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Abstract

The effect of an antisymmetric double exchange (AS DE) interaction in the mixed-valence (MV) dimeric d” —d"*! and trimeric
d" —d" —d" ! clusters of orbitally non-degenerate ions is considered. In the dimeric clusters, strong isotropic Anderson—Hasegawa
(AH) DE and Heisenberg exchange interactions (¢ —J model) form isotropic DE states £, °(S). In the MV dimers, the Moriya spin-
flop hopping, which is determined by the spin-orbit coupling, is described by the effective Hamiltonian of an AS DE interaction
H,gpr =2iK, T, (S, —S,), where K, =—K, is a real AS vector coefficient, T, is the isotropic transfer operator. The operator
Haspg has a form of the spin-transfer interaction. Analytical expressions for the matrix elements of HASDE were obtained for d" —
d"*! clusters. The AS DE matrix elements depend on the projection M of S. AS DE mixes the AH DE states £2(S) and E°(S) with
the same S of the different parity. The AS DE coupling and the Dzialoshinsky—Moriya (DM) AS exchange (Hpy = G,,[S, X S,])
mix the AH states with different S of the same parity. AS DE forms the effective spin S”. In the d' —d? and d°—d® clusters, the AS
DE contributions to the zero-field splitting (ZFS) parameters are different for the AH high-spin states E, (3/2) and E_(3/2). An AS
DE leads to non-collinear orientation of spins in the MV pair and anisotropy of g-factors. An anisotropic DE contributes to ZFS. In
the trimeric MV clusters, the isotropic DE forms the isotropic trigonal 25410 terms, T = Ay, Ay, E. The AS DE results in the new
effect: the linear fine splittings A of the degenerate >+ 'E DE terms. The fine splittings A are proportional to the AS DE parameter
K, = (K%, + K7 + KZ,)I3 of the MV trimer. The vector of the AS DE interaction K is directed along the trigonal Z-axis of the MV
trimer. The AS DE mixes the >+ '4; and 2% '4,, 2*'E and > *'E DE terms (AS =0, 1). In the trimeric MV clusters with high
individual spins s;, the AS DE and DM AS exchange mixing of the DE levels 25 'I" determines the contributions of the second order
to the ZFS parameters Dg, which are different for the 4; and E DE terms. For the [Cu(II)Cu,(I)] delocalized cluster, the AS DE ZFS
A =2K,./30f the ground *E DE term determines strong anisotropy of the Zeeman splittings, anisotropy of g-factors (gz #0,
gx.y =0) and magnetic properties.
© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The mixed-valence (MV) clusters of transition metal
ions are attracting considerable attention as single-
molecular magnets, models for investigation of magnet-
ism at the mesoscopic scale [1-4] and the active centers
of ferredoxins and enzymes. In the MV clusters of
paramagnetic ions, the double exchange (DE) [5,6] and
the Heisenberg exchange (HE) interaction H, = £J,S;S;

i i

forms the cluster states. The Anderson—Hasegawa (AH)
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[6] DE interaction (the hopping of the extra electron
between d” and d" ! ions in the MV pair) results in the
spin-dependent resonance splittings E {(S)= +(S+1/
2)to/(2s0+1), where S is the total spin, so= S(d"), 79 is
the one-electron transfer (ET) integral. In the dimeric
MYV systems, the states of the AH DE plus HE
interactions (z—J model) E(S)= +(S+1/2)to/(250+
1)+J[S(S+1)—3/4] are isotropic. The AH DE coupling
does not mix the states with different S and also the
EY(S) and E°(S) DE states of different parity with the
same S. Strong AH DE results in the ferromagnetic
ground state Sy = Spax. The isotropic AH DE in dimers
was investigated in detail (see review articles [7-9] and
references therein). Strong isotropic DE interaction ¢ =
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1350 cm~' was found experimentally in the
[Fe(I)Fe(III)] cluster in the [Fe,(OH);(tmtacu),]*™
complex [10,11]. The concept of the DE (spin-dependent
ET) in the MV pair is widely used in magnetism of the
MYV compounds, particularly DE magnets, in the theory
of the MV metal clusters in inorganic chemistry and
bioinorganic chemistry of iron—sulfur proteins.

The DE concept was developed for trimeric [12—15],
tetrameric [16,17] and more complicated clusters [17]
(see [7-9]) as well as for the MV dimers of orbitally
degenerate ions [18]. Theoretical investigations of DE
between the three ions in the MV trimers [12—14,19-29]
demonstrate a variety of different types of magnetic
behavior. The resulting non-ferromagnetic DE ground
state was found experimentally in the MV Ni trimer in
[30]. The DE coupling in one MV pair determines the
magnetic properties, Mossbauer and EPR spectra of the
[3Fe4S] clusters in ferredoxins and model systems
[15,8,19,31-34,29].

The migration of the extra electron (hole) among the
three ions in the trigonal trimer forms the resulting
isotropic trigonal DE terms > 'T" (4,, 4, and E) [13].
The spin dependence of the DE parameters is deter-
mined by the 9-j symbols [12,13]. The trigonal DE states
are accidentally degenerate in the 1—J model. The DE
exchange does not mix different >*! I' DE terms of
trimer.

Usually the spin-orbit coupling (SOC) is not consid-
ered in the theory of the DE between orbitally non-
degenerate ions. However, the consideration of only
isotropic DE is not enough for description of zero-field
splittings (ZFS) of the DE levels, magnetic anisotropy
and anisotropy of the EPR spectra. The consideration of
ZFS and anisotropy requires the taking SOC into
account in the theory of the DE.

The taking SOC into account [35,36] in the theory of
the exchange between two identical orbitally non-
degenerate d” ions results in the Dzialoshinsky—Moriya
(DM) [35-37] antisymmetric (AS) exchange interaction
Hpy = 2Z,;G4[S, x S)], where G; = —G;; is an AS DM
vector coefficient. The virtual vector transfer (spin-flop
hopping) [36] in the Cu(I)-Cu(Il) system determines
the DM AS parameter and anisotropic (AN) interac-
tion. The microscopic theory of the DM AS exchange
and symmetric AN exchange between monovalent ions
is widely used in magnetism and was further developed
in Refs. [38—48] for insulating cuprates.

The SOC for the transfer of hole between the
neighboring sites in doped La,CuO,4 was considered in
Refs. [42,46]. An extension of the #—J model includes
the spin-orbit hopping term and AN term [42]. The
model [42] is restricted by the systems of the hole
transfer in the Cu(II) matrix (S; =1/2) and does not
consider the high-spin systems and polynuclear clusters.

The SOC effect in the DE model and origin of ZFS of
the DE levels are considered in this work for dimeric

[d"—d" ™" and trimeric [d" —d" —d"*'] clusters. The
taking SOC into account in the theory of the Anderson—
Hasegawa DE leads to antisymmetric double exchange
(AS DE) interaction [53,54]. The AS DE contributes to
the second-order ZFS parameters Dg(***'I") of the
25411, DE terms, S> 1/2. AS DE determines aniso-
tropy of the Zeeman splitting, magnetic moment and
EPR spectra. In the MV trimers, AS DE splits linearly
the trigonal DE > ! E-terms.

