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Abstract: Unusual spin coupling between Mo"' and Mn'" cyano-bridged ions in bimetallic molecular magnets
based on the [Mo"'(CN)7]*~ heptacyanometalate is analyzed in terms of the superexchange theory. Due to
the orbital degeneracy and strong spin—orbit coupling on Mo", the ground state of the pentagonal-bipyramidal
[Mo"(CN)7]*~ complex corresponds to an anisotropic Kramers doublet. Using a specially adapted kinetic
exchange model we have shown that the Mo"—-CN—Mn'" superexchange interaction is extremely
anisotropic: it is described by an Ising-like spin Hamiltonian JSy,, S, for the apical pairs and by the J,Sy;,
Sim + Io(Shio Sin T Skio Stan) SPIN Hamiiltonian for the equatorial pairs (in the latter case J; and Jy, can
have opposite signs). This anisotropy resulted from an interplay of several Ising-like (Sg, Sy, and
isotropic (SmoSwn) ferro- and antiferromagnetic contributions originating from metal-to-metal electron transfers
through the 7 and o orbitals of the cyano bridges. The Mo"'—CN—Mn'" exchange anisotropy is distinct from
the anisotropy of the g-tensor of [Mo"(CN)/]*~; moreover, there is no correlation between the exchange
anisotropy and g-tensor anisotropy. We indicate that highly anisotropic spin—spin couplings (such as the
Ising-like JSy, Sy,) combined with large exchange parameters represent a very important source of the
global magnetic anisotropy of polyatomic molecular magnetic clusters. Since the total spin of such clusters
is no longer a good quantum number, the spin spectrum pattern can differ considerably from the conventional
scheme described by the zero-field splitting of the isotropic spin of the ground state. As a result, the spin
reorientation barrier of the magnetic cluster may be considerably larger. This finding opens a new way in
the strategy of designing single-molecule magnets (SMM) with unusually high blocking temperatures. The
use of orbitally degenerate complexes with a strong spin—orbit coupling (such as [Mo"(CN);]*~ or its 5d
analogues) as building blocks is therefore very promising for these purposes.

Introduction pronounced one-center magnetic anisotropy and/or exchange

The interest in single-molecule magnets (SMM) with high anisotropy between magnetic centers is required for the magnetic
blocking temperatures has stimulated extensive studies ofCluster to have a high-energy spin reorientation bafriene
magnetic properties of high-nuclearity metal-cyanide cludtérs. USe of building blocks with anisotropic magnetic properties is
Most of the clusters obtained to date are structurally related to therefore strongly preferable for obtaining good SMM charac-
the 3-D Prussian blue family compounds containing hexa- terstics.

cyanometalates as building blocks. Unfortunately, these systems Recently, new cyanide compounds containi?ig the low-
have generally a low magnetic anisotropy due to the cubic SYmmetry and magnetically anisotropic [M(CN);]*" hepta-

crystal structure and the octahedral symmetry of the M(CN) Cyanometalate and Mrions were synthesized and character-
complexes. This does not meet the necessary condition that 426

T Institute of Crystallography RAS Moscow. Mn,(H,O);[Mo(CN)-]-4H,0 1
* Katholieke Universiteit Leuven.
§ Present address: Department of Chemistry Katholieke Universiteit an(Hzo)s[Mo(CN)7]'4-75|_EO 2
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(1) Ferlay, S.; Mallah, T.; OuakeR.; Veillet, P.; Verdaguer, Mature1995 K2Mn3(H20)6[M0(CN)7] 6HZO 3
378 701.
(2) (a) Sessoli, R.; Tsai, H.-L.; Schake, A. R.; Wang, S.; Vincent, J. B.; Folting, [N(CHJ),],IMn(H,0)]5[Mo(CN)-],+2H,O 4

K.; Gatteschi, D.; Christou, G.; Hendrickson, D. Bl. Am. Chem. Soc.
1993 115 1804. (b) Sessoli, R.; Gatteschi, D.; Caneschi, A.; Novak, M.
A. Nature 1993 365, 141. (c) Barra, A.-L.; Debrunner, P.; Gatteschi, D.; These compounds have an extended 3t[2( and4) or 2-D

Schultz, C. E.; Sessoli, FEurophys. Lett1996 35, 133. (d) Castro, S. L,; ;
Sun, Z.; Grant, C. M.; Bolinger, J. C.; Hendrickson, D. N.; ChristouJ G. (3) CryStaI Sthture and order _magnetl(_:a”y at 43, 51, 39, and
Am. Chem. Sod998 120, 2365. 86 K, respectively. The magnetic behavior df—4 was found
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to be very unusual. The magnetic susceptibilitylefd is very
: . ) RN a)
different along different crystallographic axes, and it is field
dependent. The magnetic phase diagrams are complicated and
show metamagnetic and spin-reorientation phase transitions.
Such a behavior is more typical off &and 5 magnetic
compounds rather than of transition metal compounds.

The Md"—CN—Mn'"" spin coupling in1—3 was initially
interpreted as being ferromagnetiddowever, subsequent
neutron diffraction experiments revealed that the spin density
distribution in compoun@ corresponds to an antiferromagnetic
interaction between neighboring Mcand Mr' centers! This
contradiction was qualitatively discussed in ref 3 in terms of a

simplified model of the electronic structure of [Mo(GM)™ and D5h
competing antiferro- and ferromagnetic interactions between the Qc
nearest and next nearest magnetic centers, but an insight into QN

the problem is lacking.

In this paper, we analyze the Me-Mn'" spin coupling in
1—4 using a microscopic model based on the kinetic exchange
theory® Due to the orbital degeneracy combined with a strong
spin—orbit interaction, the orbital momentum of Moin a
pentagonal-bipyramidal coordination is unquenched thus result-
ing in a highly anisotropicg-tensor of the ground state of
[Mo(CN)7]*~. We show that, apart from the ground state of the
Mo site being magnetically anisotropic, the Me CN—Mn"
exchange interactioitself is highly anisotropic, which cannot
be described by the conventional Heisenberg spin Hamiltonian
—JSwoSwun. In fact, the exchange anisotropy may be so strong
that the Md'—=Mn'"" spin coupling as a whole cannot be even
characterized by a definite sign (ferro- or antiferromanetic). We
show that the MB—CN—Mn'" exchange anisotropy is an
inherent property of an orbitally degenerate system with a

pronounced spirorbit interaction, which is not related to the  Figure 1. Structure of the [Mo(CNJ*~ heptacyanometalate: (a) the

; i ; 4— ; idealized pentagonal bipyrami®4, symmetry group) and (b) real distorted
smglg .IF).n a.nlsotr.op)./ of .[MO(CN - We also dISC.USS.neW . bipyramid; the polarf) and azimuthal¢) angles in the regular and distorted
possibilities in designing single-molecule magnets with high spin complexes are given in Table 1.

reorientation barriers resulting from these findings. _ _ _
Structure of Mo —Mn! Cyanometalates and the Ground E‘Z‘S’S ééuIngrpgr%%%”:;%sig t?]';dD(ﬁisgrttgz [C,\ng‘é’NL)ﬁ?,”ds in the

