Available online at www.sciencedirect.com

scuence@n-necT° COORDINATION

CHEMISTRY REVIEWS

i) .

SOE A

ELSEVIE Coordination Chemistry Reviews 248 (2004) 757-815

www.elsevier.com/locate/ccr

Review

Zero-field splitting in metal complexes

Roman Baa*

Department of Inorganic Chemistry, Sovak Technical University, K-812 37 Bratislava, Sovakia
Received 27 June 2003; accepted 1 March 2004

Contents

I [ 110 Yo [T 1 o o VS 758
R O T 1177 1 o o PP 758
2 I Lo = o 1= 759
R F o) -1 o T U1 Y PPN 759

Abbreviations: [CuzsBuBz2EtOH], bisg-benzoatod,0’)-bis(benzoatdd)-bis{ u-[2-di(n-butyl)amino)]-ethanolat®,N}-bis(ethanol)tricopper(ll);
[CusBuBzH,0], bis(.-benzoatdd,0')-bis(benzoatdd)-bis{ u-[2-di(n-butyl)amino)]-ethanolat®,N}-aqua-tricopper(ll); [CgBuNaEs2MeOH], bisf.-(1-
naphtylacetato,0')-bis(1-naphtylacetat®)-bis{ u-[2-di(n-butyl)amino)]-ethanolat®,N}-bis(methanol)tricopper(ll); [C3EtBZz-2MeOH], bise-
benzoatdd,0')-bis(benzoatdd)-bis[u-(2-diethylamino)ethanolat®,N]-bis(methanol)tricopper(ll); [CsEtBzH»20], bis(w-benzoatdd,0’)-bis(benzoato-
O)-bis[pL-(Z-diethylamino)ethanolat@,N]-aqua-tricopper(lI);{L,{,?\,NO(O)}, dinucleating carboxylato-bis(2-pyridylmethyl)amine based Iiga{itﬁ,%)}, 3-
carboxy-5,6-dimethoxy-1-(methoxycarbonyl)berfimpliinolinato(1-); {Lh%osNzoA}(mdek’ 2(N,N-bis(2-methylpyridyl)aminomethyl)-6N-(2-hydroxy-
phenyl)N-(2-pyridylmethyl)aminomethyl)-4-methylphenol (mp&pm—phenylenedipropionate{j_,lﬁqoo}, N,N’-(1,1-dimethylethylene)bis(salicylaldimine);
{L,{@OO}, N,N’-(l,l-dimethylethylene)bis(3-methoxysalicylaldimine){L,{,?\,NSSS}, 1,4,7-tris(4tert-butyl-2-mercaptobenzyl)-1,4,7-triazacyclononane;
{L,{‘NOOO(O)}, N,N'-bis(3-methoxysalicylidene)-1,3-diamino-2dmethylpropane(2); {L,{ﬁ\‘ooo(o)}, N,N'-bis(3-methoxysalicylidene)-1,2-diamino-2-
methylpropane(2); {Lg?\‘NORlRZ}, bis(S-Rl-salicyIiden)tetraisothiO(Bsemicarbazide;{Lﬁ?\,N}, 1,4,7-trimethyl-1,4,7-triazacyclononane{L,{,NSS},
5-formylpyrazole-based thiolato Schiff basel;.ﬁ?\msss}, 1,4,7-tris(4’-Bu-2-mercaptobenzyl)-1,4,7-triazacyc|ononanex3{LﬁNss}, 5-formylpyrazole-
based thiolato Schiff base{Lisoot, PhC(S)COO; {Lfinoo), HMPA-B = bis(2-hydroxy-2-methylpropanamido)benzent;ynoot. NN -bis(3-
tert-butyl-2-hydr0xy-5-methylbenzyliden)-l,7-diamino-4-methyl-4-azahepte{rleﬁNoo}, C(CNRNO-MeOH chelating ligand;{L{\nn}, Mes[14]ane
= 5,7,7,12,14,14-hexamethyl-1,4,8,11-tetraazacyclotetrade¢afigy,y }. bis-imidazolyl tetradentate Schiff base formed of condensation of imidazole-2-
carbaldehyde and 1,3-diaminopropa{1bﬁ,NNNNN}, bis(bipyridyl)-Me-pyrimidine; 1,3,7,10-CT, M§14]-1,4,8,11-tetraene N 1,7-CT, Me[14]-4,11-diene
Ng; 3-Prbi, 3-propyl-biuret(2); ac, acetato(®); acac, acetylacetonatef); aepn, N-(2-aminoethyl)-1,3-propanediamine; alaw, 3-amino-lawsonat
= 3-amino-2-hydroxy-1,4-naphtoquinone; bdt, 1,2-benzenedithiolafp(1bhmp, 2,6-bis(bis(2-hydroxyethyl)aminomethyl)-4-methylphenolatdf1
Bilm, biimidazolate; bipy, 2,2bipyridyl; biq, 2,2-biquinoline; bispictn, N,N'-bis(2-pyridylmethyl)-1,3-propanediamine; bomp, 2,6-bis(bis(2-
methoxyethyl)aminomethyl)-4-methylphenolate{l bomp, 2,6-bis[bis(2-methoxyethyl)-aminimethyl]-4-methylphenolatg(lbpym, 2,2-bipyrimidine;
bz, benzoato(®); bzimpy, bis(benzimidazole)pyridine; cit, citrate; cor, 8,12-diethyl-2,3,7,13,17,18-hexamethylcorrelat@, cyclopentadienyl(®);
Cp*, pentamethylcyclopentadienyl); cth, rac-5,5,7,12,12,14-hexamethyl-1,4,8,11 tetraazacyclotetradecane or rac-5,7,7,12,14,14-hexamethyl-1,4,8,11
tetraazacyclotetradecane; cyclam, 1,4,8,11-tetraazacyclotetradecane; daDP, 2,4-diacetyldeuteroporphyrin IX dimethyl ester; dbemyli13Bdiph
propanedionato@); dedtc, diethyldithiocarbamatof); dien, diethylenetriamine; DMF, dimethylformamide; dmiz, dimethylimidazole; dmp, 2,9-
dimethyl-1,10-phenanthroline; DP, deuteroporphyrin IX dimethyl ester; en, ethylenediamine, 1,2-diaminoethane; HAT, 1,4,5,8,9,12¢emdent;
hfa, hexafluoroacetylacetonate{}; iphos, imino-bis(methylphosphonic acid); iz, imidazole? L. dmSALP¥~ = N,N'-bis(salicylidene)-1,3-
propanediaminato¢2); macro, 1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane; mal, malonapaM@,2-dimethyl-1,3-propylenebis(oxamato);
Mez-tpa, bis[(6-methyl-2-pyridyl)methyl](2-pyridylmethyl)amine; N@&2]N3, 2,4,4-trimethyl-1,5,9-triazacyclododec-1-ene; Mpa, tris[(6-methyl-2-
pyridyl)methyllamine; Me[12]N3, 2,4,4,9-tetramethyl-1,5,9-triazacyclododec-1-ene; mea, 2-aminoethanole; Mgdbis(3-aminopropyl)methylamine;
mepn, 1,2-diamino-2-methylpropane; miz, 2-methylimidazole; mpy, 4-methylpyridine; nsalpro, 1,3-big{5aN€ylideneamino)propan-2-ol; OEP,
octeethylporphyrin; opbap-phenylenebis(oxamato); ox, oxalate(® pba, 1,3-propylenebis(oxamato); pba, propane-1,3-diylbis(oxamato); pbaOH,
2-hydroxyl-1,3-propylenebis(oxamato); PC, phtalocyaninatQ{2pdca, 2,3-pyrazinedicarboxylatef); pip, piperidine; PP, protoporphyrin IX; ppn,
bis(triphenylphosphonium)iminium{d); PTC, phthalocyanine; py, pyridine; Pydtc, pyrrolidine-1-carbodithiolatd(1pyO, pyridine-N-oxide; pz,
pyrazole; sal, salicylato @); sal-2,4-tol, N,N'-bis(salicylidene)toluene-2,4-diamine; sal-2,6-thN’-bis(salicylidene)toluene-2,6-diamine; salen, N,N
ethylenebis(salicylaldiminato){2); salim-phen N,N’-bis(salicylidene)yn-phenylenediamine; sal-tabp{4, Schiff base formed of 2;%5,6-tetraaminobiphenyl
with salicylaldehyde; SOD, native superoxide dismutase; tdt, 3,4-toluenedithiclgtot@rpy, 2,2:6',2"-terpyridine; teta, triethylenetetramine; TMC,
1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane, tetramethylcyclam; TMPP, tris(2,4,6-trimethoxyphenyl)phosphine; tnndpBgeme; tpfc,
5,10,15-tris(pentafluorophenyl)corrolate(8 TPP, tetraphenylporphyrinatod; TPP, tetraphenylporphyrinatol; tren, 2,2,2"-triaminotriethylamine; trop,
tropolonato(t-); TTP, tetratolylporphyrinato(2)
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Abstract

Using the spin-Hamiltonian formalism the magnetic parameters are introduced through the components-@fither involving only
the matrix elements of the angular momentum operator. The energy levels for a variety of spins are generated and the modeling of th
magnetization, the magnetic susceptibility and the heat capacity is done. The strategy in dealing with binuclear and polynuclear systems i
explained. Experimental data on the zero-field splitting (ZFS) are reviewed; the extensive tabulations involve data from different sources: the
magnetic susceptibility and magnetization measurements, the electron paramagnetic resonance (EPR), calorimetry, far-infrared spectrosco
circular magnetic dichroism, and some other experimental methods. The limits of the spin-Hamiltonian formalism are shown.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Magnetism; Zero-field splitting; Magnetic susceptibility; Magnetization; Transition metal complexes

1. Introduction tion there is a competitive magnetic tunneling effect which
will degrade the information (the antiferromagnetic state is
1.1. Mativation thermodynamically more stable). The energy barrier must

be large enough to prevent such degradation of information

In recent years, considerable attention was paid to and therefore the magnetic anisotropy need to be high.
molecular magnets and single-molecule magrjétsl0] The design of high-spin molecules possessing a tunable
This effort is motivated by the idea of having denser value of the zero-field splitting (ZFS) parameieis far from
information-recording media which would allow data stor- a routine objective at present. The conditions that determine
age several orders of magnitude greater than at present. Tahe sign and value of thB-parameter are, so far, unclear.
have the magnetic productivity (the magnetization) large Motivated by the above considerations we went back to sim-
enough, molecules possessing a large value of the molecuple mononuclear complexes where the magnetic anisotropy
lar spinS are desirable. Then for temperature low enough (the D-parameter) is easy to investigate. The investigation
the only populated state could be thatddf = —S (Fig. 1). of the axial ZFS parameter is a long story. This subject is
However, with respect to retaining the recorded informa- incorporated in monographs dealing with magnetism to a
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Free energy sources: the magnetic susceptibility and magnetization mea-
surements, the EPR, calorimetry, far-infrared spectroscopy,
circular magnetic dichroism, and some other experimental
methods. Notice, the majority of the experimental data are

a

dDOD||®D®
JORIIOK -
Ms:_sl” DOD| DD 2

Fig. 1. Thermal population of only thé/s = —S state (left); a scheme
of the magnetic tunneling (right).

varying extent and complexity (from almost nothing to a
very broad presentatiofi1-34] However, the main exper-
imental source for ZFS is electron paramagnetic resonance4,
(EPR)[35—43] As will be seen later, owing to internal lim-
itations the bracketing the ZFS parameters is limited to only
small values by the EPR. 5
Both, the magnetochemical and EPR sources utilize exten-
sively the operator equivalent approach in treating the ZFS

interpreted in terms of the spin-Hamiltonian formalism.

1.3. Notations used

The Sl units are used consistently through the paper;
xmol[S1] = 4m x 10~%xmol (cgs and emu).

The energy quantitieB (like ¢, J, D, E, a, F, etc.) are
presented in the form of the corresponding wavenumber,
i.e. E/hc and given in units of cmt.

3. The isotropic exchange constants are uniformly thought

in the form—J;;(S; - §;). The data from original sources
differing from this definition have been rescaled to the
above form.

The angular momentum operators bring the reduced
Planck constank when operating to a corresponding
wavefunction (a ket).

. The fundamental physical constantsdp, o, Na, k =

ks, R, ug, € h, i) adopt their usual meaning. The reduced
Curie constantCq = NAuoué/k is met in the paper.

along with the crystal field of lowered symmetry. Such an

approach, however, is limited to the ground electron terms

obeying the Hund rules. The ZFS parametérsk, a andF) 2. Spin-Hamiltonian for mononuclear complexes
are considered as parameters of the theory that are fixed

by fitting the experimental data for each system under in- 2.1. Occurrence of the ZES

vestigation. Until now, there has been no rational approach

that could correlate the ZFS parameters to some other, more The essence of ZFS lies in a weak interaction of the spins
fundamental data (integrals). A tailoring and tuning of the mediated by the spin—orbit coupling. ZFS appears as a small
ZFS parameters is a dream which is not yet fulfilled. What energy gap of a few crt between the lowest energy levels.
could help to reach this objective is an intensive theoretical |n magnetism, the ZFS becomes visible when the thermal
analysis. This is the main target of the present work. How- population of energy levels is considerably unequal and thus
ever, a sufficient description of the situation requires much jt can be detected on temperature lowering so #fais
more effort and we will see later that there is a demand for lower than the energy garm(F|g 2)

combining the information from the electronic structure of  The ZFS case is met in transition metal complexes having
atoms[44-49] the crystal/ligand field theor§p0-58] fun- spin$ > 1 and with no first-order contribution to the angular

daments of the angular momentliEQ—GZ], and flnaIIy the momentum. The last statement means that
irreducible tensor operator (ITO) approdéi3—70]as a real

working tool. Let us note that contemporary monographs uti- (OILI0) = a (OHK) =0
lize the ITO approach as a common standa2i33,42,56]

2.1)

1.2. The scope of review e

. . . . . . 4 kT

Section 2deals with the spin-Hamiltonian formalism for

mononuclear systems. The magnetic parameters are intro-
duced through the components of tietensor involving
only the matrix elements of the angular momentum opera-
tor. The energy levels for a variety of spins are generated
and the modeling of the magnetization, the magnetic sus-
ceptibility and the heat capacity is done.

The strategy in dealing with binuclear and polynuclear ‘
systems is explained iBection 3 B.|
Experimental data on the ZFS are reviewedSection
4. The extensive tabulations involve data from different

Fig. 2. Example of a ZFS system with= 3/2.
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Table 1
Examples of the ZFS systems
dar Tetrahedral Octahedral
Configuration Term Type Example Configuration Term Type Example
o? e A, s=1 Ti(lny, V()
d? By 4Aag S=23/2 cr(l)
o° et 6A; S=5/2 Mn(ll), Fe(lll) 5485 6A1q S=5/2 Mn(ll), Fe(lll)
d’ et ‘A, S=23/2 Co(ll)
d® 15485 3A2g s=1 Ni(ll)

holds true where 0is the ground electronic state, in fact and after introducing thet-tensor
the A- or B-state for octahedral and tetrahedral complexes

(Table . Agp=—h"%) " (OILa| K) (K1L110) (energyl)  (2.9)
k70 Ex — Eo

2.2. Formal spin-Hamiltonian ) _ _
it can be rewritten in the form
The Hamiltonian which describes the interaction of the 7@ — (ugB + 7 1AS) - A. (ugB +71AS) (2.10)
single magnetic center with the external magnetic field in- _ o _
volves the spin Zeeman term, the orbital Zeeman term and(One should be careful in the definition of the sign of the

the operator of the spin—orbit coupling, i.e. A-tensor since the opposite sign can be met in the literature.)
The overall result of perturbation theory up to second order
H =T pupge(S - B) + i ps(L - B) + A 2A(L - S) becomes
(22 gs_po 4 @
The above Hamiltonian acts as a perturbation operator o =Y > " {u§ AapBaBy+h~ 18 Ba(gedab + 21 Aap)Sp
that perturbation theory yields the first- and the second-order a b
corrections 722 AgpSaSp) (2.11)
HY = (0/H'|0) (2.3) or
A O|H'|K)(K|H'|0 ; B B aF-lu(B.5. 123 4.3
e -y © E' ><E' 9 24 H=-1B- i B +hlusB-3-5 - 2S5 A-5)
K20 k—FEo (2.12)
It is assumed that the state vectors are represented by orwhere we introduced the-tensor (reduced, temperature-
thonormal kets of spatial variables, ViK) = |, L, My). independent paramagnetic susceptibility tensor) as
The first—order correction can be rewritten as follows: 1 para 2 ) N
—5kan = MgAab (energyx induction ) (2.13)

H" =1 "uyg.(B-5)(010) + (i 'y, B+h 2AS)- (QHEO)
(2.5)

the g-tensor (magnetogyric ratio tensor) as

Zab = gebab + 2L Agp  (dimensionless (2.14)

where the last term vanishes in the absence of the flrst-orderand theD-tensor (spin—spin interaction tensor) as
angular momentum and thus

1 2 ’
N _ s o —5Aap = AAgp = D ener 2.15
HY =T Yppge(B-3) (g ~2Aw=HAD=Da (Eneigy (2:49)
) ) (The numerical prefactors, like1/2 are the matter of the
The second—order correction contains the terms convention.)
. . - . L. S o . . Lo
(OIA'1K) = (uyB+17'A8)- (OILIK) + 7' 1y g,B - S (OHK) The operatorH* is termed thespin-Hamiltonian: it acts

only on the spin ket§S, Mg). It yields eigenvalueAs identical
(2.7) with those produced by the perturbation operdiracting

o ) ) on the full set of variablegy, L, M, S, Mg)—seeTable 2
where the last contribution vanishes owing to the orthogo-  The temperature independent paramagnetic term is

nalitt_y of the state vectors. The complete second-order Cor-gmitted hereafter (this can be included into the empirical
rection is

H? — _

5 g - . -
72 Z [(ugB+h"AS) - (OILIK)[ (1B + h~"AS) - (K|L|0)] 2.8)

k20 Ex — Eg
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Table 2
Explanation of the magnetic Hamiltonian and the spin-Hamiltonian
Extended problem for spin—orbit kets Truncated problem to spin kets
N di lizati N di lizati

(L. M. S, M| H'|L, My, S, Ms) =225, (S, Myl H5|S, Ms) =20,
Hamiltonian matrix Energy levels Hamiltonian matrix Energy levels
|L.M,,S, M) E =

E, —

IS M)

—
—_—

SOl

correction of the experimental data, together with the dia- §_|5 a) = /(S + M)(S — M + DA|S, M — 1) (2.24)
magnetic term) so that we arrive at

- g 1 2 o= o= 0= =/ = Then we get
H>=h"ug(B-g-S)+h “(S-D -9) (2.16) o oA N
(SW'[S,|SM) = 3(SW'|(8 + §-)|SM) (2.25)
The ZFS Hamiltonian which includes the spin—spin inter- - Lo e R
action, in its bilinear form, is (SV[Sy|SM) = —5iI{SM'|(S4 — S-)|SM) (2.26)
BSS=725-D -5 (2.17)  (SW|S.ISM) = MEisy (2.27)

and contains nine components of Meensor. Their exper-  The spin—spin (zero-field) interaction matrices are compiled
imental determination is an unrealistic task and thus somein Table 4
simplifications are desirable. Assuming a diagonal and trace- Now the application of the spin Zeeman term
less form of théD-tensor, the ZFS Hamiltonian can be rewrit- 7z -1 2
. ' H-=h B,S 2.28
ten to an equivalent form a HB&aBada (2.28)

A =R 2[D(8? - 18%) + E(32 + 3}2)] (2.18) will yield
(a) diagonal corrections for thedirection;
(b) off-diagonal corrections for the-direction (real, sym-

D= %(_D;(x — D;y +2D,) = %Dzz (2.19) metric) andy-direction (complex, Hermitean).

where we introduce the axial ZFS parameter

Then the energy levels are obtained through the standard
eigenvalue problem.
E= %(D;X — D) (2.20) When we seek an analytical expression for the energy

- levels, the Taylor expansion could be applied
Normally, it is assumed that the ZFS parameters obey a

relationship g = 81(0) + sgl)B + sl@ B? + O3 (2.29)
ID| >3E >0 (2.21)

and the rhombic ZFS parameter

where the van Vleck coefficients” occur.

One can interchange the Cartesian axes (which cannot influ- With neglect of the rhombic componet€ = 0) the x-
andy-directions become equivalent and the zero-field inter-

ence the properties of the system) but the above relationship™ " ) i | The ad ¢ hasi
will still be fulfilled. The various conventions are compiled action matrix stays diagonal. The advantage of such a sit-

in Table 3 uation lies in the fact that the Zeeman term can be consid-
ered as a small perturbation (whBns large enough). This
23 Bilinear ZFS allows an application of the perturbation theory according

to which the zero-field eigenvalues can be corrected by the
second-order PT formula for non-degenerate states

¥ (h " 1tBg: B (SM'] S, |SM))?

(O] (O]
M'#M ey T M

As the ZFS Hamiltonian acts only on the spin k&3M),
its matrix elements can easily be evaluated with the help of @
shift operators as follows: EMx =

S.|1S, M) = MR|S, M) (2.22)

(2.30)

A Just this formula, when applied to the perpendicular direc-
Sy|S, M) = \/(S —MYS+M+DhS,M+1) (2.23) tion, yields the second-order van Vleck coefficients
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Table 3
Interrelations among the spin-Hamiltonian parameters

Property

Formula

(a) Negative sign convention
Angular momentum unquenching tensor

Magnetogyric ratio-tensor
Spin—spin interaction tensor

Temperature-independent paramagnetic susceptibility tensor

Temperature-independent paramagnetism

(b) Positive sign convention
Angular momentum unquenching tensor

Magnetogyric ratio-tensor
Spin-spin interaction tensbr

Temperature-independent paramagnetic susceptibility tensor

Temperature-independent paramagnetism

(c) Interrelations

Aap = —h2Y 4o (O1Lal K)(K|L|0)/(Ex — Eo)
gab = gedab + 2A Aab
—3Day = Dy = A2 Aap

D = J(—=Djy — Dy + 2D},) = +31%(— Axc — Ay + 247)

E = 3(Djy — Djy) = 312(Axc — Ayy) > 0
%Kgsra pLBAab

para para __

xop = Napokhy @ = —2Napiopd Aab
XTIP = _§NA//LO/'LB(AXX + A+ Az) >0

Aab = +h Y 4o (O|Lal K)(K|Ly|0) /(Ex — Eo)
8ab = gedab — 2A Aap
—~1Dap = Dy = —22Aap

D = J(—=Djy — Dy + 2D}) = —31%(— Axc — Ay + 247)

= 3 (D — Djy) = —322(Axc — Ayy) > 0
1x§§ra_ —MBAab
para _

Xab = Na MOKab = +2Nanopd Aab

xTip = +§Napon (A + Ay + Az) > 0

8 = ge + 2Dy /A = ge+ (4/3)D/1

gx = ge+ 2D;<x/)‘
gy = ge + 2D}y /2
8x — 8y = 2Dy — Djy)/x = AE /.

2 The traceles®-tensor is introduce®ap = Dy — 38ab(Dj + Diy, + Dp,); then Dy + Dy + Dz = 0.

(E—llLng(S\/'/|%(§+ 1 5)19m))2 and finally the second-order correction becomes

(2) _ Z
A M'#M 85\33 - 853) @ _ 2 SFMSEM+ D)
Fu=t1/2 = ~(1BEY) 4D(1+ 2M)
(nBg )2{(S_M)(S+M+l)5 (5 —1/2(S+3/2)
_— B / _
) ap+am) MM = —(uBgy)? = (2.33)
(S+M)(S—M+1) _ . N
4D(1— 2M) Smrm-1 Having determined the van Vleck coefficienttable 9
) evaluation of the magnetic susceptibility components pro-
= (uBg )ZW (2.31) ceeds via the van Vleck formula
' 2(4M2 - 1)D

>, [ ™)2/KT) = 26 exp(—e(” /KT)

For the Kramers doublefs, :I:%), however, the zero-field Y exp(_glfo)/k'r)

energies are degenerate and thus the perturbation theory for (2.34)
degenerate states needs first to be applied. This yields the

first-order PT correction (equal to the first-order van Vleck  The involvement of the rhombic components creates the
coefficient) in the form difficulty that perturbation theory can no longer be applied.

Thus, the energy levels must then be obtained by a numeri-
1 T (84 + )
Esw):ﬂ/z,x = i<SM/ htupg————| SM

cal solution of the eigenvalue problem. Three values of the
“working field” are needed to evaluate the van Vleck coef-
1 1 1 2
= (5| (5+ z) (s-5+2)]
S+1/2)

ficients for each component-( y-, andz-) of the magnetic
2

Xmol = Napuo

susceptibility. Alternative ways for the treatment of the ZFS
systems are compiled ifable 6
The energy levels for a set of ZFS systems are plotted in

= dupg:y (2.32) Fig. 3. One can see that
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;?)liorlis‘lpin interaction matrices (left) and Zeeman matrices (right) for a ZFS system
s=1
(1/3)D 0 E G, 1/v/2)G 0
0 -@3D 0 (1/v/2)G 0 (1/v/2)G-
E 0 (1/3D 0 1/V2G, -G
S=3/2
D 0 JV3E 0 (3/2G; (V3/2G_ 0 0
0 -D 0 V3E 3/2G. (1/2)G, G_ 0
V3E 0 -D 0 0 Gy -1/2G, (V3/2G_
0 V3E 0 D 0 0 /3/2G, —(3/2)G,
S=2
2D 0 J6E 0 0 2G, G- 0 0 0
0 -D 0 3E 0 G, G, V6/2)G_ 0 o
VBE 0 -2D 0 J6E 0 (V6/2G- 0 +6/2G_ 0
0 3 O0 -D 0 0 0 6/2)G, -G, G_
0 0 V6E 0 2D 0 0 0 G, —2G,
Biquadratic ZFS correction, tetragonal axis
(1/10)a 0 0 0 1/2)a
0 —(4/10)a 0 0 0
0 0 +(6/10)a 0 0
0 0 0 —(4/10)a 0
1/2)a 0 0 0 (1/10)a
S=5/2
(10/3)D 0 V10E 0 0 0 56, +5G_- 0 0 0 0
0 —(2/3)D 0 V18E 0 0 V5Gy 3G, 8G- 0 0 0
V10E 0 —(8/3)D 0 J18E 0 1 0 V86, G 3G_ 0 0
0 VI8E 0 —(8/3D 0 VI0E 2| o 0 3G, -G. 8G_ 0
0 0 V18E 0 —(2/3)D 0 0 0 0 8G,y -3G, 5G_
0 0 0 V10E 0 (10/3)D 0 0 0 +5G. -5G
Biquadratic ZFS correction, tetragonal axis:
+(1/2)a 0 0 0 (5/2a 0
0 -@3/2¢ 0 0 0 (v/5/2)a
0 0 +a 0 0 0
0 0 0 +d 0 0
(v5/2)a 0 0 0 —(3/2d 0
0 “5/2a 0 0 0 +(1/2)a’
Biquadratic ZFS correction, trigonal axis:
—-1/3}a O 0 —(v/20/3)a 0 0
0 a 0 0 0 0
0 0 —(2/3ua 0 0 (v/20/3)a
—(v/20/3)a 0 0 —(2/3a 0 0
0 0 0 0 a 0
0 0 (v/20/3)a 0 0 —(1/3)a

G, = g.uBBl;; G+ = G, £iG, = ugB(g,lx £igyly), with I, |, and |, representing the direction cosines for the vedorelative to the symmetry
axes;a' =a+ (2/3)F.



