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The mixing of the spin-frustrated 2(S ) 1/2) and S ) 3/2 states by the Dzialoshinsky-Moriya (DM) exchange is
considered for the Cu3(II) clusters with strong DM exchange coupling. In the antiferromagnetic Cu3 clusters with
strong DM interaction, the 2(S ) 1/2)-S ) 3/2 mixing by the in-plane DM exchange (Gx) results in the large
positive contribution 2DDM > 0 to the axial zero-field splitting (ZFS) 2D of the S ) 3/2 state. The correlations
between the ZFS 2DDM of the excited S ) 3/2 state, sign of Gz and chirality of the ground-state were obtained.
In the isosceles Cu3 clusters, the in-plane DM exchange mixing results in the rhombic magnetic anisotropy of the
S ) 3/2 state. Large distortions result in an inequality of the pair DM parameters, that leads to an additional
magnetic anisotropy of the S ) 3/2 state. In the {Cu3} nanomagnet, the in-plane DM exchange (Gx, Gy) mixing
results in the 58% contribution 2DDM to the observed ZFS 2D of the S ) 3/2 state. The DM exchange and distortions
explain the experimental observation that the intensities of the electron paramagnetic resonance (EPR) transitions
arising from the 2(S ) 1/2) group of levels of the {Cu3} nanomagnet are comparable to each other and are 1 order
of magnitude weaker than that of the S ) 3/2 state. In the ferromagnetic Cu3 clusters, the in-plane DM exchange
mixing of the excited 2(S ) 1/2) and the ground S ) 3/2 states results in the large negative DM exchange
contribution 2DDM′ < 0 to the axial ZFS 2D of the ground S ) 3/2 state.

1. Introduction

Polynuclear clusters of metal ions have attracted significant
interest as active centers of biological systems,1 building
blocks of molecular magnets,2 models for investigation of
magnetism at the mesoscopic scale,3 and quantum gates for
molecule-based quantum computation.4 A large number of

the copper(II) trimers in coordination compounds and
biological systems were investigated in detail.1c,d,5–23 The
isotropic antiferromagnetic (AFM, J > 0) exchange interac-
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tion H0 ) ∑JijSiSj in trigonal clusters (Jij ) J0) leads to the
spin-frustrated 2(S ) 1/2) (2E) ground-state and excited S
) 3/2 (4A2) states.6–9 The antisymmetric Dzialoshinsky-
Moriya (DM)24,25 exchange coupling

HDM ) ∑ Gij[Si × Sj] (1)

results in the zero-field splitting (ZFS) ∆DM
0 ) |Gz|�3 of the

2(S ) 1/2) state of the Cu3(II) clusters,6 which determines
the anisotropy of the electron paramagnetic resonance (EPR)

and magnetic characteristics,6,7,9,11,18–20 Gz ) (G12,Z + G23,Z

+ G31,Z)/3, where Z is the trigonal axis. In the isosceles Cu3

clusters (J13 ) J23 ) J, J12 ) J′), the splitting ∆0 ) �(δ2 +
3Gz

2) of the 2(S ) 1/2) state is determined by the parameters
of the DM exchange Gz and distortion δ ) J′ - J.6

The AFM6,9,11c,18–20 and ferromagnetic21 (FM, J < 0) Cu3

clusters with the DM exchange coupling are represented in
Table 1. The magnetic, EPR- and MCD20a-spectroscopic
properties of the AFM Cu3 compounds18–20 were interpreted
by taking into account large Gz and δ parameters (Gz/Jav )
0.155–0.225, δ ) 17.5–63 cm-1,18–20 nos. 3–7 in Table 1).
These Gz/Jav relations are significantly larger than the
Moriya’s25 estimate of the DM exchange G/J ∼ ∆g/g ∼
0.01–0.02. The microscopic origin of the large DM exchange
parameter Gz in trimeric Cu3 clusters was explained by
Solomon et al.20a,21a by the large overlap of the d-functions
of the neighboring Cu(II) ions in the ground and excited
states due to the geometry of the metal centers. The ground
4A2 level of the FM Cu3 clusters21 is characterized by the
large negative axial ZFS 2D ) -5 cm-1 {-2.04 cm-1} that
was explained by the anisotropic exchange21a (no. 8, Table
1). This large ZFS can be related21a to the strong DM
coupling (|Gz| ) 42 cm-1) in the excited 2E state.

The other example of the system with the relatively strong
DM exchange coupling is the {Cu3} nanomagnet23a (no. 9,
Table 1) with the relation Gz/Jav ) 0.12, G/Jav ) 0.22, G )
�(Gx

2 + Gy
2 + Gz

2). ZFS 2D of the S ) 3/2 state was
explained23a by the anisotropic Heisenberg exchange; the
anisotropy was determined using 2D value.

The ZFS of the S ) 3/2 state of the Cu3 clusters is
described by the standard ZFS Hamiltonian26 of the trigonal
system

HZFS ) D0[SZ
2 - S(S+ 1)/3] (2)

where D0 is the axial ZFS parameter. The anisotropic
exchange33,34 HAN ) ∑JnSinSjn (n ) x, y, z; Jx ) Jy * Jz)
was usually considered20a,21a,23a as the physical origin of D0.

Recently, the effect of quantum magnetization, owing to
the spin-frustrated 2(S ) 1/2) doublets of the AFM triangular
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Table 1. Trinuclear Cu3(II) Clusters with Antisymmetric DM Exchange Coupling

Cu3 compound, ref Jij/cm-1 |Gz|/cm-1 Gz/Jav

1. [Cu3]6,9 J0 > 300 6 0.020
2. [Cu3]11c J0 > 150 5.5 0.037
3. {Cu3(µ3-O)(N-N)3} complex 118 J′ ) 156.4, J ) 191, |δ| ) 34.6, Jav ) 179.5 27.8 0.155
4. {Cu3(µ3-O)(N-N)3} complex 218 J′ ) 153.2, J ) 175.4, δ ) 22.2, Jav ) 168 31 0.185
5. [Cu3(µ3-OMe)] complex 119 J′ ) 210, J ) 186, δ ) 24, Jav ) 194 33 0.170
6. [Cu3(µ3-OMe)] complex 219 J′ ) 252, J ) 189, δ ) 63, Jav ) 210 47 0.224
7. TrisOH Cu3(II)20 J′ ) 210, δ ) 17.5 36 0.167
8. (a) µ3O Cu3(II),21 (b) µ3OH (a) J0 ) -109, FM, (b) J0 ) -37.8 40 0.367
9. {Cu3}, 2De ) 0.046 cm-1 23a J′ ) 3.14, J ) 2.81, δ ) 0.33, Jav ) 2.92 Gx,y,z ) 0.37, |G| ) 0.641 0.127, G/Jav ) 0.220
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clusters, was observed in the {Cu3} nanomagnet23a as well
as the V3 clusters,27 V3 trimers of the V15 molecular
magnet28–32 with the crossing of the S ) 3/2 and S ) 1/2
levels in high magnetic field. Quantum magnetization in the
{Cu3}23a and V3

27 nanomagnets was described by the 2(S )
1/2)-S ) 3/2 mixing in the levels crossing point due to the
Gx and Gy components of the vector DM exchange parameter,
lying in the plane of the trimeric cluster.23a,27–32

The ZFS of the ground state (GS) 2(S ) 1/2) of the Cu3

clusters with strong Heisenberg exchange is only determined
by the value |Gz| of the out-of-plane DM parameter6–11c,18–21

The ZFS of the S ) 3/2 state is determined by the anisotropic
exchange. The sign of Gz, the chirality of GS, and the Gx

and Gy DM components do not influence the splitting,
magnetic behavior and EPR characteristics of GS and the
excited state in these systems. At the same time, in the Cu3

(and V3) nanomagnets, the in-plane (Gx, Gy) components of
the DM vector and the GS chirality23a,27 play the principal
role in an explanation of the magnetic behavior at high
magnetic fields23a,27–32