State of [Mo(CN);]*~. The structure of the [Mo(CN)*~ Complexes in 14

complex in1—4 corresponds to a distorted seven-coordinate

pentagonal bipyramifdwith almost equal Me-C distances

ranging from 2.11 to 2.19 A (Figure 1). The degree of the —

distortion from the ideaDsy, bipyramid can be seen from Table 0 70 95 9.4Ap|§g‘|2L|gands

1, which shows the ligand angular coordinates. The molybdenum 180 173.1 170.5 170.7 169.6

atom has severi( 2) or six (3, 4 —C—N—Mn linkages with Equatorial Ligands

; ; 90 942 748 901 917 0 38 -45 -23 55
the surrounding Mn atoms. The Mn sites have an MON 90 740 941 993 942 72 741 671 766 738

6, degree @, degree
Dsp, 1 2 3 4 Ds, 1 2 3 4

pseudooctahedral coordination 1r-3 with four —N—C—Mo 90 1029 916 787 75.3 144 1413 1451 1487 153.9
linkages in the equatorial plane and two apical oxygen atoms 90 86.6 857 109.9 116.2 216 2124 2204 2184 216.7
(in 4, Mn atoms have an MnjO 5-fold coordinatiof). The 90 879 1113 815 760 288 2884 2924 2786 281.2
3-D or 2-D extended crystal structures bf4 are built of the a According to the recent structural data the [Mo(CN)J4~ complex

MozMn, cyano-bridged cycles, in which neighboring Mo and s less distorted (J. Larionova, private communication).
Mn atoms share only one cyano group.

In our model approach, we use an idealized geometry of the
common Mng)—Mo—Mn(xy) cyano bridged structural unit of

1—4 shown in Figure 2. The [Mo(CN)*~ heptacyanometalate
is assumed to be a regular pentagonal bipyramidDegf
symmetry, and all MnbD, polyhedra are regarded as octahedra
(the fact that ird Mn atoms are five-coordinated is not important
3) (a) Larionova, J.; Clac, R.; Sanchiz, J.; Kahn, O.; Golhen, S.; Ouahab, K . . .
L.'3. Am. Chem. $02998 120 13088. (b) Larionova, J.; Kahn, O Golhen, . Since thebA;4 ground state of Mhis spherically symmetric).

S Quabhab, L.; Ciec, R.;Inorg. Chem1999 38, 3621. (c) Larlonova J.; i _
Kahn, O, Golhen, S.; QOuahab, L.; e, R.J. Am. Chem. Sod 999 l.n this Strucwr?’ there a.re Only two types of the -MDN Mn
121, 3349, (d) Larionova, J.; Clac, R.; Donnadieu, B.; Gue, C. Cherm— linkages, (a) via the apical cyano group along thaxis and
Eur. J.2002 8, 2712. i i .
(4) Stride, A.; Gillon, B.; Goukassov, A.; Larionova, J.; €&le, R.; Kahn, O. (b) via the Ccyano groups m the equ,atouyblane' In, both Casesf’
C. R. Acad. Sci2001, 24, 871. the Mo—C—N—Mn group is linear; in case b, the five equatorial
(5) (a) Anderson, P. WPhys. Re. 1959 115 2. (b) Anderson, P. W. In ; ial li ; ithi
MagnetismRado, G. T., Suhl, H., Eds.; Academic Press: New York, 1963; Ilgands of Mo and four equatonal Ilgands of Mn lie within the
Vol. 2, Chapter 2. samexy plane.
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Figure 2. ldealized structure of the Me{—Mo—Mn(xy) cyano bridged
unit of the crystal structure df—4. The [Mo(CN)]*~ complex is the regular
pentagonal bipyramid)s,), and the Mn polyhedra correspond to octahedra
(On).

Consider the electronic structure of the [Mo(GNY hepta-
cyanometalate with the regulBg, geometry. In the crystal field
(CF) of Ds, symmetry, 4 levels of Mo split into the ground
orbital doublet £xandzy orbitals), the excited doublexy and
x2 —y?), and the upper singletd), Figure 3a. These states are
characterized by a definite projection of the electron orbital
momentunm to thez axis,m = +1, +£2, and 0, respectively.
The 4 orbital energies can be calculated in terms ofghand
e, parameters of the angular overlap model (AOH(zx zy)
= e, E(xy, X2 — y?) = Ylge, + 5, andE() = Y,e,.
Using the values, = 25 850 ande, = 9100 cn1?! obtained
from our recent CASPT2 calculations for Mo(G),® we have
E(zx zy) = 0, E(xy, X2 — y3) ~ 30 000 andE(z%) ~ 43 000
cm L. Three 4l electrons of M8 occupy the two loweskx
andzyorbitals to form a low-spid®o(M_ = £1) orbital doublet
(Figure 3b). CF calculations for thef#configuration (performed
with the B = 370 andC = 1950 cnt! Racah parameters
obtained from CASPT2 calculatiohshow that this ground state

momenturmM, = +1 via the spir-orbit interaction. As a result,
the g-tensor of the ground state is strongly anisotrogic= 4
andgx = g, = 0, so the magnetic moment of [Mo(CHf)- has
an Ising-like behavior: it has a maximum value along the
axis, while there is no magnetic moment in the equatogal
plane.

In the actual (distorted) [Mo(CN)*~ heptacyanometalates,
the ground orbital doublekg, y2) is split and thus the anisotropy
is reduced (Figure 3d). However, if the splittidgis smaller
than the spirorbit splitting {44, the above picture would not
change much. The splitting can be estimated from AOM
calculations,0 ~ 0.07G, — 0.21%; (1), 0.16%, — 0.384%,

(2), 0.083%, — 0.15%; (3), and 0.108, — 0.16%, (4), which

is less than or comparable faq in all compoundsl—4. CF
calculations for the @ configuration of Md' in distorted
heptacyanometalates ir-4 show that the orbital composition
of the wave function of the ground state is rather close to that
of the p(£5,) doublet in the regulads, complex. Theg-tensor
remains highly anisotropiay ranges from 3.0 to 3.5 amg} ~

gy from 0.4 to 1.3), and its principal magnetic axis deviates by
less than 20 from the z axis, being consistent with the
experimental data for the NakKlo(CN)7-2H,0 precursorg, =
3.89,0« = gy = 1.778 This indicates that the use of the idealized
Dsn, geometry of [Mo(CNj]*~ is a good model approach in the
analysis of exchange interactionsir-4.

