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We report magnetic and magnetic circular dichroism investigations of a hinuclear Co(ll) compound. The Hamiltonian
of the system involves an isotropic exchange interaction dealing with the real spins of cobalt(ll) ions, spin—orhit
coupling, and a low-symmetry crystal field acting within the T4 ground manifold of each cobalt ion. It is shown that
spin—orbit coupling between this ground term and the low-lying excited ones can be taken into consideration as an
effective g factor in the Zeeman part of the Hamiltonian. The value of this g factor is estimated for the averaged
experimental values of Racah and cubic ligand field parameters for high-spin cobalt(ll). The treatment of the
Hamiltonian is performed with the use of a irreducible tensor operator technique. The results of the calculation are
in good agreement with experimental observations. Both a large effective g factor for the ground state and a large
temperature-independent part of the magnetic susceptibility arise because of a strong orbital contribution to the

magnetic behavior of the Co(ll) dimer.

I. Introduction From a theoretical point of view, the most interesting but
complicated situation is in the case of the interaction of two
Metallohydrolases with peptidase or phosphoesteraseco(il) ions in octahedral surroundings. THe, ground state
activity are of considerable interest to bioinorganic chemists js orbitally degenerate. This orbital degeneracy leads to
because of their essential role in living organisms. Most of highly anisotropic interactions, and the effective exchange
the well-studied examples contain a single metal ion that is Hamiltonian contains not only spin operators but also orbital

involved in the enzymatic reaction. However, the number ones® In general, the isotropic HeisenberBirac—Van

of binuclear metallohydrolases is growing rapidly. The Vleck (HDVV) model should be improved by taking into
common structural feature of these metallohydrolases is aaccount special forms of orbitally dependent exchange
dinuclear metal active site featuring zZn(ll), Ni(ll), Co(ll), interactions:” Recently, Tsukerblat et &presented magnetic
or Mn(ll). The possibility that these metalloenzymes can be investigations of a trinuclear irercobalt complex. Following
used in different therapeutic applications has led to growing the idea of Lines these authors neglected orbitally dependent
interest in the characterization and modeling as well as theterms of the exchange interaction between Co(ll) and Fe(lll)
theoretical descriptions of such compounds. ions and took into consideration only the isotropic exchange
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Magneto-Optical Behaior of a Binuclear Cobalt(ll) Complex

between real spins. The orbital degeneracy of high-spin
cobalt was taken into account by the inclusion of the orbital
momentum of the*T,4 term and the spinorbit coupling
within this term. The importance of the orbital contribution
to the magnetic behavior was demonstrated.

In this Article, we report the magnetic and magnetic
circular dichroism investigations of a Co(ll) dimeric com-
pound. The approach proposed in ref 8 is modified by taking
into consideration the spirorbit coupling between th#l 4
ground term and the low-lying excited ones. The proposed
model is applied to the study of the [gn-OAc)s(urea)-
(tmen}][OTf] complex. The obtained results clearly dem-
onstrate a strong orbital contribution to the magnetic

properties of the investigated compound.
Figure 1. Molecular structure of [Cgu-OAc)s(urea)(tmem)[OTH].

II. Experimental Section from the molecular coordinate system to the local ones is

Magnetic Measurements. The magnetic susceptibility of a given by A(i) matrixes

polycrystalline sample was recorde_d using a computer-controlled cosp,cosy, —cosf;siny, sinp,
Faraday-type balance Cahn D-200 in a temperature range of 4.5 A(l) = siny; cosy, 0 @
300 K at the applied field of 0.5 T. The susceptibility data were —sinlﬁ- cos Sinﬁ-lsin  cosp
corrected for diamagnetic contributions as deduced with the use of 1 COSY 1S :

Pascal's constant tables. wherep; andy; are the Euler angles.
MCD Measurements. MCD spectra were measured using a  The Hamiltonian of the investigated Co dimer can be
JASCO J-810 spectropolarimeter, interfaced with an Oxford instru- ritten as
ments cryostat Spectromag SM 4000-9T equipped with a split-coil
superconducting magnet. The measurements were performed in the H=Hgo+H,+H,+ Hy (2)

selected temperature range of20 K and the selected wavelength ) ) o )
range of 375625 nm. The sample was mixed with Nujol and The first part in eq 2 represents the sporbit coupling.