The influence of the mixing of the 2(S ) 1/2) and S )
3/2 states by the in-plane DM exchange on the ZFS, magnetic
anisotropy and EPR characteristics of GS and excited-state
of the Cu3 clusters with large DM exchange and distortions
parameters was not considered. In the Cu3 clusters with large
δ distortions, the effect of the difference of the pair DM
exchange parameters on the magnetic anisotropy was not
considered. In this paper, we study the contribution of the
[2(S ) 1/2)-S ) 3/2] mixing by the in-plane DM exchange
to the ZFS, magnetic anisotropy and EPR characteristics of
the S ) 3/2 and 2(S ) 1/2) states as well as the effect of
distortions and the difference of the DM exchange parameters
on the ground excited states mixing in the Cu3 clusters with
strong DM exchange coupling and large δ distortions. The

conditions of the existence of the in-plane Gx, Gy components
of the DM exchange in the Cu3 clusters and the dependence
of the DM exchange parameters on the orientation (tilt) of
the local magnetic orbitals are considered in an accompany-
ing paper.35

2. DM Exchange Mixing of the S ) 1/2 and S ) 3/2
States in the Trigonal Clusters

The Hamiltonian of the system

H) J(s1s2+s2s3+s1s3)+ δs1s2 +∑ Gij[Si × Sj]+HZFS
0 +

∑ µBsigiH (3)

describes the isotropic Heisenberg exchange, the DM ex-
change, ZFS, and Zeeman interaction in distorted Cu3

clusters. The eigenfunctions of the S ) 1/2 states are
characterized by the intermediate spins S12 ) 0 and 1 and can
be expressed using the |S1S2S3〉 basis functions, �0(1/2, -1/
2) ) 1/�2(|vVV〉 - |VvV〉), �1(1/2, -1/2) ) 1/�6(|vVV〉 + |VvV〉
- 2|VVv〉), M ) -1/2, up and down arrows represent up and
down spins, respectively, for Si (eqs S1 and S2 in the
Supporting Information). Directions of the pair DM vectors
Gij in the trimer are determined by the symmetry condi-
tions.25 The Z components of the pair vectors are equal and
directed along Z perpendicular to the plane of the trigonal
Cu3 triangle, G12,Z ) G23,Z ) G31,Z ) Gz. In the trigonal
cluster (δ ) 0), ZFS splitting E1(2)

0 ) +(-)|Gz|�3/2 does
not depend on the sign of Gz. The trigonal wave functions
Ψ1(

0 (1/2, m) and Ψ2(
0 (1/2, m) which diagonalize HDM

Z are
shown in eq S3 of the Supporting Information. The sign of
Gz determines the chirality of the lowest S ) 1/2 Zeeman
state with M ) -1/2: Ψ1+

0 (-1/2) ) 1/�2[�0(-1/2) +
i�1(-1/2)] for Gz < 0, Ψ2-

0 (-1/2) ) 1/�2[�0(-1/2) -
i�1(-1/2)] for Gz > 0 (in magnetic field Hz > 0).

The correlations between the components of the pair DM
vectors, lying in the plane of the triangle, in the pair
coordinate system (Xij′, Yij′) and in the trigonal cluster
coordinate system (X, Y) have the form

G12,X ) G12,X ′ )Gx, G12,Y ) G12,Y ′ ) Gy;

G23,X ) -1/2(G23,X ′ + √3G23,Y ′),

G23,Y )
1/2(√3G23,X ′ -G23,Y ′);

G31,X )-1/2(G31,X ′ - √3G31,Y ′),

G31,Y )-1/2(√3G31,X ′ +G31,Y ′) (4)

G12,K′ ) G23,K′ ) G31, K′ ) Gk in the trigonal system, k ) x,
y. The orientation of the pair Gij,X′ (Gij,Y′) DM component in
the trimer plane is perpendicular (parallel) to the Cui-Cuj

bond, X|X12′, Y|Y12′ (Figure 1 of ref 35). The conditions of
the existence of the in-plane Gij,X′ and Gij,Y′ components of
the pair DM exchange vector parameters are considered in
ref 35. The Gx and Gy DM coefficients do not contribute
linearly to ZFS ( Gz�3/2 of GS 2(S ) 1/2) of the trigonal
cluster. The DM parameters for the [Cu2(II)Cu(III)] cluster
were considered in ref 36.

The mixing of the S ) 3/2 and S ) 1/2 states was
considered23a,27a,28–32 in the DM model with the three
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nonzero components Gx, Gy, Gz of the DM coupling
parameters. The solutions of the [2(S ) 1/2)-S ) 3/2] DM
mixing for the trigonal cluster, without an initial ZFS (D0 )
0), were obtained in refs 31 and 32. We will consider the
isosceles system with two nonzero components Gij,X′ and Gij,Z

(Gij,Y′ ) 0) of the DM coefficients.
The DM exchange mixing of the S ) 1/2 and S ) 3/2

states of the isosceles trimer is described by eq 3

〈φ0((1/2)||Φ((3/2)〉) ( 3i(G(-∆G(/3)/4
〈φ1((1/2)||Φ((3/2)〉) 3(G(-∆G()/4

〈φ0((1/2)||Φ(-1/2)〉) - i√3(G(-∆G(/3)/4

〈φ1((1/2)||Φ(-1/2)〉) √3(G(-∆G()/4

〈φ0((1/2)||Φ(3/2, ( 1/2)〉) i∆Gz√6 (5)

where G( ) (Gx ( iGy)/�2, G12,K′ ) Gk, ∆G( ) (∆Gx (
i∆Gy)/�2, ∆Gk ) (G12,K′ - G23,K′); G23 ) G31 * G12 for
the isosceles cluster; ∆Gx,y,z ) 0 in the trigonal cluster.
Equation 5 differs from the consideration31a,32 by the
account of the ∆G distortions. The [8 × 8] energy matrix
of the Hamiltonian (3) in the basis set �0((1/2), �1((1/
2), Φ(3/2, M) is represented in Table A1 of Appendix A.
In the trigonal case, the energies Ei

( and eigenfunctions
Φi

( for the Hamiltonian (3) in magnetic field H ) Hz are
described by eqs S8 and S9, respectively, of the Support-
ing Information. In the trigonal cluster, the excited Φ(3/
2, -3/2), Φ(3/2, 3/2) states are mixed by the DM(x)
exchange with the trigonal Ψ1+

0 (-1/2), Ψ1-
0 (1/2) states

(eq S9), respectively, which diagonalize HDM
Z {GS E1

0 )
Gz�3/2 for Gz < 0}. The excited Φ(3/2,-1/2), [Φ(3/2,
1/2)] state is mixed by the DM(x) exchange with the
Ψ2+

0 (1/2) [Ψ2-
0 (-1/2)] state (eq S9), which diagonalize

the DM(z) exchange operator {GS E2
0 ) -Gz�3/2 for Gz

> 0}. The Ψ1+
0 (-1/2), Ψ1-

0 (1/2) {Ψ2+
0 (1/2), Ψ2+

0 (-1/2)}
functions transform according to irreducible representa-
tions Ej{Aj 1, Aj 2} of the double group D3.6

Figure 1 plots ZFS and the field dependence of the states
of the Hamiltonian (3) for the trigonal Cu3 cluster with the
parameters (in cm–1) of the Heisenberg exchange J ) Jav )
2.92 and DM exchange Gx ) Gz ) 0.37 (Figure 1a), Gx )
Gz ) -0.37 (Figure 1b), D0 ) 0.010; g ) 2.02, H ) Hz (H
in Tesla). At low magnetic fields Hz, the Zeeman splitting
of the S ) 1/2 states does not depend on the sign of Gz

(Figure 1a and b). In the case of Gz < 0, Figure 1a, the GS
E1

- mainly represents the Ψ1+
0 (-1/2) state (|-1/2〉+ in Figure

1a) at low magnetic field, which transforms smoothly in the
Φ(3/2, -3/2) state at high magnetic field (see eq S9 of the
Supporting Information). In the case of Gz > 0, Figure 1b,
the GS E3

