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Valence delocalization in the [Cus™] trimer is considered in the model of the double-exchange coupling, in which
full delocalization corresponds to the migration of the single dz—, 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 ‘A; ground state in the planar Cus(uz-O)
core by strong double exchange with positive double-exchange parameter f, whereas the delocalized triplet ground
state of the [Cus™*] trimer, which was observed in the Cus(us-S); cluster, may be explained by the double exchange
with relatively weak positive t: 0 < t < 2J (degenerate °E ground state) or negative f, (triplet A, ground state).
An analysis of the splitting of the delocalized degenerate °E 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 K; of the antisymmetric double-exchange coupling is proportional to & and anisotropy of the g factor
Agi[Cu(ll)], Kz < t. Antisymmetric double exchange is relatively large in the [Cus™] cluster with the d,e—,2 magnetic
orbitals lying in the Cus plane [Cus(us-O) core], whereas for the d,2—,2 magnetic orbitals lying in the plane perpendicular
to Cus, antisymmetric double-exchange coupling is weak [Cus(us-S), cluster]. The antisymmetric double-exchange
coupling results in the linear zero-field splitting Ax = 2v/3K; (~t) of the delocalized degenerate °E 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 Cus(us-S); cluster.

1. Introduction The localized [Cy(I)Cu(ll)] cluster in the [Cy(INCu(l)(u-
0);]3" coré-®8apossesses the triplet ground st&e= 1, J

=7 cn?, andHo = —2J5,%,.5 The synthesis and magnetic
properties of the valence-delocalized fCU clusters were
recently describe#l’ The hyperfine structure (10 hyperfine
patterns) of the electron paramagnetic resonance (EPR)
spectra at room temperature and at 10 K demonstrates the

Polynuclear clusters of Cu ions have attracted significant
interest as active centers in several copper proteins, their
synthetic model$? and models of molecular magnetism.
The mixed-valence (MV) [Cl)Cu(lll)] clusters*—8 repre-
sent the trigonal Gysystems with a diamagnetic Cu(lll) ion.
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Trinuclear Valence-Delocalized [Cif"] Clusters

valence delocalization among all three Cu centers of the native?®® systems. Strong double-exchange coupliBg=

triangle and a fully delocalize® = 1 ground state for the
[Cus™] cluster of the [Cu(I)Cu(lll)(u-S)]*" core® The
orbitally degenerat€’E term is the ground state of the
valence-delocalized [GU'] cluster in the trigonal-bipyra-
midal center$:f The valence-delocalized [GU] cluster in

the planar Cy(us-O) cor€ is characterized by the orbital
singlet 'A; ground staté. The energy spectrum of the
valence-delocalized [GU'] 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 [Cef*] clusters and the origin of the splittings
of the delocalized degenerdfe triplet were not considered.

In the valence-delocalized MV dimers, the migration of
the extra d electron results in the Andersdtasegawa
double-exchange splittifig

E.(9 =4B(S+",) —JIS+1) (1)
whereB = to/(2% + 1) is the double-exchange paramé&tef
and tp the electron-transfer (ET) parameter. The double-
exchange model is widely used for consideration of the
valence-delocalized [P&'Fe*5t] dimers in synthetit® 25 and
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800-1400 cn1?) was found in compounds with the MV class
11130 fully delocalized [Fé°"Fe*>"] dimers*2° The double-
exchange paramet@& and Heisenberg exchange parameter
J for the valence-delocalized [F&Fe**"] dimers were
calculated in the broken-symmetry density functional theory
model*11519¢2223n trimeric MV [Fe;Sy] and tetrameric MV
[FesSy] centers of ferredoxins, enzymes, and synthetic model
systems?1227-29 the valence delocalization is associated
with double exchange within one [F&Fe*5t] pair.

The double-exchange model of trimeric "died"+1]
cluster8®=3° with delocalization of the extra electron over
all three ions shows that the double exchange in the MV
trimers cannot be explained by the Anderséiasegawa
equation (1). The theory of the double-exchange parameters
in tetramers and more complicated clusters was devefiped.
The double-exchange model for the valence-delocalized
[Cus™] cluster was not considered.

The degeneracy and the origin of the zero-field splitting
(ZFS) of the valence-delocalizé& state are of interest for
the trigonal valence-delocalized [€t] clusters because this
splitting determines the EPR spectra and hyperfine structure.

Magnetic properties of the monovalent [U)]
clusters®49-55 were described in the Heisenberg exchange
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model, taking into account the Dzialoshinskiyloriya®6-5”
(D—M) antisymmetric exchange interactiétom = Y Gj4s

x §]z, which splits linearly the ground spin-frustratéd
state of trigonal monovalent [Gil)] clustersl342-47.53-55
Strong D-M antisymmetric exchange was found recently
in the monovalent [Cyfl1)] clusters®3-55 G, = 28—47 cntl.

Is the D—M antisymmetric exchange interactidtbv also
active in the splitting of the delocalized degeneriderm

of the valence-delocalized [GU] cluster?