Mechanism of the Md" —CN—Mn'" Anisotropic Exchange
Interactions. The spin coupling in the MeCN—Mn cyano
bridged pairs (Figure 2) is analyzed in the frame of the Anderson
kinetic exchange theoy/From this point, it is important to note
that specific details of the exchange interaction mechanism in
our system are essentially different from those in spin-only
exchange systems (including orbitally degenerated systems with
a weak spinr-orbit coupling). In the latter case, the total spin
on magnetic ions is a good quantum number, and thus the
resulting effective exchange Hamiltonian always contains the
isotropic $;S, spin factor; this facilitates considerably the
theoretical treatment of the problem. By contrast, in orbitally
degenerate systems with a strong sgonbit coupling, the total

is well isolated since the first excited state lies around 20 000 SPin of magnetic ions is no longer a good quantum number.

cm™1 (Figure 3b). Under the influence of the spiarbit
interaction on Mo {4dLS), the ground orbitally degenerate
2®o(M. = +1) state is split into the ground Kramers doublet
@(£Y,) and the excited Kramers doublg¢+Y,), which are
separated by a gap d@fq4 the spin-orbit coupling constant
of Mo, which ranges from 600 to 1000 cm! (Figure 3c).
The two components of the(+Y,) doublet correspond to
the projectionsm = —1/, and m = +%, of effective spin
Svo = 2. The corresponding wave functioggm) have a one-
determinant structurey(+/,) = [|4d+1N, 4d_11|| andg(—12)

= ||4dsqd, 4d_1N||, wheret and ! denote the+Y/, and —>
electron spin wave functions andld = (4dx + i4dzy)/«/§
and 4 = (4d;x — i4dzy)/\/§ are complex @ orbitals of Mo
with the definite projection of the orbital momentum = 1
and m = —1, respectively (the bottom of Figure 3c). It is
important that the total electron sp§= /, of Mo"' is not a
good quantum number since it is coupled with the orbital

(6) Hendrickx, M. F. A.; Mironov, V. S.; Chibotaru, L F.; Ceulemans,JA.
Am. Chem. So2003 125 3694.

(7) (a) Dunn, T. M.Trans. Faraday Sacl961, 57, 1441. (b) Kim, D. H.; Lee,
M. J. Bull. Korean Chem. S0d.997, 18, 976. (c) Gamelin, D. R.; Giel,
H. U. J. Phys. Chem. R00Q 104, 10222.
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This situation is typical of lanthanide or actinide ions in solids,
and this also takes place in [Mo(CHlY~ octacyanometalate,
as can be seen from the preceding analysis of its electronic
structure. In this case, electronic states of the exchange-coupled
pair cannot be classified according to the spin multiplicity, and
the resulting spin Hamiltonian becomes anisotropic. Therefore,
the kinetic exchange theory in its conventional form cannot
directly be applied to the analysis of non-Heisenberg exchange
interactions between thg(41/,) anisotropic Kramers doublet
of Mo"" and the true total spiyu, = %> of Mn'". Recently, we
have developed a general formalism to describe the kinetic
exchange mechanism in systems with a strong -spibit
interaction, which has been applied to a detailed analysis of
the anisotropic Y&"—Cr* exchange interaction in the mixed
YbCrBry3>~ dimer? Here, we use a simplified version of this
theory.

In our approach, the MeMn and Mo—Mn metal-to-metal
electron transfers through the bridging ligands are analyzed in

(8) Hursthouse, M. B.; Malik, K. M. A.; Soares, A. M.; Gibson, J. F.; Griffith,
W. P.Inorg. Chim. Actal98Q 45, L81.

(9) Mironov, V. S.; Chibotaru, L. F.; Ceulemans, Rhys. Re. B 2003 67,
014424.
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Figure 3. Electronic structure of the [Mo(CM)*~ heptacyanometalate: (a) Mal 4rbital energies in a reguldds, pentagonal bipyramid, (b) the energy
spectrum of M#é' (4d9) in the Ds, bipyramid without spir-orbit coupling, and (c) the energy spectrum of'Mddq) in the Ds, bipyramid with the spir-orbit

coupling. The orbital composition of the grougd+'/;) and excited¢(+%,) Kramers doublets is shown; (d) the splitting af drbital energies in distorted
[Mo(CN)7]*~ complexes.

terms of individual many-electron states of th##-43d® basic where the sum runs over alF.°T states of an Me-Mn pair
configuration and ¢?—3d® and 41*—3d* charge-transfer (CT)  resulting from the Me~Mn and Mo—Mn electron transfers and
configurations of a separate Md/An pair, rather than in terms  E(¥,7) is the corresponding CT energy. As shown below, the
of one-electron states. The wave functigmsMg of the ground Hett Operator can easily be transformed to the conventional spin
level of an Md'—Mn" pair (which is 2(&y, + 1)-fold degener- Hamiltonian.

ate in the absence of exchange interactions) are written as direct Note that many-electron-wave functions were used in many
antisymmetrized products of the corresponding many-electron theoretical works on the superexchange interaction in spin-only

wave functions of M8 and Mrl transition metal dimet8 and in orbitally degenerate dimers
. without spin-orbit coupling!! However, anisotropic exchange
Im, Mg[= @(m) ® °A, (Mg 1) interactions were not analyzed in this frame, and no attempts

. ) ) to calculate anisotropic spin Hamiltonians were made. Our
where®A;¢(Ms) is the wave function of théA,q ground state  approach represents therefore an extension of the many-electron

of Mn'" with the spin projectioMs andm = 4/, denotes the  formalism to the case of orbitally degenerate systems with a

the wave function®,°T of CT many-electron states are written
as products of single-ion wave functions of the Mo and Mn
centers with one missing or extra electron

There are some selection rules for nonzero transfer parameters
tos connecting the d, and 33 metal orbitals for the apical and
equatorial Me-CN—Mn pairs, which are summarized in Table

T —M N —Mn 2. All tys quantities are expressed via theand t, transfer
IP“C (Mo—Mn) = E7(4d") ® = (3d 6) @ paramet/ers describing the electron transfers betwdeamd 31
cT . _ = Mo 4y o = Mnio 4 orbitals through ther ando orbitals of the cyano bridge (Figure
Wo™ (Mo—Mn) = =7(4d") ® Z7(3d) ®) 4). Note that for the two lowestdorbitals of Mo we use the

In this representation, electron transfers are describgm,as ~ 4d+1 cOmplex orbitals rather than thel4and 4i;yreal orbitals

Mg— W,CT — | m/, M Ctransitions between the ground and  (@nd similarly for the Mng) 3d.., orbitals).

CT many-electron states. Their amplitude is described by the We first consider the apical MoCN—Mn(z) pair (Figure 2).

[, Mg/h|¥,STOmatrix elements of the one-electron operator To illustrate the origin of the anisotropic exchange, consider,
h; the latter is specified by its one-electron matrix elements, for example, the electron transfers for the= —%/, Ms = /0

that is, transfer integrats. The effective exchange Hamiltonian ~ State of the ground level (Figure 5). According to the selection
Her is obtained by the projection of CT states onto the space of fules for thetqs transfer parameters (Table 2), there are two
the |m, Mgwave functions of the ground level. It is completely M0o—Mn(2) electron transfers of the type, 4,14 — 3d.1 and
defined by the set of thén, Ms [Hei| M, Mg Cmatrix elements, ~ 4d-1t — 3d-4, of which the 4114 — 3d.4 transfer between
which are obtained from the second-order perturbation formula

(10) (a) Glerup, JActa Chem. Scand 972 26, 3775. (b) Weihe, H.; Gdel, H.
CT CT U. Inorg. Chem.1997, 36, 3632.
[n,My|h|W OO [hjm Mg 0 (11) (a) Weihe, H.; Gdel, H. U. Chem. Phys. Lett1996 261 123. (b)
mnvMslHefflm’vMS'D: — Z Ceulemans, A.; Chibotaru, L. F.; Heylen, G. A.; Pierloot, K.; Vanquicken-
W

CT: borne, L. G.Chem. Re. 200Q 100, 787. (c) Borras-Almenar, J. J,;
n E(lpn ) Clemente-Juan, J. M.; Coronado, E.; Palii, A. V.; Tsukerblat, B. 8hys.
4) Chem.1998 102A, 200.

