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The microscopic theory of the magnetically anisotropic effective pseudo-spin-/, Hamiltonian for a pair of Co?* ions
is reported. In the framework of the second-order perturbation approach, the analytical expressions are found for
the components of the tensor of the exchange interaction, g-tensor, and the factor in the temperature independent
paramagnetic contribution. The parameters of the Hamiltonian are expressed in terms of the basic intra- and
intercenter parameters of the pair, namely, the spin—orbit coupling constant, orbital reduction factor, exchange
integral, and low symmetry crystal field parameters including axial and rhombic terms.

1. Introduction approach to the problem of the magnetic exchange in which
the low-lying levels of individual ions (Kramers doublets)
stabilized by the relatively strong spiorbit coupling are
treated exactly while the excited states are taken into account
using the molecular field approximation. This theory deals
with the situation when the cobalt ions are in a perfect
octahedral ligand field and, hence, no magnetic anisotropy
is imposed. Recently, axial distortions of the octahedral
surrounding of cobalt ions were taken into accotmtThis
study is based on the exact solufiéf the energy matrix
Sfor the monomer that involves both spiorbit coupling and

The study of the factors governing the magnetic anisotropy
in transition metal complexes is directly related to the
problem of the rational design of new single molecular
magnets. In this view, the systems comprising ions with
unquenched orbital angular momenta seem to be quite
attractive. Among them, the exchange coupled polynuclear
compounds of cobalt(ll) ions are especially interesting as
the systems exhibiting strong orbital contributions to the
magnetic moments and thus strong magnetic anisotropy. Thi

orbital magnetism arises from the ground orbital trigigt axial distortion while the exchange interaction is considered
of each cobalt(ll) ion in a surrounding cubic crystal. only for the lowest doublets. The results obtained in this way
From the theoretical point of view, the problem of the gre valid in the limit of weak exchange interaction as
magnetic exchange in cobalt(ll) clusters is a hard nut to CraCkcompared to the axial zero-field splitting. The method
for magnetochemistry. Most of the works dealing with the royides better results than the Lines theory for strongly
magnetic properties of cobalt complexes have been per-gistorted systems while in the case of small distortions the
formed in the framework of the Lines thedf/proposed  sotropic Lines model proves to be preferable for the
more than 30 years ago. Lines developed an apprOXimatedescription of the magnetic data. Finally, an appréaased

*To whom correspondence should be addressed. E-mail: eugenio. (3) Sakiyama, H.; Ito, R.; Kumagai, H.; Inoue, K.; Sakamoto, M.; Nishida,

coronado@uv.es. Y.; Yamasaki, M.Eur. J. Inorg. Chem2001, 2027.
T Universidad de Valencia. (4) Sakiyama, H.; Ito, R.; Kumagai, H.; Inoue, K.; Sakamoto, M.; Nishida,
*0On leave from the Laboratory of Laser Characterization of Materials, Y.; Yamasaki, M.Eur. J. Inorg. Chem2001, 2705.

Institute of Applied Physics of the Academy of Sciences of Moldova, (5) Kahn, O.Molecular MagnetismVCH Publishers: New York, 1993.
Academy str. 5, MD-2028, Kishinev, Moldova. E-mail: andrew.pali@uv.es. (6) Lines, M. E.Phys. Re. 1963 131, 546.
§ Ben-Gurion University of the Negev. E-mail: tsuker@bgumail.bgu.ac.il.  (7) Tsukerblat, B. S.; Palii, A. V.; Mirovitskii, V. Yu.; Ostrovsky, S. M.;

(1) Lines, M. E.J. Chem. Physl971, 55, 2977. Turta, K.; Jovmir, T.; Shova, S.; Bartolome, J.; Evangelisti, M.; Filoti,
(2) Ginsberg, A. PInorg. Chim. Actal971, 5, 45. G. J. Chem. Phys2001, 115 9528.
10.1021/ic0259686 CCC: $25.00 © 2003 American Chemical Society Inorganic Chemistry, Vol. 42, No. 7, 2003 2455