The aim of the paper is to consider the isotropic double-
exchange model and energy spectrum of the trigonal valence-
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Figure 1. Three schemes of the localizations of the low-spin diamagnetic
Cu(lll) ion in the [Cw(I)Cu(ll)] cluster and the d hole transfer (see the
text).

delocalized degenerate 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 [Cy""] Cluster

The [Cw’] cluster§” are the first examples of the trigonal
trimers with full delocalization over all Cu sites (MV class
[1139). The three equivalent statéCof the localization of
the Cu(lll) ion in thei apex of the Cgltriangle are shown
schematically in Figure 1 for the trigonal clustess a, b, c.
The localized MV cluster includes two paramagnetic Cu(ll)
d®ions (solid circles) coupled by ferromagnétiteisenberg
exchangeJ; = 7 cm1® (Figure 1, solid lines). The Cu(lll)
site is diamagnetic” (low spin) because of the square-planar
coordinatiof~” and strong ligand fiel8¢° The absence of
the Heisenberg exchange interaction between the two
paramagnetic Cu(ll) ions and the diamagnetic low-spin
Cu(lll) ion (empty circles) is shown schematically by the
dashed lines in Figure 1. The ground state of the low-spin
Cu(lll) d® ion is described by the spin singlet functdn
[bag€aug?] = [(dxy)X(Giay2)*(dF)7-

In the d-hole approaéhfor the [Cuy(ll1)Cuy(ll)] localized
cluster, the two paramagnetic Cu(ll) ions are described by
the d(z_yz holes, ¢k-y2, m = Y, = v;, deyz, m = =Y, = 5
(de—y2 = 0859, The singlet wave function of the (;(UI)
ion may be represented by the two paired @ holesx]
lvgil, x = x(s = 0, myp = 0), [(N) in Figure 1]. The
Iocahzed [Cu(IDCu(lIN)] system is represented schematically
(Figure 1) as the thregad,2 (m = 1/,) holes {) in the apexes
of the triangle with localization of the fourthad,? hole m

—1/,, 1) at the unique Ca,giving a low-spin Cu(lll) site,
s[Cu(lll)] = 0. The localized cluster triplet and singlet spin-
wave functionsb,«(SM) may be represented in the form of
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Trinuclear Valence-Delocalized [Csf"] Clusters
the Slater determinants

D (S=1IM=1) = |v g v,v]
®,.(0,0)= 1V 2(|lv 00,0 — lv2.0p0d) 2)

Dp+(SM) andd+(SM) are obtained by the cyclic permuta-

tion of the a, b, and c indexes. The Heisenberg energies are g |

the same in the three localizations becadse= J, Hy =
_2~Jzij:ab,bc,a§$1 Eo(O) =0, andEo(l) = -2J.

In the double-exchange model for the MV trimétghe
valence delocalization (or migration of the Cu(lll) site over

all three centers) is described by the spin-dependent transfer

of one_dz_yz hole (Figure 1) or resonance interaction between

the three equivalent localized states. The spin-dependent ET

interaction between thg* Cand |5* Cstates of localization
is described by eq 3y = ab, bc, ca,

[ (S=1) Vol @ (SS1)= 1,

[D,,.(0) [Vl B*(0) B= —t, @3)

where
tu = wq' |Uﬁ[’= IIde—y2a| |dx2—y2ﬂ|:|

is the ETo-type integral, Vg, is the intercenter electron
electron interaction [of the direct Coulomb or indirect (trough
ligands) type]. The double-exchange paraniéfr= ty/(2s0

+ 1) isB = t, for the formally MV [Cu(Il)Cu(lll)] pair with
so[Cu(ll)] = 0. The spin-dependentedy 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 extradz hole over

all three Cu centers, is stronger than the interactions that

result in localization of the g,z hole at the center Cu(lll).

For the delocalized [GI1'] cluster, the effective Hamil-
tonian of the isotropic double-exchange interaction has the
form (08 = ab, bc, ac)

0 _
HDE - ;Taﬁty

[ (1) Tl Ppe(1)0= 1

(4)

@a* (0) |Ta/f|q)ﬁ* O)=-1

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

In the valence-delocalized [GU] system, the double
exchange and Heisenberg exchandg € H%E + Hg) form
the energy spectrum

ECA) =-2t, E(E)=t

ECA,) =2t—2J, ECE)=-t—2] (5)
wheret = typ = tpe = tac = t, for the trigonal system. The
double-exchange interaction (migration of the d hole) forms
the delocalized trigonal staté#.,, 3E, A, and'E of the
trigonal group of symmetry of the valence-delocalized

4

-4

Figure 2. Dependence of the energiy/() of the delocalized levels of the
valence-delocalized [GU'] cluster on the double exchangé)(parameter,
whereJ > 0).

[Cus™] cluster from the localize® = 1 and 0 states. The
spectrum (5) differs in the sign d@ffrom the spectrum of
the delocalized MV [Cy(I1)Cu(l)] cluster2%4(the de_,2 hole
transfer witht = t, corresponds to thed,2 ET with t =
—t,).

The spin functions that diagonalize the double-exchange
coupling in the considered [GU] system have the form

DCA,) = 1UNV3[D (1) + Dpa(1) + D(1)],
O(‘A,)) = 1V3[®(S=0) + ®,.(0) + D.(0)],
D(5TE) = IVB[2D (9 — (S — D(9)],
D) = IV2[P(Y — P(9)],
@ _[PHEM)] = IV O[FEM)] + i D[ EM)]}
6)

The spectrum and ground state of the valence-delocalized
[Cus™] clusters depend on the sign and magnitude of the
double-exchange (ET) paramet@nd Heisenberg exchange
parameter] (Figure 2). In the case of a strong double-
exchange coupling > J, wheret > 0, the cluster ground
state is the delocalized spin singl&; (Figure 2). The
delocalized singletA; ground state of the double-exchange
model (5) confirms the conclusiéthat the ground state of
the valence-delocalized [GU] cluster in the planar GH
(us-O) cor€ is antiferromagnetic delocalized singlét;. In

the molecular orbital calculatiofsPz, symmetry of the
planar Cy(us-O) core generates linear combinations (of the
d and é symmetries) of Cu @y orbitals, which lie in the
Cuw; plane’ The splitting in the Cu @2 manifold with the

1A; ground state is 1.85 eV for this systémhe total double-
exchange splitting between tHe and*A; terms isA[*E*Aq]

= 3t in the model (5). One can roughly estimate the value
of the double-exchange parameter: 5000 cntl. The

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

(63) Belinsky, M. I.Chem. Phys2003 288 137.