- (Ψ2-
0 (-1/2) state, |-1/2〉_ in Figure 1b) is crossed

by the E1
- Zeeman level (Φ(3/2, -3/2)) at H ) 5 T.31a The

DM(x) exchange coupling results in the repulsion of the E1
-

and E1
+ levels (Figure 1) at large magnetic fields Hz or causes

the avoided level crossing structure (the tunneling
gap23a,27,28–32). The repulsion of the |3/2, |M| ) 3/2〉 Kramers
doublet from GS Ψ1+

0 (-1/2), Ψ1-
0 (1/2) (Gz < 0) �3 times

differs from the repulsion of the |3/2, |M| ) 1/2〉 doublet

from the Ψ2+
0 (1/2), Ψ2-

0 (-1/2) states, eq 5. This leads to
the tunneling gap31a,32c between the lowest E1

- and E1
+ levels

∆12
min ) ∆1′ ) 3|Gx|/2 in high magnetic field (Figure 1a, Gz

< 0) and the tunneling gap ∆56
min ) ∆4′ ) �3|Gx|/2 between

the excited E4
- and E4

+ levels. In the case when Gz > 0, the
tunneling gap ∆23

min ) ∆1′ exists between the excited E1
- and

E1
+ levels, Figure.1b.
The importance of the chirality of GS for the explanation

of the magnetization at high magnetic fields was discussed
in refs 23a and 27. In the case of GS Ψ1+

0 (-1/2) (Gz < 0),
the smooth transformation Ψ1+

0 (-1/2) f Φ(3/2, -3/2) at
large magnetic fields due to the DM(x) mixing (Figure 1a,
eq S9) and the single peak of the differential magnetization
were observed for the equilateral V3 triangle.27a In the case
of Ψ2-

0 (-1/2) GS (Gz > 0), Figure 1b, the crossing Sgr )
1/2 - Sgr ) 3/2 (E3

- and E1
-) takes place without the

tunneling gap and the sharp transition -1/2 f -3/2 takes
place in GS at large magnetic fields.27a GS of the {Cu3}
nanomagnet (G > 0) was dominantly characterized by a left
chirality,23a and the half-step magnetization arises from a
different mixing of the spin chirality states to the S ) 3/2
states.

In Figure 1b, the allowed Q-band EPR transitions for the
trigonal cluster are shown schematically by the vertical
arrows at low magnetic field Hz. The relative intensities of(36) Belinsky, M. I. Inorg. Chem. 2006, 45, 9096.

Figure 1. Zero-field and Zeeman splittings of the trigonal states of the
{Cu3} cluster with the small Heisenberg and DM exchange parameters. J0

) 2.92 cm-1. (a) Gz,x ) -0.37 cm-1. (b) Gz,x ) +0.37 cm-1.
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the allowed EPR transitions for S ) 3/2 follow the standard
relations WIII ) WV ) 0.75, WIV ) 1, Wij ) 1/2|〈Φj|(Sx +
iSy)|Φi〉|2. In the 2(S ) 1/2) states of the trigonal cluster,
there are only two allowed EPR transitions E1

-f E4
- (|-1/

2〉+ f |+1/2〉+) and E3
- f E2

- (|-1/2〉- f |+1/2〉_) with
the same intensities W14(I) ) W23(I′) ) 0.25 and the
resonance fields h1(I) ) hν – ∆0, h2(I′) ) hν + ∆0, h2 - h1

) 2∆0. In the trigonal system, the EPR transitions II (1 f
2 (3)) and II′ (3 (2)f 4) are symmetry forbidden6 W12(13)(II)
) W34(24)(II′) ) 0.

In zero magnetic field (H ) 0), different repulsions of the
|3/2, |M|)3/2〉 and |3/2, |M|)1/2〉 Kramers doublets from the
ground trigonal Ψ1+

0 (-1/2), Ψ1-
0 (1/2) (Ej) and Ψ2+

0 (1/2),
Ψ2-

0 (-1/2) (Aj1, Aj2) states, respectively (eq S8 in the
Supporting Information), results in the DM exchange con-
tribution 2DDM to the effective ZFS

2Deff ) 2D0 + 2DDM

of the S ) 3/2 level of the trigonal AFM cluster, where 2D0

is the ZFS of the anisotropic exchange origin.33,34 The DM
exchange contribution 2DDM to the cluster ZFS has the form:

2DDM ) (Gx
2/4J0)[1+ 2Gz/J0√3] (6)

Since the repulsion of the |3/2, |M| ) 3/2〉 and |1/2, 1/2〉 doublets
is �3 times stronger than that of the |3/2, |M| ) 1/2〉 and |1/2,
1/2〉 doublets, the DM(x) exchange contribution to ZFS of the
S ) 3/2 excited state is positive for AFM cluster: EDM(3/2, |M|
) 3/2) > EDM(3/2, |M| ) 1/2), DDM > 0. In the case of Gx, Gy

* 0, the multiplier Gx
2 in eq 6 should be replaced by (Gx

2 +
Gy

2). Equation 6 describes the dependence of ZFS on the sign
of Gz in the third order of the perturbation theory (Gk << J0).
The ZFS of the excited S ) 3/2 state of the V3 cluster of the
V15 center induced by the DM(x,y) exchange was obtained32c

in the form 2D′ ) (Gx
2 + Gy

2)/4J.
For the Cu3 clusters with small Heisenberg parameter

(Figure 1, J0 ) 2.92 cm-1), ZFS of the S ) 3/2 state induced
by the DM exchange mixing is 2DDM ) 0.010 cm-1 for Gx,z

) -0.37cm-1 (Figure 1a) and 2DDM ) 0.013 cm-1 for Gx,z

) 0.37 cm-1 (Figure 1b) parameters.

For the Cu3 cluster with strong Heisenberg exchange and
DM exchange interaction, the ZFS of the excited S ) 3/2
state induced by the DM(x) exchange mixing is shown in
Figure 2 (H ) Hz) on an example of the trigonal cluster with
J0 ) 168 cm-1, |Gx,z| ) 31 cm-1, |Gk|/J0 ) 0.185, and D0 )
0. In spite of the large interval 3J0/2 between the 2(S ) 1/2)
and S ) 3/2 states, different DM(x) repulsion of the |3/2,
|M| ) 3/2〉 and |3/2, |M| ) 1/2〉 Kramers doublets from the
ground 2(S ) 1/2) states results in the large DM contribution
2DDM to the axial ZFS parameter 2Deff of the S ) 3/2 state
which depends on the sign of Gz: 2DDM ) 1.73 {1.13} cm-1

for Gx,z ) 31 {-31} cm-1 (Figure 2).
Figure 3 plots schematically the influence of the DM(x)

exchange mixing and the sign of Gz on ZFS of the excited
S ) 3/2 state and GS 2(S ) 1/2). Figure 3a represents the
trigonal Heisenberg S states separated by the 3J/2 interval,
J ) J0. In Figure 3b (Gz * 0, Gx ) 0), the splitting ∆DM

0 )
|Gz|�3 of the 2(S ) 1/2) set is determined by the value of
the DM |Gz| parameter and does not depend on the sign of
Gz (Figure 3bp, Gz < 0 and Figure 3bn, Gz > 0); an initial
ZFS 2D0 of the S ) 3/2 state is determined by the anisotropic
exchange. In the case of Gz,x * 0 (Figure 3c), positive Gz

DM parameter (Figure 3cp) results in the ground |(1/2〉(
doublet, which is separated from the lowest excited |3/2, |M|
) 1/2〉 Kramers doublet by the larger energy interval (3J +
∆DM

0 - D0)/2 (Figure 3bp). These doublets experience the
smaller repulsion (the dash-dotted arrows in Figure 3c), each
from the other, induced by the DM(x) exchange (the
nondiagonal DM(x) matrix elements i�3Gx/4 in the matrix
(A1) of Appendix A are designated schematically as R′ in
Figure 3cp). The first excited doublet [Ψ1+

0 (-1/2), Ψ1-
0 (1/

2)] is separated by the smaller interval (3J - ∆DM
0 + D0)/2

from the |3/2, |M| ) 3/2〉 doublet (Gz > 0, Figure 3bp), these
doublets are characterized by the larger DM(x) repulsion
between them (3iGx/4, R ) R′�3 in Figure 3cp). This leads

Figure 2. ZFS of the excited S ) 3/2 state induced by the DM(x) exchange
mixing (Gx) in the trigonal Cu3 cluster with strong Heisenberg and DM
exchange coupling. Jav ) 168 cm-1, |Gz,x| ) 31 cm-1, D0 ) 0, H ) Hz.