J. AM. CHEM. SOC. = VOL. 125, NO. 32, 2003 9753
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Table 2. Nonzero tys Transfer Parameters Connecting Mo 4dy
and Mn 3dj Orbitals in the Apical (2) and Equatorial (xy)
Mo—CN—Mn Pairs (Figure 2)

40, 3d, tuy

Mo—CN—Mn(2) Pair

4d 4 3d+1 tr

4d-, 3d- tr

4d, 3dz to
Mo—CN—Mn(xy) Pair

4dss 30 t/v/2

4d_4 3dx to/v/2

Adyy 3dyy tr

4d2 3dz t,/4

4dy 3de_y —t,/3/4

4de_yp 3dy —t,/3/4

4de—y2 3de-y 3t,/4

a) z F4

Figure 4. Interactions of Mo 4 orbitals and Mn 8 orbitals through the

7 (a) ando (b) orbitals of the cyano bridges in the apical MGN—Mn(2)
and equatorial Me CN—Mn(xy) pairs. The corresponding transfer param-
eters are expressed via theandt, parameters (Table 2).

two half-filled orbitals is more important (Figure 5a, the blue
arrow). When an electron occupies thag 8orbital, thebA;¢(Ms
= 5/,) state of M is transformed to th&T»4(3d6, 3d1N, M =

9754 J. AM. CHEM. SOC. = VOL. 125, NO. 32, 2003

a)

4dy 4d,2 2
AF T, Ising :!: :!;_‘;
) ®A1g(Ms=5/2)
o 4+
4d.i‘\4.dq 5 3d,q &a:;? / 3d4
_.Fn,gng ]

Mo — CN — Mn(z2)

F o, Ising
b) LT
—— “4
4d.z \
Wy
R
AF T, Ising 3d.:  Bda,r
A ®A14(Ms= 5/2)

+ + +

3dg  3dy  3da

o¢112) H

4d.s  4d,,
Mo «—— CN — Mn(2)

Figure 5. Ferro- (F, pink arrows) and antiferromagnetic (AF, blue arrows)
contributions to the spin coupling in the apical MEN—Mo(2) pair
resulting from the (a) Me-Mn(z) and (b) Me—Mn(2) & and ¢ electron
transfers. All contributions are strongly anisotropic and have an Ising-like

characterJSy, Sun-

2) state corresponding to the component offig(3d®) triply
degenerate level with the doubly occupiedti 3orbital and the
total spin projectiorM = 2.

The wave function of this CT state is written W§T(4d_1!,
3d+1N, M= 2) = ||4d_1N|| ® 5ng(3d,6 3d+1N, M= 2) and the
matrix element is given by

&Y, %, |h| WC(4d_N, 3d, ,N,M=2)=t, (5)

Transfers between othé+,, MJand CT states can also
occur. In this case, nonzero matrix elements can only appear if
M = Ms — 1,. The CT wave function is now written as
IIICT(4d_1N, 3d+1Nr, Ms - 1/2) = ||4d_1Nr|| ® 5T29(3d6, 3d+1N,

M = Ms — 1/,), so we have

t
3, M h|WCT(4d_,N, 3d,,N, Mg — Y,)0= —=,/5/2+ Mg
V5 (6)

Calculations for the+1/,, MgIstates are similar. In this case,
we obtain

t
3, M h|wCT(4d N, 3d_,N, Mg+ Y,)0= —= /512 — Mg
V5 @)

It is important that none of the CT states have nonzero matrix
elements simultaneously with the-1/,, MsOand |+, MgO
states. This means that only diagonal matrix elements
M, Mg/Het|m', MgOwith m = m" and Ms = Mg can appear
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from 7 electron transfers between the half-filled metal orbitals. be negative (when the effective spif is antiparallel to the

Then, from egs 4, 6, and 7, we arrive at magnetic moment). The latter situation was recently analyzed
for the YbCrBg®~ mixed dimer? in which theg-tensor of Y§*+
2 2 is negative. However, in our case, the situation is usual because

T 44

-, MgHggl — o, M= — 50, 5u.Ms (8) the effective spin and the magnetic moment ori'Néwe parallel
! ! to each other (Figure 3c). The negatiJe parameter thus

ti ti corresponds to the antiparallel coupling of the magnetic mo-
3Y,,MdH gl + YoM= — 50 FagMs  (9) ments of Md' and Mr' in the ground state of the dimer.
1 1

Further analysis shows that the MdIn(2) & electron transfer
from doubly occupied d orbitals to singly occupieddBorbitals
(Figure 5a, the pink arrow) results in a ferromagnetic Ising
exchange interaction J,S, S, With

whereU; is the Mo—Mn CT energy. These equations can be
combined as

2 2

a4 2t |
M,Mg [Hegl mML= U, + 5UlmMS (10) J,= +§U_71U_1 (14)
The effective operator of these matrix elements correspondswherel is the intraatomic (Hund) exchange energy on the Mo
to the spin Hamiltonian center. More quantitatively, is the energy separation between
low-spin (S = 0) and high-spin $ = 1) states of the corre-
tf[ Zti sponding 4P or 4d* CT configuration resulting from the loss/
- 2U1+Tlﬁ"° Sin (11) gain of one electron from the ground electronic state of the

Mo (4d®) center. It can be estimated via the Racah parameters
asl ~ 2C + 6B ~ 6000 cm?, so thel/U; ratio is about
0.1-0.15 at a typical CT energy of-8B eV. Therefore, the

_ total contribution to the spin coupling resulting from the
So P(M) = My (m) (122) Mo—Mn 7 transfers is described by an antiferromagnetic Ising

S\+/Io @(m) = /34— m(m=+ L)g(m+ 1) (12b) Hamiltonian —Juo—mn@She Sun With the exchange parameter
IMo—mn@ =1 +

Svo (M) = 4/3/4 — m(m — L)p(m— 1) (12c) 2

24 I
Sin *Asg(Mg) = Mg *Ayg(My) (12d) Jo-uny = ~ 5 u—l(l - u_l) (15)

where the spin operators for Mo and Mn are defined by

6 _ 6
Sin *A1gM9 = /(Sun — M9(Syn + Ms+ 1) °Ay(Mg + 1) Similarly for the Mo—Mn 7 transfer (Figure 5b, the blue arrow).
(12e)  The CT states are now given BYCT([3d.1], M) = [|4d_qN,
o B - . - 4d. 11| ® STao(3c, [3da], M), whereST»o(3d%,[3d.d], M) is
Sin ArgM9 = V/(Syn + MI(Syn — Mg+ 1) °A (Mg — 1) the component of thel,4(3d) state with the emptyd.; orbital
(12f) and the spin projectioN. This contribution is described by an