2. Spin-orbit coupling in the d' —d°, d°—d'? clusters with
double exchange (ET)

In the Moriya theory [35,36] of the AN super-
exchange, the one electron Hamiltonian of the inter-
ion virtual transfer between Cu(Il) ions was written in
conventional terms of annihilation and creation opera-
tors

H), =t,[ai b, +a] b, +aby +ab]]
+ Cylai b, —afb +a;b —ab']
+ Cpla b, +a;b 1+ Chylaf by 4-ab|] (D)

ta, =< @.||@»> are the standard isotropic inter-center
one-ET integrals without SOC. The first term in Eq. (1)
is the convenient transfer (DE) term for the #—J models.
The AS vector transfer integrals C,,(C., = —C; ), which
are connected with the SO coupling, were determined in
Ref. [36]
<(pa(ma = i1/2)|I_Iab|qob(’nb = i1/2)> = tab((P) t Cai;ﬂ
<q;uH(pb> =CuJZ7 <(pa||(5b>=Cc;ﬁ
(@u(£1/D)][@,(£1/2)) = 1,(0) + C,
(ollo) =Chis  (@sllo,) =G,
CA(Cy +iC),). The basis wave functions are @, =
pu(m=12)=¢, and ¢, =¢ (m=-1/2)=¢, [36].
The vector transfer parameters C; are pure imaginary.
These spin-flop hopping terms determine the DM AS
exchange constants G, =2iC;J/t and AN exchange
contribution I'; in the pseudodipolar AN term S.I';S;
[36] in the theory of superexchange between Cu(Il) ions.
By using the Hamiltonian (Eq. (1)) for consideration
of ET in the d' —d° MV cluster, we obtain the matrix of
ET (d'—d’=d'—d° in the model (Eq. (1)) in the form

2)

(l;al (p”T (l;bl (pr

0 0 [ub - CZb Cz;;

0 0 C; ty+ Co (3)
ty—Ch, Ccl 0 0

Cha Ly + G 0 0

To compare with the model (Egs. (1) and (3)), we will
consider first the SOC effect in ET (DE) in the case of
the d'—d® dimer (Ti*" —Ti** and V*T —V°* pair).
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The microscopic calculation of DE plus SOC for the
MYV dimer d'—d° includes the formation of the renor-
malized ground state by the SOC admixture of the
excited crystal field (CF) states i/, into the ground state
@o of the d! (d}) ion of the d' —d%d’—d") pair in the
localizations d}, —dJ, (|a*b») and dJ —d}, (jab*}). These
renormalized ground states ¢, are used then for
calculations of DE (resonance interaction).

For the d'—d° MV dimer, the Hamiltonian of the
pair H,, = H,,, + H,,, + V, is the sum of the single-site
terms for the localizations |a*b) and |ab*) and inter-
ion interaction V|, of the direct type (Coulomb inter-
action) or indirect interaction through the ligand bridge.
The single-site Hamiltonian for the d. ion includes the
CF Hamiltonian HCF [49,50] for the 3d-electron and
SOC His=7,L,S,. In the case of the |a*b) localiza-
tion, the d° ion on the center b has a closed d-shell. The
local octahedral CF with tetragonal distortion forms the
orbitally non-degenerate ground o= dgy state of the d)
ion. The excited CF states £, = (dy,)a, Na = (dyx)a, Ua =
(d32_r2)a and v, =(dx_y2), are separated by the CF
intervals f,e,,6, and &, respectively [49,50]. SOC
admixes the excited CF states i, into the ground o
state. The non-zero SOC matrix elements for the ¢ and e
orbitals are represented in Refs. [49,50]. In the first order
perturbation, the renormalized ground state functions
for the center a have the form

(94 = [(S@ + iyfva'( - yggal - lV;ﬂu]/\/”_Oa

Ly =100 — 70, + 7€ — 1vin 4/ /i )

where d-orbital functions refer to the local Cartesian
frame and

2= 1/e, vy =4/2¢ (5)

noly = 1472 —H/% —l—yi. The localized states |a*b Y(d} —
d)) and |ab*>(d?, —d}) have the same energy. For the
delocalized d'—d° pair with S=1/2, the only active
interaction ¥, is the ET (double exchange). The DE
interaction leads to the resonance splitting. The matrix
elements of the DE coupling depend on the projection
M of spin S

(@,0(S =1/2, M =%1/2)|V,|®0(1/2, +1/2))
=1,(0) £ iK, (6)

where the isotropic transfer integral has the form

Ly = [10p(O) + 1)/ mg, =7t + Véfg + V,z,t,,] (7N

The £,(0) = (W ,I80) = t, term is the standard integral
of ET in the ground state without SOC. The 7, term is

the contribution to z,, of the transfer in the excited
states due to the SOC admixture. In the real vector
transfer parameter

Ky =0, v) — it y(v, (D1/ng ®

o 1 o
VE = 4/2€,

tw((g, vg) = (Cgqulvﬂ) is the transfer integral between
the ground orbital (% state on the center «( = a[b]) and
the excited vy state on the center f(=b[a]). In the
resonance representation ¥ (S) =[D,+,(S) L D,p+(S))
2, the matrix of the DE plus the SOC for the d' —d°
MYV dimer has the form:

v, v, 9w

0 1, iK; —iK; ©)
- iKa% - iKajl: —Lap 0

iK, K, 0 —t,

where ¢, = 1,(0), K =K +iK’ =K}, +iK},

a

KZ]) = [y;tab(nm (g) - ﬂ/ztah(é’gv ’7};)]/”07

Ky = [74(La €0) — V(€0 01 /g (10)

The real vector transfer coefficients K, are AS: K, =
—K,(C;, =iK;,, C. =iK};). The diagonal terms +
t.p({) coincide with the result of the Anderson—Hase-
gawa equation E% (S) = +(S+ 1/2)t:/(2s9+1). The SOC
mixing of the isotropic AH DE states £, (S) and E_(S)
is described by the non-diagonal AS DE terms K}, in
Eq. (10). The DE+SOC splitting for the d' —d° cluster

has the form
E(S, M)=+Vt +K?, (11)

where =1¢; and K=K +K> +K§, V2 +K is the
effective transfer parameter.

The transfer integrals between the ground state and
excited states ta/;((pg,xﬁ/g);éo due to the tilt of the
distorted octahedra MLg on the small angle 6 (0 «1)
[36,46,39—-42]. The tilting results in a small (~0)
admixture of the ¢ and # orbitals to the ground {
orbital. In the case of the |a*b) localization, the local
CF 3d orbitals ({ ;)4 €as Ma» Uas U, may be written in
the common xyz-coordination system in the form
[42,46] (0, =01J2):

g == 0+ 1),
u,=u,+ 01\/5(5‘4 +1,),

& =E,—0,(0,+V3u,— ),
=1, —0,(=0,+/3u,— ()

In the case of the |ab*) localization, 6 should be
changed to —6@ in ¢,. The non-zero transfer integrals
( ~ 0) between the ground state {, and excited i, states
have a form

tab(é/z/l’ é[/)) = _Hl[tab(é) + tab(g)]v tab(é;v ’7;))
= —0,[1,(0) + 1, ()] (13)

The corresponding transfer integrals between the
ground state {;, and excited ¥, state have the opposite

Sign: tab(é/l/n gyt/l): _tah(glga 6/;)3 Zab(é/;a 77(;) = _tab(é/c:»

Uz/I =0, + 01(5(/ - ﬂa)a

(12)
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ny) [36]. The t“/;(<p2, Yp) transfer integrals were
calculated for the Cu(Il)-Cu(Il) pairs in [36,40—48].
The components of an AS vector transfer (DE) para-
meter K%, in Egs. (8) and (10) in the d! —d® MV pair are
the following [53]:

. A0
Ky =—K5 = (1. +10),
265

(14)

, , A0 .
Kz)zb = _chb = en (Zv + tﬂ)’ K(;b =0

|Ka»| = |K2p| in the case of the tetragonal distortion with
& =&, te =t,. |Ky|#|Ku| in the case of the low-
symmetry distortion. The resonance splitting in the
DE+SOC model E = + 10+ K2 —I—K depends on
the effective transfer parameter fopr= /12 —i—K2 +K2

The estimations of the vector transfer parameters
|Cap|( = |Kap|) were obtained by Moriya [36] |Cop |/t =
Kplt,, ~Aglg, where Ag is a deviation from the g-
value of a free electron. The AS K, vector DE
parameters may be the quantities of the order of 1-5%
of the DE parameter ¢,,.