Figure 3. Scheme of the effect of the in-plane (Gx) DM(x) mixing and
sign of Gz on ZFS of the excited S ) 3/2 and ground 2(S ) 1/2) states of
the trigonal AFM cluster. (a) Heisenberg splitting, G ) 0. (b) Initial zero-
field gap ∆DM

0 ) |Gz|�3 of GS 2(S ) 1/2) and ZFS 2D0 of the excited S
) 3/2 state: (bp) Gz > 0, (bn) Gz < 0. (c) Splittings and shifts of the excited
and ground states induced by the DM(x) exchange mixing: (cp) solid lines,
Gz > 0; (cn) dashed lines, Gz < 0.
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to the larger positive ZFS 2DDM
p of the S ) 3/2 state for

positive Gz (solid lines for the |3/2, |M|〉 doublets in Figure
3cp). For Gz < 0, the [Ψ1+

0 (-1/2), Ψ1-
0 (1/2)] ground doublet

is separated by the larger interval (3J + ∆DM
0 + D0)/2 from

the excited |3/2, |M| ) 3/2〉 doublet (Figure 3bn), these
doublets experience the larger DM(x) repulsion, each from
the other (dashed arrows in Figure 3cn, R ) R′�3 ∼ 3Gx).
The first excited |(1/2〉( S ) 1/2 state (Figure 3cn, Gz < 0)
is separated by the smaller interval (3J - ∆DM

0 - D0)/2 from
the |3/2, |M| ) 1/2〉 doublet, these doublets experience the
smaller repulsion (R′ ∼ �3Gx, dashed arrows in Figure 3cn).
This repulsion leads to the smaller positive ZFS 2DDM

n of
the S ) 3/2 state for negative Gz (dashed lines for the |3/2,
|M|〉 doublets in Figure 3cn). Since the chirality of GS S )
1/2 is determined by the sign of Gz (Figure 3b), the
dependence of the S ) 3/2 ZFS on the sign of Gz in Figure
3c shows the correlation between the chirality of GS and
ZFS 2DDM of the excited-state induced by the DM exchange
mixing.

Due to the repulsion of the S ) 3/2 and S ) 1/2 levels at
H ) 0 (Figure 3), the DM(x) exchange also results in the
common shifts (lDM of the these states, respectively, and
the splitting (DDM of the 2(S ) 1/2) states additional to the
standard (Gz�3/2 DM(z) exchange splitting (Figure 3c). The
zero-field energies of the S ) 3/2 and S ) 1/2 states are

E1
+ ) E2

+ ≈ 3J/2+ lDM + (D0 + DDM)

E3
+ ) E4

+ ≈ 3J/2+ lDM - (D0 + DDM)

E1
- ) E2

- ≈ Gz √ 3/2- lDM +DDM

E3
- ) E4

- ≈-Gz √ 3/2- lDM +DDM (7)

where the common shift lDM ) (Gx
2/8J)[2 + Gz/J�3] depends

on the Gx and Gz parameters. Different additional shifts of
the levels due to the DM(x,y) exchange mixing was described
in ref 32c in the form -(Gx

2 + Gy
2)/8J and -3(Gx

2 + Gy
2)/

8J.
In the case of Gz < 0, the [Ψ1+

0 (-1/2), Ψ1-
0 (1/2)] state is

GS with the energy E1,2
- (Figure 3cn, Figure 1a) and the

first S ) 1/2 excited state (|(1/2〉() has the energy E3,4
-. In

the case of Gz > 0, the structure of the levels is opposite:
the [Ψ1+

0 (+1/2), Ψ1-
0 (-1/2)] doublet is GS with the energy

E3,4
- and [Ψ1+

0 (-1/2), Ψ1-
0 (1/2)] is the first excited-state with

the energy E1,2
- for Gz,x < 0 (Figure 3cp, Figure 1b). The

resulting splitting of GS 2(S + 1/2) is different for Gz < 0
[∆(E3,4

- - E1,2
-) ) |Gz|�3 + 2DDM] and Gz > 0 [∆(E1,2

-

- E3,4
-] ) Gz�3 - 2DDM) and depends on the sign of Gz

and the chirality of GS (Figure 3).
For the trigonal cluster with J0 ) 168 cm-1, |Gx,z| ) 31

cm-1, the DM splitting of the 2(S ) 1/2) states is (in cm–1)
∆ ) 52 (54.9) for Gx,z ) +31 (-31) in comparison with an
initial splitting ∆DM

0 ) Gz�3 ) 53.7 cm-1 induced only by
the out-of-plane HDM

Z DM exchange (|Gz| ) 31 cm-1, Gx )
0). An additional DM(x) splitting of the 2(S ) 1/2) states is
small: -1.7 cm-1 (-3%) and +1.2 cm-1 (+2%) for Gz )
31 cm-1 and Gz ) -31 cm-1, respectively, |Gx| ) 31 cm-1.
In the case of Gx,z ) 31 cm-1, the common shift of the levels
induced by the DM(x) exchange mixing is small lDM ) 1.51
cm-1, lDM << 3J0/2.

One can conclude that the description of ZFS of GS 2(S
) 1/2) of the Cu3 clusters with strong DM coupling in the
framework of the HDM

Z DM(z) model6,7,9,18–20 is correct in
the case Gz * 0, Gx,y ) 0 and also even in the case of the
presence of the large in-plane DM(x,y) mixing of the 2(S )
1/2) and S ) 3/2 states (with an accuracy 1–3%).

At the same time, ZFS of the S ) 3/2 state induced by
the DM(x) exchange mixing is large (Figure 2). ZFS induced
by the DM exchange depends significantly on the orientations
of the pair Gij vectors. In the case of Gz * 0, Gx,y ) 0,20a the
effect of the DM mixing on ZFS of the S ) 3/2 state is
absent. In the case of Gz ) 0, Gx,y * 0, the splitting 2DDM

of the S ) 3/2 and 2(S ) 1/2) states has the DM(x) exchange
origin.

For the trigonal Cu3 clusters, the DM(x) exchange mixing
of the S ) 1/2 and S ) 3/2 states remains the system trigonal:
the ZFS Hamiltonian for the S ) 3/2 has the trigonal form
HZFS

0 (2) with the axial ZFS parameter Deff ) D0 + DDM, the
magnetic field dependence for H ) Hz is linear (Figure 2)
and the intensities of the EPR transitions follow the standard
relations (WIV:WIII(V) ) 4:3) characteristic for the S ) 3/2
state.