) . - antiferromagnetic Ising HamiltonianJ with J; bein
The first term in eq 11 represents the spin-independent constant. g 9 5o Sn 3 9

From the second one, we obtain that the-Mdn(z) - electron
transfer between half-filleddtand 31 orbitals (Figure 5a, the Jy=—=—> (16)
blue arrow) gives rise to an antiferromagnetic Ising spin SU,

Hamiltonian—J,S,, S, with the exchange parameter

whereU; is the Mo—Mn CT energy. Ao-type electron transfer

{2 from the half-filled 312 orbital to the empty d2 orbital can
J=— 2 (13) also occur (Figure 5b, the bold pink arrow). This contribution
SU; corresponds to a ferromagnetic Ising spin HamiltoniahS,,

The sign of the exchange parameilgneeds some comments
because the magnetic moment on'Mis related to a fictitious 2 ti |
spin¥/, and not to the true spin. In exchange-coupled pairs with J, = +§U__ a7)
spin-only magnetic centers, positive (ferromagnetic) and nega-
tive (ant|ferromqgnet|c) exc.han_ge parameters corres_pond to theWhere for simplicity we neglected the CF splitting energy in
parallel and antiparallel spirspin couplings, respectively. In CT states of Mo(d%). Thus, collecting the contributions in eqs
a general case, the sign of the exchange parameters should b i '

f5, 16, and 17, we find that the total spin coupling in the
defined with respect to orientations of the magnetic moments ,,” "\ ~ SR : . I
of interacting centers and not with respect to their spins. This Mo~ CN=Mn(2) pair is described by a pure Ising Hamiltonian

does not change the sign of the exchange parameter for the spin-_‘Jg"0 Sim With the exchange parameter

only case (because the spin is parallel to the magnetic moment) 2 2 2

; : volving. i : _ 2% 1y 2% 2% |
but can reverse the sign for dimers involving ions with a J=—% "1 ——|-&£ 7490 (18)
fictitious spin¥/s, in which theg-tensor of the ground state may SU\" Uy 5BU, 55U L,
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Figure 6. Ising-like and isotropic ferro- (F) and antiferromagnetic (AF)

2NN " %A (Ms=512)

ando contributions to the spin coupling in the equatorial MBN—Mo(xy)

pair resulting from the (a) MeMn(xy) and (b) Meo—Mn(xy) electron

transfers.

Now we turn to the Me-CN—Mn(xy) equatorial pair. Again,
there is an antiferromagnetic Ising-like MdMn(xy) & con-
tribution, — JsS,, Sy, (Figure 6a, the blue arrow). However,
the exchange parametds is twice smaller than that for the

Mo—CN—Mn(2) pair,

due to smaller transfer parameters between thg 4nd 3,4

orbitals (Table 2).

One further difference is that some isotropicontributions

(1, eq 13)
Lo 1 t;
5 gU—l

(19)

to the spin coupling in the MeMn(xy) pair can appear)s

(ferromagnetic, the thin pink arrow in Figure 6a) add
(antiferromagnetic, the blue arrow in Figure 6b). Their origin

is best illustrated for the antiferromagnetic contributlbnBy
contrast to the Me-Mn(2) pair, in which|m, Ms[+— W,°T —

|m, Mg Cransfers occur only for the same initial and final states,
in the Mn—Mn(xy) pair, transfers between differef, MgJ

states can appear due to the fact that the X\)n8d,« orbital

interacts simultaneously with the Mal4;, and 44, orbitals

(Table 2). An electron with spin up comes from tta,rbital

to the half-filled 4., orbital (Figure 6b, the blue arrow) and
then the electron with spin down from the doubly occupied
4d_; orbital returns to the vacantd3 orbital resulting in the

| =5, 30— W,CT — |41/, 3/,0process. The corresponding
matrix elements for a giveW¢"([3d,y,Ms + ¥,) CT state are

written as
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G-",Mg+ 1 PCT([3d,J,Ms + Y,) 0=

t
ﬁ)a/s,wn + Mg+ 1 (20)

3Y,,MdhwCT([3d,,],Ms +

t”‘[

- S\/In — Mg
~/10

(21)

where the opposite signs in egs 20 and 21 are due to the different
parities of the electron permutations in the determinants. Then,
from eq 4 we obtain theém,Ms | Hett | M ,MsOnondiagonal
matrix elements

3, MdHgyl — YouMg+ 10=

Tou, Y S + Ms+ DS =~ M) (22)

FY,,MdHl + Y Mg — 10=

t2
100,V G — Ms+ D& + M9 23)

which are rewritten as

M,MyH4m — 1 Mg+ 1=
2

tJT
Tou, ¥ 34~ M= 1y(Sun = MI(Sin + Ms + 1) (24)

MMyHem+ 1 Mg — 10=

100, +M(Syn — Ms+1) (25)

These matrix elements correspond tXdspin operator

2

100, (Sio Sn + o S =g (S‘M(,%ﬁ%o%) (26)

There are also diagonal matrix elements resulting from the
Mo<—Mn(xy) & transfers

2 2
44 tJT
Mg/ Hegl MM = — a0, + _5u2mMS (27)

which are related to the spin operator

t2
T, 5u

Sin (28)

Combining eqs 26 and 28, we find that spin coupling resulting
from the Mo—Mn(xy) & transfers is described by the spin
operator

- b _
T+5_l_12(3\(ﬂosf/ln+3<no%n+%o§/ln)_

2 2
T

- 4u,

oS (29)

corresponding to the antiferromagnetic isotropic spin coupling
—J7SuwoSun With the exchange parametér = —t§/5U2. How-
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ever, one should remember that h&g measures an axially
anisotropic effective spi#/, and not the true isotropic spin.

The mechanism for the isotropic ferromagneticontribution
Js (Figure 6a) is treated similarly. It is described bys SvioSwin
with the exchange parameter

Js

|
U, (30)

41t
s

Again, a considerable ferromagnetic Ising-like contribution
—JsSy Sy comes from the Me-Mn(xy) o transfers starting
from the Mn 3}2-y2 and 3i2 half-filled orbitals (Figure 6b, the
bold pink arrow)

2t
+___
5U,U,

(31)
which is quite similar to that of the MeMn(2) o transfer, eq

17 (the CF splitting in the Mo@) CT states is neglected). In
addition, there appears a weaker ferromagnetic Ising-like
contribution from the d,, < 3dy, transfers,— JoS, Sun
(Figure 6b, the thin pink arrow)

(32)

Collecting all Mo—~Mn(xy) and Mo—Mn(xy) &= and o
contributions and omitting the spin-independent part, we find
that the Me-CN—Mn(xy) exchange interaction is described by
a highly anisotropic spin Hamiltonian

_Jzﬁllo ﬁ/ln - ny(S\(/Io S\</In + 3\//10 S(An) (33)

where

Z A
-2) 2]
(35)