placed between two thin quartz plates in a copper sample holder The ground state of Co(ll) is orbitally degenerafg triplet

that was screwed to the lower end of the sample probe. Thein @ cubic crystal field). Focusing on tH&:4 ground state

temperature was regulated by adjusting the helium gas flow rate only (it corresponds to the assumption that the ligand field

from the main bath through the heat exchanger and by using two is strong enough), we can describe Co(ll) as an ion with the

pairs of heaters and thermometers mounted at the heat exchangegpin valueS= %/, and the fictitious angular momentum=

and at the sample probe located near the sample. The accuracy ofl. The spir-orbit interaction within the’Ty4 triplet can be

the temperature control was better than 0.3 K. The cryostat windows written as follows

and the sample holder were checked to make sure that they were 3

gztsgcl:\(/)lnsg out MCD signals. Data acqwsmor.w was achieved using Hlso: — é’dSLi (i=1,2) (3)
pectra manager software. The obtained MCD spectra were

corrected by subtracting the small zero-field MCD signal. wherex is the orbital reduction factor anil is the spin-

orbit coupling parameter170 cn?) for a free Co(ll) ion.
The factor=%/, appears because the matrix elementd. of

The crystal structure of the investigated Co(ll) dimer is Within the “Ty4 states are exactly the same as the matrix

shown in Figure 1. Each cobalt ion is octahedral coordinated, €l€ments of—3L/2 within the p basis. It should also be

but the site symmetry is lower because of some distortions Mentioned tha': thhe orb|t:|a| red”?t'ﬁn fag’:rtal;ez m;o
in the surroundings. One can see that this symmetBrxis account not only the covalence of the cobdigand bonds

at best. The loca, axes { = 1, 2) are chosen to be parallel but also the mixture of botfir 14 states (originating fromF

B ) . X
to the O1-07 direction for Col and the G205 direction and °P). Neglecting the covalence, we find thatvaries

for Co2. The local; axis is parallel to the bisector of the be_f_vk\:teee:eio(rvl\:je?;z]eli?‘ lglt)zargé;iézggg g;ﬂzldlol\l/vn-“sty)/.mmetry
N1-Col—N2 angle, whereas the axis is parallel to the

. i noncubic) crystal field that takes into account the distortions
bisector of the N3-Co2—N4 angle. The loca); axis for each ( ) cry

S ) ! of the local surrounding. Combined with the spiorbit
Co ion is perpendicular to the correspondiag plane. interaction, this field gives rise to a strong magnetic

All calculations are performed in the molecular coordinate anisotropy of each Co(ll) and thus to the entire complex. In
system XY2), which is as follows: The axis is parallelto  general, the crystal field operator can be written in the
the bisector of the angle between the logahxes, theX following form
axis lies in the plane of the localz, axes, and th& axis is _
perpendicular to th&Z plane. The unitary transformation He =LDiL; 4)

I1l. Model

Inorganic Chemistry, Vol. 45, No. 2, 2006 689



where theD; tensor describes the splitting of thi€;q term
in the local crystal field. We suppose that for both Co ions
the local axes coincide with the main axes of y@ensors
and so in the local coordinate systems these tensors are

1

~3A+E O 0
D=0 - %Ai —E 0 (5)
0 0 %Ai

whereA; andE; ate the axial and rhombic parameterdpf
tensor. In the following consideration, we assume that for

Ostrovsky et al.

_Eg(Hu)

o ) u=XY,2

9)

whereEy represents the energy levels of the system in the
external magnetic field. In eq % andkg are Avogadro’s
number and the Boltzmann constant, respectively. The
powder average magnetic susceptibility is calculated as

A= NkBTa—(In > exp{

2
oH\ g

1
Xav = é(XX + Xy + XZ) (10)

both Co ions these parameters are equal and thus thdV. Analysis

subscripti is omitted. To obtain the low-symmetry part of
the crystal field in the molecular coordinate system, the
unitary transformation should be performed.
D" = A™(i)DA() (®)
where theA(i) matrixes are given by eq 1.
The third term in the Hamiltonian (eq 2) represents the

magnetic exchange between two cobalt ions. As long as the
ground state of Co(ll) is orbitally degenerate, the exchange

interaction should contain, in general, both orbital and spin
contributions. However, following the idea of Lin&sye