764 R. Bota/ Coordination Chemistry Reviews 248 (2004) 757-815

Table 5
van Vleck coefficients for mononuclear ZFS systems
Spin M By =ey? Ci: = €57/ (1uBg:) Cirx = €47/ (1BEx) Dyx =\ /(nBgn)?
S=1° +1 D +1 0 +1/D
-1 D -1 0 0
0 0 0 0 -1/D
S=3/2 +3/2 D +3/2 0 +(3/8)D
+1/2 0 +1/2 +1 —(3/8)D
S=2 +2 4D +2 0 +(1/3)D
+1 D +1 0 +(7/6)D
0 0 0 0 -3/D
S=5/2 +5/2 6D +5/2 0 +(5/16)D
+3/2 D +3/2 0 +(11/16)D
+1/2 0 +1/2 +3/2 —-1/D
S=3 +3 9D +3 0 +(3/10)D
+2 4D +2 0 +(8/15)D
+1 D +1 0 +(13/6)D
0 0 0 0 —6D
S=7/2 +7/2 1D +7/2 0 +(7/124)D
+5/2 6D +5/2 0 +(11/24)D
+3/2 D +3/2 0 +(9/8)D
+1/2 0 +1/2 +2 —(15/8)D

a Zero-field levels can be uniformly shifted.
b For § = 1, the secular equation has analytical solutions and the perturbation theory need not be applied. Then the square roots are expanded into
Taylor series in powers dB.

Table 6
Processing of the eigenvalue problem for a ZFS system

1. Analytical working out for the Hamiltoniari, (D, g,); E = 0
(a) Perturbation theoryD > ¢, ugB,, spinS> 1
&= e(o) + s(l)B,
- 8(0) I 8(1)3 L e@p2

l\’X

Table 5

(b) Variation methodx « 1, spinS=1, 3/2, 5/2
&; ;—straightforward (already diagonal)
gix ~vI+x=1+x/2—x?/8+ 03 (Taylor expansion of the square root), where- uzB/D « 1 for a small field limit and
x~ D/ugB < 1 for the strong field limit

Mean susceptibilityx, (for linear magnetics)—by the van Vleck formula

2. Analytical development for the Hamiltoniafi, (D, E, ga)
Restriction: spinsS = 1, 3/2; directionsa = x, y, z
The secular equation (of the order o33 or 4 x 4) has an analytical solution in the form ef, = « + /B + y irrespective of the
parameters and field magnitude
Partition functionZ,(B, T) = Y_; exp(—&;,«/KT)
MagnetizationM,(B, T) = NaKT(T1,/Z,)
Differential susceptibility%,(B, T) = NauoKT(T24Z, — TZ,)/Z2 with the termsTy, = 3Z,/3B, and Tz, = 3°Z,/3B>

3. Numerical solution of the secular equati@®;B, and D—arbitrary
(a) the Hamiltonianﬁl,,(D, gq) for E =0 has two sets of eigenvalues;, ande;
(b) the Hamiltonian, (D, E, gq) has three sets of eigenvalues;, ¢; ., ande;

Mean susceptibility (for linear magnetics) is obtained through the sequence: three (more) sets of eigenvalues around a refeBgnee fimidbolic
(polynomial) fit — van Vleck coefficients for each Ieve}o), fla) and c(f) — van Vleck formula

Magnetization: one set of eigenvalues and eigenvectors at theBfietd thermal average of the spit$,)r — M, = Nalua)r = —Naga{Sa)T;
differential susceptibility through a numerical derivative of the magnetizgkios: 1o(dM,/9B,)

Three (more) sets of eigenvalues n&ar> parabolic (polynomial) fit—> derivatives for each Ieveif?l), ffl) ande;
Z (—&tY — 2Be?) exp(—e? /KT)
B
Y exp—el /KT)
Susceptibility either by a numerical derivative or using f'trgf and second:f.f,) derivatives asy,(B, T) = NspuokKT (T2 Z, — Tﬁ,)/&f

(2) — magnetization

Mq(B, T) = NAkT(Tla/Za) =
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S=1 S=3/2 S=2 S=5/2 S=1 S=32 S§=2 S=52
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§ 20 F P | w DF - Z H
[} —_— | PR
_é 0 ] L r < r __/ B or _] r 0 o \
2 — [— g —
5 20 - F—x | 20t |
40 L L L I I r.\ 40 L1 L L ! ) ! P —
002 4 0 2 4 0 2 4 0 2 4 002 4 0 2 4 0 2 4 0 2 4
E E E E E E E E
D = 10 (arbitrary units) D =-10 (arbitrary units)
S=1 $=32 S=2 $=52 S=1 S=32 s=2 S=52
40+ F F - < 40+ - L
o | of : | —
X N
é of =1 } —] | 3 ) S i I
< — —] | < g 0k T | paa— L L
20 - F— I ]
-40 - [ r “or ! L C L I i L ! L 1 !
1 1 1 1 1 1 1 1
0 2 4 0 2 4 0 2 4 0 2 4 0 2 4 0 2 4 0 2 4 0 2 4
ar ar ar ar a7 BT a7 ar
parallel (ll, z) direction, perpendicular (L, x,y) direction,
D/k=10K,E=0 Di=10K,E=0
S=1 S=32 S=2 S=52 S=1 S=32 S=2 S=52
40+ - - - < 40+ L
20+ - < - < - 20+ L =——— L
— ]
% ot /ﬂﬁ - F— == 5: o —— — =
~ m)_ L L — | L 3
p I — 2k | — |
“or L - L L [ - L L .40~J I L ol [ L 1 I
02 4 0 2 4 0 2 4 0 2 4 0 2 4 0 2 4 0 2 4 0 2 4
ar ar ar ar BT BT 8T BT

parallel direction,
D/k=10Kand E/k=3K

perpendicular direction,
D/k=10Kand E/k=3K

Fig. 3. Effect of the sign of th&®-parameter and the rhombic ZFS component to the energy levels.

(a) the application of the magnetic field in the parallel di- = . - ik ) )
rection results in a linear development of the magnetic <Jm|T§|Jm) = (=D (_Jm q ni/) (J”Tk'm
energy levels; (2.35)
(b) in the perpendicular direction the levels develop
non-linearly; and
(c) the reverse sign of th®-parameter inverts the level . ‘ Cok
diagram; (jm| Ok |jmi) = (—1)7 (_’ ’/) (ILOM1)
(d) theE-parameter manifests itself in an additional splitting meam (2.36)

of energy levels.
The 3-symbol involved represents an integral over the an-
gular momentum functions common for both matrix ele-
_ o _ ~ ments; the reduced matrix elemexj§ T*||j) no longer de-

More complex spin—spin interaction can be treated with pend upon the magnetic quantum numbers. Therefore the
the help of the equivalent operatd@6—-41] The concept  replacement theorem makes it possible to write
of equivalent operators originates in the fact that the matrix .
elements of two different spherical tensor operators of rank . .. GUTENGY o age Nk

. m| Ty [jm) = ———=(m|O%|jm) = y(k, j)({jm| O%|jnm

k are reduced analogously according to thigner—Eckart mizg im) (l1Ok115) M Oglirmt) = (k. H{mIOglim)
theorem, i.e.

2.4. Biguadratic ZFS

(2.37)
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Table 7
Equivalent operator@z, k—spherical tensor ranky—component

0§ =10+
09=3r232 - JJ +1)
03 = 2[00 + IO+ Us + 107
03 = 3n2(02 + 7%
09 = 35474 +[-30J(J + 1) + 25]h 22 — 6J(J + 1) + 3J2(J + 1)?
0% = I 2{[Th=202 = 30(J + 1) — 110.(J4 + J) + (J4 + T L[TR7212 = 3J(J + 1) — 1]}
0% = Ih~2{[Th=27% — J(J + 1) = 5](J2 + J?) + (32 + I®)[Th~2J2 — J(J + 1) — 5]}
03 = 413+ 73+ U3 +737]
04 =1t + 0%
03 = 23177878 + [~315/(J + 1) + 735) 72 + [L05J2(J + 1)2 — 525J(J + 1) + 2941272 — 5J3(J + 1)% + 40J2(J + 1)2 — 60J(J + 1)
O} = 1R 2([35h4T% — (30J(J + 1) — 19K 272 + (5J2(J + 1)% — 10J(J + 1) + 12] T, (J4 + J_) + (Jy + T_) T [35h 4 T2 — (30J(J + 1) — 19 2J2 +
(5J2(J +1)? - 10J(J + 1) + 12)]}
0% = 1R 2([33h4J% — (18J(J + 1) + 123h2J2 + J2(J + 1)? + 10J(J + 1) + 102](J2 + J?) + (I2 + J2)[33K~4J4 — (18J(J + 1) + 123F2J% +
J?(J + 1?2 +10J(J + 1) + 102]}
03 = 3h Y117 2J2 = 3J(J + 1) = 59V=(J3 + J3) + (J3 + J3) J.[11h2J2 — 3J(J + 1) — 59])
Of = Ji 1202 — J(J + 1) = 38]J% + T4 + (J4 + IHAE2)2 - J(J + 1) — 38])
02 = h (035 + 7% + 3 + 7%)1.]
08 = 3n°0J8 +J°)
The shift (raising and lowering) operators interrelate to their Cartesian analogues
32 4+7%=72-72
33+ =73 - jxj)Z = JyJxJy = J2,

104 4 = 00 T T 1202 - 3020, - 0,020, — 3000y — 1y

i

Now the matrix element of a tensor operator is proportional k < 4 for § = 2 and 5/2,k < 6 for § = 3 and 7/2. Now
to that of an equivalent operator. The angular momentum we can see that fof > 2, in addition to the second-order
operators serve in the role of equivalent operators: instead ofequivalent operators, the fourth—order equivalent operators
the irreducible tensor components a proper combination of can contribute. These, in fact, correspond to higher—order
the angular momentum operatds, J,, J_) is applicable. spin—spin interaction—a biquadratic spin—spin interaction,
However, the expansion coefficients (the potential constants)like
need‘to be redeflneq accounting forthe propqruonahty factor iba_p & 52 (2.39)
y(k, j). A set of equivalent operators is compiledTiable 7
Itis quite practical to handle the equivalent operators since  The biquadratic ZFS involves the case 9t 5/2, e.g.
the Fe(lll) or Mn(ll) complexes. The second relevant case of
S = 2 is of lower applicability since the orbital contribution
(e.g. in the high-spin Fe(ll) complexes) dominates.
In the case of a perfect octahedral symmetry @axis
Important note: it is conventional to write the equiva- being coincident with th€ 4 rotational axis) the biquadratic
lent operators in the forn0”, k—spherical tensor rank, termis
n—component. This notation is just opposite to the irre- b 00 4ra 0 -
ducible tensor approach (ITO) where the tensor rank is the H " = B304 + B0 = Ba(04 + 50,)

1. they can be easily constructed by matrix multiplications
with the help of computers;
2. no need of an explicit form of the kets.

superscript. = galh " (SI+53+5H—£5(5 + 1)(35% + 35 — 1)}
A more general form of the zerdield splitting operator (2.40)
is written as '
k with the relationship among the Hamiltonian parameters as
H7S — Z ZBZ o} (2.38) follows a = 12084 = 12089 = 2_483. The corresponding
k=0 n—=0 matrix elements fof = 5/2 were included iTable 4giving
. the zero—field eigenvaluesj » = —2a andez 456 = +a.
where only even termé (= 0, 2, 4 and 6) can contribute)y; The separation of the quartet state from the ground doublet

are the operator equivalents aBfithe interaction constants. is Ae = 3a. Such a result is correct from the viewpoint of
The maximum power is determined by the value of the spin the double group theory: the gro@j can have only the dou-
number since the restrictions ake< 2 for § = 1 and 3/2, bly degeneratd”7 or quadruply degeneratEsg irreducible
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representations. The above result is well fulfilled either for 10
perfect octahedral symmetry or perfect tetrahedral symme-
try of the coordination polyhedron.

However one can pass from the fourfold axis coordinate
system to a threefold one (tlzeaxis being coincident with
the C3 rotational axis); the matrix elements are contained
in Table 4and they yield exactly the same eigenvalues as
before. -10

The addition of the Zeeman term along either the fourfold
or threefold axes leads to the eigenvalues listedable 8 BT BT
The eXpanSion of the square roots, restricted to the quadratiqiig_ 4. Exact energy levels of a$i= 5/2 system in the cubic symmetry:
terms, yield approximate expressions for the energy levels.a/k = 0.1K (left) and 1K (right).

In this step it is assumed that the magnetic field is much

lower than the cubic zero—field splitting parametér; =

uBg|B < a. Fig. 4 displays the information of how the adopts the form again contained Table 8 (One must be
energy levels are split under the influence of the magnetic careful of definitions of the Hamiltonian parameters when
field. As a consequence of the cubic symmetry the energy comparing different sources since other notations can also
levels in the perpendicular direction should be the same asbe met in literature.) Th&-term enters only the diagonal

in the parallel direction and thg-values are isotropic. matrix elements; tha-term enters the off-diagonal matrix

In the case of the distorted cubic symmetry of the co- elements situated by four positions outside the main diago-
ordination polyhedron the zero—field splitting Hamiltonian nal (seeTable 4.

(& /KK
o
T
T

2 4

2 4

o
o

Table 8

Hamiltonian and energy levels for ZFS systems with- 5/2

System Exact energy levelg througheg Approximate energy

(a) Octahedral symmetr = 0 HP4(On, Ca) = BSOS + B304 = Ba(0§ +50%), a = 120B4 = 120B) = 248}

AP0, Ca) = £afh™* (52 + 84 + 8% — £5(S + 1)(35% + 35 — 1)}
HPI(Op, C3) = —3B4(0§ +20v/203), a = —80BS = —1600v/2B3

£12 = —2a; 3456 =a

(b) Magnetic field applied along thé, axis +1G| +a a+(1/2)G
1(£G) — ) +[(a£2G))? + 3a?]42 a+ (11/6)G + (20/27)(G}/a)
16 —a) — [(a £2G))? + 3?2 —2a + (5/6)G| — (20/27)(G?/a)
(c) Magnetic field applied along th€s axis +3G) +a a+ (3/2)G
+G| — 3a+ (1/6)[(a £ 9G|)? + 80a?]V/2 a+ (7/6)G + (20/27)(G/a)
+G| — 3a— (1/6)[(a £ 9G|)? + 80a?]V/? —2a+ (5/6)G| — (20/27)(G%/a)
(d) Tetragonal distortionDan, B = 0 A7 (Dgn, C4) = BSOS + (B303) + BS0S + B4(09 + 504)°

S = D252 — $S(S + D} + ER2(82 — 82) + gafh (52 + 4+ 8H — £S5+ 1)
(352435 -1} + 188F{35h 454 —308(S + DA 282+ 257252 — 6S(S + 1) +352(S + 1)?}
a=120B4, D = 3BY, E = B, F = 1808

a — %D

—1d' + D+ [ +2D)? + 3?2
—3d + 4D —[(d +2D)* + 3a°1V/?
with @ =a + 3F

(e) Trigonal distortionDs, B = 0 H7S® (D3, C3) = B3O + (B303) + BS0Y — 2 B4(0§ + +/80003)°
a=120B4, D = 3BY, E = B3, F = 18083
a’ — gD

1 a + 1D+ 6[(0”+18D)2+80(12]1/2
//+ lDf—[(a”+18D)2+80a2]1/2
Wlth d'=a-F

a After expansion of square roet= co + ¢1G + c2G? + O3 for G =upgBKa.
b &, » and ¢—the fourfold axes for the cubic part of the crystal field. Thaxis is chosen along either the tetragonal axis (wkepandz coincide
with &, n and¢) or the trigonal [111] axis of the crystal.
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The g-values of the overall spin-Hamiltonian should re- Since the exact eigenvalues for some ZFS systems are
tain axial symmetryg, = g andg, = g, = g.. Having available Table 9 they permit an exact modeling of the
the energy levels determined and the van Vleck coefficient magnetizationM,(B, T) = f(D, E, g,) in the whole range
identified, one can proceed with the van Vleck formula for of variables and parameters. The corresponding closed for-
the mean magnetic susceptibility of a linear magnetic mate- mulae are listed ifable 10
rial. Alternatively, one can proceed with the solution of the  In the case oF = 0, modeling of the magnetization in the
eigenvalue problem for three input fields and a numerical parallel direction is an easy task since there exists a closed

determination of the van Vleck coefficients. formula for the magnetic energy levedg = f(D, B;). In
this case for positiveD, wave-type behavior is observed
2.5. Modeling the magnetization (Fig. 5. This effect originates in a level crossing: with in-

creasing field a magnetically more productive level becomes
Having determined the magnetic energy levels, the parti- the ground state and this is going to be saturated unless
tion function is defined an even more magnetically productive state is crossed (see
_ Fig. 2 for the explanation). The resolution of the steps on
Za(B,T) = Zexp(_s"“>
- KT

(2.41) the magnetization curve depends upon the balance between
T, BandD. For fixedT and lowD no resolution is observed.

from which the molar magnetization is calculated as With increasingD the steps become readily visible at higher

fields.
M,(B.T) = NAi 0Z4 In the perpendicular direction, however, the situation is
“om Z, 0B, different. A complete modeling using a humerical approach
1 08 q —&iq 242 is given byFig. 6. The magnetization curves were generated
- NAZ_aZ 9B, P\ (2.42) at a fixed temperature as parametric function®ofVe can
! conclude that:
Table 9
Exact eigenvalues and magnetic functions for some ZFS sy3tems
Spin Direction Shifted eigenvalues,
ForE # 0 ForE =0
S=1 z e =D+ (B2 + GH/? €1, =D+ G,
g2, =0 €2: =0
£3; =D—(E2—§—G§)1/2 g3, =D — G,
X e =D+ E ey =D
e2c = 3(D — E) — [3(D — E)?> + G2 g2 = 3[D — (D? +4G?)Y?]
e3x = 3(D— E) +[3(D - E)> + G?|Y/2 e3c = 3[D + (D2 +4GHY/?]
y e1y = 3(D+ E) +[5(D+ E)> + G3]*/2
g2y = 3(D+ E) - [5(D+ E)> + G3]*/2
g3y =D—E
S=23/® z 1. = D+ 3G, +[(D + G.)? + 3E?]%/2 e1: =D+ 3G, +|D+G,|
SZZ:D_%GZ+[(D_G7)2+3E2]1/2 SZZ:D_%GZJ’_lD_GZI
3. = D+ 3G, —[(D + G,)? + 3E?|*? e =D+ 3G, — |D+G,|
ea: = D — 3G. — [(D — G2)? + 3E% /2 ea: =D = 3G. —|D =Gl
X e1r =D+ 3G +[(D— 3G+ 3(E+ 3G)Y? e1r = D+ 3Gy + (D? + G2 - DG,)Y/2
e2r =D — 3G, +[(D+ 3G)% +3(E — G2 g2 = D — 3G + (D? + G2 + DG,)Y/2
g3 = D+ 3Gy — [(D - 3G+ 3(E + $G)4Y2 e3c = D+ 3G — (D? + G2 — DG, /2
eac =D — 3G —[(D+ 3G + 3(E — 3G)*]Y? eac = D — 3G, — (D* + G2 + DG)'/?
y ey =D+ 3Gy +[(D - 3G )2+ 3(E — 3G,)?|?

g2y =D — 3Gy +[(D+ 3G )2+ 3(E + 3G ,)?|?
ey = D+ 3G, —[(D - 3G )? +3(E — 1G,)?|?
g4y =D— 3G, —[(D+ 1G> +3(E+ 3GV

a Substitution:G, = g, s B,.
b The constant value db can be omitted in the partition function (a shift of the energy origin).
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Table 10
Exact magnetization formulae for some ZFS systems
ForS=1
V= 1 Naugg: exp D+,/E2+G§ —2G, +exp D — /E2+G§ 2G,
‘T2 Z KT [E2 1 G2 KT [E2 + G2

_(D—E)2—/(D-E}?/4+ G2

1N,
M, == AMBEx <exp

2 Z KT

2G,
V(D — E)2/4+ G2

—2G,

— —F)? 2
+exp{—(D E)/2+ /(D= E)?/4+ G2

KT

J(D—E?/4+ G2 ]>

(D+E)/2+ /(D + E)?/4+ G2

2"z, KT

1N, ,
My == AMUBEy <6Xp

-2G,
/(D + E)?/4+ G2

2G,

KT

[ (D+E)/2~ /(D+E)2/4+G§H
+exp{ —

KT KT

/(D + E)?/4+ G% ]>

D+ /E?+ G2 D— /E?+G?
Z. :exp[—“) +1+exp(—‘

KT

KT

- _ Y 2 _ —E7? 2
Zx:exp{_D+E}+exp:_(D E)/2— /(D= E)?/4+ G2 el P E)/2+ /(D= E)?/4+ G2

D_E [ (D+E)/2+ /(D+E)2/4+G§’ [ (D+E)/2— /(D+E)2/4+G§]
Z_V:exp{— }+exp - ~ 1 +expi— -

—2(D - G,)

KT KT KT
For S=3/2
~ B / )2 2 ~
M, = —} Nanes: expy— +G:/2+V(D+G:)" +3E +1+ M
2z KT V(D + G,)? + 3E2
—G. —G.)2? 2 _ —G.
Lexpl G./2+/(D—-G,)2+3E _14 2(D - Gy)
KT V(D =G.)2+3E?
+G,/2—/(D+G,)? + 3E2 +2(D + G,) ~G./2— /(D —G,)2 +3E2
+expy — +l - —————= +expy—— -1-
p: KT V(D + G,)?2+3E? P KT

1N, . /2 D — G,/2)? E «/2)?
w1 Nansg <exp[_+o,/ +V(D=G./27 +3(E+G./2)

2 Z KT

_ 2 _ 2
expl - Gx/2+\/(D+G)l(({I—2) +3(E—G,/2)
G /2— /(D —G/22+3(E+ G./2)?
expl| TG/ V( k4)+<+,/)
_ — 2 _ 2
el G./2 \/(D+G)|((/r2) +3(E—G,/2)

V(D —G,)? +3E? }>

I+

_ +(D+ Gy/2) —3(E — G,/2)
V(D + G, /22 +3(E — G,/2)?

_ —(D=G. /2 +3(E+G/2)
V(D =G./22+3(E+G,/2)?

(D +G./2) —3(E - G:/2)
VD + G, /22 +3(E—G,/2)2

My =—

2 7, KT

~Gy/2+ /(D +Gy/2? +3(E + G,/2?
TP - KT
+G,/2— \/(D — Gy/22+3(E — G,/2)2
+expyi —
KT
—Gy/2— \/(D +Gy/2)2 4 3(E + Gy/2)2
+exp{ — T

! +Gy/2+ /(D — Gy/2)2 + 3(E — Gy/2)?
11W88><expl_ 240 -6, ; H+1

—(D—G./2)+3(E+G./2)
V(D= G./2)2+3(E + G, /2)?

)

14 +(D+G,/2)+3(E+ G,/2)

J(D+Gy/27 +3(E +Gy/22

—(D—G,/2) —3(E - G,/2)

+1-
J(D—Gy/22+3(E - G, /272

1 +(D+G,/2)+3(E+ G,/2)

\/(D +G,/2)2+3(E + G,/2)?

L ~(D=Gy/2)~3E-G)/2)
\/(D — Gy/2)2+3(E — Gy/2)2
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Table 10 Continued)

_ +G,/2+ /(D + G;)? + 3E2 —G;/2+ /(D — G;)? + 3E2
Z, = expi T +expy— KT
expl 162V D+ G2 H3E2| | [ ~Gj2— /(D G+ 3E?
P KT P KT
_ 2 2 _ 2 _ 2
szexp{_+Gx/2+\/(D G/22+ 3(E + G,/2) +exp{_ Gy/2+/(D+ G,/2)2 + 3(E — G,/2) }
KT KT
— _ 2 2 _ _ 2 _ 2
©expl G2 V(D —G,/2)? +3(E+G./2) +expl —Gx/2 V(D + G, /22 +3(E - G./2) }
KT KT
[ +Gy/2+ /(D = G,/2? +3(E - G, /2)? ] [ ~Gy/2+ /(D +G,/2? +3(E + Gy /2)2 ]
Z, =expq - +expi —
KT KT
[ +Gy/2— \/(D —Gy/2)2+3(E — G,/2)? ] [ ~Gy2— \/(D +Gy/2)2 +3(E + G, /2)2 ]
+expy — +expq —
KT KT
S=1 S=3/2 S=2 S=5/2
5 - - - -
4 - L L L
£ 5l I I i
N
s, i i i
1 -
0 | I L 1 [} 1 | |

0 20 40 0 20 40 0 20 40 0 20 40
BT BT BT BT

Fig. 5. Parallel magnetization per atom vs. magnetic field for zero-field splitting systemst.2K; D/k =5, 10, 15 and 20K.

S =5/2

av

M, /(N )

av

M, /(N p)

BIT BIT BIT

Fig. 6. Magnetization curves for various ZFS systems modeled as a powder aveffage4? K; top panel:D/k = —5K (solid), —10K (long dashed),
—15K (medium dashed)-20K (short dashed); bottom pandh/k = +5K (solid), 10K (long dashed), 15K (medium dashed), 20K (short dashed).
Brillouin function for a Curie paramagnet—dot-dashed.
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(a) with increasingD)| the magnetization curves clearly de- in the application of these formulae as they were derived
cline from the Brillouin function (that refers to a Curie on the basis of perturbation theory. The principal assump-

paramagnet with no ZFS); tion that the ZFS is much larger than the spin Zeeman term
(b) the sign of theD-parameter is unambiguously deter- should not be avoided: otherwise the perpendicular compo-
mined if single crystal experiments are undertaken; nent of the susceptibility diverges for small

(c) the powder average is less able to distinguish the sign The modeling of the product functions for the individual
of the D-parameter as the behavior of the parallel and ZFS systems is shown iRig. 7. We observe that
perpendicular components are opposite each to other;

(d) the lowering of the magnetization is more pronounced 1. the product functions (obeying the Curie law at higher
for negativeD (except theS = 1 system). temperature) drop as the temperature is lowered,;

2. the magnetic anisotropy manifests itself not only in the

The Brillouin-function behavior mentioned above means different values of the susceptibility components but also

S+1/ in their different curvature;
M = (NageffuBS) { coth[n(S + 1/2)] 3. when the temperature is not low enough it might be dif-
1 ficult (or even impossible) to determine the sign of the
_ —coth(ﬂ)} (2.43) D-parameter from the powder data alone;
28 2 4. for D > 0 the parallel, x,, component decreases
for the argument) = geft g B, /KT. monotonously and the perpendiculgy, component

passes through a maximum on lowering the temperature;
for D < 0 the x, component drops to zero whereas the
Xz component reaches a plateau (variation method was
applied in modeling in order to avoid singularities).