In the case of the hole-transfer in the Cu®"
Cu™(d®—d'°) pair, the tilting of the CuLg octahedra
results in a small (~68) admixture of the ¢ and y
orbitals to the ground v, orbital [36 42]. The compo-
nents of the AS DE parameter K’ ', are the following
[42,53]:

Ky =—Kg = —121,5, &) —vitp(vy, &)
A0
2A (lzr + t{)a

¢

K, =—-K, = _[yﬁtab(vgv ) — yztab(vgv 1,)]

20
==, +1),

n

K, =0 (15)

where Ay, = A[Ecp(Yy) —Eg, (v0). ¥y = ¢, 7. An AN inter-
action H)X;S,I';S; [42] with symmetric AN parameter

I [C C; + GG, + 1(C;Cy)]

1_] _]1 _]1 l_]

[C C; + GG + 1(C;Cy] (16)

1_] Jl _|l 1_]

is not active in the Cu®>™—Cu™(d°—d'%) pair with the
total spin S=1/2 and J=0.

3. Antisymmetric double exchange in the d°—d® (d' —d?)
cluster

The calculations of DE plus SOC in the d” —d" ! MV
dimers with the high-spin ions (S; > 1/2) we consider on
an example of the d°—d® (d'—d?)[S, =1/2, S, =1; S=
1/2, 3/2] cluster. In the spin representation the Hamil-
tonian of the system has the form Hy,=H, + Hab*
V., where H¢,(H¢,) is the Hamiltonian in the
la*b y(Jab*)) localization, and ¥, is the DE operator.
The Hamiltonian HS«, = Hyg+ Hpm+Han+ Hops of
the localized d2 —d} , clusters includes the Hamiltonian
of isotropic HE Hyp =2J,S,S,, an AS DM exchange
Hpy = G,[S, X Sy); an AN exchange Hyy =S,I,,S,,
where I, =TI';, is symmetric tensor. The Hamiltonian
H+;, includes also the standard operator of the local
(individual) ZFS [49-51] for ion o with Sy, > 1/2

Hips = D[S}, — S,(S,+ /3] + E,(S;, — S,) (17)

where D, and E, are the individual ZFS parameters of
the localized o ion.

In the case of the localized clusters with strong HE
J>»|G,, >T,,, J>»D,, E,),all AN interactions of the
intra-ion and inter-ion type result in the second-order
ZFS of the states with S >1/2. The symmetric AN
tensor SI'S may be represented in the standard form of
ZFS operator [51]

Hyg=T S*+T, S+T_S°

XX~ x why zz™z
=Dy [S‘_Z—3S(S+ 1)} +Ey(S:-5)) (18)
where Dg =T, — ([ +T,,)2, E=(T . —T,,)/2and S

is the effective spin. In the effective ZFS Hamiltonian
(Eq. (18)) of the pair, the effective ZFS parameters Dy,
E include the AN intra-ion and inter-ion contributions.
We suppose, for simplicity, that both |a*b) and |ab*)
configurations are characterized by the same exchange
parameters J, G,p, [',p and also by the same corre-
sponding CF parameters ¢, the SOC constants 4 and
ZFS parameters for individual ions.

For consideration in the model Hamiltonian (Eq. (1)),
we shall treat the d® —dp cluster as the hole equivalent
d2 —d} system. For the pair of ions in distorted
octahedral local coordination, the localized determinant
wave functions @, (S, M) {D,,«(S, M)} for example,
for the d% —dj) {d) —d}} cluster have the form
D, (S=3/2, M=23/2)=|uyvaup|,Papx(3/2, 3/2)=
luavhup|. By using the Moriya Hamiltonian (Eq. (1)),
the determinant wave functions and correlation C =
zKU, we obtain the DE matrix elements between the
localized states ®,«,(S, M) and @, (S, M) with the
same total spin S =S

abx
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(@(3/2, £3/2)|Hyy|®@,e(3/2, £3/2)) =1, + K},
(@0y(3/2, £V Hal 0 G/2, £1/2) = 1, 23,
(@ (1/2, £1/2)|Hyy | ®,(1/2, £1/2))

=1,/2 +5iK%,/6
(@,5(3/2, £3/D|Hy| Dy (3/2, £1/2)) = iK; V3,
(@,.,(3/2, +1/2)1®,,.(3/2,F1/2)) = 2iK /3,
(@,.,(1/2, +1/2)11®,,.(1/2, F1/2)) = 5iK, /6.

The AS DE matrix elements of the mixing of the S =1/2
and S = 3/2 states are the following:

(®,.,(3/2, +1/2)11D,,.(1/2, +1/2)) =—iV2K,/3,
(®p(3/2, £3/2)110,,.(1/2, F1/2)) = iK~ V6,
(®,(3/2, F3/2)11D,(1/2, F1/2))

= FiK, /3V2

(19b)

where t =t,, K, = Kj,. The isotropic transfer contribu-
tions ( ~ ¢,) to Eq. (19a) do not depend on the projection
M and are described by the AH [6] DE term (S+1/2)t,/
(2Sy+1). The K.}, terms in Eq. (19a) represent the AS
DE contributions (K, = —Kj,,). The AS DE matrix
elements depend on M. The matrix of the Anderson—
Hasegawa DE, HE, ZFS and AS DE for the d —
d® (d} —d?) MV cluster is represented in Ref. [53].

In the localized clusters, the DM AS exchange Hpy, =
2,;G4[S; x S;], mixes the localized states with different
total spin S [53].

In the resonance representation ¥ . (S, M), the states
of the 1 —J model (E% (1/2) = +1/2) and (E°% (3/2) =3J +
t) are represented on (Fig. 1(b)). The AN interactions
Eq. (18) splits the S = 3/2 levels: A = 2Dg (Fig. 1(c)). The
axial ZFS parameter Dg of the localized cluster includes

E,cm’
80
o IMI=32 B A
E.[3/2 o_ ~NiN
604 ok Ayes =2Dg Y S H 1
IM|=1/2
A 18'=312]
1z Alx,y
Y "\'F"\'['
....... Looooch-
2, 18'=1/2]
T v T T N
4 6 8K, cm

Fig. 1. An AS DE in the d®—d’ (d>—d') MV cluster with the AH DE,
HE (—J model) and initial ZFS AYpg=2Dg. (a) The Heisenberg
levels, (b) the levels of the Anderson—Hasegawa plus HE (7 —J) model,
(c) initial ZFS of the S=3/2 levels of the t-J model, (d) the
dependence on the AS DE coupling [53]. Solid lines: K,=K.,
K., =0, dashed lines: K, =K ,, K,=0.

the contributions of the individual ZFS terms (Eq. (17)),
axial AN exchange and AS DM exchange.