We find therefore that the spin coupling in the apical and
equatorial Md'—CN—Mn" pairs is strongly anisotropic. The
sign and magnitude of th& J,, and Jy, exchange parameters
(egs 18, 34, and 35) depends on thet, Ui, Uy and|
microscopic parameters being especially sensitive ta e
ratio. The amplitude ofr transfers between cyano-bridged 3
ions was analyzed in ref 12, while estimatesddransfers are
lacking. From extended Huckel (EH) calculations for Prussian
blue compounds of@ions, we estimatet}, = 1000-1500 and
t, = 2000-3500 cnt? (with the t,/t, ratio ranging typically

hedral dimer of high-spin Mt 132 and only—32 cnt? in the
structurally similar [(NH)sCr''CNCP! (NH3)s]>+ dimer® in
most of the recently obtained MocompoundsJ is at least
twice as large as in theirdounterpartd3¢dThus, in our case

t, andt, seem to be larger by a factor of about 1.5 as compared
to those estimated from EH calculations with more or less the
samet,/t, ratio. From eqs 18, 34, and 35, we can there-
fore expect that at typical CT energieg > = 40 000-60 000
cm! the exchange parameters for the 'teCN—Mn'"
pairs with low-spin Md' can reach a value of many tens of
cm L. Note that this CT energy refers rather to homometallic
dimers; for heterometallic dimers, may be considerably lower
thus resulting in even larger exchange parameters. Experi-
mentally, this is consistent with high ordering temperatures in
1-4 (i.e., T, = 86 K in 4% and even more in dehydrated
sample¥).

From these data, we can also estimate the sign of the exchange
parameters. For the apical pair, the Ising-type spin coupling (18)
is likely antiferromagnetic, sincé reverses the sign at a large
ty/t; ratio (3 or more), eq 18. For the equatorial pajy.s always
antiferromagnetic, eq 35; by contradtbecomes ferromagnetic
at a reasonable ratio ¢f/t, ~ 2 (atU; ~ U, andl/U, ~ 0.15,
eq 34). The same reason was shown to be responsible for the
onset of ferromagnetism in Moand NBY octacyanometalate
bimetallic compound®® Therefore, thel, and J,, exchange
parameters in the MeCN—Mn(xy) pair can have opposite
signs,J; > 0 andJ,y < 0. This corresponds to an extreme case
of the exchange anisotropy, when the spin coupling as a whole
cannot be regarded as ferro- or antiferromagnetic. This situation
is very unusual for transition metal compounds, in which
anisotropic terms are generally small as compared to the leading
isotropic exchange. Previously, opposite signs ofXendJ,y
exchange parameters in the anisotropic spin Hamiltonian were
revealed forf ions only: this was observed experimentally in
the YbCrBe®~ mixed 4—3d dimert® and in dinuclear rare-earth
phthalocyanine complexés.

The origin of the exchange anisotropy and its influence on
the global magnetic anisotropy is still poorly understood. It is
commonly believed in the literature that the magnetic anisotropy
is mostly due to the single-ion anisotrofyWe specially
emphasize here that generally this is not true. It is important to
point out that the exchange anisotropy is not necessarily related
to the anisotropy of thg-tensor of the ground state of magnetic
ions. These properties are distinct from each other. Although
the exchange anisotropy and the anisotropy ofgttensor of
magnetic ions both originate from the spiarbit coupling, they

(13) (a) Beauvais, L. G.; Long, J. R. Am. Chem. So@002 124, 2110. (b)
Glerup, J.; Weihe, HActa Chem. Scand.991, 45, 444. (c) Sokol, J. J.;
Hee, A. G.; Long, J. RJ. Am. Chem. So2002 124, 7656. (d) Shores, M.
P.; Sokol, J. J.; Long, J. R. Am. Chem. So2002 124, 2279. (e) Berseth,
P. A.; Sokol, J. J.; Shores, M. P.; Heinrich, J. L.; Long, JJRAmM. Chem.
Soc.200Q 122,9655. (f) Mallah, T.; Marvilliers, A.; Riviere, EPhilos.
Trans. R. Soc. London, Ser.1899 357, 3139.

from 2 to 3), which give a reasonable agreement between (14) Sutter, J.-P.; Tuna, F.; Tanase, S.; Guionneau, P.; AndruN|iih Int.

experimental and calculated exchange parameters. Unfortu-
nately, EH calculations poorly reflect the fact that Mas
diffuse and high-energydorbitals giving rise to considerably
largerJ values in Md' cyano-bridged compounds as compared
to those in related ¢ compounds. For instancéwas found

to be —226 cn1! in the [Mox(CN)11]®>~ corner-sharing biocta-

(12) Weihe, H.; Gdel, H. U.Comments Inorg. Chen200Q 22, 75.

Conf. Molecule-based Magne(t‘si!alenma) 2002 A35.

=(15) Chibotaru, L. F.; Mironov, V. S.; Ceulemans, Angew. Chem., Int. Ed.
2001, 40, 4429. In the deflnltlon of the exchange Hamiltoniai2JS;S,,
an extra 2 was introduced erroneously, and in eq 65 (€,) should be
multiplied by (,2/(U, + A1)?).

(16) Aebersold, M. A.; Gdel, H. U.; Hauser, A.; Furrer, A.; Blank, H.; Kahn,
R. Phys. Re. B 1993 48, 12723.

(17) Maeda, A.; Sugimoto, Hl. Chem. Soc., Faraday Trank986 2, 82.

(18) (a) Gatteschl D.; Sorace, L.Solid State CherﬁOOl 159 253. (b) Abbati,

. L. Brunel L. C.; Casalta H.; Cornia, A.; Fabretti, A. C.; Gatteschl,

D Hassan A. K, Jansen A G. M, Mamero A L, Pard| L Paulsen,
C.; Segre, UChem—Eur. J.200%, 7, 1727.
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do not correlate to each other. Recently, we have shown thatferromagnets) and an antiferromagnetic ordering revealed from

the spin Hamiltonian of the Y& —Cr3* superexchange interac-
tion in the YbCrBg®~ face-sharing bioctahedral dimer is

the neutron diffraction experiments.
Therefore, further experimental data on magnetic properties

extremely anisotropic despite the fact that both the paramagneticof Mo"'—Mn'" cyano-bridged compounds are needed for a
ions themselves are magnetically isotropic in a local octahedral detailed comparison with the theoretical results. Much more

ligand surrounding.Our theoretical results for YoCrgt~ are
well consistent with the experimental dafanterestingly, the
spin Hamiltonian of the Y& —Cr¥* pairH = -J,S,; &, —
ISy, &, + S, &) having exchange parameters of opposite
sign (antiferromagnetid, = —5.16 cnm! and ferromagnetidy

= +4.19 cnt! 19 is very similar to that for the equatorial
Mo'"'—CN—Mn"(xy) pair, in which the exchange parameters
J, andJyy can also have opposite signs, eqs-33. Previously,

detailed information on the spirspin coupling in M&' —CN—

Mn'" bridges may be obtained from inelastic neutron scattering
(INS) experiments for small discrete cyano-bridged clusters
(dimers, trimers) containing [Mo(CM)y*~ heptacyanometalate,
rather than for compound$—4 with 2-D or 3-D extended
magnetic lattices. By contrast to magnetization measurements,
INS experiments are highly informative in establishing exchange
parameters of anisotropic spin Hamiltonians since they deter-

strong exchange anisotropy for magnetically isotropic ions was mine directly the exchange-split spin energy levels of a discrete
also established theoretically for corner- and edge-sharing magnetic cluster. For instance, the INS technique was employed

bioctahedralf 1—f 1 dimers!® In our case, the fact that the
Mo'"'—=CN—Mn" exchange anisotropy is not due to tiéensor
anisotropy of [Mo(CN)]*~ is masked by a lower symmetry of
the Md" center.