2.6. Modeling the magnetic susceptibility

As discussed above, the magnetic susceptibility can be

probed to several degrees of the complexity as classified Modeling of non-linear magnetic behavior is shown in
below. o . ~ Fig. 8 Itis seen that the parallel component of the suscep-
For low magnetic fields the van Vleck formula is appli- tibility for D > 0 shows an oscillating behavior. This origi-

cable and perturbation theory yields the energy levels andnates in the correct derivatives of the magnetization obtained
susceptibility formulae presentedTable 11In suchacase, via the formula
the closed formulae were derived for the individual compo- T, 7 _ T2
nents and these are listedliable 12 One should be careful 5 ,(B, 7) = NAMOkTM

4 (2.44)
> .
Za
Table 11
Formulae for the zero-field splitting systems
Derivation
Hamiltonian: A, = DR~2(5? — §2/3) + ugh g, BuS,
Perturbation theory for eigenvalues (exc&t 1, where the variation method is applied)
van Vleck equation (linear magnetics)
Restrictions
D—not too small,D > g.ugB , otherwisey, diverges
B—not too high B < 1T)
_ Cog?Num,
Formula: x, = 4
Xa T Den s
Directions:a = x, z , denominator: Der= Y ;. exp(—By3) , arguments = D/KT
Parallel direction Perpendicular direction
Num, = 315 <Cu.exp(—Buyd) Num, = Y15 o(Cu — 2D, /8)exp(—Bus)
van Vleck coefficients
By =&\ = D[M? — S(S + 1)/3] By =&\ = D[M? — S(S +1)/3]
C: = e,/ (1uBg:) Cite = €57/ (nBgs)
e, = neg: M Duy =5 /(upgn)?
e%}?x =0, except the Kramers doubléf, £1/2)

@ _ L, M2+ S(S+1)
EM’X—(Hng) 2(4M2—1)D’

For Kramers doubletS, £1/2) :
Eglj)=j:l/2,x = +upg.(S+1/2)/2
sﬁ):ﬂ/z.x = —(uBgy)? [(S—1/2)(S+3/2)]/8D

except the Kramers doublés, +£1/2)
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_ S =3/2 15 S=2 15 ,,\S=5/2
S~ [ O~
/ __'_'_‘ ‘l ————
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= r == =1 /./
= 2 7/ 5 ,/' 5y
/ /
/ U
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T/K T/K T/IK T/IK
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10 S 1 10 S =3/2 25 25 \
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=~ 5 5 e ’ |
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1 | sE7 | s/
i/ / / /
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Fig. 7. Product functions for the ZFS systert® = 0); top panel: D/k = 20K; dot-dashed—; short dashed-¢,; solid—yay; bottom panel:
D/k = —20K; dot-dashed—x; short dashed- ; solid—yay.

with the terms say 25 values for; and 25 values foky;, at which the
0z, 1 3 4 —&i 4 susceptibility is evaluated. Then the integral is substituted
Tu=_r=—=) (=752 )exp| — 2.45 ini
W= op kTZ ( aBa> X < T ) (2.45) for the finite sum formula
! Dok 21 XDk, 91) Ar(COSD) A ()
Xav = (2.50)
>k 221 Ar(cos®) Ay(p)
#z, 1 1 (deia\?> [0%iq _
Toa =~y = _Z — : _ S When E = 0 the powder average runs only over the angle
0BZ ~ KT+ | KT \ 9B, B2 S (3 Ax(cos?) 251
e Xav = .
x exp( lf_;_“) (2.46) 2 i Ar(cosd)
whereas the average over the angtesults in the factor2.
It was assumed so far that the powder average could be _ _
performed by a simple formula 2.7. Modeling the heat capacity
1
Xav = 300 + Xy + X2) (2.47) Temperature dependence of the magnetic susceptibility

For a more precise average of the powder molar suscep-and field(temperature) dependence of the magnetization re-

tibility a numerical integration over the polar angles is pos- fl€Ct the Boltzmann population of the lowest energy levels
sible in the system under study. However, there is the third ther-

modynamic function reflecting the separation of the lowest
energy levels—the heat capacity. Thus, from calorimetric

1 T p2n ]
Xav = E/o /0 X(. ¢) sing di d data one can subtract tievalues as wel[16,22]

1 L[ per In classical thermodynamics (the volume work is e
R { / x(, @) d¢] d(cos®) (2.48) —pdV (J)) we are left with two kinds of heat capacities,
dr -1 | Jo namely

i i i il- au(Ss, 0 alnz
Thg (spln) Zeeman term entering the total magnetic Hamil Cy = ( ( V)) — Na-> [kTZ < ) } (2.52)
tonian is expressed as aT v aT T Jyly

H (9%, @1) = ueBuh t(gx sinvy cosg; Sy c JE(S, p)
+gy sind sing; S, + g; Cosvi.S;) (2.49) P oT »

and this generates the angular dependent susceptibility. In ~ _ NAi [kTZ <3|” Z) K (3”‘ Z) ] (2.53)
practice a sphere is cut into several discrete grid points, oT T )y anv /,
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Table 12
Formulae for the susceptibility components of an axial ZFS systen# (
0, E=0)b
S=1
x| = (Cog}/T)(2d)/ Zo
XL = (Cog? /T)(2/8)(1—d)/Zo
Zo=1+2d
S=2
X = (Cogh/T)2(d +4d*)/ Zo
X1 = (Cogd /T)(2/8)[3 — (7/3)d — (2/3)d*]/ Zo
Zo=1+2d +24*
S=3
x| = (Cog?/T)2(d + 4d* + 9d°)/ Zo
XL = (Cog? /T)(2/8)[6 — (26/6)d — (16/15)d* — (6/10)d%]/ Zo
Zo =1+ 2d + 2d* + 2d°
S=3/2
X = (Cogl/ D(L/H L+ 9d%)/ Zo
x1 = (Cogt /DI + (3/48)(1 — d)]/ Zo
Zo=1+d?
S=5/2
X = (Cog/T)(1/4) (1 + 9d? + 25d%)/ Zo
XL = (Cog? /T)[9/4 + (2/8) — (11/88)d* — (5/88)d®]/ Zo
Zo=1+d%+db
S=7/2
X = (Cog?/ T)(1/4) (1 + 9d? + 25d° + 49d"?)/ Zo
X1 = (Cogd / T[4+ (15/48) — (9/48)d? — (11/128)d°— (7/128)d*? / Zo
Zo=1+d?>+db +d*?

3 Arguments = D/KT; d = exp(—D/KT); Co = Napoua/k.
b Restriction: D > g, usB.; D—not too small,B—not too high,
T—not too low.

In magnetism (the magnetic work iswd = uoH dM
(Im2)) again two functions can be distinguished

oo (WS MY D [ (0InZ
M=\"er ), Mor of )yl

_ (0E(S, H)
Cu = (a—r),,

— Ny [sz (8'”Z> + kT( 3'”2) } (2.55)
aT T )y anM )],
(The symbolE is used for enthalpy instead &f which is
used for the magnetic field strength; unitg; (JA=2m~1),
HAmM 1), MAmM),BUAITm2):; the expressiond =
noH dM has the dimension of (JTd)—the volume energy.)

In systems with discrete, well separated energy levels,
the contribution to the heat capacity is termed Hohottky
anomaly. Let us consider a two-level system with energies
g0 = 0 ande; > 0 with associated degeneracigsandgy,
respectively. The partition function is

Z=g0+g1 exp(il) (2.56)

KT

and then the molar internal energy adopts the form of

dlnZz -
U= NAkTZ( o7 ) — Np 5L exp(ﬁ>

2.57
V4 kT (2.57)

Consequently the contribution to the molar heat capacity is
exple1/KT)

Sh_<8_U> _ (8_1)28_0
v aT ) KT/ g1[1+ (g0/g1) exple1/KT)]?
(2.58)

Such a function is plotted ifig. 9 (left) for several values
of the degeneracy ratio.
The function increases for low temperatures according to

£1\2 g1 —&1 €1
Cha~R(Z) Zexpl-—) forT« =
v (kT) 2 p( kT) <%

then passes through a maximum7at: 0.42¢1/k and then
escapes at high temperature according to

(2.59)

Sh o
CYM~ R

2
(& (2.60)

— ) for T &
(go+ g1)= \KT k

For a multi-level system one can utilize a result that the
heat capacity, in fact, is a thermal fluctuation of the total
energy. Hence,

§=2 S=5/2

(2.54)
S=1 S=3/2
2.0 -
15 A
OO
’:«. 1.0 \
N, N
05 AN
0.0 - 1\
0 20 40 0 20 40
BT BT

0 20 40

Fig. 8. Parallel differential susceptibility function for zero-field splitting systeis: 4.2K; D/k =5 (solid) and 10K (dashed).
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Table 13
Heat capacity for the zero-field-splitting systéms
S z CZFS/R (dimensionless)
x
% . 1 1+2d (D/KT)2(2d)) 7?2
32 2+ 242 (D/KT)22[4d?Z — 2(2d?)?] ) Z?

2 1424 +2d*  (D/KT)22[(d + 16d*)Z — 2(d + 4d*)?] ) Z?
5/2 242d%>+245 (D/KT)?2[(4d? + 36d%)Z — 2(2d? + 6d°)?] /2>

@ Substitutiond = exp(—D/KT).

TIK TK

Fig. 9. Left—the Schottky heat capacity of a two-level system for several
values of the degeneracy ratio, = g1/g0 = 0.5 (solid), 1 and 2;
e1/k = 100K; right—contribution to the heat capacity of zero-field . . .
splitting systems foD/k = 50K; individual curves correspond = 1 3.1. Formal spin-Hamiltonian for polynuclear systems
(solid), 3/2 (long-dashed), 2 (medium-dashed) and 5/2 (short-dashed).

3. Binuclear and polynuclear complexes

The Hamiltonian which describes the interaction of a set
of magnetic centers with the external magnetic field involves

1
C?,h =R K2 (%) — (8)?) (2.61) the spin Zeeman term, the orbital Zeeman term, the operator
of the local spin—orbit coupling, and the operator of the
with the thermal averages direct spin—spin interaction
1 —&; A / . > > . > >
= 72t exp(ﬁ) (2.62) =" 1MBge(B'ZSA) +7 1uB(BoZLA)
=1 -
1 —& +h ZZAA(LA SO +R2Y "> (Sa- Dag - Sp)
= 221: 8i&; exP(W) (2.63) o BoA
(3.1)

and the partition function
e This Hamiltonian is regarded as a perturbation that
Z= Zgi exp(k—_|f> (2.64) yields the first-order and the second-order corrections
i to the zero-field and zero-interaction energy. The rele-
vant kets could correspond to the uncoupled bakis =
la, La, Mia, Lp, My, ...), wherex includes other degrees
of freedom (e.g. spin). Alternatively, one can write the spin
partexplicitly, i.e|K) = |La, M\, Lp, M\, ...)|Sa, Msa,
Sp, Mss, ...). The ground state is denoted simply as |0
The first-order correction can be rewritten as follows:

The Schottky anomalies may originate in the presence of
lattice defects, existence of the ZFS of electronic levels or
splitting of nuclear spin levels (due to the electron-nuclear
hyperfine coupling and quadrupole interaction, respec-
tively).

The energy levels for a system with the sgia= 1 are split
into a singlet ¢/s = 0) and a doublet¥s = +1) separated A0 (0|H |0)
by an amounD. Then the electronic partition function is

D (S, DV -5,)(0]0)*+ 7 'Hu8e (B-F 5,)(0]0)
=1+ 2exp( T ) (2.65) ; g:f ( z )
nlu.B- 0 -2 AOLE
The particular result of interest is ity ;(/WH% zA‘,MSA M
InZ 1/0z 1 D —-D
- — ([ Z) == [2—_ _— 3.2
(5 ),=7 () = 2 (imeo(57)) o9 @2

where the last two terms vanish assuming the absence of

and then the heat capacity results in the form . ;
pacity first-order angular momentum. The second-order correction

CZFS _ N4k ( ) 2 exp( 2D/kT) (2.67) contains the matrix elements
KT z (01N K) =12, D (S, DY -5,) (04K) + 7"

. . . . R . . B “ng‘
This function is displayed ifrig. 9 (right) and it can be seen A B<a
that it passes through a single maximum. «(B-%' S +A' 1. B- OlL |K

The formulae for the other cases with= 3/2, 2 and ( Z A)M He ;( L 1K)
5/2 can easily be derived by an analogous procedure taking 5 OIL IK)
into account the relevant partition functiofaple 13. For a 2
vanishing ZFS and for th& = 1/2 system the contribution (33)

to the heat capacity vanishes at zero field.
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and the orthogonality of the state vectors shows that the

first two terms do not contribute. Then the second-order
correction is

(OIH/IK)<K|H/|0

. Y
Far Ex — Ep K¢OEK—E0
[MBE - (OILAIK) + 7Y " 2aSa - <0|ZA|K>}
A A
[uais - AKILAIO) +F7HY " haSs <K|ZA|0>}
A A
(3.4)
which can be rearranged as follows:
H® = —71_22 Z (usB+T"1454)
A B
O|L4|K)(K|Lg|O S -
3 OLAKNKILSO) (5 5oy 5,
Ex — E
K#0
(3.5)

By introducing theA-tensors (with the given sign con-
vention)

AAB =—h" ZZ

K+#0

(O|L4|K)(K|Lp|0)
Ex — Eg

(3.6)

we get the expression

H® =33 (ugB+h'24S4) - Apg (BB + 5 *4555)
A B

_ 5 (ZZuéMs) B
A B
+h lugB- (Z Z ZAB)\B) - Sp
A B
+h LugB- (Z Z ZABM) - Sa
A B

+E_22 Z Sa - (harpAng) - Sp (3.7)
A B

The final spin-Hamiltonian for a polynuclear system be-
comes
HS = HO 4+ 4@
=—(1/2(B-k-B)+h pus(B-Y 24 Sa)
A

~(1/2R 2" 3" (Sa- Ang - Sp) (3.8)
A B

where the magnetic parameters (tensors) result:

(a) thek-tensor (reduced, temperature-independent param-
agnetic susceptibility tensor)

775

__K - (Z ZMBAAB) (energyx induction?)
(3.9)
(b)

theg-tensors (magnetogyric ratio tensors) as

Sa=gel+2) Aaghp. (dimensionless
B

(3.10)

(©

theD-tensors (spin—spin interaction tensors) as

1=
_EDAB = )»A)»BAAB,

1_5A,B
2

The spin—spin interaction consists of two terms: the

(energy (3.11)

=)
Apg =

Dpg + bAB, (energy (3.12)

. Lo = . . .
first-order contributionD,g involves the direct spin—spin
operators (that are thought to be small), and the second-order

. . =2 . . .=
contributionD 5z, Which covers the dominating ag tensor
due to spin—orbit coupling.

3.2. Binuclear systems

The spin-Hamiltonian that describes the spin—spin (ex-
change) interaction in a dinuclear system is

-

- Sp

-

A 9= = _ =/ -
Hpg = —3h7%84 - Apg F2S4 - Dpg - Sp

(3.13)

The Cartesian spinspin interaction tensoD/AB (that ab-
sorbs the conventional numerical prefacterl/2) can
be decomposed into its irreducible components and
spin-Hamiltonian rewritten as follows

the

Hpg =T 2[Jpg(Sa - SB) + das - (Sa x Sp)
+54 - Dag - Sp] (3.14)

Here:

1. the first term represents asotropic exchange with a
scalar (an exchange coupling constant)

Iag = 5(Dpg.sx + Dagyy + Dag.2) (3.15)

2. the second term—aamtisymmetric exchange with three
parameters forming an antisymmetric vecidg
(daByz, AAB. 2, dAB.xy), i.€.

dpg.ab = 5(Dag.ab — Dag.pa) = —dAB.ba (3.16)

. the last term—thasymmetric exchange with five param-
eters forming a traceless symmetric tensor
(3.17)

1
Dag.ab = 5(Dpg ap + Dia.pa) — Jas = DAB.ba
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The isotropic exchange is met in several sign conventions Analogously, the threB-terms can be combined into a sin-

and numerical prefactors in front of the scalar product of the gle molecular-state term

spin operators, e.g.

£y 2,3 3 ﬁ]?sym=ﬁ_2(§A'DAB'§B+§A~DA-§A+§B~DB-33)

Hpg = J'R*(Sa - Sp) 23 B3 a4
D P =Rh"%(S- Ds- :

= —Jh %S4 - Sp) = —2J"F %S4 - Sp) (3.18) (5-Ds-5) (3.24)

Hereafterii$ = —JR~2(S4 - Sp) is applied. with

The antisymmetric exchange is usually neglected andthez | = = =
only added contribution is the asymmetric exchange term Ds =CaDa+ CpDp+ CaDrs (3.25)

HAY™ 7234 - Dag - Sp) (3.19) The combination c;oefficients)(, ¢B, Ca, Cp, Ca) dgpend
only upon the spin numbergS,, Sg, S). They fulfill the

Then the complete spin-Hamiltonian appropriate for the relationships
ZFS problem in binuclear complexes also contains the local

asymmetry terms catep=1 (3.26)
HE™ s B %G DS+ S Da- S Ca+Co+ 200 =1 (327)

(3.20) Their values can be generated with explicit formulae pre-

sented elsewhell83,42] and Table 14offers their compila-
tion.

A SDi A . . A A A All the D-tensors involved are symmetric and traceless
spin __ 2iso asym asym asym VA VA y
Hpg = Hpg + Hpg' + Hy ™+ Hyg _+HA + Hjp each having five independent components. If we assume

= —Jpehi 2(Sa - Sp) + 7 2(Sa - Dpg - S a diagonal form of theD-tensors, the scalar products are

+S4-Dy-Sa+Sp-Dg-Sp) expanded as follows:
17 = 2, —17 = - R - N . . . . R R
+uph " B-g,-Sa+ugh "B-gp-Sp  (3.21) Sa - D - Sp = DyxSaxSex + DyySaySey + DzzSazSez (3.28)

and on adding the spin Zeeman terms it adopts the form of

There are two alternative routes that can be followed: diagonal and tracelegd-tensor obeys

1. In the strong-exchange limit it is assumed that the
isotropic exchange is much larger than the asymmetric
exchange, i.elJag| > |Dasl, |Dal, |Dg|. Consequently ) )
the isotropic exchange dominates the energy levels which@1d one can proceed with the expression
are grouped into well-separated blocks. Then the effect o o
of the asymmetric exchange local anisotropy refersto  DxxSaxSex + DyySaySey + DzSazSsz
a small perturbation, whose off-diagonal contributions — %D(3§Az35z — S4-Sp) + E(SaxSpx — SaySey)
could be neglected.

2. Inthe weak-exchange limit the isotropic exchange, asym- (3.30)
metric exchange, and the local anisotropy effects inter- . i -
fere strongly and no simplification is permitted. The cou- Where theaxial zero-field splitting parameter
pling (as a kind of the unitary transformation) brings no _3p (3.31)
longer an advantage and can be regarded as redundant.D T2z '
Then better to work in the basis set of uncoupled spin ) i -
functions. and therhombic zero-field splitting parameter
In the strong exchange limit the two local-Zeeman terms E = 3(Dx — Dyy) (3.32)

can be combined into a single term
have been introduced.

H? = ugh™*B- (34 -Sa+ 385 Sp) —> ugh *B-35- S The matrix elements of thB-tensors are then evaluated
(3.22) according to

In other words, we seek for the expression of the (S'M’[S-D-Sp|SM)
molecular-statg-factor in terms of the locag-factors = %D(S/M/|3SM§BZ — S4 - SIQV)

55 = caba+cBig (3.23) +E(S'M'|SaxSex — SaySay|SM) (3.33)
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Table 14
The g-tensor coefficientsg,, the second-order coefficientds, and theD-tensor coefficientsC4, Cg, andCyp, in the dinuclear systerfis
Sa Sp S Ca ds Ca Cp Cag
1/2 1/2 0 1/2 +3/4 0 0 0
1 1/2 -1/4 0 0 1/2
1/2 1 1/2 -1/3 +4/9 0 0 0
3/2 +1/3 -2/9 0 +1/3 +1/3
1/2 3/2 1 -1/4 +5/16 0 +3/2 -1/4
2 +1/4 -3/16 0 +1/2 +1/4
1/2 2 3/2 -1/5 +6/25 0 +7/5 -1/5
5/2 +1/5 —4/25 0 +3/5 +1/5
1/2 5/2 2 -1/6 +7/36 0 +4/3 -1/6
3 +1/6 —5/36 0 +2/3 +1/6
1/2 3 5/2 =-1/7 +8/49 0 +9/7 =17
712 +1/7 —6/49 0 +5/7 +1/7
1/2 712 3 -1/8 +9/64 0 +5/4 -1/8
4 +1/8 —7/64 0 +3/4 +1/8
1 1 0 +1/2 +2 0 0 0
1 +1/2 —-1/4 -1/2 —-1/2 +1
2 +1/2 -1/4 +1/6 +1/6 +1/3
1 3/2 1/2 —2/3 +10/9 0 0 0
3/2 +4/15 —44/225 —4/15 +1/5 +8/15
5/2 +2/5 —6/25 +1/10 +3/10 +3/10
1 2 1 -1/2 +3/4 +1/10 +21/10 -3/5
2 +1/6 —5/36 -1/6 +1/2 +1/3
3 +1/3 —2/9 +1/15 +2/5 +4/15
1 5/2 3/2 -2/5 +14/25 +1/15 +28/15 —7/15
5/2 +4/35 —124/1225 —4/35 +23/35 +8/35
712 +2/7 —10/49 +1/21 +10/21 +5/21
1 3 2 -1/3 +9/4 +1/21 +12/7 -8/21
3 +1/12 —11/144 -1/12 +3/4 +1/6
4 +1/4 —3/16 +1/28 +15/28 +3/14
1 712 5/2 -2/7 +18/49 +1/28 +45/28 —9/28
712 +4/63 —236/3969 —4/63 +17/21 +8/63
9/2 +2/9 —14/81 +1/36 +7/12 +7/36
3/2 3/2 0 1/2 +6 0 0 0
1 1/2 -1/4 —6/5 —6/5 +17/10
2 1/2 —-1/4 0 0 +1/2
3 1/2 -1/4 +1/5 +1/5 +3/10
3/2 2 1/2 -1 +2 0 0 0
3/2 +1/5 —4/25 -3/5 0 +4/5
5/2 +13/35 —286/1225 -3/70 +3/14 +29/70
712 +3/7 —12/49 +1/7 +2/7 +2/7
3/2 5/2 1 -3/4 +21/16 +3/10 +14/5 —21/20
2 +1/12 —11/144 —5/14 +10/21 +37/84
3 +7124 —119/576 -1/20 +11/30 +41/120
4 +3/8 —15/64 +3/28 +5/14 +15/56
3/2 3 3/2 -3/5 +24/25 +1/5 +12/5 —4/5
5/2 +1/35 —34/1225 —33/140 +99/140 +37/140
712 +5/21 —80/441 -1/21 +10/21 +2/7
9/2 +1/3 —2/9 +1/12 +5/12 +1/4
3/2 712 2 -1/2 +3/4 +1/7 +15/7 —9/14
3 0 0 -1/6 +5/6 +1/6
4 +1/5 —4/25 -3/70 +39/70 +17/70
5 +3/10 —21/100 +1/15 +7/15 +7/30
2 2 0 1/2 +15/4 0 0 0
1 1/2 -1/4 —21/10 —21/10 +13/5
2 1/2 —-1/4 -3/14 —3/14 +5/7
3 1/2 —-1/4 +1/10 +1/10 +2/5
4 1/2 -1/4 +3/14 +3/14 +2/7
2 5/2 1/2 —4/3 +28/9 0 0 0
3/2 +2/15 —26/225 -1/10 —4/15 +17/15
5/2 +12/35 —276/1225 -3/14 +1/10 +39/70
712 +26/63 —962/3969 +1/21 +2/9 +23/63
9/2 +4/9 —20/81 +1/6 +5/18 +5/18

2 3 1 -1 +2 +3/5 +18/5 —-8/5
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Table 14 Continued)

Sa Sp S Ca ds Ca Cs Cas

2 0 0 —4/7 +3/7 +4/7

3 +1/4 -3/16 —11/60 +19/60 +13/30

4 +7/20 —91/400 +3/140 +9/28 +23/70

5 +2/5 —6/25 +2/15 +1/3 +4/15
2 712 3/2 —4/5 +36/25 +2/5 +3 —6/5

5/2 —-2/35 +74/1225 —-51/140 +3/4 +43/140

712 +4/21 —68/441 —16/105 +7/15 +12/35

9/2 +10/33 —230/1089 +1/132 +53/132 +13/44

11/2 +4/11 —28/121 +6/55 +21/55 +14/55
5/2 5/2 0 1/2 +35/4 0 0 0

1 1/2 —-1/4 —16/5 —16/5 +37/10

2 1/2 —-1/4 —-10/21 —-10/21 +41/42

3 1/2 —-1/4 —1/45 —1/45 +47/90

4 1/2 —-1/4 +1/7 +1/7 +5/14

5 1/2 —-1/4 +2/9 +2/9 +5/18
5/2 3 1/2 —5/3 +40/9 0 0 0

3/2 +1/15 —14/225 —22/15 -3/5 +23/15

5/2 +11/35 —264/1225 —29/70 -3/70 +51/70

712 +25/63 —950/3969 —4/63 +1/7 +29/63

9/2 +43/99 —2408/9801 +19/198 +5/22 +67/198

11/2 +5/11 —-30/121 +2/11 +3/11 +3/11
5/2 712 1 —5/4 +45/16 +1 +9/2 -9/4

2 —-1/12 +13/144 —-17/21 +5/14 +61/84

3 +5/24 —95/576 -1/3 +1/4 +13/24

4 +13/40 —351/1600 —29/385 +423/1540 1233/3080

5 +23/60 —851/3600 +1/15 +3/10 +19/60

6 +5/12 —35/144 +5/33 +7/22 +35/132
3 3 0 1/2 +12 0 0 0

1 1/2 —-1/4 —9/2 —9/2 +5

2 1/2 —-1/4 —-11/4 —11/4 +9/7

3 1/2 —-1/4 -1/6 -1/6 +2/3

4 1/2 —-1/4 +9/154 +9/154 +34/77

5 1/2 —-1/4 +1/6 +1/6 +1/3

6 1/2 —-1/4 +5/22 +5/22 +3/11
3 712 1/2 -2 +6 0 0 0

3/2 0 0 -2 -1 +2

5/2 +2/7 —10/49 —9/14 -3/14 +13/14

712 +8/21 —104/441 —4/21 +1/21 +4/7

9/2 +14/33 —266/1089 +1/66 +1/6 +9/22

11/2 +64/143 —5056/20449 +18/143 +3/13 +46/143

13/2 +6/13 —42/169 +5/26 +7/26 +7/26
712 712 0 1/2 +63/4 0 0 0

1 1/2 —-1/4 —6 —6 +13/2

2 1/2 -1/4 -8/7 -8/7 +23/14

3 1/2 -1/4 -1/3 -1/3 +5/6

4 1/2 -1/4 -3/77 -3/77 +83/154

5 1/2 —-1/4 +4/39 +4/39 +31/78

6 1/2 -1/4 +2/11 +2/11 +7122

7 1/2 —-1/4 +3/13 +3/13 +7/26

@ The mean magnetic susceptibility, in terms of the van Vleck formula is

o Co YIS o [835(S + 1) + 2ds /x](2S + L)exp(—bsx)
mol — 5+~
3T Zgi&i{s[;l(zs + Dexp(—bsx)

with bs = S(S + 1)/2 andx = J/KT.
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The D-tensor, in fact, represents the irreducible second- Table 15

rank tensor since it is true that:

- = -

Sa-D-Sg
+2
= > (=1Dy_4124(54 ® Sp)
q=-2

=Dy 42 fz,—z(gA ® Sp) — Dy 11 fz,—l(gA ® Sp)

+ D2 fz,o(:?A ® Sp) — Dy 1 f2,+1(§A ® Sz)

+Do > f2,+2(§A ® Sp)

where fz,q(S‘A ® 3‘3) refers to theg-component of the
second-rank tensor composed of the spin operators. The
Cartesian and spherical components of fhensor are

interrelated through the formuld&3,42]

D22 = 3[(Dxx — Dyy) +i(Dyy + Dyy)]
— 3(Dxx— Dy) = E

Dp1 = —3[(Dxe + Dp) + i(Dyz + Dzy)] — 0

1
D2,0 = _(2Dzz - Dxx - Dyy)

V6
1
=%[3Dzz—(Dxx+Dyy+Dzz)]
— iD —iD
NGRS

Dy 1= 3[(Dxz+ D) — i(Dy; + Dy)] — 0

Dy 5 = 3[(Dyx — Dyy) — i(Dyy + Dy)]
— (D —Dy) =E

where the simplifications (denoted as) are obtained for

the traceless diagon8l-tensor.