The AS DE (terms ~ K,,) mixes the states of
different localization with the same total spin S:
(I)a*h(SZ 3/2) with (Dab*(3/2)9 and (Da*;,(l/Z) with
®,,+(1/2) (Egs. (19a) and (19b)). In the resonance
representation ¥, (S, M), an AS DE mixes the AH
DE states ¥, (3/2)[E°.(3/2) = t+3J] and ¥ _ (3/2)[E®_(3/
2) = —t+3J] of different parity with the same total spin
S=3/2. The AS DE mixes also the Anderson—Hase-
gawa DE states W (1/2)[E% (1/2)=¢/2] and ¥ _(1/
[E (1/2) = —1/2] with the same total spin S =1/2.
The AS DE mixing of the AH states with the same S
depends on M. The DE energy intervals between the
exchange—resonance AH DE levels EE(S, M) essen-
tially exceed the non-diagonal matrix elements ( ~ K,;)
of the AS DE mixing of the S=3/2 and S =1/2 levels
since t >J > K.

The AS DE terms ( ~ K,;) mixes also the states of
different localization with different total spin S:
D+, (S=3/2) with @,+(1/2), and @,«,(1/2) with
®,,+(3/2) (Eq. (19b)). In the resonance W .(S, M)
representation, AS DE (and DM AS exchange) mixes
the Anderson—Hasegawa DE states E (3/2) [E_(3/2)]
with £ (1/2)[E _(1/2)] of the same parity with different
S. The AS DE mixing of the AH states with different S
depends on M. The AS DE contribution to the mixing
of the DE levels with different S is stronger than the
DM AS exchange contribution since K, > G, K,p ~
t(Aglg)), G ~J(Aglg)), t > >J. In comparison with
the DM AS exchange, which mixes the localized states
with different total spins S [53], an AS DE in the
delocalized system mixes the AH states E?(S) and
E°(S) of the different parity with the same S, and also
the AH states with different S with the same parity.

In the case J=0. Dg=0 for the d*—d° (d*—d")
cluster, we obtain the four states £ (S’ =3/2) = +1k,
E_ (S"=1/2) = +1¢/2, which are characterized by the

effective DE (transfer) parameters to t, = /> + K°.
As it follows from the group-theoretical analysis [52]
and the effective Hamiltonian method [49-51], the levels
with S = 3/2 of the MV d” —d”" ™! cluster must be split in
the second order on SOC in the low-symmetric CF. The
Hamiltonian of the zero-filed splitting has a standard
form Eq. (18) [49-51]. The individual d®ion (Ni*™)
with S =1 is characterized by large ZFS: Aypg(d®) =
2Dy =2-4 cm ™. The ZFS of the individual Ni**-ion
is a result of the combined effect of a noncubic CF and
SOC in the second order of perturbation [49—-51]. The
ZFS parameter D, of the Ni**"-ion is proportional to
Az(llsg— 1/e) ZFS of the individual d®-ion essentially
contributes to ZFS A rs(S = 3/2) =2Dg of the S =3/2
cluster state of the d®—d” pair, where Dg = Dy+T". The
symmetric AN exchange coupling in the localized d® —d’
pa‘ir (HAN = rl(Sabex +Say sby) +FZSaz Shz: 1—‘l =
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I'nx =T, I', =T,) contributes to the axial AN para-
meter I' = (I',—17)/3.

Fig. 1 demonstrates the action of the AS DE on the
fine splittings of the levels of the d°—d® (d' —d?) system
with the AH DE, Heisenberg exchange and an initial
axial ZFS 2D, of the localized S = 3/2 level, t =20, J =
15, Ds=5 cm ™~ ! [53]. The AH DE splits the HE levels
S'=3/2 and S =1/2 (Fig. 1a) on the t—J AH DE levels
E°% (S=3/2) and E°% (S =1/2) (Fig. 1). The ZFS opera-
tor Hyps = Dg[S2—S(S+ 1)/3] splits the DE E° (S = 3/2)
levels on the Kramers doublets |M| =3/2 and |M|=1/2
(Fig. 1c). The AS DE leads to modification of ZFS of
the high-spin states. The ZFSs are different for the
E(S"=3/2) and E_(S’ =3/2) states:

AZis[E\(3/2)] = 2Dg + 6) (20)
where the AS DE contributions to ZFS have a form:

5F =[0F —(6F +65)/21, o =4K2J/31(1+6J) (1)

z

7 =x, y, z. Since the intervals between the mixed AH
levels are different in the t—J model: A, ,(E (S =3/2),
E . (S=1/2))=t/2+3J, the repulsion between the
E_(S"=3/2) and E_(S’'=1/2) levels is stronger than
between the £ (S"=3/2) and E_ (S’ =1/2) levels. As a
result, the AS DE contribution dx (E_(3/2)) to ZFS of
the E_(3/2) state is larger than AS DE contribution
Ok [E . (3/2)] to ZFS of the E (3/2) state. The mixing of
different spins by AS DE essentially contributes to the
fine splitting. The AS DE contribution to ZFS is
different for the cases K. #0, K, , #0 and K, , #0,
K. =0 (Fig. 1d) [53]. The AS DE contributions i to
ZFS are proportional to K2J/t(t+6J) in accordance
with the estimate K2J/r* for the symmetric AN para-
meters (Eq. (16)). This ZFS of the resonance AH DE
states £ (S’ =3/2) disappears when J =0.

The DM AS exchange mixing of levels results in the
modification of the ZFS parameters 5Xi (Eq. (20)):
6, =0, —wk, where o,5 =G,(4K,+3G,)6(t+6J)
[53].

The AS DE results in an increase of the effective DE
splittings (Fig. 1d). In the case K. #0, K, , =0, t » K,
the DE splittings have the form (p = J/t):

Apg =[S =1/2] = (t+ 71%),
Ape =[8"=3/2]=2(t + 15);
T = (K7 /20[(1 — 100p%) /(1 — 36p7)],
T = (K7 /20[(1 —20p) /(1 — 36p)].
The AS DE contributions 7;x to the AH DE parameter ¢
are different for the S =3/2 and S’ = 1/2 states. The AS
DE coupling leads to contribution Aj = —4K2J/(£>—
36J%) to the HE interval Ay =3J.

For the d°—d® (d' —d?) cluster with the AH DE plus

HE and AS DE, the dependence of the DE levels on the
HE parameter J is represented on Fig. 2 (=20 cm ',

(22)

100

50 4

-50

-100

. . . — pemmrer
30 20 -10 0 10 20 J, cm™ 30

Fig. 2. The dependence of the energy levels E.(S) on the HE
parameter J in the d®*—d° (d®>—d') system with the Anderson—
Hasegawa DE (=20 cm~'), HE and AS DE (K,=10 cm™ ',
K., =0)—solid lines. The dashed lines—the levels of the # —J model
(K=0).

K. =10 cm !, K, , =0) for the model with Dg=0,
Es=0, G, =0. The dashed lines represent the 7—J
levels of the pure Anderson—Hasegawa DE plus HE
model. The AS DE splittings of the states £_ (S’ =3/
2);—o take place both in the case of an antiferromagnetic
HE (J <0, Sgr = Smin) and ferromagnetic exchange (J <
0, Sgr = Smax). In the case of strong J, the levels are
characterized by the total spin S. The external sublevels
E E(S’ =3/2) with the maximal effective DE splitting
2tk depend linear on J. The ZFS for the E_(S" =3/2)
{E.(S'=3/2)} state is 0,k =0k (E_(3/2))=8K2J/
3t(t—6J), {0k =0k (E_(3/2)) =8K2J/3t(1+6J)} J >
0 and J,x for J<0. The AS DE mixes the states
characterized by S. The strong repulsion of the levels
takes place in the areas of the crossing of the AH levels
of the 1—J model Fig. 2.