(64) Belinsky, M. I.Chem. Phys2003 291, 1.
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double-exchange parameter in the valence-delocalizég'fFe

Fe54] clusterd*1Sis B = 1350 cnt! andt, = 6750 cnt™. E=4-2J+K 4D 3

The model of the valence-delocalized [y cluster with (1), *E(-1)
the singlet!A; ground statécannot explain the tripletS;
= 1) ground state, which was observed experimentally for K,+D,

the valence-delocalized [GU] cluster of the trigonal-

. . e E, (1), B, (1) 2K
bipyramidal Cy(us-S), core® The double-exchange model — z
(5) results in a triplet spin ground state in the two cases D, 3 3E,(0), ’E(0)
(Figure 2) 3E+ (0) E E=-t-2J-2D1/3

(I) In the case of the relatively weak positive double-
exchange coupling & t < 2J, the ground state of the system
is an orbitally degenerate delocalizéd term (Figure 2).
The delocalized tripletA, excited state is separated by the
double-exchange interval[3A,,°E] = 3t (eq 5). The mo-
lecular orbital calculations of Solomon and co-worReos
the [Cw’*] cluster in the trigonal-bipyramidal G(is-O),
core result in an orbitally degenerate tripiEtground state.
The splitting within the Cu -2 manifold is relatively smail

K'-D

zZ 1

a)  E=420K+DJ3 b) E() E(+)

Figure 3. (a) Standard trigonal ZFSHQFS' eq 7) of the degenerafiE
term. (b) Linear ZFS of the delocalized degenef&eerm of the valence-
delocalized [Cy'*] cluster induced by the antisymmetric double-exchange
coupling (eq 12).

negative double-exchange parametesin be realized in the
(~0.5 eV). JahnTeller distortiory# leads to localization ~ MV trimers because the value and signtafepend on the
of the valence electron in the gus-O), cluster with anS angle of overlap of the d orbitals in the trimé?a.

= 1 ground state because the vibronic stabilization energy The isotropic double-exchange splittings for the slightly
in this cluster is larger than the electronic delocalization distorted [Cy’*] trimer with nonequivalent ET parameters
energy? For the Cu(us-S), cluster, the ground state is a fully  t,, = toc = tyc are represented in eq 1A of Appendix A.
delocalized (8)? triplet staté and the Heisenberg singtet
triplet interval was estimatédsEns — Eis = —J, whereJ
=523 cmL.

The authordsuggested that the two valence electrons are  The delocalized degenerate term is the triplet ground
unpaired and fully delocalized at room temperature in the state in the valence-delocalized [{{] centers of the
Cus(us-Sk cluster. In the double-exchange model (5) (Figure bipyramidal cluster&® In the clusters with the delocalized
2), valence delocalization in the [€]U] cluster corresponds 1A, (and ®A;) ground state, the degenerdte term is the
to full delocalization of one -y hole. If the extra @ first EPR-detectable excited state (Figure 2). The splitting
hole (Figure 1) is fully delocalized over the three Cu centers of this 3E term determines the EPR spectra. In a symmetrical
at room temperature, relatively strong double—exchange(tij = t) delocalized [Cy/*] cluster, the degeneracy of the
coupling occurs in the system. In the valence-delocalized delocalizedE term cannot be lifted by the electreslectron
[Cus"*] clusters, the electronic delocalization energy (double- coupling. In the trigonal cluster, the ZFS of the triplet levels
exchange coupling) is larger than the vibronic stabilization is described by the standard trigonal ZFS Hamiltofflan
energy,to > Vyipr. In the valence-delocalized trimer, strong
double-exchange coupling results in the pairing of the (7)
individual spins at room temperatur8 € 1 andS= 0; eq
5 and Figure 2) even in the case of weak (or zero) HeisenbergThe axial ZFS parametdds; is formed by the anisotropic
exchange) < t. exchang® between the Cu(ll) ion®2¢ The ZFS operator

In the case 0< t < 2J (Figure 2), the interval\[*A,,’E] HY. lifts only partially the degeneracy of th&E term

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

Hors = D[S/ — S+ 1)/3]

= 3t may be on the order of 368400 cnT! and the
delocalized®A, excited-state level (magnetic moment=
2.8 ug) may be thermally populated at room temperature.
The EPR spectrum of the delocaliz&h term with the 10-

(Figure 3a).

For consideration of the splitting of the delocalized
degenerate’E term, it is necessary to go beyond the
framework of the isotropic double-exchange mothd.

line hyperfine structure (see section 6) may be observed atand include the antisymmetric double-exchange couffirtg.
room temperature. In this model, the EPR spectrum of the Thjs interion coupling in the MV systems is the result of

valence-delocalize®E ground-state term may be observed
at low temperature.

(Il) Double-exchange coupling with the negative ET
parametet < 0 leads to the valence-delocaliz&} ground
state (Figure 2). This valence-delocalizésl, state is an
orbitally nondegenerate triplet without a JatiFeller insta-
bility. In the case—J < t < 0, the first excited state is the
valence-delocalizedE term (Figure 2). In the case of the
strong double exchang# > J, only the lowest delocalized

taking into account the spirorbit coupling (SOC) in the
Anderson-Hasegawdisotropic 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
result$* for the valence-delocalized trimeric [€t] cluster

(65) (a) Belinsky, M. 1 Phys. Status Solidi 2004 201, 3293. (b) Belinsky,
M. I. J. Magn. Magn. Mater2004 272—276, e775.
(66) Belinsky, M. | Chem. Phys2006 325, 313, 326.