Figure 4. Isosceles Cu3 cluster; J12 ) 252 cm-1, J13,23 ) 189 cm-1, Gz )
Gx ) 47 cm-1. (a) ZFS and Zeeman splitting of the S ) 3/2 state. (b) Field
dependence of the relative intensities Wij(Hz) of the allowed EPR transitions
for the S ) 3/2 state.
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3. Isosceles Cu3 Clusters with the S ) 1/2-S ) 3/2
Mixing by the DM Exchange

3.1. AFM Cu3 Clusters with Large Heisenberg
Parameters. The AFM Cu3 clusters, which possess large
DM exchange parameters, are characterized by the large δ
distortions18,19 (Table 1). The δ distortions contribute to an
initial ZFS ∆0 ) �(δ2 + 3Gz

2) of the 2(S ) 1/2) states and
coefficients of the wave functions Ψ((M ) (1/2) of the
isosceles (distorted) Cu3 cluster with Gz * 0, Gx,y ) 0 (eqs
S5 and S6 of the Supporting Information). In the isosceles
Cu3 cluster with the DM(x) exchange mixing, both Ψ((M)
states are mixed with both |3/2, (3/2〉 and |3/2, (1/2〉
Kramers sublevels. Thus, for the M ) -1/2 ground states,
the DM mixing has the form

〈Ψ((-1/2)|HDM|Φ(3/2,-3/2 〉 )

-(3iGx/4)�1
2

(1(Gz√3/∆0)

〈Ψ((-1/2)|HDM|Φ(3/2, 1/2 〉 )

- (iGx/4)�3
2

(1-Gz√3/∆0) (8)

The spin mixing of the S ) 1/2 and S ) 3/2 sublevels (eq
8) changes significantly ZFS of the S ) 3/2 state. The ZFS
and Zeeman (H ) Hz) splitting of the S ) 3/2 state of the
isosceles Cu3 cluster with the large AFM Heisenberg
parameters (in cm–1, J′ ) 252, J ) 189, δ ) 63, δ/Jav )
0.3) and DM exchange parameter19 (Gz ) 47 cm-1) are
shown in Figure 4a for the system with Gz ) Gx and G12 )
G13 ) G23. The DM(x) mixing contribution 2DDM (in cm–1)
to ZFS of the S ) 3/2 state is large 2DDM ) 3.36 for the
isosceles cluster with Gz,x ) +47 in Figure 4a (2DDM ) 2.03
for Gz,x ) -47). The estimate using eq 6 with Jav ) 210
cm-1 results in 2DDM ) 3.31{1.95} cm-1 for Gz,x ) 47
{-47} cm-1. In distinction from the trigonal cluster (Figure
2) with the linear field dependence, the DM(x) exchange
mixing in the isosceles Cu3 cluster results in the new
peculiarity of the DM mixing: the nonlinear field dependence
for H ) Hz of the Zeeman sublevels 6 and 7 (formally, |3/2,
M ) -3/2〉 and |3/2, +1/2〉) and the tunneling gap ∆67

min )
∆67′ () 0.455 cm-1) between these levels with ∆M ) 2 in
the field of their crossing point (Hz ) D/gµB) for the trigonal
cluster (Figure 4a). This nonlinear magnetic behavior for H
) Hz is determined by the different admixture of the S )
1/2 states to the |3/2, +1/2〉 and |3/2, -3/2〉 states and
resulting mixing of the Φ(3/2, +1/2) and Φ(3/2, -3/2) states
with ∆M ) 2.

The mixing of the S ) 3/2 states with ∆M ) 2 is usually
described by the rhombic term E0(SX

2 - SY
2) in the ZFS

Hamiltonian:26

HZFS )D0[SZ
2-S(S+ 1)/3]+E0(SX

2 - SY
2) (9a)

The ZFS of the S ) 3/2 level described by the Hamiltonian
(9a) and the nonlinear field dependence for H ) Hz has the
form shown in Figure 4a with the repulsion between the 6
and 7 Zeeman levels and the ∆67

min ) 2E0�3 tunneling gap.
Using the interval ∆67′ (Figure 4a), one obtains the rhombic

ZFS parameter EDM ) 0.131 cm-1 of the DM(x) exchange
mixing origin, EDM << DDM. In the isosceles Cu3 cluster
with the DM(x) exchange mixing, the δ distortion leads to
the new rhombic-type anisotropy of the S ) 3/2 state induced
by the DM exchange which corresponds to the isosceles
geometry.

The nonlinear magnetic behavior (Figure 4a) determines
the resonance fields of the EPR transitions and leads to the
complicated field dependence Wij(Hz) of the intensities of
the allowed EPR transitions for the S ) 3/2 state, shown in
Figure 4b for the cluster with J′ ) 252, J ) 189, Gz,x ) 47
(cm-1). The relative intensities Wij(Hz) differ significantly
from the standard relation WIV ) 1, WIII(V) ) 0.75 (dotted
straight lines in Figure 4b) characteristic for the S ) 3/2
EPR transitions at H ) Hz, Figure 2. The intensities follow
these standard relations only at high magnetic fields where
the DM exchange effect are suppressed by the field.

3.2. AFM Cu3 Clusters with Small AFM Exchange
and DM Exchange Parameters. Figure 5a plots the energy
levels for the isosceles Cu3 cluster (matrix A1 of Appendix
A) with the exchange parameters (in cm–1) J12 ) 3.143, J13,23

) 2.808, δ ) 0.335, Jav ) 2.92, Gz,x ) +0.368, Gy ) 0, ∆0

) 0.720, g ) 2.06, and the crossing of the S ) 3/2 and S )
1/2 levels at large magnetic field (5 T). The ZFS of the S )

Figure 5. Isosceles Cu3 cluster; J12 ) 3.143 cm-1, J13,23 ) 2.808 cm-1,
Gz,x ) 0.368 cm-1. (a) ZFS, Zeeman splitting (H ) Hz) and allowed EPR
transitions. (b) Field dependence of the relative intensities Wij(Hz) of the
allowed EPR transitions.
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3/2 state induced by the DM(x) exchange (Gx) mixing is
2DDM ) 0.0134 cm-1 in Figure 5a; the ZFS of the 2(S )
1/2) group is ∆ ) 0.708 cm-1 (<∆0, in accordance with
Figure 3c).

The DM(x) admixture (eq 8) changes the picture of the
field dependence in the area of the crossing points in
comparison with the trigonal cluster. In the isosceles Cu3

cluster, the tunneling gaps ∆ij
min () ∆ij′ in Figure 5a) in the

levels crossing points at large magnetic fields depend on the
values of δ, Gx,z, and on the sign of Gz, Figure 5a. The values
of the tunneling gaps between the levels 1 and 2, 2 and 3, 4
and 5, and 5 and 6 (in cm–1) are ∆12′ ) 0.124, ∆23′ ) 0.534,
∆45′ ) 0.31, ∆56′ ) 0.08, respectively, in Figure 5a for
positive DM parameters Gx,z. These tunneling gaps are
described by eq 9b

∆12(23)′ ≈ 1.5|Gx|{0.5[1- (+)Gz√3/∆]}1/2

∆45(56)′ ≈ 0.5|Gx|{0.5[1- (+)Gz√3/∆]}1/2 (9b)

In the case of Gx * 0, Gy * 0, the multiplier |Gx| in eq 9b
should be replaced by �(Gx

2 + Gy
2). The DM(x) mixing in

isosceles cluster (Figure 5a) results in (i) the appearance of
the tunneling gaps between the levels, which are crossed in
the trigonal system, even in the presence of the DM(x)
mixing (E3

- and E1
+, E1

+ and E4
- in Figure 1a; E3

- and
E1

-, E2
- and E4

+ in Figure 1b) and (ii) the reduction of the
tunneling gaps ∆1′ ) 3|Gx|/2, ∆4′ ) �3|Gx|/2, characteristic
for the trigonal system (∆min(E1

- - E1
+) and ∆min(E4

- -
E4

+), respectively, in Figure 1a and b).
For the isosceles cluster with the Heisenberg parameters

(in cm–1) J′ ) 3.143, J ) 2.808, δ ) 0.335 and negative
DM parameters Gx,z ) -0.368, the calculations (Table A1
of Appendix A) results in ZFS ∆DM ) 0.729 for GS 2(S )
1/2) and 2DDM ) 0.010 for excited S ) 3/2 state. The
relations ∆DM > ∆0 and 2DDM(Gz < 0)< 2DDM(Gz > 0) take
place, in accordance with Figure 3. The tunneling gaps (in
cm–1) ∆12′ ) 0.535, ∆23′ ) 0.124, ∆45′ ) 0.075, and ∆56′ )
0.310 for Gx,z < 0 are well described by eq 9b. This
consideration shows that the tunneling gaps depend on the
chirality of GS: ∆12′ < ∆23′, ∆45′ > ∆56′ for Gz > 0 and ∆12′
> ∆23′, ∆45′ < ∆56′ for Gz < 0.