4. Operator of antisymmetric double exchange

For dimeric MV d” —d"*! clusters in the —J model,
the Moriya vector transfer operator Eq. (1) may be
represented in the form of the effective Hamiltonian.
This effective Hamiltonian of the AS DE has the
following form

Hyspp = 2iKcszab(Sb - Scz)7 (23)

where K, is an AS (K, = —K,) vector coefficient, T, is
the transfer operator, Sy, S, are spins of the ions of the
d"—d"*! pair [53]. The effective AS DE Hamiltonian
Eq. (23) describes the spin-transfer interaction. The
operator Eq. (23) of the AS DE is Hermitian and
invariant relative to the time inversion operation. The
matrix elements of the second-order perturbation op-
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erator Haspg between the states of different localization
have the form

(. (S, M)| H s @,,(S, M)
= 20K, (@,,(S, M)[T [, (S, M)
« (@ (S, M) (24)

ab+

abx

(S, M)|(S, —S,)|®

The isotropic transfer operator T, acts between the
states of different localization with the same S and M.
The spin operator (S, —S,) is active in the spin space of
the states of the same localization.

In the case of the states with the same S (S =.5), the
first multiplier in Eq. (24) represents the Anderson—
Hasegawa DE contribution
(®,,(S, M)[T |0, (S, M) = [(S +1/2)/(2S, + D).
The matrix elements of the x component of the spin
operator (S, —S,) depend on the difference [Sy(Sy,+
1) —S.(S.+1)] [53]. The matrix elements of the AS DE
operator Eq. (23) between the states of different
localization with S=.S, M = M depend on projection
M of S:

<q)m=b(S’ M)|HASDE |(Dab*(Sa M)>

g (25 IV ISS, + 1) = 5,8, + 1]
“\28, + 1 S(S+1)

ab+ abx

M (25)

The mixing of the Anderson—Hasegawa DE states
with different total spin S (S” # S), which was obtained
in the model Hamiltonian Eq. (1), may be described by
the effective operator of the AS DE mixing Hjgpp =
2iK,, T (S, —S,)- The matrix elements
(D@ (S, M) H jspe| @, (S, M) in this case (S #S)
have the form of Eq. (24), where the matrix elements
of the transfer operator T’,,, are the following:

(D (S, M)|T | @, (S, M)) = (25, 4+ 1)/2 (26)

For the states with S” # S, the AS DE interaction matrix
elements of the spin mixing in Eq. (26) are represented in
[53].

In the case K,,, #0, the AS DE Eq. (23) results in
non-collinear orientation of spins S, and S, of the MV
d" —d"*! dimer, which were oriented in parallel by the
isotropic Anderson—Hasegawa DE interaction.

For the MV d?—d? cluster. The AS DE contributions
to ZFS parameter Dy is different for the E (S" =5/2)
and E_(S'=5/2) states: Dg (5/2)=Dgs+0g(52),
S5 (512) = 2K2J 1t (t+15J) [53].

abx

5. AS DE anisotropy of g-factor in the MV d' —d° cluster

For the MV d'—d" cluster (S=1/2) in the AH DE
plus AS DE (KL,,,. #0) model, the Zeeman interaction
H, = goBSH (g, is g-factor of the localized system) forms
the Zeeman levels in the parallel (z) and perpendicular
(x) orientations

Ef = +{ + K>+ I +2h [ + K2]/2}? 27)

where oo =x, z; h,=goH,/2. In the case K=0, the
Zeeman splitting is isotropic +(¢+h,). The AS DE
contribution to the g-factors has the form:

g, =&l +K)/(? + K} (28)

In the case K,,, #0, K. =0, we obtain an anisotropy of

g-factors (g, < gy) induced by AS DE.

6. The crystal field splitting and anisotropic double
exchange in the MV d°—d® cluster

In the d®—d° MV cluster, the detailed consideration
of the CF splittings and the SOC admixture of the *T,
and 'T, excited terms to the ground A, state of the
high-spin d®-ion results in the modification of the AS
DE parameters and DM AS exchange constant [53]. The
AS DE parameters K, are different for the states with
different total spin S and for the 3/2—1/2 AS DE mixing
terms.

The SOC admixture to the ground A, state of the *T,
and 'T, excited terms of the d®-ion (with the tetragonal
splitting) leads to AN DE splitting of the DE levels in
the MV dimeric cluster of orbitally non-degenerate ions.
The AN DE inter-ion interaction HAn = TapSala6Sh
results in an axial ZFS of the £, (3/2) AH levels, which
may be described by the AN DE effective Hamiltonian

Hpnpe =T'(3/2)T,[S2 — S(S +1)/3] (29)

where T,, is the AH transfer operator ({®(3/
2)|Tap|® 4 (3/2) = +1), T7(3/2) is the AN DE parameter
of the easy-axis two-ion anisotropy [53]. The I''(3/2) AN
DE parameter is proportional to the 7,(yi,—72,)> and
(ty—1,)(Y34—73,) terms, where the v, and v, coeffi-
cients determine the SOC admixture of the o compo-
nents of the T, and 'T, excited terms, respectively [53].
The T7(3/2) AN DE parameter is proportional to the
transfer integral 7,, i.e. depends on an anisotropy of the
ET (DE). The I''(3/2) parameter of the AN DE splitting
of the DE states with S > 1 does not depend on 6 and J.
In comparison, the AS DE contribution to the second
order ZFS parameter is proportional to K2J/1(+6J)
(Eq. (21)). The I(3/2) contribution to ZFS may be the
value of the order of magnitude 0.1-1 cm ! since 7, ~
10°-10* cm ~'. The axial AN DE contributions to ZFS
are different for the E (3/2) levels: 2[Ds"T(3/2)]. The
AN DE in the clusters of orbitally degenerate ions was
considered in Ref. [18].
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7. Antisymmetric double exchange in the MV [d°—d'®—
d'°)(jd" —d®—d°] trimer

We consider first the AS DE coupling in the [Cu® " —
Cu™ —Cu™)([d’—d'°—d'") trimers with the hole trans-
fer. The ground orbital of the Cu(Il) ion is @, = (Vy)s.
The isotropic DE interaction in this trigonal trimer
forms the DE states, which are characterized by IR I' =
A and E of the D3 group symmetry of the cluster with
the migration of the extra hole among the three ions
[13]. The A-type wave function represents the symme-
trical combination of the three localized states: ®(A) =
[Ja*be) + ab¥e) + [abc* DY 3{DCA ) = (94 + @p+ )
3}. For the twofold degenerate E-state we obtain
®(E,) =[|ab*c) —|abc*))/y/2, ®(Ey) =[2|a*bc) —
jab*c) —[abe* S/ 6{DCE,) = (po—p)Iv2,  DCE,) =
2@a—pp—@.)//6}. The system has the same energy
in all localizations.