3A, state is thermally populated at room temperature. The (67) Belinsky, M. I.Chem. Phys2004 308 27.
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with the low-spin Cu(lll) ion. The effective Hamiltonian of = represented in Figure 3tK{ > Di, whereD; > 0). The
the antisymmetric double-exchange coupling for the valence- antisymmetric double-exchange couplirg results in the
delocalized trimeric [Csl*] cluster has the form splitting of the valence-delocalized degener&téE states
_ . in the delocalized MV trimer§!
H, = ';{ Kapl(Sz = S Tap T Top(Sz = S (8) In the framework of the effective Hamiltonizn® method
for individual d ions, the linear SOC of the orbital momentum

whereT g is the isotropic double-exchange operators (eq 4) of the trigonal’E term and total spii§is described by the
and a3 = ab, bc, ca is the cyclic condition for the pair effective HamiltoniaP?
indexes. The Hamiltonian of the spin-flop hopping in the
form of annihilation and creation operators was consid-
ered”:585%or the D—M exchange and for hole transf&tin
the hole-doped L&LuO,.

Only Kﬁﬁ components of the vector coefficients (8) of whereT(A,) is the orbital operaté? [in the (uru-) bases of
the antisymmetricKqs = —K3,) double-exchange interaction the orbital E doublet], which coincides with the matrix of
in the pairs of the trimer contribute to the cluster parameter the operatot ;. He (eq 13) results in the splitting of tHE

term:

o ]

Her = AT(A) S T(A2)=[o oY N CE)

Ky = 5(<G + Ko+ K ©)
PEL(F1)] = —e[’Ex(+1)] = A; [’EL(0]=0 (14)
Kx = Ky = 0. The pair parameterlsiﬂ of the MV trimer

(o = ab, bc, ca)

KZ,=—*
Oﬁ A(d)(Z—yZ!dxy)

A comparison of egs 12 and 14 shows that the Hamiltonian
H, of the antisymmetric double exchange is the operator of
the linear SOC between the total cluster spand the cluster
orbital momentum formed by the migrating d hole in the
delocalized [Cy'*] trimer and oriented along the trigonal
(2) cluster axisA = V3K

H; mixes the isotropic double-exchange states with dif-
ferent spinsS

[0 ol Vgl O [ ol o0 =

Vel @180 Wl (10)

depend on (1) the double-exchange (ET) coupling between
the dz_2 (=v) ground state of the Guion and the ¢, (=¢)
excited state on the neighboring genter of the trimer and

(2) the SOC admixture of theydexcited state to the.d

ground state. In the SOC admixture paramejer =
AMA(de-y2,0y), 4 is the SOC constant for the Cu(llf ébn
andA(de-y2,0k) is the interval between thezd, ground and
dyy excited state®®

The antisymmetric double-exchange couplihgleads to

[@[*E.(1,0)]H,|P['EL(0,0)]0= —iKy;
[@[°A,(1,0)]||P[*A,(0,0)]0= 2K, (15)

The splitting of the valence-delocalizeE term in a
distorted [Cy’*] trimer with the nonequivalent ET param-

the dependence of the double exchange on the projelgtion etersta, = tac # toc is represented in egs 2A and 3A of
of Sand the mixing of the sates with different total spins: Appendix A.

(@, (1LM)[Fpe| @y (LM)O= t, — iKEM;
[@,(0,0) Hpg| @4 (0,0)3= —t,,;
[@,.(1,0)Hy| P4 (0,0)= iKZ; (11)

Hoe = Hoe + H; andM = (£1, 0). Using egs 11, 6, and 7,
one obtains the splitting of the delocalized degenef&te

4. Orbital Origin of Antisymmetric Double Exchange
in the [Cus’"] 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(ll) ion and ET

term, which is induced by the antisymmetric double exchange between the excited and ground states of the neighboring

EPE.(M)] = —t, — 2] + K,M + D,[(M? — 2)/3],
Ay = EPE(+1)] — EPEr_(£1)] = 2Ky, Ky = V3K,
D, = (D% + D+ DLy (12)

The antisymmetric double exchangeresults in the linear
Ax = 2V3K; splitting of the delocalized degenerdteterm

(68) (a) Koshibae, W.; Ohta, Y.; Maekawa,ys. Re. B1993 47, 3391.
(b) Koshibae, W.; Ohta, Y.; Maekawa, Bhys. Re. B 1994 50, 3767.
(c) Bonesteel, N. E.; Rice, T. M.; Zhang, F. Bhys. Re. Lett. 1992
68, 2684.

(69) (a) Shekhtman, L.; Entin-WohIlman, O.; Aharony,ys. Re. Lett

1992 69, 836. (b) Shekhtman, L.; Aharony, A.; Entin-Wohiman, O.

Phys. Re. B 1993 47, 174.

ions®-% |n the localized clusters [GUI)Cu(ll1)] i, the local
crystal field forms orbitally nondegenerate ground stgtgad

= v of the Cu(ll) ion®” SOC admixes the excited statg d
= { to the ground stated 2585 v(+1,) = vo(+Y,) +
iy:C(£Y2). In the |a*Olocalization, it corresponds to an
admixture of the excited-state clustdr,. to the ground
state®?.: @, = @), + iy D... For the double-exchange
matrix elements® ||y 0= [0, ||Dp. T+ iy (D || D).

- EGD'Q*H(I)?;*EJ], the standard isotropic double exchange (eq
11) describes the migration of the extra d hole between the
neighboring MV Cu ions in the,d 2 ground state (the first
term in the right part). This strong isotropic double exchange
(the parametety) is accompanied by the antisymmetric

double exchange (the second term) due to the SOC admixture
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[Cu,"] 211 X,

Figure 4. Cluster parameteKz of the antisymmetric double-exchange
couplingH; of the valence-delocalized [GH] trimer, Kz = (K&, + K&, +
KZ)/3 (see the text).

of the excited state (g and nonzero ET between thig.
ground and®j. excited states.