Fig.
andD;. Left—S4 = Sp = 1/2, right—S4 = Sp = 1.

van Vleck coefficients for the asymmetric exchange in homospin binuclear

systems
Level M O e /(upgs) &2 /(13
Sa=Sp=1/2
S=0 0 O 0 0
S=1 -1 —J+(1/3)D: -1 0
0 —J—(2/3)D1 0 —1/Dq
+1  —J+(1/3)D: +1 +1/Dy
S4 = Sp =1, as above plus new group
S=22 42 -3/+2D; +2 +(1/3)D,
+1 -3/-Dy +1 +(7/6)D>
(3:34) 0 -3/-2Dy 0 —3/D;

Sa = Sp = 3/2, as above plus new group

S=3 +3 —6J+5D;3 +3 +(3/10)D3
+2  -6J +2 +(8/15)D3
+1 —6J—3D; +1 +(13/6)D3

0 —6J—4D3 0 —6D3
Sa = Sp = 2, as above plus new group
S=4 +4 10/ +(28/3)Dy +4 +(2/7)Dy
(3.35) +3  —10J+ (7/3)D4 +3 +(29/70)D4
+2 10/ —(8/3)D4 +2 +(4/5)Dy
(3.36) +1  -10/ - (17/3)Dy +1 +(7/2)Dy
: 0 —10J —(20/3)Dy 0 —10/D,4
Sa = Sp =5/2, as above plus new group

S=5 45 —15/415Ds +5 +(5/18)Ds
+4  —15] +6Ds +4 +(23/63)Ds
+3 15/ - Ds +3 +(39/70)Ds
+2 —15J—6Ds +2 +(17/15)Ds
+1 15/ -9Ds +1 +(31/6)Ds

0 —15J — 10Ds 0 —15D5
(3.37) a Perturbation formula is used to get the approximate eigenvalues.
b The energy levels can be arbitrarily shifted.
(3.38) ) -

In order to obtain the van Vleck coefficients the procedure
outlined inSection 2.3s applicable and the results are com-
piled in Table 15 Table 16lists a few closed formulae based

(3.39) upon the van Vleck coefficients. The final energy levels are

sketched irFig. 10 The modeling of the product functions
is shown inFigs. 11 and 12Notice, all these presentations
refer to the strong-exchange limit.

§=0
-J
Mg=+1 S=1 D, /L
Mg=0
-3J
4D,
Ms=0 S=2
Mg= -1 DZ,L
Mg=0
Mg= -1
B Mg=-2

10. Magnetic energy levels in the parallel direction for ferromagnetically coupled systemg)) and positive zero-field splitting parametddg
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Table 16 16 16
Formulae for the magnetic susceptibility in homospin-binuclear complexes Dy/k=D,/k=+10K \D' /k=D,/k=-10K
with asymmetric exchange in the strong-exchange limit
o — x.T o ~ \XHT
For S4 = Sp = 1/2: A = exp(J/KT), B = exp[(1/3)D1/K T —
a=S8p=1/ pJ/KD) Pl(1/3)D1/KT] 'g g ly — lg gl ik
Cog? ) = = /;’/_//-\
= (TZO)Z(AlB D) ~ 7T
Xe = Coig’z(ZAl(—B_l + B?) | // !
" Zo(D1/ k) 0 0
TIK TIK

For Sy, = Sp = 1. A = exp(J/KT), B = exp[(1/3)D1/KT], . .
i B PLI/KT) PIA/3)D1/KT] Fig. 12. Temperature dependence of the product function for a fer-

C = exp(D2/KT) . . \
Cog? romagnetically coupled dimer wittfq = S = 1, J/k = +100K,
Xz = (TZ(;) 2(AB~1 4+ 44%Cc~% 4+ A3CYH g1 = g1 = 2.0; xyT—long dashedy ; T—short dashedya,7—solid.
Cog?

24%(-B1 4+ B?) +

x

= Zo(D1/k) states, and fulfill the relationships
Cog? FE 4 c-2? 14 ct 4 6c?
Zoe/m | \3) 3 )C cateatez=1 (3.42)
Zo=1+2A%B"1 4 B +24%(C? + C1 + P
° C14+Cr+C3+2C12+2C13+2C3=1 (3.43)
For other spinss, = . . .
or other spinsS, = Sp The evaluation of the matrix elements of the spin-
B COg§S’§” i Mzexp<€(s(,’)M) Hamiltonian
20 555 si=s ol Hyj = (51528,,535' M’ | F1551.5,512535M) (3.44)
Co 254+Sp +S M2 4+ 55+ 1) NG X . . .
Xe= =2 Y exp( S’M) is a complex task and the best way is to use irreducible tensor
TZo 2(4M2 — 1) Dy KT S . .
$=0 M=-s algebra. The final interaction matrix takes a band structure

Zo= YIS e —£gh where each band is accompanied by some sub-4a8d&]

5=0 =S kT In the case of§’ = § and S}, = S12 the combination
Q) = —3IS(S + 1) + Ds[M? — 15(S + )] coefficients for the triple can be obtained through recurrence
relationships yielding

3.3. Trinuclear systems Dy = C1(512535)C1(8152812) D1

. . - C1(S12538) Co(5152512) D
For trinuclear systems, in the strong-exchange limit, the +C1(512535) C2(5152512) D2

molecular—statg-tensor and-tensor are defined as +C1(812535) C12(5152512) D12 + C2(512838) D3

25 = C181 + C28 + €383 (3.40) +C12(512535)61(5152512)?13
+C12(512538)c2(5152512) D23 (3.45)

BS = Clbl + Czl:)2 + C353 + C121:)12 which implies that the triad-combination coefficients can

= = be composed of the pair-combination coefficients as shown
+ C13D13+ C23D23 (3.41) P P

where the combination coefficients depend upon the spin Table 17

numbers (S1, S», S3, S12, S), including the intermediate  Recurrence formulae for evaluating the combination coefficients ahd
D-tensors for a trinuclear clusfer

4 4 (a) Combination coefficients of thg-tensors
D /k=+10K \ D /k=-10K c1(5152512538) = ¢c1(512535)¢1(5152512)
€2(85152812838) = 1(8512538)c2(5152512)
N ——— 3(8152512538) = c2(512835)

g 2 [ 2T (b) Combination coefficients of the loc@l-tensors
R [ C1(85152512838) = C1(8512535)C1(5152512)

| C2(85152812835) = C1(512535)C2(5152512)

[ C3(85152512838) = C2(8512535)

0 50 100 0 50 100 (c) Combination coefficients of the pair-interactibatensors
TIK TIK C12(81528125385) = C1(512535)C12(5152512)
C13(815285128538) = C12(5128538)c1(8152512)
Fig. 11. Temperature dependence of the product function for a ferro- C23(5152512535) = C12(512835)c2(5152512)

magnetically coupled dimer witl§y = Sz = 1/2, J/k = +100K, 2 Combination coefficients for the dinuclear systems are collected in
g1 = &1 = 2.0; xyT—long dashedy  T—short dashedya,7—solid. Table 14
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Table 18 Also the Zeeman matrix adopts a complex structure
Recurrence formulae for evaluating the combination coefficients of ) -
molecular-statey- and D-tensors for a general tetrdd2]? 3 a, 0 0jec 0rd 0
N o .
(a) Combination coefficients of thg-tensors L A A 0 “o o G d{’ d
€1(8515251253545345) = c1(5125345)c1(5152512) 0 a a a |c ¢ i d d,
€2(815251253545348) = ¢1(S5125348)c2(5152512) = 0 0 a, a,|0 c 10 d
€3(815251253525348) = ¢2(S5125348)¢1(S5354534) e, ¢, ¢ 0]a, a,lb, b
c4(8515251253545348) = ¢2(85125345)c2(S354534) D
0 ¢, ¢ ¢ |a, a,1b b,
(b) Combination coefficients of the loc8l-tensors d dd ol _b_"B_J' “““ ¥
+ 0 - 0 -1 ao a+
C1(8515251253545348) = C1(5125345)C1(S152512) 0 d d dlb b i
C2(515251253545348) = C1(5125345)C2(5152512) + Qo @D Do ga A (3.49)
C3(8515251253545348) = C2(5125345) C1(5354534) ] ] ]
C4(S15251253545345) = C2(S128348)C2(S354534) and it requires the evaluation of the moleculatate
(c) Combination coefficients of the pair-interactiatensors g—tensors Wlth the help 01TabI(:as 17 gnd l4vhere we
C12(515281253545348) = C1(S125348) C12(5152812) assumed identical loca-tensorsg 4 (which does not nec-
C34(S15251253545345) = Ca(5125345)C12(S354534) essarily be fulfilled). The remaining—tensors ¢ (c; d) =
C13(85152512853545345) = C12(85125345)c1(85152512)c1(5354534) = = = = = . . : .
— g andg (c) = g, — g3) vanish as well in this particu-
C14(515251253545345) = C12(5125345)¢1(5152512)c2(5354534) igl §2 4llg ( 31 82 .g3) h h th ?f f
C23(51.5251253525345) = C12(5125348)¢2(S1.52512)¢1(S35434) ar case since they are introduced through the difference o

C24(515251253545348) = C12(S125345)c2(S152512)c2(S35434) the local ones.
@ Combination coefficients for the dinuclear systems are collected in The_elge_nvalues C_an be eaS|Iy obtained by aSS‘_Jm'”g no
Table 14 r_homb|c amsotrop_y (|_.eE3/g = 0) and no general triangle
(i.e., B1/2 = 0, which is equivalent td'13 = J23):

in Table 17 Analogous relationships exist for tetranuclear (1) In thezdirection

clusters as shown bYable 18 (a) the block forS = 3/2 is already diagonal and it
The simplest trinuclear systems is a triangle formed of yields eigenvalues indicating a ZFS similar to the
spinsS1 = S» = S3 = 1/2. The structure of the asymmetric case of mononuclear complexes;
exchange matrix i§33]
a, 0 a, 0|0 d,! 0 e [S,=1 S=3/2 M=-3/2]
0 a, 0 a,|d 0le 0 M=-1/2
a, 0 a, 0[0 d 10 ¢ M=+1/2
asvn 0 a, 0 a,|d, O } e, O M =+3/2
H>»™ = i for
0 d, 0 d,|a, 01ib, 0 S,=1 S=1/2 M=-1/2
d 0.d 010 3,10 b e M=xl2
0 ¢ 0 e|b 01la 0 S,=0 S=1/2 M=-1/2
e, 0 ¢ b, i 0 a, L M =+1/2] (3.46)

(b) the two sub-blocks fof = 1/2 are also diagonal;
they become degenerate faf,, = A/l/2 (an equi-
lateral triangle).

(2) In thex-direction

(a) the sub-block fols = 3/2 reduces to the standard

treatment for the ZFS. There are two degenerate lev-

where “a” through “e” mean individual types of the reduced
matrix elements and the subscript the degree of the corre-
sponding 8-symbol occurring in the Wigner—Eckart theo-
rem. In the limit of the strong exchange couplinglgrge)

the matrix elements of the d- and e-type are neglected. The
molecular-stateD-tensors are composed with the help of

Tables 17 and 14Since the locaD-tensors fors; = 1/2 all els (H” = Az/>— D3)2) coupled by an off-diagonal
vanish, the only contribution arises from the pair-interaction element {jj = 1.gBga ») So that the first-order per-
D-tensors with turbation theory is applied first and after solving
3 s 1 the corresponding secular determinant the first-order
D32 =5D32z=35 3Drez (3.47) energies are obtainedﬁl) = +upBga . Then the

second-order perturbation theory is used for all four
energy levels.

the two sub-blocks foS = 1/2 are solved sepa-
rately yielding only the first-order van Vleck coef-
ficients (Table 2Q.

After the evaluation of the matrix elements one gets the Ha\/ing determined the van Vleck coefficients, one can
contribution of the asymmetric exchange in the form pre- then apply the van Vleck formula for the parallel and the per-
sented inTable 19 pendicular components of the magnetic susceptibility, hence

E3j2 = 3(D3j2sx — D3j2yy) = 3 - 2(Dapsx — Dag.yy) (b)
(3.48)
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Table 19

Matrix elements of the spin-Hamiltonian for tt = S, = S3 = 1/2 triac?
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Isotropic exchange

Az = —3J12— F(Jis+ Jog) > — 5T — 3/’
At = =302+ Sz + Jo3) > —3J + '
Alp=+3h2—3J

Bijz = —3+/3(J23— J13) » 0

Asymmetric exchange

5(33/2) = Bszs/z = %512 + %513 + %523 = %BAB
l:)(al/z) = l:)3=1/2‘s/12=1.s12=1 =0
l:)(a/l/z) = l?s:l/z,s’lz:o,slz:o =0
D(byy) = Dszl/z,s’lzzo,slzzl =0

Zeemanz-term:

2(a8/2) = g5-3/2= 331+ 82+ 83) — Za

8(a1/2) = 85=1/2,5)=515=1 = 3221+ 28,— 83) > 24
Zeemanx-term

88 ) = g’s:l/z,s’lzzslz:o =0-2,4+0-2,+1-283—> 2,4

8(byy2) = 8s5-1/2,5,=0,5,=1 = 3(-v3-21+v3:2,+0-33) > 0
Zeemany-term (complex-Hermitean)

dCd=3-3-0
§©=38-8—->0

A, 0O 0 0 !
Any O 0 |
A, O i
H\.\n= ‘AJ/Z i
An O }Buz 0
[N N 4.1 0 B,
A, 0
} Al’/z
+D3/2 0 \/§E3/2 O 3
-D,, 0 B3E, 3
_Dsfz 0 i
H®™ = +D;), },
0000
010 0
____________________________ 100
.0
3/2 0 0 0 !
2 0 0 |
“1/2 0 |
-3 |
H!=yu,B.g,. YRR i o
S . -2y 0 0
1+1/2 0
i —12
0 +B/2 0 0 !
0 +1 0 i
0 A2
H% =UB.ga. 0 E
0 +1/2/0 0
0 o o0
T 0 +1/2
| 0
0 +/3/2 0 0 !
0 + 0 |
0 +f3/2 %
HZ=.UHB\‘SA.\i . 0 j
. 0 +1/210 0
0 10 0
oYY T 0 +1/2
I

a Only the upper triangle of the symmetric matrices is shown ifieans a passage from a general to the isosceles triangle).
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Table 20
van Vleck coefficients for the isosceles trianglex = J andJi3 = Jo3 =
J/) with §1 = S, = S3=1/2

i e” e /(upgaz) €2 /(upgay) €2 /(uBgan)?
1 Ag2+Dz2  +(3/2) - +(3/8)D3)2
2 Ag2—Dz2  +(12) +1 —(3/8)D3)2
3 Agz—Dip —(112) -1 —(3/8)Da)2
4  Asz+Ds3p  —(3/2) - +(3/8)D3,2
5 Ay +(1/2) +(1/2) -
6 A, +(1/2) +(1/2) -
7 Ay —(1/12) —(1/2) -
8 A, —(1/2) —(1/12) -
2
NAqu% 84, 21 —Az2 — D3j2
= —— = ——19exp| —————
Xe T zoa 0P kT
—Asz/2 + D3)2 —A12
exp| —~—"“ | +e
+ Xp[ kT }Jr Xp[ kT
_A/
1/2
ex 3.50
_ Napondga. 21( (3 x| =432~ D32
=T T z0a| \5)%P KT
3 —Azj2+ D3
44 (=) |exp| —=—-<
o (3) oo =ia
—A12 _A/1/2
e e 3.51
+Xp[ kT ]+ Xp[ kT (3.51)
where
—Azj2 — D32 —Azj2+ D3
Zo=2lexp| —~——° | + exp| —=—1<
0 { p[ KT e KT
—A12 _A/1/2
ex ex 3.52
+ p[ kT }L p[ kT (3.52)
D3/
_ 3.53
kT ( )
10
~ D, /k=-10K

0 50 100
TIK

The corresponding plots are shownHig. 13for the op-
posite sign of th&-parameter. It is worth noting that the av-
eraged product function (or the effective magnetic moment)
is absolutely insensitive to the sign of tbeparameter. This
effect originates in the values of the second-order van Vleck
coefficients in this particular case (an analogous situation
has been met for the mononucleas 3/2 system). The net
effect of the axial asymmetry parameter is also seen from
Fig. 13 where, for comparison, the case of the pure ferro-
magnetic isotropic exchange is also included. The upturn of
the product function and/or effective magnetic moment on
the lowering of temperature is due to the depopulation of
the magnetically productivi8/2, £3/2) state.

The effect of the axial asymmetry is less pronounced for
the case of the antiferromagnetic exchange coupling as seen
from Fig. 14 For such a situation it is risky to determine
the D-values from the susceptibility data alone.

The most important messages of this theoretical section
are summarized as follows:

1. For binuclear and polynuclear magnetoactive systems the
exchange interaction of the local spins should be con-
sidered. This consists of the isotropic part (fhg con-
stants) and the asymmetric part (fbgp constants). The
D4p constants refer to the pair-wise axial ZFS parame-
ters.

2. There are some other interactions which are usually ne-
glected: the pair-wise rhombic ZFS paramet&isy) the
antisymmetric exchange and the biquadratic exchange.
In some cases also the double exchange od83is

3. Each magnetic centre contributes to the spin-Hamiltonian
by its local axial ZFS parameteb(;) and the local mag-
netogyric tensog , taken in the diagonal forngg,, Jay,

04;)- The local rhombic ZFS parametet/) is usually
neglected.

4. Spin-Hamiltonian formalism for polynuclear systems
says that theg,-components are shifted from the

spin-only value ofge by the localAaa and all pair-wise
Aag components of the angular momentum unquenching
tensor—sedq. (3.10) At the same time thes&-tensor

10

Dy /k=+10K

0 50 100
TK

Fig. 13. Temperature variation of the product functions for an isosceles triangleSwithS» = S3 = 1/2 including asymmetric exchanggy = 2.0,
J/k =50K, J'/k = 25K, solid—yaT; dotted—pure isotropic exchand® = 0).
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Dy,lk=-10 K Dy,lk=+10 K

0 L 0 L
0 50 100 0 50 100
TK TIK

Fig. 14. Temperature variation of the product functions for an isosceles triangleSwith S, = S3 = 1/2 including asymmetric exchangeg; = 2.0,
J/k =50K, J'Jk = —25K.

components enter the local and pair-wise componentsare equivalent. Also, when thB-parameter vanishes, the

of the D-tensor—Eq. (3.11) This means that theg., system becomes isotropic and is well modeled by a Curie

Oax» OBz, Opyx) Set is constrained withD(y, Dp, D4p) paramagnet (its magnetization is reproduced by the Brillouin

set throughA sa,, AaBz, ABBzy AAAx, AABx,y ApBx. IN function and the magnetic susceptibility follows the Curie

the other words, with non-zefd,4, the pairgs, andga, law).

should be split. Such a constraint is, as a rule, overlooked. In terms of the spin-Hamiltonian the set of magnetic pa-
5. The strong exchange limit (whefVag| > |Dasl, rametersd,, gy, g;, D, E andxtp) are interrelated through

[D4l, Dg]) can be treated by combining the local and the A-tensor components (the sign convention is impor-

pair-interaction tensors into the molecular-state tensorstant hereafter) as compiled ifable 3 Thus theA-tensor

gs and Dy using, for instanceEgs. (3.23) and (3.25) represents a more fundamental magnetic quantity. The

for a binuclear system. Then the effect of the asym- D-parameter

metric exchanget local anisotropy refers to a small )~ -1 7

perturbation with respect to the isotropic exchange. The D~ d~ (AEo~k) «(OILIK) (4.1)

level-splitting for eachS:multiplet is analogous to the  could increase in the following circumstances:

mononuclear systems. )
6. Inthe weak-exchange limit the isotropic exchange, asym- @)

metric exchange, and the local anisotropy effects strongly

interfere. The level-splitting needs be evaluated by the _ ) o

diagonalization of the interaction matrix. (ii) the spin value entering the splitting parameter=

7. For ferromagnetically coupled systems the effect of the _ +44/2S is small, e.9.5 = 1; _ .
ZFS can be well determined from the low-temperature (i) the A-tensor components are rather big owing to the

data of the magnetic susceptibility. For antiferromagnet- _ Synergy effect of the ligand field asymmetry;
ically coupled systems this effect superimposes the de- (iv) the d-d transition energies entering the denominator of

crease of the magnetic susceptibility on temperature low- the A-tens?r components are rather small (less than
ering, 10000 cnrl);

(v) the covalency is small so that the orbital reduction fac-
tork — 1,
(vi) asymmetry of the covalency is large, ig. # k| .

the spin—orbit coupling constan; entering the
spin—orbit splitting parameter = +£,/2S increases
with the proton number;

4. Experimental data on ZFS
With the conditionA, < Ax the angular momentum

4.1. Data analysis distribution can be represented through an oblate ellipsoid
giving rise to a positiveD-parameter; while in the reverse

Several experimental techniques allow one to measure thec@se 0fAz > Ax a prolate ellipsoid matches the angular
ZFS parameters, E, a, F) directly: (a) magnetic suscep- momentum distribution and consequenily< 0 applies.
tibility measurements on single crystals, (b) magnetization ~ The interpretation of the recorded data (temperature de-
measurements, (c) calorimetric measurements on SchottkyPendence of the magnetic susceptibility measured at low
anomalies, (d) electron spin resonance, (e) magnetic circularfields) is usually done within thepin-Hamiltonian formal-
dichroism, (f) far infrared spectroscopy, (g) inelastic neutron ST
scattering. R o a2 182 22 A2 1 N

The two ZFS parameter®(andE) are a measure of the Hy=h""D(S; — 387 +h "E(Sy — S5) +h™"gansBSa
magnetic anisotropy. WheR = 0, thex- andy-directions (4.2)
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(for Cartesian components = x,y,z) as reviewed in (b) within the angular overlap model of Gerloch and Slade
Section 2 In this way, the free parameters fixed by the [71,72]

optimization routine areD, g,, (synonym for the paral-
lel componentg) andg, (synonym for the perpendicular
componenfg, ). Rarely theE-parameter is also determined
(very exceptionally alsg,) using the magnetic data. Some-
times the correction to the molecular field created by the
nearest neighborgj) is applied in the form

Having the energy levels reconstructed (by an appropriate
parametrization) calculation of the magnetization, magnetic
susceptibility and the heat capacity proceeds through the
partition function.

4.2. Magnetic susceptibility

i =H"— @SS (4.3)
(the convention for the numerical prefactet is important A modeling of the temperature variation of the magnetic
as commonly-2 is also applied). This leads to the formula susceptibility components for a set of spins is shown in
for the corrected magnetic susceptibility Fig. 15 The following observations can be withdrawn.
OO = - )?V (4.4) 1. With D-positive:
(=2 Xav) (a) The parallel components approach zero Soe 1

where andS = 2. This happens because the ground state is

_ il (4.5) then non-magnetidsS, Ms = 0).

- (Napoud/ kg3, ' (b) For S = 3/2 andS = 5/2 the ground state is a

Kramers doubletS, Mg = £1/2). With decrease in
temperature, the magnetically more productive states
Xav = %(Xx + Xy + x2) (4.6) |S, Mg = £3/2) and eventually|S = 5/2, Mg =
+5/2) are depopulated and thus the parallel suscep-
tibility tends to reach a plateau. However, at a low
enough temperature thé, Ms = +1/2) state also
becomes depopulated so that the only remaining con-
tributing level is|S, Mg = —1/2) which is now sat-
urated. The parallel susceptibility rises abruptly.

The perpendicular component increases rapidly on
cooling because the ground level possesses a large
negative 2nd-order van Vleck coefficient in (2.29),

The average is usually as simple as

but a more advanced powder average can also be applied.

The fitting procedure can be based on a more general
spin-Hamiltonian that utilizes the operator equivalent ap-
proach, where in addition to the usual bilinear ZFS the bi-
quadratic ZFS correction is also considered.

The value of the ZFS energy can be read off directly by ©)
knowing the lowest energy levels of the system. The calcu-
lation can be performed at different levels of sophistication:

(a) by utilizing the crystal field theory as outlined by Kénig ie s J(udgd) = —3/8D, —3/D and —1/D for
and Kremel68,69], S = %/2, 2, and 5/2 (se&able 5.
2 S = 1 2 2 S = 5/2
— 1
o \
E K
E 4 1 1 1
©
Ng N ‘
0 1 1 0 0 1 1 0 1 1
0 50 100 150 0 50 100 150 O 50 100 150 O 50 100 150
T/K T/K T/IK T/IK
2 S = 3/2 2 2

1—-\ 1

S\
A\
0 ] 1 0 1 1 0 | |
0 50 100 150 0 50 100 150 0 50 100 150 0 50 100 150
T/IK T/IK T/K T/IK

Fig. 15. Modeling the molar magnetic susceptibility for ZFS systems=(0); top panel:D/k = 20K; bottom panelD/k = —20K; parallel component
(x))—dot-dashed, perpendicular componexpt }—short dashed, and the averagg.f—solid.
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2 S =1 2 S =3/2 2 5 S =5/2
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ME 0 0 0 0
“22 // //——— //,—-— //’,_.
~5 ! / / /
& 1 -1y A/ 1=
< ] ! / /
ot I I g ¥ - 1 o Ll 1 o L1 |
0O 50 100 150 0O 50 100 150 O 50 100 150 O 50 100 150
T/K T/IK T/IK T/IK

Fig. 16. Modeling of the susceptibility anisotropy: solid>#k = 20K; dashed—-b/k = —20K.