The Moriya transfer Hamiltonian has the following
form for the MV trimer

H, = Z {taz/f[a;rﬂT + “fﬂl] + iKai/;[“;ﬂl - “fﬁi]
o, f=ab,c

+iKjpo By +iK ol B} (30)

For the trigonal cluster (the D3 group of symmetry) the
isotropic DE parameters ¢ arc symmetric 7., = tpq, fac =
feas Toe =lety lap =lpe = tac =1. The ®(CA;) and ®CE)
wave functions diagonalize the DE coupling (¢ terms) in
Eq. (30) without SOC (K, = 0): ECA,) =2¢, ECE) = —
t. The DE interaction does not depend on M. In the case
of positive DE parameter ¢, the migration of the extra
hole in the delocalized [Cu***—Cu™—Cu™] cluster
forms the trigonal fourfold degenerate *E DE term.

As it follows from the group-theoretical consideration
[52], the trigonal orbitally degenerate E term must be
split by SOC into two Kramers doublets in according
with the expansion E x DV/? = (A4, + A,)+ E, where
A,, A,, E are IR of the double group D;. The extra
degeneracy of the DE ground state “E is the result of the
lack of SOC in the theory of DE in trimers. The effective
Hamiltonian of the SOC for the °E term of the trigonal
group has a form [49]:

Her = AT(4,,)S, (3D

T(Asg) is the orbital operator in the trigonal base u =
(uy +uy)//2 [49] which transforms like the base of IR
A,, of the trigonal D3 group. The effective SOC
Hamiltonian Eq. (31) results in the splitting of the °E
term

E[u (M = +1/2)] - Efu, (M = F1/2)] = A (32)

into two Kramers sublevels “E[u (+1/2)] and *E[u 4 (F
1/2)]. The splitting is linear on SOC. In that way, the
group-theoretical consideration and the effective Hamil-
tonian method show that the ground state ’E DE term

of the trigonal MV cluster must be split linearly by SOC
into two Kramers doublets [54].

For finding this splitting we will consider the isotropic
t-terms and vector transfer AS DE terms Kig, (Kop = —
K3,) in the Hamiltonian Eq. (30). The trigonal symme-
try of the trimer results in the equivalence of the pair AS
DE interactions: |K}p| = |Kye| = |K}|. For the d°—d'* —
d'® cluster, the operator of the AS DE may be
represented in the form Hgpp = 2i%, ;K , T, ,(S; —S,),
where af =ab, bc, ca, T,; is the isotropic transfer
operator for the off pair.

The eigenvalue of the A, DE term E(?A;) = 2t does
not depend on the AS DE parameter K ;. For the ’E DE
term, the matrix of the Moriya Hamiltonian Eq. (30)
results in the AS DE splitting £, = —¢+/(3(K> +K§
K?)) in the trigonal representation @ . The cluster AS
DE parameters K, have a form

K, = (K% 4+ KZ + K%)/V/3,
. =(K3 +KE+KD/V3

The cyclic condition K3, = K. = K%, is fulfilled for the
pair contributions to the cluster AS DE parameter. In
the case K, = K, =0, the AS DE splitting of the ’E DE
term has the form

EPE,(+1/2)] = —1+ K.V/3,
EPE,(F1/2)]=—1—K.V3

In the delocalized Cu*?* ~—Cu*?* —Cu*?* cluster, the
AS DE splitting of the ’E DE term E[*E . (+1/2)]—
E[PE,(F1/2)]=2K,./3 is linear on the AS DE para-
meter K. In the case K, = K, =0, the result Eq. (34)
coincides with the result of the effective Hamiltonian
Eq. (31) with A =2K,./3. The K, component of the AS
DE interaction in the MV trimer plays the role of the
spin-orbital coupling of S with the orbital moment
operator of the T(A»,) type in the effective Hamiltonian
Eq. (31).

The AS DE coupling does not mix the DE A; and E
terms with the same S = 1/2 since the K, component of
the AS DE operator transforms as IR A, of the trigonal
group.

For the microscopic consideration of the AS DE in
the [Cu® " —~Cu ™ —Cu™] cluster, we suppose the octahe-
dral coordination of each Cu ion with the tetragonal
distortion, which forms the ground v d-orbital for the
Cu?* -ion. The renormalized SOC-admixed ground state
wave functions for the Cu(Il) ion localized on the center
o have the form

v, (m=£1/2) =V)(£1/2) — iy.E(F1/2)
27u1,(F1/2) £ iy L (£1/2) (35)
where d-orbital functions refer to the local (a, b, ¢)

Cartesian frame, y = A/A;, y, =M2A,, Y =<¢, 5, and o
a(b) {c} for the [a*bc) (ab*c)) {abc*)} localization. We

(33)

be

(34)
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will consider the trimer with the local z,-axis of each
octahedra oriented on the center of the trimer with the
small tilt 6 from the plain of the trimer. Using the v, d-
orbitals Eq. (36), we obtain the matrix elements of the
resonance coupling Vg between the three localizations
[54]:
(O (S=1/2, M =+1/2)|V,
=1+ lK
(Dyupe(1/2, +1/2)| | Papr(1/2, +1/2))
=i(K:, FiK), (36)
(@ (1/2, £/ D)V | @pen(1/2, £1/2)) =1, + K.,
< abc*(l/z +1/2)| ‘(Da*bc(l/zv i1/2)>
= tv i lK(g'a

| o (1/2, £1/2))

The components of the real AS DE parameters K,z for
the pair aff (=ab, bc, ca) have a form (y =&, 1)

Koy = 7el(Vl[¥,) — (VII¥p)l, K
=7Vl ) = (VlIE] (37

The comparison of the results Egs. (37) and (38) of
the microscopic calculation with the results of the
Moriya model Hamiltonian Eq. (31) shows that the
AS DE parameters Kf/;, K;ﬁ; of the Hamiltonian Eq.
3D may be represented through the microscopic para-
meters Ka/;, Ka/; = K;ﬂ, Kaﬁ =K;p +iKls. The transfer
integrals between the ground orbital state v_ [V/;] on the
center o [B] and the excited CF state ¢,[¢g] (¢ = ¢, 7, ()
on the center [o] are different from zero due to the
relative tilt of the distorted octahedra in the MV trimer.

In the MV trimer with the local z,-axes of octahedra
directed on the shifted up (6 « 1) center of the trimer,
the local 3d-orbitals of the Cu®" ion localized on the
center ¢ may be written in the common (cluster) XYZ-
coordination system (¢4) in the form

V, =Va/2—V3u, /2 —0&,,

U, =—uy /2 —V3v, /2 — O0V3E,,
Eu=—Ep+00v5 +V3uy),
Na=—Ca+ 005, {o=1a+004

In the case of the localization of the extra hole on the
centers B =b, c, the local d-orbitals have the following
form in the common coordination system [54]:

vy =—v,/4—3u, /2 F V30 /4 + 03, £ £))2,

wy =3V, /4 —u /2 £ 30,/4 + 0v3(V3n, £ £))2,
Ep=E/24 V30,24 0(V3u; —v,;/2FV3(/2),  (39)
np=G/2F V30,2 — 001, FV3E)/2,
{p=—m/2£V3E,/2 =0 FV3v))2

(38)

where the upper (lower) signs in the right part of Eq.
(39) correspond to the p =b, j =B (B =c, j = C) indexes.
The isotropic DE parameters in the cluster coordinate
system have a form 7,p(v) = (v4||vg) = (61, —1,)/8, aff =
ab, bc, ac and t, =t;, t; = ¢, for the trigonal trimer.
By using Eqgs. (38) and (39), we obtain the following
non-zero transfer integral between the ground v) and
excited ¥4 states in the MV pair of the trigonal trimer:

(VlISs) = —(VlIL,) = 0V3(r, —21.) /4,
(Vall€p) = (VlIE,) = —0(61, +2t. +1,) /4, (40)
(Vollng) = =(vglm,) = =V31,

af =ab, bc, ca. The transfer integrals Eq. (40) [54]
essentially differ from the transfer integrals for the MV
dimer due to the strong tilt of the octahedra in the
trimer. The components K5 of the vector coefficient of
the AS DE in the trimer (o = ab, bc, ca) have a form:

Kg = HVE\/g(IV - Zlé)/za KZ/;’ = _yr]\/gtv/27 (41)
K, =0

For the monomeric d° ion, the ye and y, =y
parameters determine the deviation of the g-factors of
the Cu®" ion from the value gy=2.00 due to SOC:
Ag| =4goy:, Agi = goye [51]. The estimation of the Ky
components of the AS DE vector may be obtained as

ch = HAgH\/3(t —21:)/16, K3y = Ag  yn/30./4.