Microscopic calculations result in an expression (10) for
the pair parameteKﬁﬂ of the antisymmetric double-ex-
change coupling. Only a SOC admixture of thg ekcited
state determines th&,; parameters. In thlﬁiﬂ coefficients,
the ET integralsa,||Cs0and(d,||usCof the coupling between
the d;_,, orbital ground state of the-Cu ion and the @
excited state of the neighborifigCu ion may be consideréd
with use of the approach to the local d functions, which was
used in the theory of the BM antisymmetric exchange in
the monovalent dimer®:%8 The d-orbital functions irKiﬁ
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
dﬁz,yz magnetic orbitals of individual ions lying in the plane
of the Cu triangle! the localx axes are oriented along the
C, axes, allz local axes are parallel to the cluster trigo#al
axis, andy; axes are in the plane of triangle (Figure 4). The
dﬁz,yz orbital transforms in the ’jg,yz orbital by the 120
rotation. The local 3d orbitalsf(‘giy2 = y, and ci‘y = Ca,
whereo. = a, b, and c (in their local coordinate system),
may be written in the clustefYZcoordinate system (Figure
4) in the form

Ua: U:m ga: Ckf Ub = %(U'B + \/:—3@'8)1
= 50/30% ~ )i 0=~ 506~ V3D,
b= — 33— &) (16)

@apc are the d functions in the clustefYZ coordinate
system. The orbitals;d , and (fzyz of the neighboring ions

are orthogonal, which leads Kfj, = Ki; = 0 andKx = Ky

= 0. Using eq 16, one obtains the nonzero ET integrals
between the ground;‘zciy2 (vo) and excited ﬂ, (&p) hole
states of the neighboring ions of the trimer in the cluster
XYZsystem

3,

oyl = B 1,0 — 1= — =5

17)
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whereo = ab, bc, and ca. Strong double-exchange coupling
(17) between they, ground andls excited states of the
neighboring ions is determined by the geometry of the local
d functions in the trigonal trimer (16): the orbitalﬁzg,2
and (fy 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 thezde holes has the formy =
Wollvpd= t,, = (1/2), in the cluster coordinate system,
wheret, = [3||vjLis the double-exchange parameter of the
MV trimer in the cluster coordinate systetip,= AB, BC,

CA, t, = t. = [Lj|I§Uin the trigonal cluster[Zq||{sL=
(1/2),. The parameters of the double exchange for ground-
to-excitedt,: and ground-to-ground, states are comparable
in magnitude and opposite in sign.

Using egs 10 and 17, one obtains the compon&é/gsnf
the pair vector coefficients of the antisymmetric double-
exchange interaction in the MV trimer

Z _ywlZ _ylZ _
Kab - Kbc - Kca_

—ty/3=tAgV3/8  (18)

tag = 4/ (top) +(KZp)> The correlationAg,(Cl?*) = —81/
A8 was used in eq 18/¢ ~ —0.05;4 = —700 cn11¢9).

The Kiﬁ components of the vector palt,s parameters
are directed perpendicular to thg side and parallel to the
clusterZ axis (Figure 4). The cluster vector parameter has
the form K = (Ka + Kpe + Kcg/3. The Kx and Ky
components (in the Guplane) are equal to zero, which
determines the axial form of the Hamiltoniéh (eq 8). The
resulting clustelK parameter of the antisymmetric double
exchange

K, = %(K§b+ Kb+ KZ) =tAg3i8  (19)

Kx = Ky = 0 is oriented along the trigonad axis (Figure

4). In the delocalized [G41] trimer, the cluster coefficient

Kz of the antisymmetric double exchange is linearly pro-
portional to the ground-to-ground state double-exchange
parametett! and the anisotropy of thg factor Ag,(Cu?").
BecauseAgu«@/S can be estimated as0.05-0.08%° the
value of Kz may be relatively largekz ~ (0.05-0.08})..

The large magnitude df; originates from the presence of
efficient ground-to-excited state double-exchange pathways
(t,e) for the cluster with the lobes of the groun@z_(;i2
magnetic orbitals of individual ions lying in the plane of the
Cu; triangle. At the same time, the antisymmetric double
exchange is small in comparison with the isotropic double-
exchange coupling{; < t/. However, only antisymmetric
double exchange splits the delocalized degenétaterm

and determines the magnetic anisotropy of the system.

Large positive ground-to-ground state double-exchange
parametert, = (1/2)t, of the hole transfer corresponds to
the singlet*A; ground state (Figure 2). Th& term is the
first excited state. This consideration does not take into
account the role of the ligands in the hole transfer.
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1

(2) The antisymmetric double exchange essentially de- @(3A2,M=0)|Hmixlq)(lAl,O)D= i(ZKZ _EGZ)

pends on the orientation of the local d orbitals. In the case
of the Cu cluster with the lobes of the grounoﬁzgl/2

magnetic orbitals of individual ions lying in the plangy,) Etbi(3E,0)||<I>i(1E,0)D= —i(KZ + %GZ) (22a)
perpendicular to the Guriangle,x||C,, all y; local axes are
parallel to the cluster trigona axis and allz axes lie in the D..CE) =D, + (K, + G,/2)%/2(t + J)
plane of the trianglé.In this case, the cluster parameker ef ! g z
3 /3 D*A,) = D, + (K, — G/4YI(t| + J2)  (22b)