The comparison of the repulsion gaps ∆12′ and ∆23′, which
may be observed experimentally in the area of the crossing
points, allows one to determine the sign of the Gz parameter
from 9b and, as a result, the spin chirality of the ground
state.

4. ZFS and Intensities of the EPR Transitions in the
Cu3 Clusters with the Crossing of the S ) 3/2 and S )
1/2 Levels at High Magnetic Fields

For the {Cu3} nanomagnet23a with the Heisenberg param-
eters J12 ) 3.143 cm-1, J13 ) J23 ) 2.808 cm-1, Choi et
al.23a used three DM exchange parameters Gx ) Gy ) Gz )
0.368 cm-1 for the explanation of the magnetic and EPR
data. The contribution of the DM mixing to ZFS was not
considered in ref 23a. The account of the two in-plane
components Gx ) Gy ) 0.368 cm-1 of the DM exchange in
the calculations of the energy matrix (Table A1 in Appendix

A) with Gz ) +0.368 cm-1, results in the energy levels,
shown in Figure 5a, with ZFS of the S ) 3/2 state 2DDM )
0.0265 cm-1 of the DM(x,y) exchange origin, ZFS ∆DM )
0.6961 cm-1 of GS 2(S ) 1/2), and the tunneling gaps ∆12′
) 0.164 cm-1 [Hz ) 5 T], ∆23′ ) 0.751 cm-1 [Hz ) 4.4 T],
∆12′ < ∆23′. The tunneling gaps ∆12′ and ∆23′ are described
by eq 9b with the multiplier �(Gx

2 + Gy
2) instead of |Gx|.

In the case of Gz ) -0.368 cm-1, the splittings are the
following 2DDM ) 0.0200 cm-1, ∆DM ) 0.7368 cm-1, ∆12

) 0.750 cm-1 (Hz ) 5.12 T), ∆23 ) 0.166 cm-1 (Hz ) 4.64
T), ∆12′ > ∆23′. Our result concerning the tunneling gaps
∆ij′ is not consistent with the result in Figure 4 (H|Z) of ref
23a where correlations between the tunneling gaps are ∆12′
> ∆23′, ∆45′ < ∆56′ for Gz > 0 for the {Cu3} nanomagnet.
These correlations between the tunneling gaps (∆12′ > ∆23′,
∆45′ < ∆56′) correspond to the negative Gz parameter.

The value of the 2DDM contribution to the isosceles cluster
ZFS parameter 2Deff can be estimated using eq 6 with the
average parameter Jav ) 2.92 cm-1 and the multiplier (Gx

2

+ Gy
2) instead of Gx

2: 2DDM ) 0.0263 cm-1 for Gx,y,z )
+0.368 cm-1.

The zero-field gap 2De ) 0.0662 K ) 0.0460 cm-1 for
the S ) 3/2 state of the {Cu3} nanomagnet observed in EPR23

was explained by the anisotropic exchange contribution.23a

The value 2De of ZFS was used23a to estimate the exchange
anisotropy A ) |Jx - Jz| ) 0.6 K. Our calculation of the
contribution 2DDM to ZFS induced by the in-plane DM(x,y)
exchange mixing shows that ZFS 2DDM ) 0.0265 cm-1 (Gx,y,z

) +0.368 cm-1) contributes 58% of the value of the
experimentally observed ZFS 2De. The axial ZFS 2D0 of
the anisotropic exchange origin contributes 42% to total ZFS
2De (2DAN ) 2D0 ) 2De - 2DDM) that allows the estimation
of the exchange anisotropy (Jz - Jx) ) 2D0 ) 0.0195 cm-1

) 0.028 K which is significantly smaller than the estimate
in ref 23a. Large DM(x,y) exchange contribution 2DDM to
the effective cluster ZFS 2Deff should be taken into account
in the conclusion, relating to the origin of the S ) 3/2 ZFS
and the exchange anisotropy.

ZFS ∆DM ) 0.696 cm-1 of GS 2(S ) 1/2) in the DM
model with the DM(x,y) mixing (Gx,y,z ) 0.368, δ ) 0.335
(cm-1)) is close (97%) to ZFS ∆0 ) �(δ 2 + 3Gz

2) ) 0.720
cm-1 induced only by the DM(z) coupling (Gz ) 0.368 cm-1,
Gx,y ) 0). The zero-field GS wave function Ψ-(1/2, -1/
2)H)0 ) 0.858�0(-1/2) - i0.511�1(-1/2) - i0.020Φ(3/2,
-3/2) + i0.046Φ(3/2, 1/2) of the isosceles cluster demon-
strates the admixture of both |3/2, -3/2〉 and |3/2, +1/2〉
excited states. The coefficients of the �0, �1 functions (S )
1/2, M ) -1/2) in the GS wave function Ψ-(1/2, -1/2)H)0

are very close to the coefficients a+ ) �[1/2(1 + δ/∆0)] ()
0.856) and a- ) �[1/2(1 - δ/∆0)] () 0.517), which describe
the GS function Ψ-(-1/2) ) a+�0(-1/2) - ia-�1(-1/2)
of the isosceles trimer (see eqs S5 and S6 in the Supporting
Information) with Gz (0.368 cm-1) and δ (0.335 cm-1)
parameters without the DM(x,y) admixture (Gx,y ) 0). It
shows that even large DM(x,y) admixture in the isosceles
clusters has a small influence on the GS magnetic behavior
at low magnetic fields.
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In Figure 5a, the allowed EPR transitions are shown by the
vertical arrows. The field dependence of the relative intensities
of the allowed EPR transitions (H ) Hz) for the cluster with
the exchange parameters (in cm–1) J′ ) 3.143, J ) 2.808, δ )
0.335, Gx,z ) 0.368, Gy ) 0 (Figure 5a) are shown in Figure
5b. The relative intensities Wij(Hz) of the EPR transitions are
changed significantly in the area of the mixing of the spin levels
at high magnetic fields (Figure 5b) where the EPR transitions
between the mixed spin states take place. At low magnetic
fields, H < 3 T (X-band and Q-band EPR), the intensities of
the EPR transitions for the S ) 3/2 and 2(S ) 1/2) groups do
not depend on the DM(x) exchange mixing and the value of
magnetic field Hz (Figure 5b). At low fields H ) Hz, there are
four allowed EPR transitions I (1f 4), I′ (2f 3), II (1f 3),
II′ (2f 4) in the 2(S ) 1/2) group (Figure 6a). The intensities
of the EPR transitions W14(I) ) W23(I′) ) 0195, W13(II) )
W24(II′) ) 0.055 calculated, using Table A1 of Appendix A
for H ) Hz, are very close to the relations W14

Z (I) ) 0.197,
W13

Z (II) ) 0.053, which are obtained, using the equation

W14
Z(I))W14

Z(I′)) 3Gz
2/4∆0

2,

W13
Z(II))W24

Z(II′)) δ2/4∆0
2 (10)

for the considered exchange parameters. Equation 10 was
obtained for the system without the DM(x) mixing of the
2(S ) 1/2) and S ) 3/2 states (Gx,y ) 0).6,7 Figure 5b shows

that the intensities of the X-band and Q-band EPR transitions
(at low magnetic fields H ) Hz) are well described by the
DM(z) exchange model without taking into account the in-
plane DM(x) mixing, both in the cases of the large DM
exchange18–20 and small DM exchange23a parameters.