The K§ 35 components of the AS DE vector in the off
pair are directed perpendicular to the plane of the trimer
along the trigonal Z-axis of the cluster K% = K&,
KZ =K§., K& =K&, K% =K% =KZ%. The calcula-
tions of the ‘in plane’ cornponents of the K,, AS DE
vector coefficients show that K5, =0 and the K}
components are directed along the af vector for the
each pair and [K;},| = [K{.| = [Kc|. The pair vectors K,
contribute to the cluster K parameter as a sum K=
(K,, + Ky, +K,,)/3. The cluster Kx and Ky parameters
are equal to zero due to the trigonal symmetry and the
cyclic conditions. In that way, the vector of the AS DE

coupling of the trigonal trimer
K, = (K§, + Ky +K5)/3 = 07,V3(,

Ky=K,=0

—2t:)/2, )

is directed alone the trigonal Z-axis of the cluster. The
Kz #0, Kz~ 4, Kx =Ky =0 condition confirms the
effective Hamiltonian Eq. (31) results.

The AS DE splitting and the vector parameters Eq.
(42) in the MV trimer is essentially different from the AS
DE contributions in the MV dimers [53]. In the MV
dimer, AS DE contributes in the second order to the
ZFS parameters (Eq. (21)). In the trigonal trimer, the
splitting of the ground *E term is determined only by the
AS DE interaction. The splitting A is linear on the AS
DE parameter K, which allows one to find the AS DE
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parameter experimentally from the magnetic and EPR
measurements.

By using the intrinsic parameters =829 cm™  and
g = 12300 cm ' for the Cu®* ion and, for example t =
10* em !, ©=0.01-0.1 we can estimate the AS DE
pararlneter as Kz ~5-50 cm ' and A(=2Kz/3)>10
cm”~ .

1

8. Anisotropy of the cluster g-factors and magnetic
moment induced by the AS double exchange in the MV
trimer

We will include the Zeeman interaction H, =
>g,pS,H with isotropic local g-factors g,=go for
consideration of the AS DE effect in the Zeeman
splitting and magnetic anisotropy. The Zeeman splitting
and g-factor are isotropic for the exited >4, DE term of
the delocalized [Cu®"—Cu'"—Cu™] trimer. For the
ground 2E DE term, the Zeeman splitting has the

form E=—r+ \/(\/gKZ + h,) + hy 4+ h, where ho =
gofH,/2. In the external magnetic field H = H parallel
to the trigonal axis Z of the cluster, the Zeeman

splittings of the AS DE sublevels E(+1/2) and
E, (F1/2) are linear (Fig. 3):

El,=—t+V3K,+h,, El,=—t—V3K,+h, (43)

In the case of the external field H = Hy in the plain of
the cluster, the Zeeman splitting

3KL + Wy, Efy=—1—\/3KZ+ 1 (44)

depend non-linearly on the magnetic field and E lfz =—

EL,=—t+

2+ +
44[Cu”’-Cu’-Cu’] E(H)
E, [M=+()1/2]

0 1 gpH

Fig. 3. (a) The AS DE splitting Axspg = 2K+/3 of the DE trigonal °E
ground state of the delocalized [Cu(II)Cu,(I)] MV cluster. (b) The
Zeeman splittings of the £, (+1/2) and E, (F1/2) Kramers doublets
of the trigonal 2E term in the external magnetic field H = H, (solid
lines) parallel to the trigonal Z-axis and H = Hx (dash-doted lines) in
the plain of the trimeric cluster.

1+3K, +h312J3K,, Esh=—t—3K,—hx/2J3K,
by assuming that 4, « K (Fig. 3(b)). In the considered
model, the g-factors are strongly anisotropic (gé‘ = g0,
g1 =0) for the Kramers sublevels of the ground “E DE
term [54].

Strong anisotropy of the Zeeman splitting of the
ground E term results in an anisotropy of the magnetic
susceptibility y (or effective magnetic moment p.g =

\/3ykT/N) of the cluster in the ground state [54]. In the
small magnetic field H=H,, h «<kT the magnetic
susceptibility y is described by the Curie law y; = C/
T due to linear field dependence for H = H;. The non-
linear field dependence in the perpendicular magnetic
field H = Hy results in an essential deviation of y; from
the Curie law:
1. = (Ck/\3K,)th(v3K,/kT) for kT, hy < K,.

In the case of the relatively small AS DE splitting of
the ground *E DE term (A ~1-5 cm '), the AS DE
coupling constant may be found from the maximum in

the low temperature heat capacity c(T), which is
determined by the AS DE interval A =2K,./3.

9. The AS double exchange in the [d" —d" —d"*'] MV
clusters

The MV clusters [d"—d"—d"*!] with n=1, 2...
demonstrate new AS DE effects, which can not be
considered in the simple MV [d°—d'*—d'%] ([d'—d°—
d%) cluster with S=1/2: the AS DE mixing of the
trigonal DE levels with different S. In the [d°—d°—d'?]
([d'—d'—d°%) MV cluster with the migrating hole, the
total spin is S=0O, 1. In this case, the inter-ion
interactions in the localized system include the HE
Hye =2J,,S,S; and DM exchange Hpy = 2G4[S, x
S;] between two ions with s; =1/2. The isotropic DE
and HE (r—J model) form the isotropic DE terms A4,
SE;'Ay, 'E: E[P45) =t+2J, EPE]l= —14+2J; E['4,] =
2t, E['E]= —1 [13]. Since the Ky and Ky components
of the AS DE interaction are equal to zero in the
trigonal MV trimer (Eq. (42)), the transfer Hamiltonian
Eq. (31) has the only Z components of the spin-flop
hopping for the trigonal MV trimer

HY = 3 {tlo By +of B+ iKMo B —of 8]}
o, f=ab,c
(45)
The Z component of the AS DE spin-transfer interac-
tion
Higpe =20y KT, (S — S7) (46)
o,

is the spin equivalent of the operator Eq. (45) for the
considered cluster.
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The AS DE coupling mixes the >4, and '4; trigonal
DE terms. The AS DE mixing (®(4, M=
O)|HZ ®('4,, M=0)>=—2iK, of the *4, and 'A4,
DE terms is determined by the cluster AS DE parameter
Ky =(KZ +KZ+KZ)/3 The DM AS exchange mixes
the S =1 and S =0 localized levels of the trimer in each
localized state, for example,
Warpe(1LO) Hm|Wa#pe (0,0)> = —iGiZ /2. In the deloca-
lized MV cluster, the both AS DE and DM AS exchange
contribute to the SOC mixing of the terms >4, and '4,

(DC A,,0)|H? + HE,|@(' 4,,0)) = —2i(K, + G,/4),
G,=(G% + G +G~)/3

The effective ZFS Hamiltonian Hyzps= Ds[SZ —
S(S+1)/3] [49-51] describes ZFS 2Dg of the S=1
states of the trigonal cluster in the second order on
SOC. The local contributions to ZFS are zero (s; = 1/2).