In actual compounds with distorted [Mo(Cfy~ hepta-

for determining anisotropic exchange parameters in small Co
magnetic cluster%’

Strongly Anisotropic Exchange Interactions: a New
Strategy for Single-Molecule Magnets with High Blocking
Temperatures. Now we consider the importance of strongly

Cyanometa'ateS, the exchange mechan|sm |S more Compl|catedan|sotrop|c eXChange interactions in dESIgnlng moleculal' mag'

The exchange anisotropy decreases but still may be very
pronounced, as evidenced from a small value of the ground-

state splitting), Figure 3d. Obviously, with the present state of
the knowledge in this field, a detailed comparison of our
theoretical results with the experimental dataffe# is difficult.
Quantitative calculations of anisotropic spin-Hamiltonians for
numerous nonequivalent Mle-CN—Mn'" bridges in the actual
low-symmetry crystal structures @f-4 are a highly challenging
task, which is out of the scope of this paper. In real crystal
structures of1—4, spin Hamiltonians of M§—CN—-Mn"

netic clusters with highly anisotropic magnetic properties. Since
the discovery (about a decade ago) of molecular magnetic
clusters showing an extremely slow relaxation of magnetization
and quantum tunneling effects at low temperatures (single-
molecule magnets, SMM), intense investigations of various
molecular magnetic clusters with SMM properties have been
performed? The interest is stimulated by a potential importance

of SMM clusters for high-density data storage and quantum
computing. Efficient blocking of magnetization is observed

below the blocking temperature, which is closely related to the

exchange interactions are complicated due to the appearancén@gnitude of the spin reorientation barrier. The blocking

of some low-symmetry terms, such as the Dzyaloshinskii
Moriya?® antisymmetric interactiod[Swo x Swn]. As a result,

temperature for existing magnetic clusters with SMM properties
is still very low (typically, 3 K for the [Mn201(CH;COQO) 6

the number of exchange parameters dramatically increases. Ir{H20)a]-2CHCOOH4H,0 cluster (MnzAc) having a barrier

this situation, analytical parametric correlationsTefin 1—4

of about 60 K3). The increase of the spin reorientation barrier

(similar to those performed for cubic Prussian blue compounds is therefore the central problem in designing the SMM clusters

of 3d elements in ref 12) are generally unreliable. Moreover,
even if spin Hamiltonians are known for all MdVn pairs in
the unit cell, there still remains a sophisticated problem of

with higher blocking temperatures.
Generally, there are two distinct aspects of the magnetic
anisotropy of a cluster, the anisotropic response to the external

determining the magnetic phase diagram of a 2-D or 3-D Magnetic field (the anisotropy of thg-tensor and magnetic

magnetic lattice involving highly anisotropic sptspin cou-
plings, such as those in our Me-Mn'" compounds. Conven-

susceptibility) and the zero-field splitting of the ground spin
manifold S of the cluster. At present, we shall concentrate on

tional theoretical tools, such as the molecular-field approach, the latter aspect only. The problem of the magnetic anisotropy
may be inadequate in this case. The magnetic phase diagramn molecular magnets has been extensively discussed in recent
of a system with anisotropic exchange interactions is often very Years:#* According to the general model, which is most
complicated (several phase transitions, metamagnetic transitions{régquently discussed in the literature, exchange interactions
etc.), as exemplified by rare-earth and actinide magnetic _betwee_n magnetic centers of the cluster_are more or less
compoundg! Such a behavior is really observed in compounds 1SOLropic, so the ground state of the cluster is represented by a
1—-4. In this context, our theoretical results are well consistent definite spin S which is a good quantum number. The
with the anisotropic magnetic propertiesof4, which cannot degeneracy of the ground spin level is lifted by the macroscopic
be rationalized in terms of the single ion anisotropy oiflyn
particular, our results can account for the contradictions in the
interpretation of the magnetic properties bf4, such as a
positive paramagnetic Curie temperature (which is typical for

(22) (a) Andres, H.; Clemente-Juan, J. M.; Aebersold, M ,d&uH. U,;
Coronado, E.; Btiner, H.; Kearly, G.; Melero, J.; Burriel, B. Am. Chem.
Soc.1999 121, 10028. (b) Andres, H.; Clemente-Juan, J. M.; Basler, R.;
Aebersold, M.; Gdel, H. U.; Borras-Almenar, J. J.; Gaita, V.; Coronado,
E.; Bittner, H.; Janssen, $norg. Chem.2001, 40, 1943.

(23) (a) Zhong, Y.; Sarachika, M. P.; Friedman, J. R.; Robinson, R. A.; Kelley,
T. M.; Nakotte, H.; Christianson, A. C.; Trouw, F.; Aubin, S. M. J;
Hendrickson, D. NJ. Appl. Phys1999 85, 5636. (b) Mirebeau, I.; Hennion,
M.; Casalta, H.; Andres, H.; Glel, H. U.; Irodova, A. V.; Caneschi, A
Phys. Re. Lett. 1999 83, 628.

(24) (a) Barra, A.-L.; Brunel, L.-C.; Gatteschi, D.; Pardi, L.; SessoliARc.
Chem. Res1998 31, 460. (b) Christou, G.; Gatteschi, D.; Hendrickson,
D. N.; Sessoli, RMRS Bull 200Q 25, 66.

(19) Mironov, V. S.J. Phys.: Condens. Mattelr996 8, 10551.

(20) (a) Dzyaloshinskii, I. JPhys. Chem. Solid$958 4, 241. (b) Moriya, T.
Phys. Re. Lett. 196Q 4, 228. (c) Moriya, T.Phys. Re. 196Q 120, 91.

(21) (a) Jensen, J.; Mackintosh, A. Rare Earth Magnetism. Structures and
Excitations Clarendon Press: Oxford, 1991. (b) Santini P.; Lemanski, R.;
Erdos, PAdv. Phys.1999 48, 537.
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Figure 7. Spin level energies of the apical Me-CN—Mn" pair, (a) isotropic antiferromagnetid & 0) exchange interactionJSuoSwun (hypothetical case)
and (b) actual Ising-like antiferromagnetic exchange interactidf,, S,,- The isotropic exchange gives no splitting of the= 2 ground manifold; a very
small splitting can be due to the single-ion zero-field splitting on'MFhe anisotropic exchange interactieds,, S, gives rise to a doubly degenerate
ground stateM, = +3 represented by two wave functiopg—1/2) ® 6A14(%5) (M, = +3) andgp(¥2) ® 6A1(—5-) (M, = —3), whereM; is the projection of
the magnetic moment of the Me-CN—Mn' pair to the polar axiz (M; = g{Mo)m + g(Mn)Ms = 4m + 2My). In case b, the dimer represents a single-
molecule magnet, since its ground stiite= 4-3 is separated by a significant energy galy2, which may reach several tens of chhfrom the first excited
stateM, = +1.