(d) Consequently the averaged susceptibility follows the nition of the local coordinate system at which the magnetic
Curie-Weiss law (the negative Weiss constant ac- parameters, thg- and theD-tensor, are evaluated, however,
counts for theD-parameter). remains a bit questionable. Itis frequently assumed that their

2. With D-negative: principal axes coincide and, moreover, that they are repre-

(e) The ground state is always a Kramers doublet with sented by the crystal directiorns:or [; = (00 1.
the maximum spin projections, Ms = £8S). There- The magnetic anisotropy measurements on oriented
fore, the parallel susceptibility on cooling increases single crystals are capable of directly distinguishing
rapidly and is not influenced by the depopulation of the parallel and the perpendicular magnetic susceptibil-
the magnetically less productive states. ities [73]. Such measurements were done, for instance,

() The perpendicular energy levels possess small for [C(NH2)3]V(SOg4)2-6H20 salt between 1.5 and 20K
positive the 2nd-order van Vleck coefficients in [74,75] It was found that on lowering the temperature,
Eq. (2.29) i.e. 852',)0“”(/(“%&%) = +3/8D, +(1/3)D the perpendicular component of the magnetic susceptibility
and+(5/16)D for § = 3/2, 2, and 5/2 (se@able 5. increases whereas the parallel component passes through a
The corresponding susceptibility component on maximum at ca 4K and then approaches zero. Such a sit-
cooling reaches a plateau. uation indicates thaD > 0. Some more experimental data

e - are collected ifrable 21
A Tie me_asurements of the susceptibility anlsotro(}:;yn These data show rat_her querate values of the axial ZFS
X=XI— XL ' parameter bracketed with the interval of €a= 10 cnr L.
With the exception of HJCHNCS), the complexes listed
are hexa- (penta-) coordinate. In terms of the formal pertur-

clearly distinguishes between the signs offhparameter at
relatively high temperature as modeled=aj. 16 The defi-

Table 21
ZFS parameters based upon the single-crystal susceptibility data
System Experimental Magnetic parameters (&m Reference
[C(NH2)3]V" (SOy)2-6H,0, S =1 T =15-20K D =3.74,g. =1.94,9, = 1.66 [74,75] Y
CgV'"'Clg-4H,0, S =1 T =1.5-20K D =8.05,g. = 1.93,g, = 1.74 [76] Y
V" (urea)]is, S=1 T = 1.5-300K BY = -162, B = —99, BS = 2595,\ = 45, [77] O

Mro = 0.43,x = 0.40;D* =5.86

T = 80-300K ) =45, A =450,k = 0.50 [771 0

[Cr'" (NH3)6](ClO4)2Br-CsBr, S = 3/2 T =0.04-4.2K D =0.18,g, = 1.985,g, = 1.995,7 = —0.049 [78] #N
[Mn" (TPP)CI}2C¢Hg, cn=5,S =2 T = 80-300K D=-239g=2 [79] O
[Mn" (TPP)CI(py)}CsHs, S = 2 T = 80-300K D=-30,g=2 [79] O
[Fe"' (TPP)CI], cn=5, S=5/2 T = 80-300K D=599g=2 [80] O
[Fe" (acacy], S = 5/2 T = 80-300K D =-0.11 [81] O
Ks[Fe" (0x)3]-3H.0, S = 5/2 T = 80-300K D =-0.55 [81] O
HgCd'(NCS), cn =4, S=3/2 T=1.7-300K,B=05T D) = +10.2, [82] #Y

g. = 2.168,D(,) = +10.8,

gr =2.251,7 = —0.19
[Ni"' (pyO)](ClO4)2, S=1 T =15-20K D = +4.35,g. =2.32,g, =2.33,7 = —2.08 [83] #Y
[Ni" (pyO)](NO3)2, S=1 D =+3.95,g, =2.25,g, =229 [84] Y
[Ni" (H20)5]SO4, S=1 T=04-42KB=0-9T D =+4.74,g, = 2.216,g, = 2.249 [85] Y
[Ni'' (H20)6][SNClg], S=1 T =0.35-4.2K, D =0.45,g=2.25 [86] O

M(B — 4T, T = 1.3-4.2K)

Ni''Cl».4H,0, S=1 T =15-20K D =-7.99,E =0.07,g = 2.28,7 = —7.30 [87] #O

General notes: The symbol ‘#' shows that a different definition of tdeparameter has been applied in the original source whereas—#r@nd/or—J
constants precede the spin operators; the coordination number (cn) is displayed when different from 6. The consistencyD¢iiterion — g.)/2:
Y—fulfilled, N—violated, O—cannot be judged.
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Table 22
ZFS parameters (cnt) based upon the powder susceptibility data for Ni(ll) compoursds, 1
System Experimental D E 0; O Other Reference
[Ni(iz) 4(«:ac)] T =4.2-140K,Bac =~ 0, —22.34 2181  2.039 [101] Y
M(B — 6T, T =4.3K)
[Ni(dmiz)z(x?:ack] T =4.2-140K,Bac ~ 0 —-9.94 2263 2.175 [102] Y
Ni(dien)(mea)Ni(CN), T =4.2-140K,Bpc = 0 —6.98 2145 2101 [103] Y
chain structure
[Ni(terpy)2](PFs)2 T=15-250K,B=05— 55T —6.10 0.12  2.095 [104] O
MB — 5T, T =1.9K) —6.25 2.15 [104] O
[Ni(aepnp]Ni(CN)4-H20 T =4.2-140K,Bac =~ 0 —1.90 2156 2.144 [103] Y
+1.77 2140 2.151
[Ni(tren)(NCS}], § =1 T =4.2-289K —0.76 2.181 z, —1.52 [160] #O
[Ni(bipy)3]Cl2-5.5H,0 T =2-300K Small 2.12 [105] O
[Ni(teta)(x-N(CN)2)]-(ClOs), T =4.2-40K,Bac = 0 Small 2.066 Jehain O [106] O
chain structure
[Ni(iz) 2(u-NCS)], chain structure T =2-290K,B=1T 0.2 2.18 Jehains 8 [107] #O
Ni(tn)2Ag2(CN)4, chain T=2-10K,B=0.1T; 2.36 211 [108] O
structure(Ag') =0 2.33 0.52 211 Jehain, O [108] O
MB — 5T, T = 2K) -1.77 097 211 Jehain, O [108] O
[Ni(NH 3)4(NO2)2] T =2-300K Lo 2.18 [88]
MB — 5T, T =4.2K) <2 2.18 7, -5.4 [89] #
Ni(NO3)2-6H,0 T =15-20K 4.46 113 225 7, —0.43 [109] O
INi{LE2nsssrZnCll Szn'") =0 T =2-300K 4.9 22 [110] O
Ni(enkNi(CN)4 chain structure T =0.05-20K,M(B — 6.6 2.24 Jehainn —0.06  [111] O
6T, T=4.27K)
[Ni(pz)4Br2] T=2-30K,B=05T 55 212 2.20 [112] Y
[Ni(pz)4Cl2] T=2-30K,B=05T 7.2 2.14 221 [112] Y
[Ni(mpz)al2] T=2-80K,B=05T 25 2.16 2.13 0.60 [114] N
M(B — 5.2T)
[Ni(mpz)4Br2] T =2-80K,B=0.5T, 5.3 2.16 2.13 0.65 [114] N
M(B — 5.2T)
[Ni(mpz)4Cly] T=2-80K,B=0.5T, 7.4 2.19 2.13 0.85 [114]1 N
M(B — 5.2T)
[Ni {L8\noo} 2(H20)2] T=2-160K,B=0.1T +9.47 154 2.067 2125 7, —2.03 [113] Y
gy, 2.145
D* %- K a
[Ni(py)4Cl2] T =4.3-300K 4.8 480 0.74 [115] O
[Ni(py)4Brz] T =4.3-300K 6.9 475 0.90 [115]
[Ni(pz)4Clz] T =4.3-300K 7.7 540 0.95 [115]
[Ni(pz)4Br2] T =4.3-300K 6.0 420 0.90 [115]
[Ni(miz)4CIICI, cn =5 T =4.3-300K 11.0 400 0.95 Jehain, —2.2 [115] #
[Ni(miz)4Br]Br, cn =5 T =4.3-300K 8.2 380 0.85 Jehain, —2.6 [115] #
[Ni(en)2(NO2)2] T =4.3-300K -1.6 550 0.90 Jdim, 0.9 [115] #
cn=4or 10 D O Ox
Ni(azurin), cn= 4 T =5-120K,B=0.1T 17.7 1.98 [116] O
INi{L\ssH], cn = 4 T=42-300K,B=1T 36 2.09 [127] O
[Ni{LﬁNSS}], cn=4 T=42-300K,B=1T 53 2.09 [117]1 O
[Ni(Cp)2], cn =10 T =4.2-200K 33.6 2.00 211 [118] Y

General notes: The symbol ‘# marks that a different definition of tlleparameter has been applied in the original source whereas—t#r@nd/or—J
constants precede the spin operators; the coordination number (cn) is displayed when different from 6. The consistencyD¢kiterion — g.)/2:
Y—fulfilled, N—violated, O—cannot be judged* refers to the difference of the lowest energy levels.

a8 AOM parameters optimized to electron spectra.

bation theory theg-factor asymmetry should be consistent Table 23
with the sign of theD-parameter as the simple PT theory SelectedD-values for Ni(ll) complexes

says

D= 3r(g:— &)

With one exception this prediction is fulfilled.

The magnetic susceptibility measurements on powder
samples where th@-values have been reported are reviewed

Compound Cl Br | Reference
[Ni(pz)aX2] 7.2 5.5 [112]
[Ni(mpz)aX2] 7.4 5.3 2.5 [114]
[Ni(py)aX2] 4.8 6.9 [115], D*
[Ni(pz)aX2] 7.7 6.0 [115], D*
[Ni(miz)4X]X 11.0 8.2 [115], D*
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Table 24
ZFS parameters based upon the powder susceptibility data for Mn(lll) compaoSirdg,
System Experimental D 0: O« Jdim Reference
ch==6
[Mn(acac)] T=2-20K,B=0.1T +3.1 2 [119]
[Mn(trop)s] T=2-20K,B=0.1T -26 2 —-0.18 [119]
Nas[Mn(tar)2(H20)]-9H,0 T=1.3-26K -35 1.96 1.99 [120]
[Mn(dedtc)] T=4.2-300KB=0.3T Small [121]
[Mn(sal-N-Ph)] T =4.2-300K,B=1T, -2.1 1.99 0 [122] #
M(B — 5T, T =4.2-20K)
[Mn(sal-N-Benz)] T =4.2-300K,B=1T, -2.6 1.99 -0.16 [122] #
M(B— 5T, T =4.2-20K)
[Mn(salen)SCN], cn= 6, assumed dimer T =4.2-300K,B=1T -3.8 1.97 —0.88 [122] #
[Mn(salen)Br], cn= 6, assumed dimer T=42-300K,B=1T -1.0 1.95 —3.68 [122] #
[MNn(TPP)(miz}]CIO4-THF T=1.2-300K,M(B — 15T, T = 4.2K) -2.5 2.00 [123]
[Mn(TPP)Cl(py)].GHs T=4-300K -35 2.00 [79]
M(B— 5T, T =2-20K) -3.0 2.00 0 [124]
cn=>5
[Mn(acen)Cl] T =4.2-300K,B=1T, -1.6 2.00 -0.20 [122] #
M(B— 5T, T =4.2-20K)
[Mn(TPP)CI}-2CsHeg T=4-300K -2.5 2.00 [79]
M(B— 5T, T =2-20K) -1.9 2.00 Z, —0.05 [124] #
[Mn(TPP)CIQi] T =1.2-300K,M(B — 15T, T = 4.2K) -2.0 2.00 [123]
[Mn(OEP)CI}H,0 T=4.2-300K,B=1T -1.6 2.02 —0.06 [125] #
[Mn(OEP)Br}H20 T=4.2-300K,B=1T -1.0 2.02 —0.08 [125] #
[Mn(OEP)(OAC)IH,0 T =4.2-300K,B=1T, M(T,B— 5T) -1.9 1.97 0 [125] #
[Mn(OEP)CIQy]-H20 T =4.2-300K,B=1T, M(T,B— 5T) -2.3 1.96 -0.34 [125] #
+3.0 1.96 —0.38
[Mn(TPP)CIQy]-H20 T=4.2-300K,B=1T -2.3 2.00 -0.14 [125] #
[Mn(TTP)CI]-CgHs T =4.2-300K,B=1T, M(T,B— 5T) -1.8 2.01 —0.04 [125] #
[Mn(TTP)CI]-H20 T=4.2-300K,B=1T -1.8 2.00 —-0.08 [125] #
Chain structures, ca= 6 D 0; O« Jchain
{K2[Mn(mal)2(EtOH)][Mn(mal)z2] }, T=4.2-100K.B=1T -7.9 1.99 198 -0.36 [126] #
{(NHaz)2[Mn(mal)2(EtOH)][Mn(mal)2] } . T=4.2-100K.B=1T -7.6 2.09 2.03 -0.18 [126] #
{Nag[Mn(mal)2][Mn(mal)2EtOH]- EtOH},, T=4.2-100K,B=1T -7.8 1.96 2.02 -0.48 [126] #
{Kz[Mn(sal)(EtOH)][Mn(sal)2] }, T=4.2-300K,B=1T -9.0 2.00 2.00 -0.46 [127] #
{(NHa4)2[Mn(sal)(EtOH)][Mn(sal)2] }, T=4.2-300K,B=1T -7.0 2.09 2.03 -1.40 [127] #
{Na[Mn(saly][Mn(sal);EtOH]-EtOH}, T=4.2-300K,B=1T -20.3 2.00 2.00 -0.46, [127] #
7, —1.62

General notes: The symbol ‘# marks that a different definition of tlleparameter has been applied in the original source whereas-t#r@nd/or—J
constants precede the spin operators; the coordination number (cn) is displayed when different from 6. The consistencyD¢kiterion — g.)/2:
Y—fulfilled, N—violated, O—cannot be judged.

separately infables 22—25A few critical notes follows:

1. The magnetic field at which the data were taken should

lect data with an alternating current susceptometer which
scans the differential magnetic susceptibility directly at
low fields (Bac =~ 0.001T).

be small enough to avoid features due to magnetic sat-
uration at low temperature. This is not always the case.
The choice ofB = 0.1 T with the SQUID apparatus (that
scans the static magnetization) is a good setting. Errors
could result using a Faraday balance and a fiel® ef

1.5 because the measured force

1md B
F,= Eﬁd_z /O Xmol(B)B;dB;

N 1 m _ d 132 B 1 m _ B
oM™z [ 27| T oM™ g

(4.9

is no longer proportional to susceptibility and a calibra- 4.

tion coefficientB,(dB;/dz). The best method is to col-

2. To report large values of thB-parameter without ac-

counting for theg-factor anisotropy can lead to error
because both effects have the same origin. The sign of
the D-parameter should be consistent with tpéactor
anisotropy, i.e. positivdd appears wherg, > g, for
shells less than half fullx( > 0) and, negativeD ap-
pears wheng, < g, for shells more than half full

(» < 0).

TheD-values are meaningful only when the ground state
is orbitally non-degenerate, i.e. when there in a guarantee
that the magnetic angular momentum is absent within the
ground state.

Usually, the issue of whether using the opposite sign of
D would yield a similar fit, is not tested.
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Table 25
ZFS parameters based upon the powder susceptibility data
Compound Experimental Magnetic parameters (&mn Reference
d2
[V'" (urea}](ClO4)3, S = T =1.75-300K BY = —163, B = —99, [77] O
B; = 2595,1 = 47, /Ag = 0.45,
x =0.40,D* =5.86
[v"(acacy], S=1 B=01T D=7709 =196,g. =178 [119] Y
d3
[Cr'" (dedtcy], S=3/2 T =22-300K,B=0.3T D =06 [121] O
[CM ({Linsss Fe' )2lPFs, S = 3/2 T =2-300K,B=1.0T D =1.0,9=1.97, [129] Y
EPR:D =1.0,9, = 1.976,9, = 1.973
d5
[Mn'" (Megtren)Br]Br, S = 5/2 T=4-300K,B=12T D =0.24,g, =1.97,9, =2.07 [130] O
[Mn" (bzimpy)Cb].0.5MeOH, cn= 5, S = 5/2 T=4-300K,B=14T D =—-2.73,E =2.23,7 = 0.385 [131] O
g; = 1.944,g, = 2.057,9, = 1.880
[FE" (Pydtcy], S=5/2 T =22-300K,B=0.3T D = -2.14; [121] O
BS=-072, B =-024, B} =+14
[132] O
[F€" (hemin)], S = 5/2 T=2-200K,B=18T D =12; B) = 4.84, [133] O
B§=-271,B} =-578
[134]
[F€" (TPP)(SCN)], cn=5, S=5/2 T=2-200K,B=1.8T D =10 [133] 0
[Fe" (TPP)CI], cn=5, S=5/2 T=2-200K,B=1.8T D=T2 [133] O
D=6 [135] O
[Fe" (TPP)Br], cn=5, S=5/2 T=2-200K,B=18T D=5 [133] O
T=2-100K,B=1T, D=13,g= [135] O
M(B — 5T, T = 2-20K)
[F€" {L13\noo}CI]-CH3CN, cn=5, S=5/2 T=4-300K,B=1T D =102,E=34,g=20 [136] O
[F€" {L*Nnoo} CI(H20)]-1/3CHsCl, S = 5/2 T=4-300K,B=1T D=72E=249=20,74 =10 [136] #O
cis[Fe" (cyclam)(NO)I]I, S = 3/2 T=4-300K,B=1T D =+12.6,g=2.0 [147] O
[FE" {L NN HNO)(N3)2], S =312 T=4-300K,B=1T D=+13.6,g=2.1 [147] O
d6
[F€' (H,0)6]SiFes, S =2 D =10.9,9. =2.00,g, = 2.12 [203,204]
[Fe' (py)a(CRSQs)2], S=2 T =4.2-310K D=6.1,9=215 [205] O
[F€' (py)a(CHsS®s)2], S=2 T =4.2-310K D =3.4,9 =2.08 [205] O
[Fe" (py)a(p-tolSQs)2], S=2 T =4.2-310K D =3.9,9=2.09 [205] O
[F€' (bpy)Ch], orange isomer, ce=5, S = 2 T =4.2-300K,B=0.51T D=-2 [206] O
[F€" (TMC)(N3)]BF4, cn=5,S=2 T =4.2-267K D=21,g, =2.39,g, =2.01 [207] N
[F€' (TMC)(NCMe)](BFs)2, cn=5,S =2 T =4.2-267K D =3.4,9;, = 2.63,9, = 2.00 [207] N
[F€" (TMC)(NCS)]BF, cn=5,S =2 T =4.2-267K D =54,9, =258,9, =1.96 [207] N
[F€' (TMC)(Br)Br, cn =5, S =2 T =4.2-267K D =579, =2.32,9, =1.95 [207] N
[F€' (TMC)(CI)]BF4, cn=5,S=2 T =4.2-267K D =6.2,9, = 2.03,g, = 2.00 [207] N
[F€'(1,7-CT)(C)]PR, cn=5,S =2 T =4.2-267K D =88,0, =2.28,9, = 1.94 [207] N
[F€'(1,3,7,10-CT)(CN]PE, cn=5,S =2 T=4.2-267K D =31,g, =2.22,9. =201 [207] N
BaFé'Si;O10, cn =4, S=2 T=42-298K,B=051T D =11.9,g. = 1.979,g, = 2.082 [208] Y
[Fe' (big)(NCSY], cn =4, S =2 T=15-303K,B=0.51T D=5,0 =241,g, =224 [209] N
(NMeg)2[F€'Cly], cn =4, S =2 T=15-20K,B=0.51T D =9.0,g; = 2.05,g, = 2.27 [210] Y
[F¢'(PTC)], cn=4,S=1 T =1.25-300K D =70,g, =1.93,g, = 2.86 [137] Y
[F€' (pdcay]-3H,0, ch=6,S =2 T =6-300K D =8.76,g =2.16 [138] O
(NBug)[CO" (bdt)], cn =4,S=1 T=2-100K,B=1.07T D =37.4,g. =2.19,g, =231 [139] Y
(Nbug)[Co" (tdt),], cn=4,S =1 T=2-100K,B=1.07T D =39.4,g. =2.09,g, = 2.27 [139] Y
K[Co" (3-Prbip], cn =4,S=1 T=4.2-300K,B=1.66T D =40.9,g=2 [140] O
[Co'Cp*;]t[Co {L Moot cn=4,S=1 T =1.9-300K D =459, =25,0, =22 [141] N
[Fe'Cp*[Co" {Linoot] cn=4,5=1 T =1.9-300K CoD =45,g. =2.4,g, = 2.2, [141] N
Fe:J =+7,09. =4.40,g, = 1.41
d7
HgCd'(NCSy, cn =4, S= 3/2, T=1.7-300K,B=05T D = +10.6,g = 2.220 [82] O
(Netg)z[Ca" {L3oH], cn =4, S =312 T =2-300K,B=1T, 0.005T D =5.4,9, =2.20,9, = 2.29 [142] #Y
[Co" {LRnnoo}]: cn =5, S=3/2 T =4.2-300K,B = 1.4T D =-38.9,E=17,7 = -10, [143] Y

. =3.21,9, = 1.67,9, = 1.89
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Table 25 Continued)

Reference

Compound Experimental Magnetic parameters (Em

[Co' (bzimpy)Ch], cn =5, S= 3/2 T=2-150K,B=0.1T D = 73.4,E = 3.28,7 =—0.205, [131] Y
g. = 1.506,9, = 2.501,9, = 2.622

(NEtg)2[Co" {LEob]-2H20, S = 3/2 T =2-300K,B=1T, 0.005T A=14,k=1,1=-160,5 = 800 [142] O

[Co" (iphosy(H20)z], S = 3/2 T=17-260K,B=0.6T, D =52,E=17,g, =1.70, [144] Y

M(B— 7T,T=18, 3, 5K) g = 2.53

[Co" (acac)(H20)], S = 3/2 D* =82.7;B = 980, ¢ = 435, [145] O
10Dg = 9300, —§ = 550

[Ca" (pyO)](ClO4)2 T=42-300K,B=1T D* = 25.5;B = 780, C = 3030, [146] O

& =525, 10\q = 8900, Agy = —665

General notes: The symbol ‘# marks that a different definition of tlleparameter has been applied in the original source whereas—t#r@nd/or—J
constants precede the spin operators; the coordination number (cn) is displayed when different from 6. The consistencyDceteéri®) (g, — gx):
Y—fulfilled, N—violated, O—cannot be judged.

5. A reliable determination of th®-parameter requires a

low-temperature data set (< D/k); otherwise the val-

ues reported will be highly uncertain.

. In some cases the powder susceptibility data are pathdtO.
logically insensitive to the sign of the-parameter. This

is exactly the case of = 3/2 where the modeling is
presented irFig. 17.

. The overall effect of theD-parameter is a reduc-
tion of the effective magnetic moment from its
temperature-independent value as the temperature dd-1.
creases. The same effect is obtained from the nega-
tive molecular field correction which accounts for the
isotropic exchange interaction with nearest neighbors
(Z < 0). Evidently, these two effects interfere. Therefore

it is risky to interpret the experimental data discussing
only the sizableD-values without checking the para-
magnetic anisotropy by independent measurements on
oriented single crystals. An example of such a failure

is the [Ni(NH3)4(NO2)2] complex as reported by Figgis

et al.[88,89]

. In dealing with an increasing number of free param-
eters (0, g, g, Z) their mutual dependence might be 12.
guestioned. Such a correlation analysis is rather rare
[90].

. The retrieved parameter set could depend upon the op-
timization technique applied. For example, the widely
usedsimplex method is rather primitive; thesimulated

annealing method or thegenetic algorithms are more ad-
vanced and capable of reaching the global minimum of
the optimized functiongl91-100]

The final parameter set also depends on the definition
of the functional to be optimized. The least-squares
functional on the magnetic susceptibility better fits the
low-temperature data whereas such a functional on
the effective magnetic moment reproduces better the
high-temperature window of the data set.

The reported-values are model-dependent: they were
derived by analyzing the experimental data set in terms
of the spin-Hamiltonian only. An alternative procedure is
to employ all the spin—orbital basis functions leading to
all the terms (e.g. 45 functions for the Ni(ll) complexes
instead only of the three pure spin states) and look for the
energy differences between the lowest states. This could
be performed either within the crystal-field theory or the
angular overlap modgb8-72] It is better to delineate
these differently derived values by a different symbol and
D* is used hereafter for the entire spin—orbital basis set
derivation.

At small fields (when the Zeeman term can be consid-
ered as a perturbation) an approximate analytical for-
mula of the typex, = f(D, g,) could be applied; these
suffer from the conditioD| > ugBgS. As an alterna-
tive, the eigenvalue problem could be solved within the
framework of the linear variation method; this approach

S=1 S=3/2 S=2 S=5/2
6 6 15 15
Dlk=-20K
Dlk=-20K
A __4Af __10F o~
S =) =) _ =) ./
R | bk=-20K 2 Dik=420K 2 Dlk=-20K 2
Ko P X N = Dik = +20 K
2+, 2+ 5F 5
/
Dik=+20 K Dik=+20K
0 | 1 0 | 1 0 1 | 0 | 1
0 20 40 0 20 40 0 20 40 0 20 40
TIK TK TK TIK

Fig. 17. The two product functions f& = 1, 3/2, 2, and 5/2 obtained with/k = £20K. These are identical faf = 3/2.
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L BTL<;;,//' For chelate complexes the positizevalues prevail irre-
b spective of whether the axial bonds are longer or shorter and
the axial ligands possess a stronger or weaker crystal field.
Ty ol — The chelate effect is associated with a considerable in-plane
1568 /—f ——} | . - . . )
— covalency leading to a significant drop in the orbital reduc
8Dq B A tion factorx, <« 1.
Tag /- Bof | — GEZQ N ; A simple formula for an octahedral reference system
F T 9 %
o 10Dq D = A2(Ay — Ag) = 124 (5~ D) (4.10)
s = Ao(sAZg - 3T2g)
sAzg 3519 — Mg=-1,+1 ) ) ) )
1D>0 will predict negativeD whenk, < «;(~ 1). Therefore, it
—— Mg=0 can be concluded that several factors come into the com-
o, D, (elongated) D', petition and they influence the final sign and value of the

. . o ) ) . D-parameter:
Fig. 18. Effect of the spin—orbit interaction leading to a positiveon paramete

tetragonal distortion irs = 1 of-complexes. 1. the geometric distortion which could be influenced by
the crystal packing;
2. the crystal-field strength of the individual ligands;

is preferable. However, the result will depend upon the ; .
b P P 3. the covalency (orbital reduction factors).

selection of the size of the basis set.
For an elongated tetragonal bipyramid the above formula

4.2.1. Ni(ll) complexes relaxes tq101]

The data compiled for the hexacoordinate Ni(ll) com- ) 5
pounds Table 23 show that theD-parameters adopt values  p, _ ;324 Kx _ Kz (4.11)
between—22 and+12cnr!. This interval is rather broad. Ay(3Big— 3Eg)  A:(3Big — Bag)

All the g-factors exceed the spin-free value of 2.0023 and o ) )
typically lie between 2.1 and 2.2. Within the formal perturbation theory we have interre-

For tetracoordinate Ni(ll) complexes, as well as nicke- lationships (the positive sign convention for theensor)

locene, theD-values are much larger but note that now the &z = 8e = 2AAz andgy = ge — 21 Ax, and forkl< Oasin

ground term i$T with non-zero orbital angular momentum.  the case of Ni(ll) complexesi.(hc = —315cn~) there is

A few chain-structure compounds have also been included A <0, wheng, > g,

and they show only moderai-values. D =708~ 8= { =0, wheng. < g,
A frequent claim is[115] that the positiveD-parameter

is associated with a weakening of the axial bonds: the as sketched iffrig. 19

D-parameter is increased with axial elongation of the oc-

tahedron (geometry of the elongated square bipyramid) or4.2.2. Mn(l11) complexes

when the axial ligand is weaker in its crystal field than the ~ The g-factor anisotropy is very small for Mn(lll) com-

in-plane ligand Eig. 18. Such a prediction is only partly ~ pounds and difficult to be detected on the magnetic suscep-

valid as seen from the selected data where the increasedibility data alone (the EPR technique is helpful in this re-

crystal field strength over the series=X Cl, Br, and | is  spect). The averagegivalues range between 1.95 and 2.09.

not always followed by a decrease Df(Table 23. The D-values are, also, quite small and they vary between

(4.12)

S

7+4

S

w

9; > 9y 9:= 9y g <9
Ms=0 I = M=+1, 1
D<0
< Dzol D>0
=" M=, 1 Ms=+1,0,1 Ms=0

Fig. 19. Relationships between tiggensor componenets and tBeparameter for ar§ = 1 system withA < 0; s (w) means a stronger (weaker) crystal
field or compressed (elongated) tetragonal bipyramid.
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%E,x 6
3H x 33 3'|' X9
3T x9
3ng10 A,
5T29x15 Byx5 4
5ng10 A,
5D x 25|
E, x10 Aigx5
< B,y x5

R, —= O —» D, (elongated)

Fig. 20. The lowest energy levels in octahedral Mn(lll) complexes.