Published on Web 03/14/2003



Palii et al.

on the application of the irreducible tensor operator technique Kramers doublet system using the microscopic background.
allowed the advance to the exact diagonalization of the Under some approximations, we derive the analytical expres-
Hamiltonian that includes spirorbit coupling, axial and sions for the components of the tensor of the exchange
rhombic distortions, exchange, and Zeeman interactions.interaction,g-tensor, and parameter describing the TIP.
Providing more precise results, this method is, at the same
time, more limited by the number of cobalt ions than the 2- The Model
Lines theory due to the very big size of the matrices. Spin—orbit coupling splits the groundll; term of Co(ll)

All mentioned considerations are based on the assumptionion in a perfect octahedral ligand field into the douklet
that the exchange interaction between cobalt ions has thel/x(I's), quartet] = 3/,(I's), and sextedl = 5,(I'; + T'g) states
Heisenberg formHex = — 2JSASg, Sa andSg being the real with the energies-%,kal, — kal, and®/kal, respectively.
spins of the ions$, = § = %/5). Although this simple form Here, A is the spin-orbit coupling parametek is the orbital
of the exchange may not always be entirely adequate forreduction factora is introduced to distinguish between the
the orbitally degenerate ions, it has been successfully usedorbital angular momentum operator in @nd P based (T1)

in description of the numerous cobalt(ll) cluster com- = aL(P), for Co(ll) iona = —%, in the weak crystal field
pounds®+78 So, in the present study, we will use this limit®). The corresponding eigenvectors for Kramers doublet
approximation. and for the excited quartet and sextet can be found using

This discussion relates to the approaches that explicitly the Clebsch-Gordan decomposition:
involve the basic intracenter and intercenter interactions in
cobalt clusters. From this point of view, one can say that all DIM,)) = h% CimJLs,ZMSI M, 0P ,MJ (1)
these approaches are microscopic. On the other hand, there Ms
is another approach that deals with the phenomenological

effective Hamiltonians describing the interaction between the ) : i
low-lying Kramers doublets (pseudo-spil-formalism)? from the first excited quartet state (the g#gkal is on the

1 ; o
Such types of Hamiltonians are widely used for the descrip- °rder of 306-400 cnt). In most cases, this splitting exceeds
tion of the magnetic anisotropy of cobalt(ll) complexes at s_|gn|f|ca}ntly intercenter exchange and alsp Zeeman interac-
low temperatures when only the ground Kramers doublets tion. This allows us to consider thg low-lying energy levels
are populatet14 and are the only tool to treat extended of two exchange coupled Co(ll) ions as the result of the
systems. The main disadvantage of the phenomenologicali”teraCtion within two Kramers doublets and describe this
approach (dealing solely with the symmetry arguments) is a mteractl_on by a pseudo_—sph‘_h-Hamlltonlan. :

large number of unknown parameters, namely, the compo- We will consider the situation when the octahedral ligand
nents ofJ- andg-tensors and the parameters describing the surroundlngs_ of Co(ll) ions are shgh_tly distorted and the
temperature independent paramagnetic contribution (TIP).€N€rgy splittings due to the noncubic components of the

This may lead to the overparametrization of the theory, so CyStal field are smaller than those produced by spirbit
the fit to the experimental data is often artificial and the COUPIing. Under this condition, the full Hamiltonian of the

meaning of these effective exchange parameters is obscureC0(!!) pair can be split into the nonperturbed Hamiltonian

From this standpoint, it seems to be useful to find a o involving spin-orbit coupling, and the perturbatiov
relationship between the set of phenomenological parameterd@t includes exchange and Zeeman interactions and low-
and the inherent parameters of the system, namely, the spin SYMMetry crystal field terms

orbit coupling parameter, axial and rhombic distortion

The ground state is Kramers doublet that is well separated

! . ; H=H,+V 2
parameters, orbital reduction factor, and intercenter exchange 0 @)
integral. To our knowledge, till now no attempts have been