For the isosceles cluster, the field dependence (H ) Hx in
the plane of the cluster) of the relative intensities of the
allowed EPR transitions for the X- and Q-band EPR may
also be described by the DM(z) exchange model without
taking into account the DM(x) mixing. In this case, the field
dependence of the relative intensities of the allowed EPR
transitions6 for H ) Hx (hx ) gµBHX) has the form

W14
X(IX)) 0.75Gz

2/[(δ+ hX)2 + 3Gz
2],

W23
X(IX ′ )) 0.75Gz

2/[(δ- hX)2 + 3Gz
2],

W13
X(IIX))W24

X(IIX ′ )) 0.125{1+ (3Gz
2 - δ2 + hX

2)/
[(∆0

2 + hX
2)2 - 4δ2hX

2]1/2},

W12
X )W34

X ) 0.125{1- (3Gz
2 - δ2 + hX

2)/
[(∆0

2 + hX
2)2 - 4δ2hX

2]1/2} (11)

An increase of Hx results in (i) the strong decrease of the
intensities W14

X(IX), W23
X(IX′), W12

X ) W34
X of the S ) 1/2

EPR transitions T14(IX), T23(IX′), T12
X ) T34

X and (ii) an
increase of the intensities W13

X(IIX), W24
X(IIX′) of the EPR

transitions T13(IIX) and T24(IIX′) up to its maximal values
∼0.25 characteristic for the isotropic system. The relation
between the intensities of the EPR transitions T14(IX) and
T13(IIX) at their resonance fields is W14

X(IX):W13
X(IIX) )

0.07:0.24 for H ) HX (Figure 6b).
In Figure 6 for the {Cu3} cluster with the exchange

parameters of Figure 5, the Zeeman splittings for H ) Hz

(Figure 6a, solid lines) and H ) Hx (dashed curves in Figure
6b) as well as the allowed Q-band EPR transitions are
compared each with others. The allowed EPR transitions I
and II for H ) Hz {H ) Hx} are marked as IZ, IIZ {IX, IIX}
in Figure 6a {Figure 6b}. For the Q-band EPR (hν ) 1.13
cm-1), the resonance fields of the EPR transitions for H )
Hz are determined by the relations h1Z(I) ) hν - ∆0, h2Z(II)
) hν, h3Z(II′) ) hν, h4Z(I′) ) hν + ∆0 (Figure 6a). Due to
the linear field dependence of the S ) 1/2 levels for H ) Hz

(Figure 6a) and the nonlinear field behavior for H ) Hx

(Figure 6b), the EPR line IZ of the EPR transition 1 f 4
{T14(IZ)}, which is observed at the resonance field h1Z(IZ)
for H ) Hz (Figure 6a), is shifted in the area of the higher
fields in Figure 6b, h1Z(IZ) < h1X(IX) (the resonance field is
h1X(IX) ) {[(hν)2 - 3Gz

2]1/2 - δ} for H ) Hx). The EPR
line of the transition II (1f 3) {T13(IIZ)}, which is observed
at the resonance field h2Z(IIZ) for H ) Hz (Figure 6a), is
shifted in the area of the lower fields in Figure 6b, h2X(IIX)
< h2Z(IIZ) (the resonance field h2X(IIX) ) {[(hν)2 - 3Gz

2]1/2

+ δ} for H ) Hx (ref 6)). The EPR line of the transition IIZ′
(2 f 4) in Figure 6a is also shifted in the area of the lower
field (IIX′) Figure 6b under the change of the magnetic field
HZ f HX.

Strong angle variation of the EPR resonance fields of the
2(S ) 1/2) group of the {Cu3} nanomagnet was observed

Figure 6. Splitting of the 2(S ) 1/2) states of the isosceles Cu3 cluster
and the allowed Q-band EPR transitions. J12 ) 3.143 cm-1, J13,23 ) 2.808
cm-1, Gz,x ) 0.368 cm-1. (a) H ) Hz, solid lines. (b) H ) Hx, dashed lines.
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by Choi et al.:23a the EPR line IZ (the transition 1 f 4, Hz)
is shifted in the area of the higher fields under the angle
variation HZf HX, whereas the EPR lines IIZ, IIZ′ are shifted
in the area of the lower fields for HZf HX.23a The intensities
W14

Z (I), W13
Z (II), and W24

Z (II′) of the observed23a EPR transi-
tions 1 f 4, 1 f 3, and 2 f 4 arising from the 2(S ) 1/2)
group of levels of the {Cu3} nanomagnet are comparable to
each other and are 1 order of magnitude weaker than that of
the S ) 3/2 state.23a Choi et al.23a suggested that this is due
to the reduced magnitude of spin. The influence of the DM
exchange and distortions on the intensities of the EPR
transitions was not considered in ref 23a.

Our calculations, with the parameters used in ref 23a, result
in the following relative intensities of the Q-band EPR
transitions: for the S ) 3/2 group WIII ) WV ) 0.74, WIV )
1; for the 2(S ) 1/2) group W14

Z (I) ) 0.195, W13
Z (II) ) W24

Z (II′)
) 0.055 for H ) Hz and W14

X (IX):W13
X (IIX) ) 0.07:0.24 for H

) Hx (Figures 5 and 6). In both orientations Hz and Hx, the
intensity W14(I) of the EPR transition 1 f 4 differs more
than 3 times from the intensity W13(II) of the transition 1f
3 for the set of the δ and G parameters used in ref 23a. To
obtain the comparable intensities one can use the correlations
between the intensities W(I) and W(II) which are governed
by δ and Gz (eqs 10 and 11). The condition, that the EPR
transitions I, I′ and II, II′, arising from the 2(S ) 1/2) group,
are comparable to each other, as was observed in EPR
experiment,23a results in the relation δ ≈ |Gz|�3 between
the exchange parameters that differs from the relation δ/Gz

) 0.91 in ref 23a. In this case (δ ) |Gz|�3), the intensities
of the EPR transitions for H ) Hz in the 2(S ) 1/2) group
W14

Z (I) ) W23
Z (I′) ) W13

Z (II) ) W24
Z (II′) ) 0.125 are 8 times

weaker than that of the transition WIV ) 1.
For the pure Heisenberg isosceles system (G ) 0), the

relative intensities of the EPR transitions are WIII ) WV )
0.75, WIV ) 1; W13

Z (II) ) W24
Z (II′) ) 0.25 for H ) Hz and H

) Hx, the EPR transitions 1 f 4 and 2 f 3 are symmetry
forbidden.

The angle dependence of the EPR transitions in the Cu3

cluster with large Gz was described20a by the DM(z) exchange
model with J ) 210, Gz ) 36, δ ) 17.5 (cm-1).

Relative intensities of the X- and Q-band EPR transitions,
their angle dependence and resonance fields are described
by the out-of-plane DM exchange model (Gz), the influence
of the Gx, Gy DM mixing is small at low magnetic fields.

5. Different Gij Parameters in the Isosceles Cu3 Cluster

The other effect of the large δ distortion in the isosceles
Cu3 clusters is connected with the proportionality of the pair
DM exchange parameters to the Heisenberg exchange
parameters:25 |Gij| ∼ (∆g/g)Jij. Thus, for example, for the
Cu3 cluster with the Heisenberg parameters19 (in cm–1) J12

) 252, J13 ) J23 ) 189, δ ) 63, the relation between the
pair DM exchange parameters should be G12/G23 ) J12/J23

) 1.33, G31 ) G23. Using the Gz ) 47 cm-1 parameter19 as
an average value (Gz ) (G12,Z + G23,Z + G31,Z)/3), one obtains
G12,Z ) 56.4 cm-1, G23,Z ) G31,Z ) 42.3 cm-1 and ∆Gz )
(G12,Z - G23,Z) ) 14.1 cm-1. In this case, the coefficients of
the DM mixing (eq 3) depend on ∆Gk. Thus, the difference

∆Gz of the pair Gij,Z DM parameters results in the mixing of
|S ) 1/2, M ) (1/2 (S12 ) 0)〉 and |3/2, M ) (1/2〉 states
with the same total spin projection M (eq 5, the ∆Gz term in
the matrix (A1) in Appendix A). The ∆Gz DM(z) exchange
mixing of the S ) 1/2 and S ) 3/2 states with ∆M ) 0
differs from the in-plane (Gx) DM(x) mixing (with ∆M )
(1) considered in section 4. The ∆Gz term results in the
∆Gz repulsion of GS |1/2 (S12 ) 0), M〉 and excited |3/2, M〉
state and, as a result, in an additional magnetic anisotropy
(Figure 7, the solid curves): the nonlinear magnetic behavior
of the Zeeman levels 5 and 6 (formally, the |3/2, -3/2〉 and
|3/2, -1/2〉 states, |∆M| ) 1) and tunneling gap ∆56′ ) ∆56

min

) ∆min(E6 - E5) ) 0.893 cm-1 between these states in the
area of their crossing in the case ∆Gz ) 0 (∆56

min > ∆67
min )

0.436 cm-1). The dashed lines in Figure 7 plot the ZFS, levels
and the |3/2, -3/2〉 -|3/2, -1/2〉 crossing in the case ∆Gz )
0. This nonlinear magnetic behavior and tunneling gap ∆56′
are not described by the standard ZFS Hamiltonian (9a). The
∆Gz repulsion leads also to the shift of the S ) 3/2 states
(Figure 7) and the slight increase of ZFS.