—3.8 and+3.1cnT! for mononuclear speciedgble 24.
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1A,

—

............... A,

Fig. 21. Energy levels of a spin admixed syst¥n—*A; in the zero field.

4.2.3. V(I1I) complexes

As evident from Tables 21 and 25he hexacoordi-
nate V(III) complexes exhibit rather sizable values of the
D-parameter spanning positive values up to 8€mAll

These features have an obvious root: small spin—orbit split- the g-factors lie below 2.0 and are highly anisotropic:

ting parametei = &vnqiy/2S which isi/hc = 89 cnil,
An expression for th®-parameter has been derived from
perturbation theory128]
3
Ao(SEg g 5T2g)

where A, = 10Dq is the octahedral crystal field splitting
(Fig. 20. The positive sign applies when the ground state

4
T AGE, S 3Tyg)

D=+ [ } (4.13)

is 5Alg (a compressed tetragonal bipyramid) whereas the

negative sign appears when the ground stateBig; (an

elongated tetragonal bipyramid). Considering the tetragonal ;

symmetry lowering explicitly, the perturbation theory yields
a refined expression in the forfh23]

52
i |

The analysis of magnetic data for Mn(lll) complexes is
frequently carried out by assuming a pair-wise weak antifer-
romagnetic exchange interactiofaple 24. The zero-field
Hamiltonian is then postulated as follows

1
A1(5B1g — 5Eg)

4

D=
AZ(SBlg - SBZg)

4
3y @19

=—J(S1-S2) + D1[5%
+ DZ[Szz - §S(S +1)]

— 35(5 + 1)]
(4.15)
and this form (with small negative exchange coupling con-

stantJ) reduces theD-parameter to an acceptable range.
Omitting J, the D-values would be too negative.

Table 26
Lowest energy levels fordsystems66]

8x K 8z < &e-

The ligand sphere of the complexes investigated was
represented by six unidentate ligands (in one case three
bidentate ones). As the ground stéfélg is subject to
the Jahn-Teller effect, either tetragonal or trigonal dis-
tortion of the coordination polyhedron is expected. With
the compressed tetragonal bipyramid, by setting the crys-
tal field parametersFs(ax) > Fs(eq), the ground state
becomes3Azg. This is the case when the ZFS philoso-
phy is legitimate. On the contrary, when the axial crys-
tal field is weaker (a geometry of elongated tetragonal
pyramid) the ground CF term |’§Eg and this is split
in a more complex manner where the spin-Hamiltonian
is not appropriate any longer. With/hc = +105cnT?!
there is

D= 3Mg. —

and the situation is opposite to the case of Ni(ll) when look-
ing for the g-tensor ellipsoid: now the prolate form is as-
sociated with the positiv®-value for V(III). Notice that
this prolate form applies when the interatomic distance el-
lipsoid exhibits an oblate form (a compressed tetragonal
bipyramid).

g) >0, when g, > g, (4.16)

4.2.4. Cr(l1l) complexes

The ground CF term for hexacoordinate Cr(lll) complexes
is 3Alg and it represents a typical ZFS system. The recorded
D-values are small owing to the small spin—orbit splitting
parametei /hc = +92 cnT 1. Theg-factors are a bit below
2.0 and slightly anisotropic. Positii&-values are consistent
with g, > g,.

ECA1, £3/2, a) ECA1, +£5/2, a)

State ECAL, £1/2, a)
Energy for G, —262/ A
Energy for Di —(6/5%2/Ay = —6D

—282/ A,
—4D 0

—282/ A,
—(4/5):2 A =
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Fig. 22. Temperature variation of the magnetic susceptibility functions
(left) and the effective magnetic moment (right) for the spin admixed
system®A;-%A,, &/hc = 460cnT?!, g, = g, = 2.0: left—individual
curves show magnetic anisotropy far/hc = 500 cnt!; right—different
energy gapA/hc = +500cm?! (solid), A/hc = 0 (long dashed),
A/hc = —500cnT?! (medium dashed).

4.2.5. Fe(I11) and Mn(I1) complexes

The majority of studies on Fe(lll) complexes were done
for the porphine-type complexes with coordination number
five. A few hexacoordinate complexes represent typﬁéalg
systems having the spin—orbit splitting parameteunde-
fined as theBAlg term is not split by the SOI. The energy
levels are only shifted and this shift is interpreted in terms of
the true spin—orbit coupling constahtand the energy gap
Ao = E(*T1) — E(6A1) between the ground and the first
excited state as shown ifable 26

On tetragonal distortion the levels are split: the axial
zero—field splitting parameter i = £2/5A; and its sign
is determined by the sign of the energy gap= E(*A3) —
E(®A1). The energy gap\; is assumed to be large in abso-
lute value in order for the perturbation theory to be appli-

cable. For a small energy gap perturbation theory is not ap-

plicable and one has to diagonalize thex1Q0 zerc-field
matrix (Fig. 21). This situation refers to the spin admixed
states.

The modelling of the magnetic susceptibility shows that

with decreasing energy gap the effective magnetic moment

decreasesHg. 22. For a positive enough value of;
the effective magnetic moment refers to fhe;, state and
D—positive. On the contrary, for large negative values of
At the effective magnetic moment refers to the, state
andD < 0.
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Inspection ofTable 25shows that thé-values for hex-
acoordinate Fe(lll) and Mn(ll) complexes are rather small
and theg-factors are close to 2.0. Tievalues increase with
ligand sphere asymmetry or with a coordination number of
5[136].

4.2.6. Co(lll) and Fe(ll) complexes

These @ systems could exist in various spin states:
low-spin (S = 0), high-spin § = 2), and with distorted
chromophore or with cr= 4 also in the intermediate-spin
state § = 1). Often a spin crossover (transition from
the low-spin to the high-spin state) is observed for
this class of compounds. The-values reported for the
tetracoordinate-planar Co(lll) complexes £ 1) are really
large: up to+45cnT . The g-factors are larger than 2.0
and are substantially anisotropitaple 25.

For nearly octahedral Fe(ll) complexes two situations can
occur. With elongated tetragonal bipyramidal geometry the
ground CF-term iéng and this situation matches the posi-
tive ZFS. Consequently the axial ZFS parameter is expressed
as

D = 32/ Aax(°B2g — °Eg) > 0 (4.19)

For a compressed tetragonal bipyramid the ground
CF-term is5Eg and this is further split by the spin—orbit
interaction into five equally spaced doublets.

4.2.7. Co(Il) complexes

In tetrahedral geometry the ground CF term state is non-
degeneratéA, and represents a typical ZFS system. The
D-values adopt sizable values @f10 cnm?; the g-factors
are larger than 2.0 and are anisotropic. Thwalues are
influenced by the lowest excitation energies as perturbation
theory predicts

D = 4)\2

1 1
|:Ax(4Bl — %E)  A;(“B1— 452)] (4.20)
with »/hc = —172cnt?, D is rather large.

The situation is different for octahedral Co(ll) complexes
The magnetic angular momentum present in the T-terms
significantly affects the energy levels and consequently the
magnetic properties. In a regular octahedral crystal field the

A more detailed analysis gave the expressions that rec-12-fold degeneratéT; term splits into multiplets accord-

ognize the covalency effects (orbital reduction factorin
the form[57b]

B 52 2/(22 K§
C 10| A,(PA1 >4 T1)  ALCA; -4 Tyy)

< (4.17)
Ay(BA1 >4 T1y) '
& < _ K2
10 Ay(eAl —4 Tay) A(BA1 >4 T1y)
(4.18)

ing to the total quantum numbef — S| < J < L 4+ S.
With the negative splitting parameterthe ground state has

J = 5/2 and the irreducible representatiod%;( I"g) of the
double group O’ are accidentally degenerate. However, this
degeneracy is partly lifted through off-diagonal (interaction)
matrix elements.

With reduction of symmetry to By, further splitting oc-
curs. First, théT1g CF-term splits intd'Eq and*A,q where
4Azg is the ground state when the tetragonal field parameter
Aax is positive. When spin orbit coupling is switched on,
the ground state further splits into Kramers doublgisnd
I'7. The difference between these states can be written as
2D. Also, the upper CF-terrﬁEg splits into four Kramers
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Table 27
Range ofD-values (cnT!) in mononuclear complexes based on susceptibility®data

vih's=1 cM ,s=32 Mn'" s=2 Fd',sS=52 Mn',s=52 Fé,s=2 cd' ,s=1 cd,s=32 Ni' s=1

rlhe +105 +92 +89 — & =460 — & =300 —-100 —290 —-172 -315
ch==6
On-term  3Tyq* “Aog SEg,* 5A1q 5A1q 5Tog* Tig* 3A2g
Dyp-term 3A2g/C 451g 5Alg/C, SBlg/e GAlg GAlg 5Bzg/e 4Azg/C 3Blg
Minimum  +3.7 +0.2 -3.0 -21 -5 +25 —-22.3
Maximum +8.0 +1.0 +3.1 +7.2 +0.2 +12 +83 +9.5
chn=5and 4
Minimum -2.5 +5 -2.7 +2 +37 —-38 +18
Maximum -1.0 +13 +12 +45 +73 +53

a Systems obeying the Jahn-Teller effect (through which the octahedral geometry is spontaneously distorted) are marked with a star (*); c—dommpresse
bipyramid, e—elongated bipyramid.

doublets (CF-multiplets). ThB-values are very large, up to  on the basis of the temperature dependence of the magnetic

83cnt ! and theg-factor anisotropy is also large. susceptibility alone. (We also assumed that allgiiensors
The range ofD-values reported so far on the basis of andD-tensors are collinear; otherwise angles between them
magnetic susceptibility data is reviewedTable 27 should be considered.)
The set of magnetic parameters can be reduced taking
4.2.8. Dinuclear complexes into account the results of the formal perturbation theory:
In dinuclear complexes two kinds of the spin—spin inter- the components of tha-tensor determine the components
action are met: of the g- andD-tensors.

The magnetic parameters for binuclear complexes which

(a) the localD—tensors contributing from each centre : .
involve non-zero D-parameter values are collected in

HiFs_'_ ﬁIﬁFszﬁ‘z(S‘A Du-S4+38z Dp- p) Tables 2_8 and 29In addition to twelve notes prese_n_ted
along with the mononuclear complexes, some additional
(4.21) remarks follow.

(b) the pair-interactionD—tensor belonging to the asym- 1. Three effects reduce the magnetic productivity at low
metric exchange temperature: (i) the intramolecular antiferromagnetic
~ 2,2 = 2 hange, (i) the intramolecular antiferromagnetic ex-
™~ 2(S, - Dpg - 4.22 exc ' -~ ; euc ©

g = (Sa-Dng-Sp) (4.22) change treated within the molecular field correction, (iii)
These can be combined into a single molecuktate term the ZFS. Their correct separation is a difficult task and

Ds. Atthe same time the locgttensors are also combined to without a parameter correlation analysis, the reported

g5 (Chapter 3.2). All th@d—tensors involved are symmetric data forD are very uncertain.

and traceless, each having five independent components. Fof- With ferromagnetic exchange the identification of mag-
a diagonal form only two parameters survive: netic impurities is problematic as the magnetic contribu-
tion of the impurity &) is lower than those of the pure

(1) the axial zere-field splitting parameter exchange-coupled substancg ¢ S»).
D = J(—Dy — Dy +2D},) = 3Dy (4.23) 3. The asymmetric exchangB4g) is usually omitted and

only the local ZFS effectsda, Dg) are considered.

(2) the rhombic zerefield splitting parameter
E=3(Djy— D) (4.24) 4.2.9. Trinuclear complexes
In trinuclear complexes, a new aspect appears as the ge-
The spin-Hamiltonian appropriate to the binuclear sys- ometry spans several classes:

tem contains the isotropic exchange term, the asymmetric
exchange term, the local ZFS terms, and the local spin Zee-
man terms so that it involves these magnetic parameters:
Jas, Dap, D4, Dp, g4, andgp. The remaining parameters
Eap, E4, andEp are usually neglected. For a sizable local
ZFS parametebD,, the g-factor anisotropy should be also The geometrical topology defines possible constraints
considered, i.eg4, andga, and analogously for the centre among the exchange coupling constants (e.g. all equal for
B. To this end one has 8 magnetic parameters and this sethe equilateral triangle). Moreover, the Jahn-Teller effect
can be eventually enriched by the molecular field correc- can apply. This means that the geometry for which the
tion Z. This is too much in order to be fixed unambiguously ground electronic state is orbitally degenerate is unstable (it

(a) an equilateral triangle, all three sides equal;

(b) an isosceles triangle, two sides equal;

(c) a general triangle;

(d) an (almost) linear assembly (the most frequent case).
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Table 28
ZFS parameters in homobimetalic complexes
System Experimental Dm o8 O JIv—m Reference
d*, M
[Mn'" (salen)(HO)]2(ClO4)2, S =2 T =4-300K,B=1.0T —1.70 2.0 +12.6 [148}#
[Mn" (salen)(NQ@)],,, chain structure§ =2 T =4-300K,B =1.0T —0.43 2.0 -1.01 (148}
[Mn'" 5(nsalpro}(H20)]-3H;0, § = 2 T =2-300K —2.59 2.076 2.006 —-3.86 [149]#
[Mn" 5(nsalpro}]-2DMF, § = 2 T =2-300K —251 2.098 2.041 —3.24 (14914
[Mn'"(3-MeO-salen)CH, § =2 T =2-300K —-0.96 2.105 1.980 0.66 [149}
d®, Mn"
[Mn" (tren)(NCO)R(BPh)2, S = 5/2 T =4-300K,B=1.2T 3.8 2.20 1.91 (130142
-0.29 2.0 —0.30
[Mn" (tren)(NCS)}(BPhy),, S = 5/2 T =4-300K,B =1.2T 2.89 2.20 1.84 [130p2
—0.001 2.0 —0.26
[Mn" (tren)(CN)L(BPhy),, § = 5/2 T =4-300K,B =1.2T 0.60 2.04 [130%#
ds, Fé'
(PPhy)2[F€"2Clg], S =2 T =2-300K,B =0.1T, 4.9 2.25 2.20 0.14  [150
M(B— 5T, T =2, 5K)
(NEt)o[Fe',Clg], § =2 T =2-300K,B=0.1T 5.2 2.31 2.23 0.20  [150#
(ppny[Fe'Clg], § =2 T =2-300K,B =0.1T 6.3 2.24 0.14  [150}#
(AsPhy)z[Fe"2Clg], § = 2 T =2-300K,B=0.1T 45 2.30 2.00 —0.10 (150}
(H-TMPP)[F€' ,.Clg], § =2 T =2-300K,B =0.1T 3.7 2.20 2.00 —1.48 [150#
[(bpym){Fé€' Clo(bpym)}2], § =2 T =2-300K,B =0.1T -17.0 2.24 -2.2 [150%
[(bpym){Fé€' Cla(MeOH), }2]-(NEt;)Cl, § =2 T =2-300K,B=0.1T —16.3 2.07 -2.0 [150}#
[Fe (alawp(MeOH)], dimer,§ = 2 T =1.6-300K 4.9 2.296 2.023 -3.2 [151%
[Fe" {Lnno) }(MeOH)L-(ClO4)2, § =2 T =2-300K 3.2 1.980 2.168 -34 [152)#
[Fe" {L o }2(MeOHY,Cl]2, § =2 T =2-300K 111 2.029 1.997 —4.2 [153}4
d’, cd'
(PPNR[CO",Cle], § =312 T =2-300K,B=01T 29.0 2.25 —11.6 (150}
[Co" 2(bhmp)(ac)]BPhy, S§ = 3/2 T =4.5-300K,B =0.5T «, 0.77,D%, 37 », —116, A, 572, —0.44 [154]
g.*, 2.11 g+, 4.73
[CA" 2(bhmp)(bz}]BPhy, § = 3/2 T =45-300K,B=05T «, 0.96,D*, 35 A, —93, A, 616, —0.33 [154]
g.*, 2.09 g%, 4.91
[Co'' 5 (bomp)(ac)]BPhy T = 1.8-300K «, 0.98,D*, 60 A, —134, A, 749, —0.55 [155]
g%, 2.18 oc*, 4.99
[Co" 2(bomp)(bz)]BPhy T =1.8- 300K «, 0.84,D%, 72 », —138, A, 440, —-0.70 [155]
0.*, 2.45 g%, 4.84
[Co" (sal-tabp)}-0.5H,0, § = 3/2, cn=4 T =4-290K -2.0 2.60 2.20 -1.2 [156]#
D g Z J
d®, Ni"
[Ni"(sal-tabp)}-H,0, § =1, cn=4 T =4-290K 0.84 2.22 -2.4 —0.98 [156] #
[Ni" (salm-phen)p-3H,0, § =1, cn=4 T =4-290K 0.72 2.36 -3.0 -3.2 [156] #
T =4-300K,B =1.8T 0.8 2.19 -2.8 [157]
[Ni"(sal-2,4-tol)p-3H,0, S =1, cn=4 T =4-300K,B =1.8T 1.2 2.20 -2.7 [157]
[Ni"(sal-2,6-to)p, § =1, cn=4 T =4-300K,B =1.8T 1.0 2.18 -29 [157]
[Ni"2(enyClICly, § =1 T =1.5-300K +6.5 2.14 -0.33 19.7 [90]° #
—-11 2.12 —-0.04 20.8
[Ni",(enyBra]Bra, § =1 T =1.5-300K +6.6 2.12 —0.56 17.2 [90]° #
-7.6 2.12 -0.32 15.1
[Ni"2(en}(SCNpll2, § =1 T = 1.5-300K +4.7 2.14 —0.36 9.7 [90]° #
-3.3 2.14 -0.31 9.0
[Ni"(CHo(dmpz})Cly], dimer, § =1 T =4.2-90K,B =0.38T 2.17 2.310 -0.78 +5.16 [158] #
[-Bilm(Ni" (tren),](BPhy)2, S =1 T =4.2-286K 53 (problematic) 2.082 +2.50 -5.8 [159] #
[Ni" (tren)(NCO)b(BPhy)2, S =1 T =4.2-289K -10.1 2.282 1.42 -8.8 [160] #
[Ni" (tren)(NCS)}(BPhy),, § =1 T = 4.2-289K —-0.45 2.255 -0.32 +4.8 [160] #
[Ni" (tren)(NCSe)}}(BPhy), S =1 T = 4.2-289K —0.49 2.247 —0.14 +3.2 [160] #
[Ni" (tren)(Ne)]2(BPhy), S =1 T =4.2-300K,B =1.48T +6.8 2.325 0.50 —70.2 [199] #
[-(N3)(Ni" (macro)(\))2]l, § =1 T = 4.2-300K,B =1.48T 4.9 2.233 -24 —24.6 [199] #
[Ni" (terpy)(NCO)(HO)l2(PFs)2, § =1 T =2-300K,B =0.2T —12.2 2.21 0.40 +9.2 [200] #
[Ni" (terpy)(Ns)2]2(PFs)2-2H20, § =1 T =2-100K -12.5 2.26 0.76 +40.2 [201] #
[-(NCSe}(Ni" (medpty(NCSe)}](PFs)2, T =4-300K,B =15T 1.5 2.15 0.22 +17.6 [202] #
s =1
[-(NCSh(Ni" (terpy)(NCS)], S =1 T =2-300K,B =0.2T -4.3 2.10 0.02 +9.8 [161] #
[-(NCSR(Ni" (terpy)(NCSe)], S =1 T =2-300K,B =0.2T —-10.0 2.15 0.01 +20.2 [161] #
[-(NCS)(Ni'" ,(mepny(NCS)]2[Ni" (mepn) T =4-300K,B=15T —20.0 2.13 0.20 +8.6 [162] #
(NCS)]-H,0, S =1
[-(NCSK(Ni" (mepny(NCS)pl(PFs)2, § =1 T =4-300K,B=15T -2.0 2.14 —0.14 +12.7 [162] #

General notes: The symbol ‘# markes that a different definition of tlleparameter has been applied in the original source as hereand/or —J constants precede the
spin operators; the coordination number (cn) is displayed when different from 6.

2 The first set obtained by fitting the effective magnetic moment, the second-magnetic susceptibility.

b Two sets of magnetic parameters differing in the sign of Ehparameter.



Table 29
ZFS parameters in heterobimetalic and mixed-valence complexes
System Experimental Dm 9; O« Im—m Reference
{LERnsssFe" ' Fe' {L  nnsssll(PFe)2, SIFEM) = 1/2, S(Cr'') = 372, T =2-300K,B=1.0T Dcr, 2.0 der, 1.80,gre, 2.00 +52 [129] #
S(Fé y=0
[{LNNN sotFe! Co'Fe {L1R \ssatI(PFe)s, S(FEM) = 1/2, S(Cd") =0 T=2-300K,B=1.0T Dre, 1.5 Ore, 2.07 +83 [129] #
[Fe! (j{LNgMNZOA}(mpdp)Z] (BPhy), S =5/2,S =2 T =2-300K,B =05-5T D, —13 g1, 2 g2, 2.09 -8.0 [163] #
[Fe"Fée' {L S nNoONT(R-aCRIClOs, S =5/2,S =2 T =4.3-300K,B=05T 3 1.73 2.11 —10B, 820 [164] #
[Fe'" Fe' Lionnon H-b2) (b2)(HO)ICIO,, S =5/2, S = 2 T =4.3-300K,B=05T 4 1.93 1.99 —44 B, 600 [164] #
[Fe! OFéV{LONNORle}z]Ig sol,§; =5/2,S =2 T =4.2-300K,B=0.6T z J
sol = 1,.CHClz, R, = Et 11.9 —35.4 [165] #
sol = I,-CHClg, R2 =n-Pr 11.5 9.8 —46.2 [165] #
sol = I,-CHClg, R, = n-Bu 10.8 6.0 —41.0 [165] #
sol = 1.5, Ry =Ry, = Me 16.1 3.2 —43.4 [165] #
sol =, Ry = Me, Ry = Et 9.0 4.8 —39.0 [165] #
sol =, Ry = Me, Ry =n-Pr 10.7 1.7 —42.0 [165] #
[Fe" (OH)FeY {LLE \oR1R2}2]BF4, Ro=n-Pr 10.3 6.0 -31.2 [165] #
[F€" (OEP)CI]2(SbCk)2, S(Fe') = 5/2, (OEP) = 1/2, cn=5 =2-300K,B=0.2,1T 10 Jrer, —63  Jrr, —4 [166] #
[F€" (OEP)BI]2(SbCk),, Fe'') = 5/2, (OEP) = 1/2, cn=5 T=2-300K,B=02,1T 10 Jrer, —83  Jr-r, —4 [166] #
[(phenpCr!' (u-OH)Ni" (Me,-tpa)](CIOy)3-2H20, S(Cr'') = 3/2, SNi') =1 T = 4.2-300K Ds/2, 0.051 qi, 2.09 &, 2.0 +4.07 [167]
[(phenpCr!' (u-OH)Ni"' (Mes-tpa)](CIOy)3-3H,0, SCr'') = 3/2, SNi') =1 T =4.2-300K Ds/2, 0.065 Qi, 2.06 & 2.0 +7.58 [167]
[{LAoooo) }F€' (MeOH) Gd" (NO3)3](MeOH),, SFe') =2, SGd") =7/2 T =2-300K,B=0.7T, Dre, 2.06 OFe, 2.18 ded, 2.00  1.00 [168] #
M(B— 5T, T =2K)
[{LAnoooo) }F€' (Me2CO)Gd" (NO3)s, SFe') =2, SGd") = 7/2 T =2-300K,B=0.7T Dre, 3.22 OFe, 2.01 dsd, 2.00  0.82 [168] #
[{Loooo }F€' (Me2CO)Gd" (NO3)z, S(Fe') =2, S(Gd") = 7/2 T=2-300K,B=0.7T Dre, 4.43 Ore, 2.10 ged, 2.00  0.16 [168] #
[RU" CIRU" (u-O,C-Et)], S(Rw) = 3/2 T=2-300K,B=0.3,1.0T 47 1.90 —-16.1 [169] #
21 1.66 —-14.8
[Ru" CIRU" (u-O,C-C(Me)=CHEtY], S(Rw) = 3/2 T =2-300K,B=0.3,1.0T 48 2.04 -14.9 [169] #
19 1.84 —14.4
[Ru" CIRU" (u-O.C-CMePh)4], S(Rwp) = 3/2 T =2-300K,B=0.3,1.0T 38 2.06 —26.6 [169] #
35 1.82 —24.0
Mn"{LL2 NENS S}Co”CI] T =2-300K Dwmn, 3.0,Dco, 10 gwn, 2.0,dco, 2.48 -114 [110] #
[Mn" {LgNNSSS}Ni e T =2-300K Dwn, 3.7,Dni, 7.0 Qwin, 2.0, Oni, 2.17 —98 [110] #
INi" {LinssstNi" Cll T =2-300K Do, 5, D¢, 7 Jo, 2.2, 2.2 —270 [110] #
[Cu"(fsa)zenci" (H20)2]CI-3H,0, S(Cr'") = 3/2, SCu') = 1/2 T =4.2-300K,B=02T +4.5 go, 1.98 gs, 1.95 105 [170]P
-5 g2, 1.98 g3, 1.95 105
[(MeOH)CU!' (fsapenFé' CI(H,0)]-MeOH, S(Fe'") = 5/2, Cu') = 1/2 T =4.2-300K,B=02T +7.8 g, 1.99 gs, 1.97 —78, [170]P
-8.7 g2, 2.00 g3, 2.00 -84
[Ni" (fsapenFd' CI(MeOH)]-H,0, S(FE") =5/2, Ni") =0 T =4.2-300K,B=02T Dre, 11.8 Ore, 1.99 [170]
{Cd',Cu',-SOD}, cn = 4, SCd') = 3/2, CU') = 1/2 T =6-300K,B=0.8T Dy, 2.2 g1, 2.54 g2, 2.08 —-16.5 [171]
{E»Cd"',-SOD}, cn = 4, YCd') = 3/2 T =6-300K,B=08T D;, 11.5 2.24 [171]

961
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General notes: The symbol ‘# markes that a different definition of tligparameter has been applied in the original source as-hgrand/or—J constants precede the spin operators; the coordination

number (cn) is displayed when different from 6.

@ The first set obtained by fitting the effective magnetic moment, the second-magnetic susceptibility.

b Two sets of magnetic parameters differing in the sign of thparameter.