. ; . . where
made to combine the microscopic theory with the pseudo-
spin/, formalism in cobalt clusters. In the present paper, _
: : . e . Ho = xal LS 2
we aimed to find the effective Hamiltonian for a binuclear i

Soc., Dalton Trans1994 1175.
(9) Abragam, A.; Bleaney, BElectron Paramagnetic Resonance of
Transition lons Clarendon: Oxford, U.K., 1970. pH(axL; + g.S)] (3)
(10) Coronado, E.; Drillon, M.; Nugteren, P. R.; de Jongh, L. J.; Beltran,
D. J. Am. Chem. S0d 988 110, 3907. . . .
(11) Clemente, J. M.; Andres, H.; Aebersold, M.; Beralmenar, J. J.; In eq 3, the Isotropic Helsenberg form of the eXChange

Coronado, E.; Gdel, H. U.; Bittner, H.; Kearly, C.Inorg. Chem. interaction between the real spirts is assumed. The
1997, 36, 2244. ; ; e
(12) Andres, H.; Aebersold, M.; Giel, H. U.; Clemente, J. M.; Coronado, Hamiltonian, eq 2, operates within the total space
E.; Blitner, H.; Kearly, C.; Zolliker, MChem. Phys. Letil998 289
224, W, (MuMyg) = @, (IM ;) Pa(IM ) (4)
(13) Andres, H.; Clemente-Juan, J. M.; Aebersold, M:;d€luH. U.; Julgt TIATTB AVATIATTBYBTB
Coronado, E.; Btiner, H.; Kearly, C.; Melero, J.; Burriel, R.. Am.

(8) De Munno, G.; Julve, M.; Lloret, F.; Faus, J.; CaneschiJAChem. V=-2]S,S; + Z [D(szz — 2/3) + E(ijz — Lsz) +
i=AB

w ihzm. saclg?g 12% 1J0028-J M. Basler. R.: Acbersold, Nide In order to pass from the initial Hamiltonian to the
nares, H.; Clemente-Juan, J. M.; basler, R.; Aebersola, u . . . . . P
H. U.: Borrs-Almenar, J. J.: Gaita, A Coronado, E.*tBier, H.. effecpve pseudo—sp|H2—Ham|Iton|an operating within the
Janssen, Snorg. Chem 2001, 40, 1943, restricted space of the direct product of the ground Kramers

2456 Inorganic Chemistry, Vol. 42, No. 7, 2003



Microscopic Approach to Pseudo-Spit; Hamiltonian

doublets, one can apply the second-order perturbation theoryThe parameters of this Hamiltonian are given by

for the degenerate level. Then, the effective pseudo-gpin-
Hamiltonian can be presented as
He = HEl + HE (5)

whereHY) andH® are the first- and second-order terms
defined as

Elpl/zl/gMJAMJB) | H(elff)|lP1/21/£M'JAM'JB)D=
|]pllzllgvlJA,vl‘]B) % |1P1/21/£M'JAM'JB) O (6)

2 r T
mpllzllgMJAvMJBN Hfaf2|lp1/21/$M M )=

1
- Z % ‘]pllzllgMJA*MJBNV|IPJAJB(M”JA’M”JB)DX
A BAJAJBM”JA "B

(W) (M M ) IVIW 5 (M7 3, M 35) 3 (7)

whereA,,;, = Ej 5, — Ey,y, are the energy gaps between
the ground and excited eigenvaluesHd.
In order to find the matrix oH{, one should calculate

25 20
2=99 g

3= %SJ + %[1532 +2J(D — 36)]

(155° — 4JD)

3,=223+ 20 115924+ 23D + 3E)]

9° " 8ika (11)

_8

gZ = gO - 8:“(3/1(25] - SD)(ak_ gtﬂ)