6. DM Exchange Mixing in Ferromagnetic Cu3 Clusters

The FM Cu3 clusters (J0 ) -109 cm-1) are characterized
by the large ZFS of the ground S ) 3/2 state.21a In the
trigonal FM Cu3 clusters (J0 < 0), the ground S ) 3/2 state
(4A2 term) is separated by the Heisenberg interval 3J0/2 from
the excited 2(S ) 1/2) group (2E term). This large ZFS can
be related21a to the strong DM coupling (|Gz| ) 42 cm-1)
and large DM(z) splitting ∆0 ) |Gz|�3 of the excited 2E state.
In the case if the DM(x) interaction exists, the calculation
of the DM(x) mixing of GS S ) 3/2 and excited 2(S ) 1/2)
states for the FM cluster results in the DM contribution to
ZFS of GS 4A2 in the form

2DDM′)-(Gx
2/4J0)[1- 2Gz/J0√3] (12)

In this case, the DM(x) exchange mixing of GS S ) 3/2 and
excited 2(S ) 1/2) states leads to the negative contribution

Figure 7. ZFS, tunneling gaps, and field dependence of the S ) 3/2 levels
(solid curves) of the isosceles AFM Cu3 cluster with the difference ∆Gz of
the pair out-of-plane DM parameters (in cm–1) G12,Z ) 56.4, G23,Z ) 42.3,
induced by the large δ distortion. J12 ) 252, J13,23 ) 189, Gz,x(av) ) 47; H
) Hz. Dashed curves ∆Gz ) 0.
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to the effective ZFS parameter 2Deff ) 2(D0 - |DDM′|) since
the repulsion of the ground |M| ) 3/2 doublet is �3 times
larger than the repulsion of the ground |M| ) 1/2 doublet:
E(3/2, |M| ) 3/2) ) -3|J0|/2 - lDM + D0 - |DDM′|, E(3/2,
|M| ) 1/2) ) -3|J0|/2 - lDM - D0 + |DDM′|). In the case if
D0 < |DDM′|, the |3/2, 3/2〉 doublet is the ground state, Deff

< 0. The ZFS 2D0 has the anisotropic exchange
origin.20a,21a,23a,34,35 For the FM Cu3 cluster with the
parameters (in cm–1) J0 ) -109, |Gz,x| ) 40, the DM ZFS
contribution 2DDM′ depends significantly on the value and
sign of the DM exchange parameters: 2DDM′ ) -2.16 cm-1

for Gx,z ) 40 cm-1 and 2DDM′ ) -5.14 cm-1 for Gx,z )
-40 cm-1. The dependence on the sign of Gz is opposite to
that of the case of the excited S ) 3/2 state of the AFM
cluster (Figure 2). The DM(x) contribution 2DDM′ to ZFS of
GS 4A2 may be of the order of the experimentally observed21a

ZFS 2De ) -5cm-1.
In the trigonal FM Cu3 cluster22 with J0 ) -1.52 cm-1,

an axial ZFS parameter D3/2 ) -74 × 10-4 cm-1 was found
experimentally,22 which differs in sign and value from the
possible spin–spin dipolar contribution (Ddip,3/2 )+15 × 10-4

cm-1.22 In the case of the DM exchange parameter Gz )
0.12|J0| (as in ref 21a), the DM(x,y) contribution to the ZFS
parameter is DDM,3/2 ) -70 × 10-4 cm-1, which is of the
order of D3/2.

7. Conclusion

The mixing of the ground spin-frustrated 2(S ) 1/2) and
excited S ) 3/2 states by the in-plane DM exchange results
in the large positive DM exchange contribution 2DDM to ZFS
of the excited S ) 3/2 state of the Cu3 clusters with the strong
DM exchange coupling. This 2DDM contribution to ZFS

depends on the parameters Gx, Gz, and J. Since the chirality
of the ground-state is determined by the sign of Gz, the
dependence of the S ) 3/2 ZFS on the sign of Gz shows the
correlation between the chirality of the ground-state and ZFS
2DDM of the excited S ) 3/2. In the isosceles Cu3 clusters,
the in-plane DM exchange mixing results in the rhombic
magnetic anisotropy of the S ) 3/2 state, the nonlinear field
dependence of the Zeeman levels of the S ) 3/2 state in
magnetic field H ) Hz and the field dependence of the
intensities of the EPR transitions. Large δ-distortions result
in the inequality ∆Gz of the pair DM parameters and the S
) 1/2-S ) 3/2 mixing with ∆M ) 0 by the ∆Gz DM term,
that leads to an additional magnetic anisotropy of the S )
3/2 state. In the AFM clusters, the in-plane DM exchange
mixing (Gx, Gy) slightly influences the ZFS, magnetic
anisotropy and EPR spectra of the ground 2(S ) 1/2) states
at low magnetic fields. In the ferromagnetic Cu3 clusters,
the in-plane DM exchange mixing of the ground S ) 3/2
and excited 2(S ) 1/2) states results in the large negative
DM exchange contribution 2DDM′ to the axial ZFS 2D of
the ground S ) 3/2 state.

Appendix A

The energy matrix of the Hamiltonian (1) of the isosceles
Cu3 cluster with the account of the Heisenberg exchange, δ
distortions, DM exchange, and axial ZFS has the form of
Table A1.

Supporting Information Available: Equations S1-S9. This
material is available free of charge via the Internet at http://
pubs.acs.org.

IC701796Q

Table A1a

�0(-1/2) �0(1/2) �1(-1/2) �1(1/2) Φ(–3/2) Φ(-1/2) Φ(1/2) Φ(3/2)

-1\2(δ + hz) 1/2h- -i�3Gz/2 i∆′Gx -i3Gx′ -i�2∆′Gz i�3Gx′
1/2h+ -1/2(δ-hz) i∆′Gx i�3Gz/2 -i�3Gx′ -i�2∆′Gz i3Gx′
i�3Gz/2 -i∆′Gx 1/2(δ - hz) 1/2h- 3Gx′′ �3Gx′′
-i∆′Gx -i�3Gz/2 1/2h+ 1/2(δ + hz) �3Gx′′ 3Gx′′
i3Gx′ 3Gx′′ ∆1 + D0 - 3hz/2 �3h-/2
i�2∆′Gz i�3Gx′ �3Gx′′ �3h+/2 ∆1 - D0 - hz/2 h-
-i�3Gx′ i�2∆′Gz �3Gx′′ h+ ∆1 - D0 + hz/2 �3h-/2

-i3Gx′ 3Gx′′ �3h+/2 ∆1 + D0 + 3hz/2
a Where ∆1 ) (J12 + J13 + J23)/2, Gx′ ) (Gx - ∆Gx/3)/4�2, Gx′′ ) (Gx - ∆Gx)/4�2, ∆′Gk ) ∆Gk/2�3, ∆Gk ) G12,k – G23,k, G23 ) G31, k ) x,z; hz

) gµBHZ, h( ) gµB(HX ( iHY), Φ(M) ) Φ(S ) 3/2, M).
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