Table 30
ZFS parameters in trinuclear complexes

System M—M:—M;? Experimental D [ Ot Jo—t Reference
[Mn",Mn" (salp(salHR(H20)a(mpy)s] * [Mn' (salp(mpy)] —, T =4-300K,B =5T —3.50 2 2 —1.06 [172] #
§=2S8=5025=2
[CA" 3(HAT)(N(CN),)s(H20),], monomer-like,S = 3/2 T =2-300K 38.9 2.01 [173]
Ni-M-Ni complexes,§ =1 Dni ONi,z M.z Jv—i
Dni—wm ONi,x M, x
Dwm
Ni-Cr-Ni complex, S = 3/2 [Cr(CNY{(CN)Ni(trenen} »](BF4)-H,0 T =2-300K,B=0.1T —222 2.24 1.99 +9.02 [174]P
+21.8 2.10 1.99
0
-9.2 2.16 1.99 +9.65 [174P
+13.4 2.10 1.99
0
Ni-Mn—Ni complex, S = 5/2, [Mn" {Ni(NO,)(L?")(dmf)},] T =4.2-300K,B =15 +8.38 1.99 2.00 -1.98 [175]
—0.64 2.04 2.00
0
Ni—Co-Ni complex,S = 3/2, [Cd' {Ni(NO2)(LZ)(dmf)}2] T =4.2-300K,B =1.5 +6.11 2.36 2.68 —2.11 [175]
—15.71 2.39 2.66
—1.65
Ni-Ni—Ni complex, & = 1, [Ni" {Ni(NO2)(L?")(dmf)},] T =4.2-300K,B =1.5 +11.52 2.14 2.14 —13.45 [175]
+4.22 2.22 2.22
+11.52
Ni—Cu-Ni complex,S. = 1/2, [CU' {Ni(NO2)(LZ)(dmf)}2] T =4.2-300K,B = 1.5 +43.1 2.34 2.23 —15.27 [175]
—43.6 2.61 2.23
0
Ni—Cu-Ni complexesS =1, & = 1/2 Dni ONi dcu Jeuni
[Cu{L8unnn }(H20)(Ni(hfack(H20)2)2] T =4.2-300K,B=15T +4.0 2.07 2.01 —25.4 [176]
[Cu(pbaOH)(Ni(cth)}](CIO4)2 T =4-300K,B =15T +4.1 2.20 2.29 —-90.0 [177]
[Cu(Mezpba)(Ni(cth)}](ClO4). T =4-300K,B=15T +8.3 213 2.10 —99.4 [177]
[Cu(pbaOH)(Ni(Me&[12]N3))2](ClO4)- T =4-300K,B=15T +15.1 2.20 2.14 -118.7 [177]
[Cu(Mezpba)(Ni(Mes[12]N3))2](Cl04)2 T =4-300K,B=15T +11.7 2.32 2.30 —~110.0 [177]
[Cu(pbaOH)(Ni(Ma[12]N3))2](ClO4)2 T =4-300K,B =15T +14.8 2.21 2.20 —115.0 [177]
[Cu(Mezpba)(Ni(Mey[12]N3))2](ClO4)2 T =4-300K,B=15T +17.1 2.19 2.16 —130.0 [177]
[Cu(pba)(Ni(cth)}](CO4), T =2-300K +2.4 2.24 2.18 —1245 [178]
[Cu(pba)(Ni(cth)}](ClO4). T = 4.2-300K +1.6 213 2.15 ~109.2 [179]
[Cu(opba)(Ni(cth))](ClO4)2-H,0 T =4.2-300K +3.8 213 2.18 —104.2 [179]
[Cu(pba)(Ni(bispictn))](ClO4)2-2.5H,0 T =4.2-300K +3.3 2.15 2.19 -107.2 [179]
[Cu(pbaOH)(Ni(bispictn}](ClO4)2-H.0 T = 4.2-300K +2.7 213 2.15 ~102.0 [179]
Cu'-Fd"—CU' complexes,§ = 1/2, & =5/2
[Fe(acac)(Cu(Mesalen)(NO3), T = 30-300K 2.05 —63 [180]
T =4.2-30K D32, 7.2 2.08 [180]
Cu'-Cd'-Cd' complexes§ =1/2, S = 1/2 Dcu® Ocu J—t Jot
[CuzEtBz-2MeOH] T =2-300K,B =0.03T; 12 2.07 —4.4 38.6 [181] #
M(B— 25T, T =2), 4, 8, 15K
[CusBuBZ2EtOH] T =2-300K,B = 0.004,0.03T; 1.6 (3) 2.05 0 a4 [181] #
M(B— 25T, T =2), 4, 8, 15K
[CusBuNaEs2MeOH] T =2-300K,B =0.2T; 1.2 (1.3) 2.02 —-12 94 [181] #
M(B— 25T, T =2), 4, 8, 15K
[CusEtBzH,0] T =2-300K,B =0.2T; 0 2.08 -14 72 [181] #
M(B— 25T, T =2), 13K
[CusBuBzH,0] T =2-300K,B =0.2T, 0 2.06 —-11 92 [181] #

M(B — 25T, T =2), 13K

General notes: The symbol ‘# markes that a different definition of tleparameter has been applied in the original source as -h@rend/or —J constants precede the spin operators.

a §: terminal, &: central ion.

b Data set-1: perturbation theory; data set-2: variation method (matrix diagonalization).

¢ First value—from magnetization, second—from susceptibility.

ST8-/S/ (Y00Z) 82 sSMenay ANsiusyD Uo1feuipoo) /e0qg o

161



798 R. Bota/ Coordination Chemistry Reviews 248 (2004) 757-815

and this directly measures the in-plane anisotropy; the
signal is increased greatly in large magnetic fields. The
torque vanishes when the magnetic field is applied along
one of the principal directionsx(y, z) of the susceptibil-

ity tensor. The torque operator is obtained by differenti-
ating the spin Zeeman term with respect to the angular

variable
. )ied o [ Al
Fig. 23. Side view of the cantilever torquemeter. Ty =— (W) = —@ |:h 1MBQBZSi:|
B i=1
does not refer to a minimum of the adiabatic potential sur- 1 N .
face). Consequently a distortion mode removes the orbital = " “BQBZ(SI'»X cosy — §i; sind) (4.27)
degeneracy. i=1
Magnetic data which involvé®-values are collected in A combined study of¢ = A(7,[B]) andM = f(B,[T])
Table 30 is much more informative and is capable of unambigu-
ously fixing the sign of the axial ZFS parameter, even
4.3. Magnetization studies for powder samples. Such studies have recently appeared

with increasing frequency since progress in experimen-
Magnetization measurements at low temperature are ca- tal technique have offered such parallel studies in a sin-
pable of identifying the steps on the magnetization curve gle apparatus operating in different modes (SQUID- and
(seeFig. 5 which directly reflect the magnitude &f. For AC-susceptometers/magnetometers). Even better, however,
negativeD, the ground state possesses eithgr = 0 or would be (dense) three-dimensional functions= (7, B)
Mg = —1/2. With increasingB it is crossed by the state andM = f(T B).
Ms = —1 orMg = —3/2 and consequently a magnetization The analysis of the two data sets commonly proceeds
step occurs. Such experiments were done in large (pulsedas if they were independent. These combined studies have
fields, for instance, for FeS§F6H,O [182,183] Some more  become quite common fdigh-nuclearity clustersin recent
data are compiled iffable 31 years as shown iffable 32 There is a possibility to fit
In common experiments the magnetization vector is mea- all experimental scans in one run according to the scheme
sured along the direction of the applied magnetic field. There in Fig. 24 The weighted functional being optimized, for
exists an alternate version of magnetometry that records ainstance, reads
torque when the sample is exposed to the magnetic field.
The torquéf experienced by a magnetically anisotropic sub- n | _obs__ calc m obs _ pcalc
: : P izl = X ZJ:J-'MJ M
stance in a uniform magnetic field is F=w wo
(/)31 x™ (1/m) 37 | M9

T=MxB (4.25) (4.28)

In the usual configurationH{g. 23 the rotation axis of
the torquemeter is set parallel yavhile B is applied in the
xz-plane (at an anglé@ from 2). Then they-component of
the torque vector becomes expressed as

A procedure such as this has recently been publigt&d
and the result is displayed iRig. 25 The procedure can
easily be extended to any number of input streams which
can involve more scans of the magnetization (at different

Ty = BZ(xzz — Xx0)SiN® cosy (4.26) temperatures) or more scans of the susceptibility (at different

Table 31

ZFS parameters for mononuclear complexes based upon single-crystal and powder magnetization data

System Experimental Magnetic parameters (&n Reference

CS‘gV”I Clg-4H,0, S =1 B — 15T, pulsed D =+7.85,g. =1.94,9, = 1.80 [184]

(Zn:ciYTe, s =2 T =4.2K,v =20GHz, EPRD = +42.30,a =0.14,9, = 1.97,¢, = 1.99 [185]
x=0.001,T=0.6K,B — 16T Consistent magnetization steps [186]

Fe'SiFs-6H,0, S =2 B — 45T, pulsed D=+123 [182,183]

(cd:cd')s, s=312 x = 0.005,T = 30mK D =0.66,9, = 2.269 [187]

(Cd:cd")Se,S = 3/2 x = 0.005, T = 30 mk D =0.47,g. = 2.295 [188]

[Ni" (H20)6][SNClg], S=1 T=1.35,2.16, 418KB — 4T D = +0.45,g =225 [86]

[Ni" (terpyp](PFe)2, S =1 T=19K,B—> 5T D=-9K,E=0,g=2.15 [104]

[Cu(salen)Ni (hfa)], S=1 T=1.42,42K,B — 20T, powder D = +12.5,E = 0.75, %cu—pNi) = 67°, gni = 2.26, [189]

gcuz = 2.24, gcux = 2.025, Ini-cu = —236
[Ni" (ack(iz)4], S=1 T=4.2K,B — 6T, powder D = —22.34,9, = 2.181,9, = 2.175 [101]




Table 32

ZFS parameters in polynuclear complexes (clusters)

System Experimental Magnetic parameters Reference

{Mn" g-ring} cluster,S = 12 M-powder,B — 7T, T =2, 4K D =-0.12,g=1.80 [190] Y

{Mn" ;Mn"" g-cubane-ring cluster, D = -0.50 [191] (g;

S=10 3

{Mn" 4Mn" g-cubane-ring cluster, M-powder,B — 7T, T = 1.9-4.5K D =-0.63,g =1.92 [192] §

S=10 9

{Fd" 4-cubang cluster,§ = 5/2 x-powder,T = 2-300K,B = 0.1-5T; M(B — 5T), T = 2, 5K J1=0,J,=-26,J3=92D=64,g=221 [193] # S

{Fd" 4-cubang cluster,S = 5/2 x-powder, T = 2-300K,B = 0.1-5T;M(B — 5T), T = 2, 5K J; =5.2,0, =5.0,J3 = -11.2,D =4.5,g = 2.09 [193] # "g"

{Fd" 4-bis-dimeR cluster,§ =5/2  x-powder,T = 2-300K,B =0.1-5T;M(B — 5T), T =2, 5K J1 =30,J, =04,9=2.14,Dcn5 = 5.6, D,_s =45 [193] # 3

{Fd" 4-bis-dime} cluster,§ =5/2  x-powder,T = 2-300K,B = 0.1-5T;M(B — 5T), T =2, 5K Ji=-52,J; =1.6,g =2.18,D¢n5 = 6.3, D, =16 [193] # =

{Fd"g-ring} cluster,§ = 5/2 x-powder, T =2.3-280K,B=1T Jjog = —1369,9 = 2.00 [194] # %.

x-crystal, T = 2.3-280K,B =1T Jjbe = —1369, g, = 1.965,9, = 2.020,D, = —0.050,D,; = 0.055 S

M(B — 20T), T=0.7, 1.5K pulsed® — 52T, T = 1.5K b = —15.4, g = 2.00,D, = —0.050,D,; = 0.055 :gp

Crystal cantilever torque magnetometB/,— 23T, T = 0.45-4.3K Ay = 15.28 (singlet-triplet gap)P1 = 4.32,9 = -1.6°, g = 2.0 [195] :

{Fe" 1o-ring} cluster x-powder, T = 2.5-300K,B = 0.3, 0.9T,M(B — 20T), T = 0.6, J=-96,g=20 [196] # %

4.2K, pulsedB — 50T, T = 0.6K B

Crystal cantilever torque magnetometB/— 23T, T = 0.45-4.3K Ay = 4.48 (singlet-triplet gap)D1 = 2.24,90 = 7.7, 9 = 2.0 [195] * =

INi" 4 {L3nannn Jal(PFs)s, 2 x 2 x-powder,T = 1.5-250K,B =0.1t0 5.5T J=-556,9 =2.05 [104] §

grid cluster 3

x-crystal, T = 1.5-50K,B =1, 3,55T Set-1J = —5.56,9 = 2.05; Set-2.J = —5.73,D = —4.25,g, = 2.104, [104] 9

gc = 2.023 .‘53

{Ni" 4-cubang cluster x-powder, T = 2-300K,B=1T, M(B— 5T), T =2, 5K Jy = —5.96,J, =29.94,J3 =21.8,D =0.011,g = 2.23 [197] # o
{Ni"z1(cit)12} cluster x-powder, T = 2-300K D(ac) = —0.32,9 = 2.26 [198]
M-crystal, T = 140, 180 mK,B — 8T S =3 [198]

General notes: The symbol ‘# markes that a different definition of tigparameter has been applied in the original source as-hgrand/or—J constants precede the spin operators.

661
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Fig. 24. A scheme of the multifunctional fitting procedure.

magnetic fields). Obviously, other experimental techniques spectrum are capable of subtracting the magnetic parame-
could be involved such as calorimetry etc. ters.

Let us focus ourselves on determination of the zdield

4.4. Electron paramagnetic resonance splitting parameteiD on the basis of EPR spectra for a

mononuclear transition metal complex.

EPR is a spectroscopic method which measuliéfsr- For anS = 1 system (e.g. a complex of &i) with D =

ences between magnetic energy levelable 33. This is the 0 the Zeeman term causes the energy levels to be equally
principal difference from the magnetic susceptibility mea- spaced. The two allowed EPR transitions occur at the same
surements which measures the Boltzmann occupation of allenergy Fig. 26)

energy levels.

=

o O

. the nuclear quadrupole effects,
. the zere-field splitting, The inclusion of the rhombic zerdield splitting parameter

The structure of the EPR spectrum depends ypb6r43] —1<0:4AE=hv=_gusbB; (4.29)
theg—tensor anisotropy, _

the presence of the hyperfine interaction of the central 0« +1:AE=hv=gusb: (4.30)
atom nuclear spin with the electron spin (W —tensor), 54 that a single, doubly degenerate line is observed. For

- the presence of the supdryperfine interaction of the g the energy levels are modified and consequently two

ligand donor atom nuclear spins with the electron spin separate lines appear
(the AL —tensors),

. the appearance of satellites among which the forbidden—1 < 0 : AE = hv = gjugB; — |D| (4.31)

transitions may OcCcur, 0w +1:AE =hy = g||,U/BBZ + |D| (432)

7. the exchange (spispin) interactions of the magnetic £ £ 0 alters the energy levels and consequently the EPR
centers. transitions occur at
Either a manual analysis of the important points of the ) 2
spectrum or preferably computer simulations of the entire ~1o0:AE=hv=gusB: — DI+ 2g 1B B; (4.33)
4 2.0
S
22
1 _
0 T T T T T T T
0 10 20 30 40 50 60 70 80
TIK BIT

Fig. 25. Temperature dependence of the effective magnetic moment (left) and field dependence of the magnetization (right) ftz)i\li@&eperimental
data—open circles, theoretical fit—filled circles. Dashed curve—the averaged magnetization according to Brillouin functienlfor
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Fig. 26. Simulated powder X-band EPR spectrum So& 1 with D/hc = 0.1cniL,

2 The model EPR spectrum, when the magnetic field is par-
0« +1:AE=hv=ygusB; +|D| - Ze1isB. (4.34)  allel to the axis of quantization, will have a central absorp-
1785 tion band surrounded by two lines #2|D|.
The absorptions in the perpendicular direction are much  The sign of theD—parameter cannot be determined via
more intense relative to those in the parallel direction. This this simple experiment; its determination requires intensity

effect originates in the geometrical factoBd= B sinddy data collected at variable temperature. Atband, with a

where ¢ is the angle in polar coordinates that describes frequency of the microwave radiation of some 9 GHz, the ab-

deviation from thez-direction. sorption occurs at c8, = 0.34 T and the energy separation
For anS = 3/2 system (e.g. a complex of €b) with involved is approximately 0.3 cnt. At Q—band the mea-

D = 0 only one triply degenerate line is observedAdt = sured energy separation spans the order of 1'crithere-

hv = g ueB;. This corresponds to the allowed transitions fore EPR absorption cannot be observed between energy
—-3/2 <+ —1/2, -1/2 < +1/2 and+1/2 < +3/2. For levels whose splitting is large than these values. This can
D # 0, however, the energy levels in zero field are splitinto happen with non-Kramers ion$§ & 1 or 2): the zere-field

two doublets separated byp2 The addition of the Zeeman  splitting leaves a spinsinglet ground state.

term requires that the allowed transitions occur at the ener- A frequent task is comparison of ttiz (or eventuallyE)

gies: parameters obtained by magnetic measurements and by the
EPR method. The magnetochemidavalues are not re-

—3/2 —1/2: AE =hv = g usB; — 2| D| (435 spricted by the experimental method and valuesfhc =

—1/2 < +1/2 : AE = hv = g ugB; (4.36) 1 to 7Q cnt! can be determined. However, the reliable deter-
mination of values less than 1 cthsuffers from the lack of
low-temperature data. On the contrary, the EPR resonance

+1/2 <> +3/2: AE = hv = g usB; + 2| D| (4.37) is absent foD-values large enough.

Table 33

Key features of the EPR spectra

Microwave source X-band» = 9.3GHz; v = 0.31cnr?!
Q-band:v = 35GHz
W-band:v ~ 100 GHz
The microwave source is oriented perpendicular to the magnetic field
The magnetic field is swept for a constant microwave frequency

Energy levels E(Ms, M;) = nggBMg + AM; Mg
Fundamental resonance condition AE = hv = g,ugB;(AMjy)
Allowed (intense) transitions AMg =41, AM; =0

The quantization along theaxis holds true only for the parallel magnetic field; for the perpendicular
field the quantum numbeévlg is not operative. In very large fields theaxis becomes that which is
parallel to the field.

Forbidden (low-intensity) transitions AMg==+2o0r 0
Shape of the spectrum Predominantly the first derivative of the absorption curve vs. the ramping magndicidieddanned;
the absorption curve matches to a Lorenzian shape

Randomly oriented sample For polycrystalline samples a random orientation is provided by integrating the field direction over a sphere
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Table 34
EPR of zero-field splitting systems
Energy levels and allowed (intense) EPR transitiong/ = +1); Simulated powder X-band EPR spectrum witk= 9.3 GHz and allg
= 2.0023
S=1,D < hv, D/hc=0.1cm? Transition fields,B (10~ T): 1: 2248; 2: 4388; 3: 2732-2766; 4:
3785-3819
Parallel direction Perpendicular direction . .
2 ' 4
gl
g 1
5 v
& ' 2
8
2L
3
e B e B i T ] o : l : :
0.0 0.5 1.0 0.0 0.5 1.0 0 2000 4000 6000
BT BT BI(10%T)
S=1,D> hv, D/hc=05cmt Transition fieldsB (1074 T): 2: 8666; 3: 4890-4923
Parallel direction Perpendicular direction : :
+ 3
g )
K] 2
c
S
=3
St
2
0.0 0.5 1.0 0.0 0.5 1.0 0 2000 4000 6000 8000 10000
BT BT B(10*T)
S=13/2,2D < hv, D/hc =0.1cm ! Transition fields,B (1074 T): 1: 1178; 2: 3319; 3: 5458; 4: 2240-2274;
5: 3052-3086; 6: 4362—-4396,:8751-3787
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Table 34 Continued)

Energy levels and allowed (intense) EPR transitiong/s = +1); Simulated powder X-band EPR spectrum with= 9.3 GHz and allg
= 2.0023
S=2,4D < hv, D/hc = 0.05¢cnT? Transition fields B (1074 T): 1: 1713; 2: 2784; 3: (3852); 4: 4923; 5:
2540-2574; 6: 2945-2980; 7: 3471-3501; 8: 4127-41613816-3855
Parallel direction Perpendicular direction | 7
14 R . . © 56
2 r
- s 1 ‘2 3 4
£ g : rj 1L
= S 7”8
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o o L
8
<
-1 L I i
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C : .
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L i H i ; i H i H
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S=5/2, 6D < hv, D/hc = 0.05¢cnT ! Transition fields,B (1074 T): 1: 1177; 2: 2249; 3: 3319; 4: 4387; 5:

5458; 6: 2326-2358; 7: 2667-2701; 8: 3137-3171; 9: 3599-3633; 10:
4448-4482; 9 3719-3754
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S=5/2, 6D > hv, D/hc = 05cnr? Transition fields B (10-4T): 3: 3318; 6: 1250; 8: 6732
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Table 34 Continued)

Energy levels and allowed (intense) EPR transitiongd/s = +1); Simulated powder X-band EPR spectrum with= 9.3 GHz and allg
= 2.0023
L 3
Parallel direction Perpendicular direction o 6 5
g |4 J
@
- ©
£ c
2 kel
2 g
o 2
~ Q
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| — e T T S N S N A N
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Key features of the EPR spectra are modeletahle 34 lowest energy gap in a series of Co(ll) complexes with
for individual spin systems. cn = 4, 5, and 6. His tabulations are also not reproduced

Magnetic parameters derived from EPR data in high-field/ here.
high-frequency experiments, for species with relatively
large values ofD are compiled inTable 35 These data 45, Calorimetry
do not include extensive tabulations from earlier investi-
gations which can be found in EPR books, such34. Calorimetric measurements on Schottky anomalies were
Moreover, the basic source of EPR data on exchangeintroduced in Chapter 2.7. Some data which invdwealues
coupled systems is a book by Bencini and Gatteschi are reviewed imTable 36 A disadvantage of the calorimetric

[42]. Makinen et al.[228,229] utilized the spin lattice  measurements is that a large amount of the sample (several
relaxation time as a basis for the determination of the grams) is required by common apparatus.



Table 35

ZFS parameters based upon the high-field/high-frequency EPR

ystem Experimental Magnetic parameters Reference
S i I i ©m f
Cs[(Ga:V")(H20)6](SO4)2-6H,0, S =1 T =5-20K,x = 0.01, crystaly = 95, 190, 285GHzB — 12T D =4.86,g, = 1.950,g, = 1.866, [211]

deuteriated sampl®) = 4.77,9, = 1.955,g, = 1.869
[Cr' (H20)6]%* (aq) T =10K, v = 90-440GHzB — 14.5T D =-2.20,g=1.98 [216]
Mn"' (TPP)CI], cn=5, S=2 T =5, 10K, v = 109, 280, 374GHzB — 15T D =-2.29,g. = 1.98,g, = 2.005 [212]
Mn™ (P ,ch=5S= T=5K,v= —-550GHzB — 15T D =-2.31,9, =2.00,9, = 2.005 1
[Mn" (PC)CI] S=2 220-550G 2.3 2.00 2.00 [212]
IMn" (con)], cn=4,S=2 T=4.2K,v =291-544 GHzB — 15T D = —2.64,E = 0.015,9, = 2.00,g, = 2.02 [212]
Mn" (cor)py], cn=5, S= T=42K,v=97.7,277GHzB — 15T D =-278,E=0. 0, =2.00,9, =2. 1
Mn" (cor)py] S=2 2 97.7, 277G 2.78 0.030 2.00 2.02 [212]
[Mn" (tpfc)(OPPR)], cn =5, S =2 T =5, 30K, v = 285, 345GHzB — 12T D = —2.69,E = 0.030,9, = 1.980,g, = 1.994 [213]
[Mn"' (dbm)], S =2 T =4.2-30K,v = 245, 349GHzB — 12T D = —4.35E =0.26,g, = 1.97,g, = 1.99 [214]
IMn" (terpy)(Ne)2], S =2 T =5-15K,v = 190-475GHzB — 12T D = —-3.29,E = 0.48,g, = 2.010,g, = 2.000,g, = 1.980 [215]
TiOo:Mn'! crystal, T = 4.2K, v = 2-70 GHz D =-34,E=0.116,g. =1.99,g, = 2.00 [128]
[(Mg:Mn'")(pyO)](ClOg)2, S = 5/2 x = 0.005, crystaly = 9.45, 35.09 GHzT = 77, 300K D = 0.038,g = 2.002 [217]

Zn:Mn")(acac)(H20),], S=5 X = 0.005, crystaly =9.4, 35.1GHz,T =77, K D = 0.065,E =0.019,g = 1. 17
I M (acac)(H20)], S =5/2 0.00 lpy =9.4, 351G 300 0.06 0.019 98 [217]
(cd:cd")s, S =3/2 x = 0.016, crystaly = 96 GHz, T = 4.2K D = 0.64,9 = 2.269 [187]
: e,S= X = 0.004, crystaly = 9.56, 9.25GHzT = 4-35K D =0.47,9, = 2.295,9, = 2.294 1

(Cd:cd")Se,S=3/2 0.00 ly =9.56, 9.25G 3 0 2.29 2.29 [188]
[(Fe:Ni")(H20)6]SiFs, S= 1 T =1.5, 4.2K,x ~ 0.0001, crystaly = 14.0-16.5 GHz D = —3.05,E =0.17,g = 2.255 [218]
[(Zn:Ni")(H20)6]SiFs, S=1 T = 4.2-302K,x = 0.005, crystal = 12-18 GHz T=4.2:D =-0.13,g = 2.233 [219]

T=77:D =-0.19,g = 2.235

T=201:D = —0.47,g = 2.25

T =302:D = —0.64,9 = 2.26
[Ni" (H20)5]SNCk, S=1 T = 4.2-370K, X-band, crystal T=4.2:D =0.46,g, =2.26,g, = 2.19 [220]

T=77:D =0.40,g, =2.27,0, =2.17

T=195:D =0.25,9, = 2.35,g, = 2.38

T =273:D =0.25,9, = 2.33,g, = 2.35

T =298:D =0.078,9, = 2.28,9, = 2.30
[Ni" (H20)6]S04, S= 1 T = 300K, crystal D =4.85,E = 0.06,g = 2.25 [221]
[Ni" (H20)6](BrOz)2, S=1 T=42 D=-2,g=229 [222]
[Zn:Ni")(dmizpp-(0X)]ee, S= 1, zig-zag chain T =5-40K,x = 0.07, 0.09,y = 110-440 GHzB — 13T D =1.87,E =0.38,g; =2.230,09, = 2.220,g, = 2.215 [223]
[Ni" (enpu-(NO2)] o (ClOg), S = 1, chain T=42K,v=160-1042GHzB — 21T Zero-field Haldane gaps qt= 7: A, = 9.45,A, = 10.9,A, = 20.1 [224]
[Ni" (iz)6](NO3)2 D =0.88,g = 2.19 [225]
[Ni" (i2)6](ClO4)2 v =9.5, 33-35GHz D =0.46,9 =2.20 [226]
[Ni" (pz)](ClO4)2 v = 9.5, 33-35GHz D =0.07,E=0,g=2.19 [226]
[Ni"' (CH3CN)s](GaCly), v =9.5, 33-35GHz D =0.19,E=0,g=2195 [226]
[Ni" (4-Cl-pz)](ClO4)2 v =9.5, 33-35GHz D =0.26,E=0,g =2.180 [226]
[Ni"' (CH3CN)g](SbC)2 v = 9.5, 33-35GHz D =0.26,E = 0.026,g = 2.190 [226]
[Ni"' (CH3CN)6](InBr4)2 v =9.5, 33-35GHz D = 0.27,E = 0.046,g = 2.198 [226]
[Ni"' (CH3CN)g](CIO4)2 v =9.5, 33-35GHz D =0.38,E = 0.018,g = 2.195 [226]
[Ni"' (5-Me-pz)5](ClO4)2 v = 9.5, 33-35GHz D =0.40,E=0,g =2.178 [226]
[Ni" (5-Me-pz)}](BF )2 v = 9.5, 33-35GHz D =0.47,E=0,g =2.175 [226]
[Ni" (4-Me-pz)5](ClO4)2 v = 9.5, 33-35GHz D =0.51,E =0.17,g = 2.190 [226]
[Ni" (N-Me-iz)s](BF4)2 v =9.5, 33-35GHz D =0.82,E=0,g=2180 [226]
[Ni"" (N-Me-iz)](ClO4)2 v = 9.5, 33-35GHz D =0.90,E=0,g=2185 [226]
{LRnsssrCd" cu' Co" {LR nsssH] T =10K, v = 9.65GHz D =0.20,g = 2.051 [227]