Ky ="y 0(2t — t) = ToAgo(t, — 2t)  (20) e |
e microscopic theory of the BM exchange was
depends linearly on the double-exchange parameters ( developed by Moriya] and the D-M exchange parameters
2t,), coefficienty:, and small angle of deformationKy = for the [Cu(ll)] cluster were consu_:lere_d in refsI 55_a,c. In
Ky = 0. (The planes xya) of the lobes of the ., the Cass+of the superexchah@mupllng in the C_bl pair of
magnetic orbitals of each individual ion are slightly tilted _the [Cus™] cluster and for the magneticedy orbitals lying
on the angle’(<1) around thex, axes.) The sign oKy in in the Cuy plane (Figure 4), the cluster EM exchange
eq 20 depends on the relationship between the double-Parameter has the form
exchange parametetisandt;. The estimate leads t; ~ 1
cm? for the parameters,, = 500 cn?, t > te, Agi =
0.28° and® = 0.1. The linear ZFS~K) of the valence- 1 . .
delocalizecd®E term of the antisymmetric double-exchange Gz =3(Gat Goet Gady Gx=Gy=0  (23)
origin is Ax ~ 3 cnT! in this case. In the considered case,
the value of the ground-to-ground state isotropic double- The D—M exchange coefficienG; is proportional to the
exchange parametéy[t,, = (t, — 6t,)/8] may be relatively superexchange paramefig’ whereas the coefficient of the
small and positive, which results in tRE ground state for ~ antisymmetric double exchand& (eq 19) is proportional

G, = J,Ag/312

0 < tp < 2J (Figure 2), or negative, which results in tfa, to the double-exchange parameter

ground state. In the valence-delocalized MV trimer, the relationship
In the case when the lobes of the Cy arbitals point at  between the parametek,;, and G; (Kz and G) of the

the ligands O and N in the bipyramidal [¢1] cluster? the antisymmetric double-exchange coupling and the ND

Kz parameter has the form in eq 2; = 0 for ¥ = 0. The exchange interaction is the following:
value of the ground-to-ground state double-exchange pa-
rameter for the hole transfertijgz; the ground state may be Kﬁﬁ th Kz 1

the delocalizedE term. gﬁ T2, G, 2j, (24)

5. Comparison of the Antisymmetric Double Exchange

with the D—M Exchange The antisymmetric double-exchange interaction in the valence-

' . _ delocalized [Cu'"] cluster may be stronger than the-IM
The D-M antisymmetric exchange couplirtdom plays  antisymmetric exchange couplini§z > G, in the case of

the central role in the splitting of the spin-frustratéfd t > Jo.
ground state of the [G(Il)] clusters??™4753"% The action In the case of the direct exchange in the,@ pair, the
of the D—M exchange in the valence-delocalized CU D—M exchange coefficienB,, = _8),§J€bva is proportional

cluster is different: The antisymmetric M exchange 1o the parameted® of the direct Heisenberg exchange
Hom = Gr[§ x &z is active in the localized states coupling between the ground and excited stiietn the
(Cug(ll) dimer; Figure 1) and results in the standard mixing cluster coordinate system (16), the cluster parameters are
of the levels withS= 0 and 1: [@®:(1,0)|Hpm| P (0,0)0=

—iGp/2. For the valence-delocalized cluster, the Hamilto- G, = 2;/;«/5(\]'”” -3, =@, +33/4,

nian of the antisymmetric BM exchange has the form (Im D, = —ng(33'w +3), K, > G, K,>Dj (25)

= ab, bc, ca)

. Ze Equation 23 leads to the estimagg/|Jo| = 0.35 for the
Hom = ;G'm[s' X Sulz (21) value y; = —0.05% This relationship is close to the
experimental observatidit G/|Jo| = 0.34. The relatiorG,/
The antisymmetric BM exchangeHpy (eq 21) does not  |Jo| = 0.35 confirms the conclusion of Solomon and co-
result in the linear splitting of the valence-delocaliZéd worker$®athat the D-M antisymmetric exchange coupling
term (because the-BM exchange is not active in the triplet  in trimeric [Cuw(ll)] clusters with the g2 orbitals in the
state). Cus plane may be strong [and does not follow the estiffate
The D—M exchange contributes to the mixinglix = Gz ~ (Ad/g)Jg], in accordance with the experimental
H; + Hpw) of the valence-delocalized statwith different observation Gz (cm™1), Jo (cm™Y)] for these systemsG; =
total spinsSand axial parametei3.«(°I) of the ZFS splitting 36, Jo = —105%2G; = 27.8,)p = —95.5,G; = 31, Jp =
(7) of the triplet states: —87.75%2G; = 33, Jy = —97, andG; = 47, J, = —1055
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In the case of the,d ,» magnetic orbitals perpendicular to
the Cuy plane (Figure 4), the coefficient of the antisymmetric
D—M exchange coupling

G, = v3JAg(t, — 2)/(t, — 6t) (26)
is proportional to the small deformation paramefef<1)
and depends on the relationship between the ET parameter
t, t, andt'é.. The estimate leads 16; ~ 0.03J, for Ag, =
02,9 = 0.1,t,> t, t;, andGz < Jo. This result is in
agreement with th&; ~ (Ag/g)Jo estimaté’ and confirms
the conclusiofP?that the D-M antisymmetric exchange may
be weak in the [Cy(Il)] cluster with the d—y2 magnetic
orbitals perpendicular to the gplane.

6. Zeeman and Hyperfine Splittings

The ZFS of the delocalizetE term is determined by eq
12, Figure 3, whereas the ZFS of the delocalizag term
is described by the standard ZFS Hamiltonian (7) with the
axial parameteb)(*A,). In the spin-coupling model for the
|a*Ulocalized cluster [Cy{llI)Cuy(Il)], the Hamiltonian of
the Zeeman and hyperfine interactions in the parallel external
magnetic field K||Z) may be represented in the fofin
Héair(a*) = (00752 T 952)PHz + a(&zlez + &zlez), where
gz anda are individualg factors and hyperfine constants,
respectively, of the Cu(ll) ions of the bc pai}|Z (Figure
4). The Hamiltonians for théh*Jand |c*Clocalizations are
obtained by the permutations of the indexes a*bhd*ca
— c*ab. Hﬁair(a*) results in the standard factor for the
localized triplet state of the G(l) dimer4:42:47.70g 6y =
(g + 9J)/2 and the hyperfine structure of the EPR spectrum
[1:2:3:4:3:2:1] with the intervad/2.