The second order contribution of the AS DE and DM
AS exchange to the ZFS parameter Do(°A4,) of the >4,
trigonal DE term (due to the mixing with the ' 4, singlet)
has a form Dy(*4,) = 2Kz +G~/4)*/(2t—J). The AS
DE contribution to ZFS is essentially stronger than the
pure DM AS exchange contribution since K, ~ A(g/g)t,
G, ~A(glg)J and t < J.

For the orbitally degenerate *E DE term, the AS DE
results in the linear AS DE fine splitting of the *E term
E [M=+1]=t4+2J+/3K,, E.[M=+1]=
t+2J —/3K,, and in the second order contribution to
the Dy(E) ZFS parameter of the *E term Dy(CE) = —
(K7 — G712’ 12(t+J) [54].

The DE states *E and 'E are not mixed with the >4,
and '4, terms by the AS DE and DM AS exchange.

The AS DE effect in the MV trimers with high
individual spins was considered in Ref. [54]. In all MV
trimers, only the AS DE coupling determines the linear
fine splittings of the > *'E DE terms with maximal total

spin S [¢,(**"E_, M)=+K,MV3/S,,]. For the
2S+1E terms with non-maximal total spin S (spin-
frustrated levels), both AS DE and DM AS exchange
determine the linear splittings, since AS couplings mix
the S states with different intermediate spins [54]. The
AS DE contribution to the linear fine splittings A
dominates since K7 < Gz. The AS DE coupling mixes
the 214, and >*'4,, 2*1E and " 'E DE terms
AS =0,1. The AS DE does not mix the 4 and E terms
and also the same A; terms since the operator of the AS
DE interaction transforms on the 4, representation of
the trigonal D5 group [54]. In the trimeric clusters with
high individual spin S;, both AS DE and DM AS
exchange are active: the DM AS exchange mixes the
localized S levels and the AS DE mixes the DE terms of
the delocalized trimer. The AS DE plus DM AS
exchange mixing of the DE levels >+ 'I" with different
S and also the mixing of the >+ !I"; terms with different

intermediate spins S;; determine the AS contributions to
the cluster ZFS parameters Dg. The AS DE contribu-
tions to the second order ZFS parameters Dg in trimers
are stronger than the DM ASE contributions since
K; > Gz, K;/G;=1t/J. The AS DE contributions are
different for different >°*'4; and **'E terms. In
general, the AS DE contributions to the cluster ZFS
parameters Ds(>5try) has the form

Dy(***'T) = Z[(mK, +nG,)* /(pt + qJ)].

10. Conclusion

An AS DE coupling was considered for the MV
dimeric d"—d"*! and trimeric d" —d"*!'—d"*! clus-
ters.

10.1. Dimeric MV clusters

Strong Anderson—Hasegawa DE and HE interactions
(t—J model) form isotropic exchange-resonance states
E {(S) characterized by the total spin S and parity.

The SOC in the d” —d" ™! clusters in the 7—J model
may be represented in the form of the effective AS DE
Hamiltonian H,gpg = 2iK,, T, (S, — S, XEq. (23)) where
K, is the real AS (K, = —K,,) vector coefficient, T, is
the isotropic transfer operator. The AS DE Hamiltonian
has a form of the spin-transfer interaction. The Egs.
(24)—(26) describe the analytical solutions of the AS DE
Hamiltonian Eq. (23) for the MV dimers. The matrix
elements of the AS DE interaction depend on the
projection M of total spin. The AS DE leads to non-
collinear orientation of spins.

10.1.1. The d'—d’ (& —d"’) clusters
An AS DE mixes the isotropic AH resonance states
E{(S=1)and E°(}) and forms the effective spin S' =

The resonance splitting E%(S'=1)=+,/2+K}, is

characterized by the effective DE parameter 7, =

£/ 1 +K,21b. The vector of the AS DE in the MV dimer
is directed perpendicular to the Z-axis of the dimer. The
AS DE admixture of the excited crystal field states
results in the modification of the DE (transfer) para-
meter . AS DE results in an anisotropy of g-factors.

10.1.2. The & —d&(F —d') cluster

An AS DE mixes the Anderson—Hasegawa DE states
E?(S)and E°(S) of different parity with the same total
spin S (S =3/2 or }). The AS DE and DM AS exchange

mix the AH states £ §(3/2) and F i(%) of the same parity

with different total spin S, AS=1. For the MV d®—
d’(d' —d?) cluster with an initial ZFS 2Dg of the E Q@31
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2) states (Hjps=Ds[S7—S((S+1)/3]) the AS DE
contributes to the resulting ZFSs of the high-spin (S =
3/2) states. The AS DE contributions 6 (3/2) to the
ZFS parameters Dg are different for the £ (3/2) and
E_(3/2) states AZgs[E 4 (3/2)] = 2[Ds + 7% (3/2)]. The AS
DE contributions d & (3/2) are proportional to K>J/t(t +
6J). The AS DE contributions to ZFS are anisotropic.

The taking into account the DM AS exchange mixing
of the localized levels with different total spin S results
in the modification of the ¢, part of the ZFS
parameters Dg:6) =6 —w), where o, = G(4K, +
3G,)/6(t£6J). The contribution of AS DE to the ZFS
parameters in the delocalized MV system is stronger
than the DM AS exchange contribution since Kx >» Gg.

In the MV d"—d""! dimers with the Anderson—
Hasegawa DE and HE inter-ion coupling, an AS DE
H, o = 2iK,,T,(S, —S,) plays the role analogous to
the role of the DM AS exchange Hp,,, = G, (S, X S;) in
the mono-valent d” —d” pair with the HE inter-ion
coupling.

10.2. Trimeric MV clusters

The AS DE results in the linear fine splittings A of the
isotropic degenerate >**'E DE terms. The splittings A
are proportional to the AS DE parameter K, = (K7 +
K7 +KZ%)I3 of the MV trimer. The vector of the AS DE
interaction K, is directed along the trigonal Z-axis of
the trigonal MV cluster. Only AS DE mixes the 2°*'4,
and 5% 14,, 2T1E and 2*'E DE terms with the same
total spin S. The AS DE and DM AS exchange mix the
25414, and > '4,, 2 1E and 2*'E DE terms with
different S. AS DE does not mix the 4 and E terms and
also the same A4; terms. In trimeric MV clusters with
high-spins S;, the AS DE and DM AS exchange mixing
of the DE levels > 1" with different total spin S (AS =
1) determines the contributions to the second order ZFS
trigonal Dg parameters (Hzgs= DS[SZ2 —S(S+1)/3)).
The AS DE contributions to the ZFS parameters Dg
are different for the 4; and E terms. For the delocalized
[Cu(ID)Cuy(I)] MV cluster, the AS DE splitting A =
2K,/3 of the ground *E DE term determines strong
anisotropy of the Zeeman splitting, anisotropy of g-
factors and magnetic properties.
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