(ClO4)3-2Me;CO, S = 1

ST8-/S/ (Y00Z) 82 sSMenay ANsiusyD Uo1feuipoo) /e0qg o

508
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Table 36

ZFS parameters based upon calorimetry
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System Experimental Magnetic parameters (cth) Reference
[V (urea}]Br3-3H,0, S=1 T=1-19K D =5.84 [236]
NHzV" (SQy)2-12H,0, S =1 T=13-217K D =49 [237]
Cd_,Cd',S,S=3/2 T =0.4-4K D =0.67 [238]
Cdy_,Cd',Se,S=3/2 T =0.4-4K D =0.50 [238]
Ni'"SOy-6H,0,S=1 T =1.1-20.8K D = +4.76,E = 0.28 [239]
[Ni" (H20)6][SNClg], S=1 T =0.37-4.2K D =0.45 [86]
Ni''Cl,-4H,0,S=1 T =0.85-25K D =—-7.99,E = 0.07 [87]
Ni'" (NOs)2-6H,0, S=1 T =055-11.9K D = +4.46,E =1.13 [109]
[Ni''pzCly], S=1 T =1-80K D=72 [112]
[Ni"pzBr,], S=1 T =1-80K D=54 [112]
[Ni''(enp(NCS)], S=1 T =0.3-20K Set-1D = +6.24,E = 1.13 [240]
Set-2:D = —4.81,E =2.55
[Ni"(Cp)], cn=10,S=1 T =6.8-50K INS:D = 31.6* [118]
2 INS: inelastic neutron scattering.
Table 37
ZFS parameters based upon FIR
System Experimental Magnetic parameters (cm)? Reference
Al,03:V'! T=42K,B— 55T D =825,g. =1.92,g, =1.74 [230]
[Fe' (H20)6]SiFs, S =2 T=6,20KB—> 7T D =11.78,E = 0.67 [231]
MS: D = 11.8,E = 0.85 [232]
(PPhy)2[Fe' (SPhy], cn =4,S =2 T=6,20K,B—> 7T D =598,E =142 [231]
MS: D = 7.55,E = 1.69 [233]
[Fe'"' (DP)F], S = 5/2 T=42K,B—> 5T 2D =111 [234]
[Fe"' (DP)CI], S=5/2 T=42K,B— 5T 2D =17.9 [234]
[Fe" (DP)Br], S = 5/2 T=42K B—> 5T 2D =23.6 [234]
[Fe"' (DP)I], S=5/2 T=42K,B— 5T 2D =33 [234]
[F'"' (DP)(OMe)], S = 5/2 T=42K B—> 5T 2D =93 [234]
[F€'"' (DP)(OPh)],S = 5/2 T=42K,B— 5T 2D =10.9 [234]
[F€'" (DP)(ac)], S = 5/2 T=42K B—> 5T 2D =138 [234]
[Fe" (DP)Ns], S =5/2 T=42KB—5T 2D =14.8 [234]
[Fe" (PP)CI], S = 5/2 T=42K B—> 5T 2D =13.9 [234]
[F'" (daDP)CI],S = 5/2 T=42K,B— 5T 2D =15.78 [234]
Fe" in Ferrichrome-A,S = 5/2 T=42K B — 5T D = —0.27,E/D = —0.25,g = 2.0 [235]
[F€" (S,CNRy)3], NR2 = pyrrolidyl, S = 5/2 T=42K,B— 5T D = —2.14,E/D = —0.10 [235]
[F€" (S2CNR»),2Br], NR2 = pyrrolidyl, cn =5, S = 3/2 T=42K B — 5T D = +8.17 [235]
[F€" (S,CNR»)2Cl], NR, = pyrrolidyl, cn =5, S = 3/2 T=42K,B— 5T D = +2.60 [235]
[F€" (S,CNMey),Br], cn =5, S = 3/2 T=42K B — 5T D = +7.30 [235]
[Fe" (S,CNMey)2Cl], cn =5, S = 3/2 T=42K,B—> 5T D =-2.10 [235]
[F€" (S,CNER).BI], cn = 5, S = 3/2 T=42K B — 5T D = +7.50,E/D = 0.067 [235]
[F€" (S,CNER),CI], cn =5, S=3/2 T=42K,B— 5T D=-1.93 [235]
[F€" (S,CNi-Pr2)2Cl], cn =5, S = 3/2 T=42K B — 5T D = —2.35,E/D = 0.036 [235]
[F€" (PP)F], S = 5/2 T=42K,B—> 5T D =50 [235]
[Fé" (PP)CI], S = 5/2 T=42K B — 5T D =6.95 [235]
[FE"' (PP)Ns], S=5/2 T=42K,B—> 5T D =9.10,E/D = 0.085 [235]
[F€" (DP)F], S=5/2 T=42K B — 5T D =5.55 [235]
[Fé" (DP)CI], S=5/2 T=42K B — 5T D =8.95 [235]
[F€" (DP)Br], S=5/2 T=42K B — 5T D=118 [235]
[Fe" (DP)I], S=5/2 T=42K,B— 5T D =16.4 [235]
[F€" (DP)Ns], S =5/2 T=42K B — 5T D = 7.32,E/D = 0.036 [235]
Ferrimyoglobin-HO T=42K,B— 5T D =95 [235]
Ferrimyoglobin-F T=42K,B— 5T D =5.94 [235]
Ferrihemoglobin-F T=42K,B— 5T D =6.30 [235]
[Mn"(DP)CI], S=2 T=42K,B— 5T D =-253 [235]
[Mn'""(DP)CI], S=2 T=42K,B— 5T D =-1.10 [235]
[Mn"(DP)Ng], S=2 T=42K,B— 5T D = -3.08 [235]

a8 MS: Mossbauer spectroscopy.
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— M.=+2 _ nezNov w2
- s &) = <_—23> S o= wmpm
__/ Mg = -2 hmsc — Jo=0Jp=0
-1 \ 1 N n
x 3L Sulbu)® + (an|Sylbn)®
x5 3D .
5=2 Mo + (an] S21bn) ) (sin 91 do) (4.40)
0 L — and the remaining average is over the magnetic Bl ¢)
__< in polar coordinates for a polycrystalline sample. Conse-
i_ 3 I — quently:
B —_ M.=0 1. high-frequency transitions are increased as an effatt of
N 2. the solid angle enhances transitions perpendicular to the
D>0 E>0 B field (x,y),

Fig. 27. Energy levels for ar§ = 2 system showing some infrared 3. transitions from states elevated more tikdnare sup-

transitions that could be observed. pressed an (M, .
4. all transitions are suppressed at high temperature when

The data analysis requires a subtraction of the lattice D < KT.

(Debye) part of the heat capacity. For this purpose a sim-  Thjs technique is also called “Far-Infrared Magnetic
ple polynomial function, some more advanced theoretical Resonance”. However, the magnetic field here is kept con-
model functions, or the measured line for an isomorphous, stant and the frequency of the radiation is varied. Typically
Schottky-silent (e.g. the Zn) crystal, are applied. the Fourier-transform technique combined with the Michel-
As with other techniques, the calorimetric data do not son interferometer, low-temperature (helium-cooling) unit
provide a unambiguous determination of the sign of the 5ng the high-sensitive detector (Ge bolometer) are used.

D-parameter as tested by Murakawa e{240]. There are also some limitations to the character of the
. sample (absorption yield, background transmiss[@8))].
4.6. Far infrared spectroscopy There is a considerable progress in new technique termed

_ ) ) ] the “frequency domain spectroscopy”. In fact this is the
Far infrared spectroscopy is another technique which caninfrared spectroscopy using tunable lasers in the magnetic
be used to measure the energy gathe zero-field splitting  fie|d; with the constant frequency and sweep field, however,
parameteD, directly. In order to identifymagnetic dipole it could be considered as a terra-hertz electron spin reso-

transitions, the magnetic field (up to several T) is applied: pance. This technique allows a direct determination of the
the Zeeman effect modifies the energy levels and systemat-zgg gap[263-266]

ically alters the allowed transitions\M = +1 (Fig. 27).
Experimental data are collectediable 37 A key reference 47 |nelastic neutron scattering
to this technique, which involves transition probabilities, is

Brackett et al[235]. Thermal neutrons provided by nuclear reactors can be ex-
The absorption coefficient (the power absorbed per unit pjoited for inelastic neutron scattering—INS. (Due to the
length) between the initial electronic staig) and the final  |arge incoherent scattering contribution'sf, undeuteriated
state|b,) may be written samples are not well suited for the study of magnetic ex-
422N citations.by therma! neutrons.) Th'e magnetic moment of a
oy (V) = < — 30) (0 — V)| {anlk x 7 - S|bn)|? neutron interacts Wlth_t_he r_nggnetlc momenF of an _electron
msc and the electron transition is induced. The differential cross

(4.38) section of a transitionS) — |S’) in an INS experiment is

where No—the concentration of paramagnetic ions-a o ye 271 _\2 Kout .
line-shape functionk—unit vector in the direction of propa- = 5 | 59F(Q) | ——exp[-2W(Q)]
T . . ) . o d2dw meC 2 kin
gation,7—unit vector in the direction of electric field polar-
ization, v,—the frequency corresponding to the difference 5 —E;
of the eigenvalues of the initial and final states. The temper- x| D 1-020%) exp(W>
ature average is a=x,y,2 A
a(v) = Xn:"‘”(”) Pa(D (4.39) X (MSaln)28(hew + Es — Eyr) (4.41)

where P, (T)—is the difference in the thermal population of B
the two states. For unpolarized radiation the averagemver with Q—the scattering vectokj, andkyy: the wavevectors
andk is done analytically of the incoming and outgoing neutrons, respectively-
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paramagnetic particle because of collisions with surround-
ing solvent molecules.
Mg=+1,-1,

4.9. Magnetic circular dichroism

Intensity

Circular dischroism (CD) spectra show a difference be-
tween absorption of the left (L) and right (R) circularly po-
-0 larized light, Ae = ¢; — ¢g, during the electron excitation.

o The molar extinction coefficientse ([cm~—1mol~1 dm?])
Energy transfer, AE are obtained from absorbancé)( molar concentration

_ 3 .
Fig. 28. Allowed energy gain (A) and energy loss’')Aransitions for (C [m0|dm ]) and the path Iengthl ([Cm]) as usual:

the S = 1 system in the zero magnetic field (left) and a hypothetical {cl(logle) = ecl = log(lo/D) = A. (Right circularly polar-
neutron-energy loss and gain spectrum (right). ized light (RCP) corresponds to light propagating towards

an observer with its electric vector rotating in a clockwise
—1.913 is the gyromagnetic ratio of the neutron (the neu- direction; left circularly polarized light (LCP)—in an anti-
tron magnetic moment in units of the nuclear magneton); clockwise direction.) The CD feature is natural for chiral
g—the Landé factor)) and k')—the initial and final elec-  centers in the absence of a magnetic field.

tronic states with energids, andE;; exp[—ZW(Q)] is the Magnetic circular dichroism (MCD) involves a longitudi-
Debye-Waller factorF(Q)—the magnetic form factor. The  nal magnetic field (applied parallel to the direction of prop-
allowed transitions are restricted toM = 0, +1 (Fig. 29. agation of the CP light). The selection rules for allowed

There is an analogy between the INS and Raman transitions areAM = —1 for RCP andAM = +1 for LCP
spectroscopy (inelastic photon scattering): the neutron is (Fig. 29. Such transitions occur for any substance having
scattered at a higher or lower energy than that of the energy levels split by the magnetic field. There are a num-
incident (monochromated) beam. The INS discriminates ber of key references to MC[243-247] A consistent con-
unambiguously between transitions of vibrational and vention is also of great importance as discussed elsewhere
magnetic origin: for magnetic excitations, with increasing [245].

modulus of the scattering vectap the intensity of the The profile of the MCD spectrum depends upon temper-
scattered neutrons decreases E&Q). The INS offers ature and applied magnetic field. The usual presentation is
an unique information that is the energy functid@itk). the function[245]

M g —¢ lo €N N,

Mottty (000 X o) ot oY o)

E E 1000 hcn 7 (4.42)

The usual record is represented bws. AE functions . . ) ]

Unfortunately, several grams of the (deuteriated) sampIeE = hv—energy of the IlghtI(E)—absorptlon bandshape

adopt their usual meaning. The d|fference in the number of
molecules between the ground and excited sthte and

Ny, per cn?) collapses tdN; since at room temperature and
below N; ~ exp[-(E; — E;)/KT] =~ 0. The electric dipole
operators in electric dipole transitions are defined with the
convention

4.8. Nuclear magnetic relaxation dispersion

The magnetic moment associated with the unpaired elec-
trons of a paramagnetic particle interacts strongly with
the nuclear magnetic moments through the hyperfine in-
teraction. In solution this interaction provides a highly
efficient relaxation mechanism for nuclear spins leading to m41 =
a paramagnetic relaxation enhancement (PRE)[261,262] V2
In the nuclear magnetic relaxation dispersion (NMRD) the
PRE is studied as a function of the magnetic field using Where
an NMR apparatus equipped with a relaxometer. The nu-
clear spin—lattice relaxation rate of ligand nuclei bound 7 (itx, fiy, ;) = Zeﬁk(xv ¥, 2) (4.44)
to the paramagnetic site depends analytically upon several k
contributions[241,242] These also involve thstatic ZFS
interaction which represents an average over fast processes Under certain approximations (Born-Oppenheimer ap-
(like vibrations, collisions). Additionally, theransient ZFS proximation, Franck-Condon principle, rigid-shift approxi-
interaction contributes; it originates in the distortion of the Mation) three contributing termsi( B, C) appear

Ny £ imy R
FlnaLimy) o (4.43)
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Mg =+1/2 — M=+
Ms=_1/2 — M3=O MS=0
Mg =1
LcP RCP LCP RCP LcP RCP
Mg =+1
—] Mg =+1/2 Mg=0 — Ms _+
Mg=-1/2 _ s=
Mg = -1
Fig. 29. Examples of the MCD transitions.
AA lgNAn3a2 loge Another form of the basic MCD equation reg@<9]
—=Cl—————uB~B
E 1000ncn 1B A K Z A
- E=—co——————— ) SijkAx
~ f(E) - C > exp(—E/KT) =
Al ——— B E 4.45 Lk
x|:(8E +(B+z) i | @) i
. X Im[{I|m;|J){(J I)]lex E
The three MCD terms depend upon the electronic and ZZ [(Flril 1) (11 1) p( >f”( )
magnetic structure of the system under investigation. For (4.50)

the electronic transition from thieth electronic state (with
i-th componente when degenerate) to the excited statewhereK contains all the constants;; is the Levi-Civita
J (with the componentg) the transition energy equals antisymmetric tensorefy, = eyx = sy = 1, eyxz = zx =

E\i-.5 = Ej—E; and the three MCD terms are expressed as exy = —1, and zero otherwise). The band-shape function

follows can be expanded into a Taylor series where only the linear

~ 1 terms are kept. The directional parameters (in polar coor-
A=+d—Z[|Ii<|ﬁ1_1|Jj)|2 — |Ii(|ﬁ1+1|Jj)|2] dinates)A, = sin®¥ cosp, Ay = sind sing, Az = cosd

Y relate the orientation of the magnetic field relative to the

x [(Jjliz1Jj) — (Ll 1)] (4.46) molecule-fixed coordinate system. A thermal and orienta-

tional average of any quantity is given by integration

~ 2 N A
B=+TRe)  § ) [Wilin-1lJ)) (Kelivaall) (O = /ﬁ 0/_ Z (1041

v o EL /KD
~ exXp(—Ly .
. N (Jjliz| Ki) ——— " Axsinvdod 4,51
- <1i|m+l|Jj)(Kk|M—1|Ii)]ﬁ . [0) x v ( )
k=57 with E
+ 3 ULlmalJ) (Il K 0— Zexp<—_1> (4.52)
Ky#1 7 kT
A . (Kil | I) The theory of MCD intensities is an active research area
—<1i|m+1|~’j)(~’j|m—1|Kk>]ﬁ (447)  as documented by many recent, important contributions
[248-250] One of the simplest approaches applied to the
ZFS systems utilizes the equation
C= ——Zu Ll _a|J )2 = [Tl a | T3) P e 1) AAZ% (4.53)
iJ
(4.48) with the fractional populations of the components
Here, d,—degeneracy of the ground state (number of the p; = d (4.54)
components), [K¢) is another electronic state not involved dy + da exp(—A/KT)
in the transition but being mixed either with the ground or do (4.55)

the excited state in the magnetic field. The magnetic pertur- /2 = di + dp exp(— A /KT)
bation is given by the Zeeman term which is exhibited by a

magnetoactive (paramagnetic) particle For the§ = 1 systemiy = 1,d, = 2, A = D; for the

o A . S =3/2:d1 = 2,d, = 2, andA = 2D. Some data are
H = [i;B= pugh (L, +25;)B (4.49)  collected inTable 38
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Table 38
ZFS parameters based upon MCD
Systen? Experimental Magnetic parameters (chP Reference
[Mn4"Y Mng" O12(ache], S= 10 T=42K,B=5T, =555 475nm D =-042 [253]
[F€' (H20)6]SiFs, S =2 T=16-40K,B=7T, » =550nm D = 11.9,E = 0.67 (fixed) [254]
(NH3)2[F€" (H20)6](SOs)2, S =2 T=16-12K,B=6T,» =1000nm § =8.3,9, = 8.6, Ay = —250, V| = 150 [255]
[F¢!'(TMC)BIBr, S=2 T=16-12K,B=6T, » = 900nm 8§ =1.33,9, = 9.01, A, = —2000, V| =600 [255]
Fe' in superoxide-dismutase, ea5, S=2 T=16-12K,B=6T, . =950nm § =2.9,0, =8.78,A4 = —1200, V| = 648 [255]
Fe' in soybean lipoxygenas& = 2 T=16-12K,B=6T, » =900nm § =7.24,9, =8.20, A5 = —450, V| =270  [255]
Fe' in SLO-1, cn=5,S=2 T=16-35K,B=6T,1 =1786nm §=7,0, =9, Ay = +700, V| =270 [256]
Fe' in SLO-1, cn=6,S=2 T=16-35K,B=6T,» =1163nm § =9.6,0. = 10.5, Ay = +450, V| = 150 [256]
Fe' in 15-RLO, cn=5,S=2 T=16-35K,B=6T,1 =1163nm § =4.4,9, =9.0, A, = —500, V| = 270 [256]
Fe' in 15-HLO, cn=5,S=2 T=16-35K,B=6T,» =1163nm 8§ =4,9, =9, Ay = —500, V| = 270 [256]
Fe', in deoxy-Ns—-hemerythrin,§ = 2 T=17-49K,B=6T, 1 = 940nm J>1,D; =-3,Dp =-3 [257#
J>1,D; =-7,Dp =47
Fe', in deoxy-OCN -hemerythrin,§ = 2 T=17-49K,B=6T,» =1040nm J>1,D; =+45,D, =45 [257#
J>1,D; = -13,D; = +10
Cd' in Co(c)Zn(n)-HLADH2 cn=4,S=3/2 T=15-300K,B=5T,» =662nm A =33,g, =6.6,g, =1.9 [258]
Ccd' in Co(c)Zn(n)-HLADH/NAD*/pyrazole, T =1.5-300K,B =5T, » = 674nm A =-56,¢9, =7.1,0, =0.3 [258]
chn=4,S=3/2
Cd" in Zn(c)Co(n)-HLADH, cn=4,S=3/2 T =15-300K.B=5T,» =733nm A =7,¢, =22,0, =4.6 [258]
(PhyP)R[Ni"'(SPh)], cn = 4,S =1 T=42-293KB=45T,» =664nm D =443 [259]
Ni'" in rubredoxin, cn=4,S=1 T=4.2-293K,B=45T,» =664nm D =555 [259]
Ni'" in Me-CoM-reductaseS = 1 T=1.6-98K,B=45T,» =420nm D =89 [260]

a8 HLADH = horse liver alcohol dehydrogenase; LO-lipoxygenase; 15-Ri @bbit reticulocyte; 15-HLO= mammalian 15-LO human recombinant.
b Axial crystal-field splitting for § systems:A, = E(®Byg — 5Eg); [V|—rhombic CF splittings—rhombic ZFS splitting; overall ZFS for’dsystems:
= |2D(1+ 3E2/D?»)1/2|.

A unique feature of the MCD experiment is that only a the magnetic energy levels for a given fieki(B). When
small concentration of the substance is required. This allowsthe energy levels can be taken in an analytic fom= 1
bioinorganic studies of enzymes which are difficult to obtain or 3/2), the partition functioZ(B) can be treated by means
in larger amounts. the apparatus of the statistical thermodynamics and then the

There are two extensive tabulations DEparameters  magnetic functions (magnetization, magnetic susceptibility,
derived from MCD data but not reproduced here. First, heat capacity) can be obtained in the form of closed for-
Solomon et al. [p51], p. 3957) presented data for'Fe  mulae. Otherwise the second-order perturbation theory in
distorted complexes spanning theem, 5, and 6. conjunction with the van Vleck equation brings a set of ap-

Analogously, Larrabee et al[252], p. 4186) collected  proximate, but closed formulae for the magnetic functions.
data for a number of Codistorted complexes, spanning the Numerical diagonalization in the space spanned by the spin
cn =4 and 5. These cover metalloproteins as well as model functions is no longer a problem so that the eigenvalues,
compounds. partition function, and its derivatives leading to the mag-

netic functions is an easy task for computers. When desired,

also the biquadratic spin—spin interaction can be involved.
5. Conclusions The spin-Hamiltonian approach offers a powerful appa-

ratus for analysis of experimental data as generated by dif-

The ZFS originates in a fine structure of the lowest ferent experimental techniques: the magnetic susceptibil-
crystal-field multiplets: the electronic states in the given ity and magnetization measurements, the EPR, calorimetry,
symmetry point group (the crystal-field terms) are further far-infrared spectroscopy, circular magnetic dichroism, and
split owing to the spin—orbit interaction so that a small some other experimental methods. The majority of experi-
energy gap appears above the ground state. mental data published so far are interpreted in terms of the

The spin-Hamiltonian approach abstracts from the orbital spin-Hamiltonian formalism: the magnetic parameters of in-
part of the wave functions and utilizes only the spin kets terest ., 9y, 9;, D, E, and x7ip) are taken as “constants”
IS, Ms). In the space spanned by the spin functions, the of the system under study. Nevertheless, such characteris-
bilinear spin—spin interaction operatéf— = E‘z[D(S2 tics are model-dependent. Moreover, the spin-Hamiltonian
52/3) + E(S2 52)] leads to the intreaction matrix which ~ formalism is of a little help when there is the first-order an-

after d|agonal|zat|on yields the zero-field energy levels. The gular momentum present in the ground electronic state (like
energy gafD dictates regularity in evolution of the remain- octahedral and tetrahedral T- terms).

ing energy levels of the same spin mamfold (o 3/2). The spin-Hamiltonian formalism involves the-tensor,

On including the spin-Zeeman termz =Y uBgaBaS, and evaluation of its components brings simple formulae
the diagonalization of the spin- “Hamiltonian matrix yields in which the magnetic parameters are functions of the
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Table 39
Range ofD-values (cnmt) as detected by susceptibility measurements for hexacoordinate mononuclear complexes

System Compressed bipyramid Octahedron Elongated bipyramid Minimum Maximum % (cm™1)
vt s=1 3A2g, ZFS case 3Tq 3Ey +3.7 +8.0 +105
cri', s=3/2 4B1g, ZFS case 4PAog, ZFS case 4B1g, ZFS case +0.2 +1.0 +92
M, S =2 5A1q, ZFS case 5 5B1g, ZFS case -3.0 +3.1 +89
Fé', s=5/2 6A1q, ZFS case 6A14, ZFS case A1, ZFS case -21 +7.2 & = 460
Mn', S =5/2 A1g, ZFS case 6A14, ZFS case 6A1g, ZFS case +0.2 & =300
Fd',S=2 5 5Tog 5Bag, ZFS case -5 +12 -100
cd', s=312 4PAzg, ZFS case Tig =" +25 +83 -172
Ni", S=1 3B1g, ZFS case 3Azq, ZFS case 3B1g, ZFS case —22.3 +9.5 —-315

spin—orbit splitting parameter = +£/2S for a given term

formity with decrease of2. In the last example of Re(1V),

and the lowest excitation energies to terms bearing compo-which is isoelectronic with Cr(lll), the enhancement)df
nents of the angular momentum. This concept has been exreflects into a tremendous increase of thparameter. Such
tended to involve different orbital reduction factoks (i y, type of calculations will be a subject of the different presen-
k). As seen fromTable 39 the values of thé-parameter  tation.
correlate with the magnitude of. In a regular octahedral With binuclear and polynuclear complexes the situation
geometry theD-parameter should vanish but the crystal isless transparent. The experimental data are exclusively in-
structure counterparts usually bring some perturbation of terpreted in terms of the spin-Hamiltonian that involves the
the regular geometry. isotropic exchangel g constants) and the local anisotropy
No doubt that beyond the Spin-HamiItonian formalism is parameters I:QA) The pair-wise contributiorD45 to the
the calculation of the zero-field or magnetic energy levels in D-tensor is, as a rule, omitted. Its effect, however, could be
a complete &-space spanned, for example, by the basis set of a5 substantial as the contribution of the local anisotropy pa-
atomic terms. (Equivalently, the basis set of the crystal-field rameters. No a reasonable correlation of Mparameter
terms, atomic multiplets, or the crystal-field multiplets can values has been published so far. Moreover, the limits of the
be applied when all the relevant operators, i.e. the interelec-strong-exchange approach are often overlooked.
tron repulsion, the crystal-field potential, and the spin—orbit  As pointed out at individual experimental techniques, each
coupling, are considered. These basis sets are interrelate@f them has certain limitations and no one can be declared
through a unitary transformation that leaves the eigenvaluesas a best tool in determining th@-values. The suscep-
invariant.)Fig. 30shows such a modeling of tileparameter  tometry and calorimetry can determine larger value®pf
for Ni(ll), Cr(1ll) and Re(IV) systems. The first case of Ni(ll)  otherwise very low temperatures are required. Commercial
shows sizable values of tHe-parameter on the axial dis-  X-band EPR spectrometers are limited to small value3;of
tortion of the octahedron. With strong axial and weak equa- otherwise high-frequency/high-field experiments are neces-
torial crystal field the spin-Hamiltonian predicts a value of sary. Far-infrared spectroscopy, inelastic neutron scattering
aboutD/hc = —37 cnm ! (dark surface) but the exact multi-  put also calorimetry require a massive sample and MCD is
plet splitting is only—30 cnt ! (white surface). This shows  restricted to transparent (no black) samples. Therefore all

limits of the spin-Hamiltonian formalism. In the second case these technigues could be viewed as complementary one to
of Cr(lll) the predictedD-values are much lowered in con- the other.

Kl
-1

(DI he)em
(Dlhe)lem
(D/hc)lem

18000

6000 o (3
4000 e

Fig. 30. Calculated>-parameters for Ni(ll)—left, Cr(lll)—centre, and Re(IV)—right systems at different tetragonal crystal fields. Two datsatdies
refer to the spin-Hamiltonian approach (dark) and the exact multiplet splitting (white).
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