zero-field splitting originating from the interplay of the zero- 7b.M;is related tan andMs by M, = g,(Mo) m + gA{Mn)Ms,
field splitting on the individual magnetic centers. For the axial whereg, Mo) ~ 4 andg,(Mn) ~ 2 arez components of the
symmetry, the energy spectrum is described byDXBg pattern. g-tensor of Md' and Mr'. The ground state is separated by
WhenD is negative, a double-well potential is formed yielding |J|/2 from the first excited stat®l, = £1. Since the total spin
doubly degenerate B = +S ground state; in this case, the of this dimer is not a good quantum number, its ground state
magnetic cluster exhibits SMM properties. The param&er  cannot be described by a definite sfirin this case, determining
determines the magnitude of the spin reorientation bajibigs? the spin reorientation barrier is not so straightforward as
that separates thd = +SandM = —S states. compared to the case of the zero-field split ground spin manifold,
The microscopic origin of the global magnetic anisotré@py ~ DS?2. Approximately, the barrier is determined hy, but its
of SMM clusters is still poorly understood. Most of discussions actual value may be even larger. Therefore, according to the
in the literature revolve around the contributions of the single- above estimates of the exchange parameters, the energy barrier
ion zero-field splitting and dipolar interactio#%.Contribu- in the apical dimer M8 —Mn''(2) (Figure 3) has a value of many
tions of anisotropic exchange interactions between metal ionstens of cntl. Magnetic properties of this dimermg-tensor,
to the zero-field splitting of the cluster ions were scarcely magnetic susceptibility) are strongly anisotropic. The com-
considered. parison between two Mb6—Mn'" dimers with the isotropic
We show that, in a cluster involving strongly anisotropic —JSuoSun and Ising-like—JS,, S, interactions shows that,
exchange interactions, the spin spectrum is drastically different under the influence of strongly anisotropic exchange interactions,
from this conventional scheme and the spin reorientation barrier magnetically isotropic transition metal ions, such as'Mgive
may be considerably larger. This can be best shown for the a large contribution to the global magnetic anisotropy of the
simplest case of the apical Me-Mn''(2) exchange pair, Figures  SMM cluster. This contribution vanishes for the isotropic
3 and 7. For this, we compare the spin spectra for two types of exchange, for which only the zero-field splitting on separate
the spin coupling in the dimer, hypothetical isotropic spin metal ions contribute to the global anisotropy. Therefore,
coupling —JISwoSwn (the conventional model), and the actual strongly anisotropic exchange interactions are a very important
Ising-like spin—JS,, S, coupling obtained from our model.  source of the global magnetic anisotropy in molecular magnetic
For the isotropic exchange, the spin spectrum is described byclusters.

two levels,S = 2 (lower) andS = 3 (upper), Figure 7a. The We can expect an even more considerable increase in the
ground levelS = 2 is not split, so there is no barrier between barrier in going from the M8—CN—Mn'(2) dimer to poly-
theM = 2 andM = —2 states, corresponding to the opposite atomic Md"—Mn'" cyano-bridged clusters. In this case, the
magnetizations of the cluster. The splitting can come only from barrier can reach a value of several hundreds oflgraven

the zero-field splitting on the Mhion, which is very small when the size of the cluster remains rather small (about 10
(~1072cm™Y). For the antiferromagnetid (< 0) Ising-like spin magnetic ions or less). Note that large spin clusters with a high
coupling— JS,, Sy, the spectrum is described by thddmMs total spin have a pronounced intercluster dipaleole interac-
pattern resulting in six doubly degenerate leveis)/4, +3J3/4, tion, which is unfavorable for obtaining good SMM character-
and=+J/4, Figure 7b. The ground doubly degenerate dthte istics. From this point of view, anisotropic exchange interactions
+3 is represented by two wave functiop$—1,) ® 6A14(%/>) ideally are suited for creating high barriers in medium size

and @(Y2) ® 6A14(—5), where M, is the projection of the magnetic clusters. High barriers are more difficult to obtain using
magnetic moment of the MeMn pair to the polar axig, Figure the conventional approach, that is, using the single-ion zero-
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field splitting only combined with isotropic exchange interac-
tions1® Indeed, since the zero-field splitting ord 3ons is
normally within a few cm?, about one hundred ions or so are
required to obtain a barrier of several hundreds of-Em
accordingly, the spin of the cluster may be very larf§e-(100)
thus resulting in very strong dipotaipole interactions. This

onstrated for the synthesis of high-nuclearity metal-cyanide
clusters from octahedral M(CWprecursorgd3ef

The use of relateddbcyanometalates instead of [Mo(G)-
would further increase the exchange coupling and anisotropy.
Quite recently, a new [Re(CN¥~ building block was obtained,
in which ReV(5d%) has a slightly distorted pentagonal-bipyr-

indicates that anisotropic interactions represent a very attractiveamidal coordination and a magnetically anisotropic ground

alternative tool to increase the spin reorientation barrier of SMM
clusters. To our knowledge, this subject was not previously
discussed in the literature.

Discussion and Conclusions

Our results indicate that the [Mo(CHj~ heptacyanometalate
is a very attractive building block for designing cyano-bridged
high-nuclearity SMM clusters. Indeed, it has a unique combina-
tion of an extremely strong exchange anisotropy and high
exchange parameters. Thus, the use of the [Mof2ZNgomplex
is a good alternative to the use of lanthanide complexes; the
latter, albeit having very strong magnetic anisotropy and high
magnetic moment, exhibit generally low exchange parameters
(few cn1). By constructing cyano-bridged clusters containing
one or several [Mo(CN)*~ complexes and appropriatd Bns
(Mn'', Cr, Cr", Ni'), one may expect very high spin reorienta-
tion barriers (probably, hundreds of ch. The spectrum of
low-lying spin levels in these clusters may differ considerably
from the usuaDS/? pattern?* In addition, the magnetic moment
of such a cluster may be strongly anisotropic and fixed along

state?> [Re(CNY]3~ represents, therefore, a real &nalogue

of [Mo(CN)-].4~ Since the spir-orbit coupling constant of Re

is considerably larger (2062500 cnt?) than that of Mo (606
1000 cn1?), the ground state of the Reheptacyanometalate
can remain strongly anisotropic even for more pronounced
departures from the stri@s, symmetry.

In summary, the M —CN—Mn" exchange interactions in
cyano-bridged bimetallic compounds based on the pentagonal-
bipyramidal [Mo(CN}]*~ heptacyanometalate are analyzed
using the Anderson kinetic exchange theory specially adapted
for the treatment of anisotropic spispin interactions. Our
results show that in both the apical and equatorial directions
the exchange interaction is strongly anisotropic, mainly due to
the orbital degeneracy and strong sporbit interaction in the
ground state of M#. This situation is very unusual for
exchange-coupled transition metal ions, in which anisotropic
interactions are generally small. This opens a unique possibility
for designing SMM with very high spin reorientation barriers
and pronounced anisotropic characteristics.
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