For the valence-delocalizéd, and®E states, the sum of
the localized operatorlslﬁai,(a*) leads to the Zeeman split-
tings gzpHzM of theS= 1 [M = (41, 0)] levels, which is
determined by the clustey factor gz = (1/3)(Qaz + Gbz +
0cz) for the 3A, and®E terms.

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

E’E, (M=+1)] = —t — 2] £ (K, + g,8H,) + (98H)?
EPE.(M=+1)]=—t—2JF

V(K — gH, + (06H)%
E[’E.(M=0)] = —t — 2J (27)

wheregp = (1/3)(@ax + gbx + gex) @andD; = 0. The splitting

of the delocalizedE term in the parallel external magnetic
field (H,|2) is shown schematically in Figure 5 for the cases
Kz =0, D; > 0 (Figure 5a) an&K; = 0, Kz > D; (Figure
5b). In the cas&; = 0, hv < D4, two double EPR transitions
SEL(M=0) <> 3E.(M=—1) with AM = 1 may be observed

(1 and 1; Figure 5a). In the cask; = 0, D; = 0 (Figure
5b), the scheme of transitions, positions of the EPR lines,
and their intensities are different. In the localized

(70) Owen, J.; Harris, E. A. InElectron Paramagnetic Resonance
Geshwind, S., Ed.; Plenum Press: New York, 1972.
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Figure 5. (a) Scheme of the Zeeman splittingl (= Hz) and EPR

transitions for the delocalize?E term in the case of the standard ZFS,

Hng (eq 7). (b) Zeeman splittingH = Hz) and EPR transitions for the
delocalized3E term with the linear ZFSAx = 2K}) induced by the
antisymmetric double exchange. (c) Anisotropy of the Zeeman splitting of
the delocalizedE term in the external magnetic field: the linear splitting
in magnetic fieldH = Hz parallel to the clusteZ axis; the nonlinear behavior

in magnetic fieldH = Hx.

[Cux(IDCu(I)] cluster, the ZFS parametéd; is very smalP

In the case of strong antisymmetric double-exchange splitting
(Kz > Dy, gBH,), there are ndAM = 1 EPR transitions for
the °E term. In the cas&; ~ D,, g6H,, the EPR transitions

1, 7, 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
SE term is strongly anisotropic (Figure St; = gfHz, hy =
gfHx, andD; = 0). In the magnetic field parallel to the
trigonal cluster axisZ (H = H|Z, eq 27), the Zeeman
splitting is linear: K, £+ (gfHz), —K, + (gB8Hz) (solid
lines). In the case of the magnetic field lying in the plane of
the Cu trianglefl = Hy), the magnetic behavior is nonlinear

+4/Ks% + (gBH,)? (eq 27; dashed lines in Figure 5c), which
leads to strong magnetic anisotropy of the delocali#ed
term [u(Hz) = u(Hx)].

The isotropic double exchangblg,vI and Heisenberg
exchangeH, form the trigonal double-exchange triplet and
singlet states (Figure 2); however, the system remains
isotropic. In an isotropic delocalized cluster=£ 0, J = 0,

Kz = 0, andD; = 0), the magnetic behavior is isotropic
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= 2 and 10 line hyperfine structures may be attributed to

12 [Cu37+] 12 the EPR spectrum of the delocaliz&d), excited state with
the hyperfine structure (10 hyperfine lines) discussed above.
S=1 For the delocalizedE ground-state term with the ZFS of
10 4 10 the antisymmetric double-exchange origivi{z), the number

and positions of the EPR transitions depend on the ZFS
parameter¥; and D; and magnetic fielddpH) splitting.

8 < For the delocalized’E term with ZFS (Figure 5), the
hyperfine structure of the EPR transitiots. (M=0) <> °E..-
(IM|=1) 1, 1, and 1’ (Figure 5b),H,||Z, has also the form
of the 10 hyperfine lines (Figure 6). The EPR signals with
g ~ 2 andg = 4 (with hyperfine pattern), which were
observeflat 10 K, may be attributed to the EPR transitions
44 in the delocalizedE ground-state term. In the case of the
3 < 0 parameter (Figure 2), the order of the levels is
opposite: 3A; is the ground state antE the excited state.

24 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 withAM = 271 may be observed for th&#\, and

0 SE terms.
Figure 6. Hyperfine structure of the EPR lines for the delocalized
degeneratéE term H = Hz; Figure 5b) and delocalizeth triplet state.

