric double-exchange coupling results in the
following splitting of the3E term:

where t̃ ) (1/3)(2t + t1) and the splitting

The spin-wave functions of the3E term, which diagonalize
the isotropic and antisymmetric double-exchange coupling
in the cluster with theτ deformation, have the form

IC060732D

E1(
3A2) ) 2

3
(2t + t1) - 2J, E2(

3Ex) ) 1
3
(t1 - 4t) - 2J,

E3(
3Ey) ) -t1 - 2J; E3(

1A1) ) - 2
3
(2t1 + t),

E1(
1Ex) ) 1

3
(4t - t1), E2(

1Ey) ) t1 (1A)

E((S)1,M)1) ) -2J - t̃ ( [3KZ
2 + τ2]1/2,

E((1,-1) ) -2J - t̃[3KZ
2 + τ2]1/2,

Ex(1,0)) -2J - t̃ + τ, Ey(1,0)) -2J - t̃ - τ (2A)

2∆ ) 2[3KZ
2 + τ2]1/2 (3A)

Φ((1,M) ) x1
2
(1 ( τ/∆)Φx(1,M) (

iMx1
2
(1 - τ/∆)Φy(1,M), M ) (1 (4A)
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