4
Ox =9 — m[SO\] + 3(D — 3E)](ak— g,

_4

0/ = 0o~ 7,150 + 30 + 3B)](ak — gy

(12)
20
Ax=NAy= Ay =57 —(ak—g)’° (13)

Equations 16-13 are the main results of this paper.

the matrices of spin and orbital angular momentum operators3. Concluding Remarks

in the basigd;(Y2,%2), ®j(*/2, —2) (j = A, B). One can find
direct relations between these matrix&;, §, S, L}, L},
L!) and the spirY, matrixess! (see refs 1 and 9) and arrive
at the equation foH():

50
Hc(elf? =- EJSASB + 9yB(sy + SH (8)
where
1
6= 5(50. — 2aK) (©)

Equations 8 and 9 coincide with the results of Likéss

In summary, we have derived the effective pseudo-spin-
%/, Hamiltonian for a pair of C& ions. The parameters of
this Hamiltonian are found as the functions of the basic
parameters of the system, namely, the sqirbit coupling
parameter, low symmetry crystal field parameters including
axial and rhombic terms, orbital reduction factor, and
intercenter exchange integral. The inclusion of the second
order mixing with the excited states results in the appearance
of the new terms in the exchange parameters and the principal
values ofg-tensor. The additional terms o containingD
and E arise, as usual, from one-center contributions and
account for the anisotropy of the system. Providee O,

already noticed by this author, these equations do not provideth® magnetic anisotropy is axial, while terms containihg

a satisfactory description of the magnetic properties of Co(ll) '€ad to the rhombic anisotropy. The second-order terms also
dimers even at low temperatures due to the neglecting of cONtain magnetically isotropic contributions depending on
the mixture of the ground states with the excited ones by the ratioJ/kal. These terms are especially important for the
the exchange and Zeeman interactions. Moreover, this@PPropriate estimation offactors and describe the influence
Hamiltonian does not carry any magnetic anisotropy because®f bl_cer_\'Fer interactions on these parameters. The results show
the distortion terms are not operative in the first-order @ Significant deviation of the moleculay-factors from
approximation. This mixing can be taken into account in our 9-factors of the monomeric moieties. The anisotropy of the
second-order perturbation scheme, so we proceed to calculat€ffective exchange parameters (in general, triaxial) appears

2
the termH).

The second-order perturbation theory allows us to express

the matrix ofoff? in terms of energy separations between

the ground state and the relevant excited states (as a function

of kal) and the parameterd D, and E (see Supporting
Information for a detailed deduction). Taking into account
the relations between the matrix #f&) and the direct
products of spirt/, matrixes and the expression derived for
Hfffg (eq 6), one arrives at the following final expression for
the effective pseudo-spitt; Hamiltonian:

Her = ; [~23,58h + 9,8(s + SHH, — ASHI]
a=X,Y.Z (10)

to be due to the combined effect of the true isotropic
exchange and low symmetry crystal fields. It is to be noted
that these parameters also contain isotropic contributions.
We have also found contributions associated with TIP. In
the adopted approximation, the TIP proves to be isotropic
and independent of the parametdr®, andE. It is simply
twice the value for the octahedral monomeric unit. Anisot-
ropy in the TIP terms (depending dnD, andE) is expected

to appear within the higher-order perturbation theory.

Note that in the present form this theory is not directly
applicable to the case of strongly distorted systems when
our perturbation scheme fails. In this case, the low symmetry
crystal field terms should be included in the zeroth-order
Hamiltonian, while the perturbation involves exchange and
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Zeeman terms. In this approximation, the parameters of theshowed that the anisotropic exchange terms can play an
effective Hamiltonian calculated up to the first order will important role. More comprehensive study of the exchange
depend orD andE, the procedure for the case of axially interaction in cobalt clusters based on the theory developed
distorted systems was outlined in ref 9. At the same time, in refs 15-19 could elucidate the role of the exchange
an important effect of the exchange mixing of sporbital anisotropy in the effective interaction within Kramers
multiplets was not taken into account in this scheme. The doublets. This work is under way.
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