Relaative Spectral Amplitude

7. Conclusion

{E[PE(H2)] = E[’E(HY)] in eq 27 forKz = 0 andu(Hz) = In the delocalized [C4i'] cluster, the valence delocaliza-
#(Hx)]. In the delocalized system, the antisymmetric double {5, (migration of the extra d hole over all three Cu centers)
exchange determines large anisotropy of the Zeeman splittingig qescribed by the model of the isotropic double-exchange

of the delocalized’E term (Figure 5c) and magnetic jnteractionH).. The isotropic double exchand results
anisotropy. in the pairing of individual spins at room temperature and
The hyperfine splittings of the Zeeman levels of the forms the delocalized trigonal stat®s,, 3E, 'A;, andE of
valence-delocalized terms are considered in the spin-couplingthe delocalized [C4*] cluster. The model explains the
model, using the spin-wave functions (6) in the cluster gelocalized singletA, ground state in the planar gus-O)
electron-nuclear spin-wave functions, for example, for the ¢ore by the strong double-exchange coupling with positive
°A; state, Q(%Azl) = D(A2) Y (laMia) ¥(Io,Mib) Y(IcMic), double-exchange parameter 2 t,, whereas the delocalized
wherey (I, Mis) is the nuclear wave function of theion,  triplet ground state of the [Glt] trimer, which was observed
in which | = ¥, andMio = +%,, +',. In the delocalized i the Cu(us-S), core® may be explained by the double
cluster, the pair of hyperfine operatom($.zloz + $szl47)] exchange with relatively weak positite 0 < to < 2J (the

aM(lx + In; + 1)/3 of the hyperfine coupling for the Zeeman ground state).

levelsM of the triplet, which results in the hyperfine splittings
of the M levelse(I,M) = aM(M;a + M, + Mo)/3. In the
delocalized cluster, the effective hyperfine constant for each
Cu ion has the formd\ = allilsz|I[EL)A = a/3. For the EPR
transitions withAM = 1, 3A,(M=0) < 3A(|M|=1) (H,/|2),

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 intervab/3.

The isotropic EPR signal witly = 2.05 and 10-line
hyperfine pattern, which was observed at room temperature
by Tolman and co-workei%swas interpreted as evidence of
two fully delocalized unpaired electrofdn the double-
exchange model, the valence delocalization in thes{Gu
cluster is described by the delocalization of onéhale
(Figure 1). Full delocalization in the system is associated
with strong double-exchange coupling, & 0), which

The antisymmetric double-exchange couplidgresults
in the linear ZFS of the delocalized degenereerm of
the valence-delocalized [Gl] cluster, Ax = 2Kzv/3. The
operator of the antisymmetric double exchahfjelescribes
the SOC between the total cluster s@mand the cluster
orbital momentum formed by the migrating d hole in the
delocalized [Cf*] cluster. The parameter of the antisym-
metric double exchangk; is proportional to the isotropic
double-exchange parametgand anisotropy of thg factor
Ag[Cu(ll)], Kz < to. The antisymmetric double-exchange
coupling is relatively large in the [GU] cluster, with the
de-y magnetic orbitals lying in the Guplane [Cu(us-O)
cor€]. For the cluster with the,e 2 magnetic orbitals lying
in the plane perpendicular to the Cwiangle [Cu(us-S)

(71) (a) Carrington, A.; McLachlan, A. Dintroduction to Magnetic

results in the pairing of the spin§ & 1 and 0). The double- ResonangeChapman & Hall: London, 1978. (b) Weil, J.; Bolton, J.;
exchange model leads to the delocaliiEcground andA, Wertz, JElectron Paramagnetic Resonandfiley-Interscience: New
first excited terms in the case of © t < 2J (Figure 2). In York, 1994. (c) Mabbs, F. E.; Collison, Electron Paramagnetic

; - Resonance of d-transition Metal Compountsevier: New York,
this scheme, the EPR spectrum at room temper&atuitk g 1992.
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clustef], antisymmetric double-exchange coupling is weak

) = 2 _ ey =Lt —an —
andKz is proportional to the cluster deformation parameter By AZ)_3(2t+t1) 2, B(E) 3(tl 4 =23,

9. 3=y 4 o Iay__ 2

In the delocalized [Csi*] cluster, the D-M antisymmetric B(B) =t 25 E(A) 3(2t1 +o,
exchange couplingdpw is not active in the linear splitting £ _1 4—t) ELE)=t (1A
of the delocalized degenerate term and only participates 1(E) 3( ) BB =t (1A

in the mixing of the delocalized levels with different total

spins. In the valence-delocalized £ cluster, the anti- The isotropic “deformation” splitting of th&E term isAo-
symmetric double-exchange interactibia plays the same  (3g) = 2¢, wherer = (2/3)(t; — t) and A(*E) = —Ao(E).
role in the splitting of the degenerate state as the BM In this case of the slightly distorted trimer# t;; 7 = 0),

exchange couplingdom plays in the splitting of the spin-  the antisymmetric double-exchange coupling results in the
frustrated 28 = /,) state of the monovalent exchange following splitting of the3E term:

[Cus(1)] cluster.

The ZFSAk of the °E term induced by the antisymmetric - > 21
double exchange leads to strong anisotropy of the ZeemanF=(S=1M=1) = 2] — t + 3K, + '],
splittings in the external magnetic field and complex EPR E.(1,-1)=—2J — {[3K,* + 19",
spectrum. The theory predicts the linear Zeeman splitting E(L0)=—21—t+17, E(L0)=-21—T—1 (2A)
of the delocalizedE term in the magnetic fieldd = H;
directed along the trigonaf axis, whereas the magnetic - o
behavior is nonlinear in the case of the magnetic field lying Wheret = (1/3)(2 + t;) and the splitting
in the plane of the Cu triangléd(= Hy). The model explains
the hyperfine structure [10 hyperfine lines with relative 2A = 2[3K, 2 + 77" (34)
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 [€d] cluster in theCu(us-S) The spinjwave fungtions of trfE term, which diagonalize.
core® the isotropic and antisymmetric double-exchange coupling

in the cluster with ther deformation, have the form
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Appendix A O(A1M) = 4 /5(1 + 7/A)D (1 M) +
In the case of the different double-exchange (ET) param- iM /1(1 FUA)D(LM), M==+1 (4A)
eters in the pairs of the MV trimetap = tac=t, toe = t1, and 2 e

t = t;, the double-exchange couplin‘ggE results in the
isotropic double-exchange splitting in the form IC060732D
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