assume that the exchange coupling between cobalt centers

contains only an isotropic part operating with the real spins
—275:S, )

where 7is the isotropic exchange parameter &d= S =
3/,

Hex

Magnetic Data. In this section, the model described above
is applied to the explanation of the magnetic behavior of
the [Co(u-OAc)s(urea)(tmemny[OTf] complex. Detailed
crystallographic data can be found elsewhéfé€The Euler
angles required for our calculations gle = 15.6°, y; =
—21.9, f,= —15.6", andy, = 9.3. The magnetic properties
of the investigated complex are shown in Figure 2. The best-
fit parameters are listed in the Figure caption. The experi-
mental curve is in good agreement with the calculated one.
The value of the exchange parameter indicates a ferromag-
netic exchange interaction between the cobalt ions.

To understand the magnetic behavior of the investigated
dimer, we analyzed the low-lying energy levels of the cluster.
In the first stage of this analysis, the distortion from the
octahedral surroundings was neglected. Figure 3 shows the
calculated energy pattern, including levels up to 400%tm
The ferromagnetic exchange interaction between cobalt spins
results in thel = 1 ground state. This ground state possesses

The last term in eq 2 is the Zeeman interaction. It consists an effectiveg factor of about 4.73. This large value gfis

of both spin and orbital contributions and is written as follows

i 3
Hoe = B(0oS — 5L H ®)
where  is the Bohr magneton and, = 2.0023 is the
electronic Landdactor. In eq 8, the spinorbit interaction
between the*T;4 ground state and any excited states is

neglected. We show in the Appendix that after accounting

for this interaction they, value in eq 8 should be replaced
by go + Ag where Ag depends on the Racah and cubic
crystal field parameters as well as on the one-electron-spin

a result of the strong orbital contribution to the magnetic
behavior of the cobalt dimer. There exists also a strong
mixture of this ground state with the excited ones, possessing
the same value of total angular momentdnThis mixture
results in the strong temperature-independent part of the
magnetic susceptibility. Expanding the energy of the ground
manifold as powers of the external magnetic field

Eo=EY + ESPH 4+ EPH* + ... (11)

the second-order Zeeman coefficidiff) = —1.18 x 102

orbit coupling constant. For the averaged values of thesecm ' T2 is obtained. The temperature-independent part of

parameters for the high-spin Co(ll) ioAg is about 0.12.

As one can see, this value is small but not negligible. The

accounting of the low-symmetry crystal field results in the
anisotropy of theAg value. However, if the distortion from

the magnetic susceptibility can be calculated by

Zmp = —2NEY 12)

the octahedral surrounding is not too strong, then this FOr the investigated complex, one obtains a very Igfge

anisotropy can be neglected.
All matrix elements of the general Hamiltonian (egs®

of about 2.8x 1072 cm® mol*. Because the value of the
spin—orbit coupling parameter significantly exceeds the

can be calculated with the use of an irreducible tensor €xchange coupling parameter, this TIP appears mainly

operator techniqu¥:' The principal values of the magnetic
susceptibility are computed from the usual expression

(10) Varshalovich, D. A.; Moskalev, A. N.; Khersonskii, V. IQuantum
Theory of Angular Momentumjorld Scientific: Singapore, 1988.

(11) Tsukerblat, B. SGroup Theory in Chemistry and Spectroscopy;
Academic Press: London, 1994.
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because of the spirorbit interaction.
The magnetic behavior of the cobalt dimer is explained
by the interplay of two processes: the thermal population

(12) Brown, D. A.; Errington, W.; Glass, W. K.; Haase, W.; Kemp, T. J.;
Nimir, H.; Ostrovsky, S. M.; Werner, Rnorg. Chem2001, 40, 5662.
(13) Werner, R. Ph.D. Thesis, Darmstadt University of Technology, 2000.



Magneto-Optical Behaior of a Binuclear Cobalt(Il) Complex

8,5 4 components, with the sublevel witid; = 0 being low in
8.0 1 energy. As a result, the low-temperature value of the effective
75 ] T magnetic moment slightly decreases.
2 0] It should be mentioned that the values af and E
5 parameters obtained from the fitting procedure look rather
6.5 1 small for the system with different atoms in the first
6,0 - coordination sphere. However, if distortion from the octa-
S hedral surroundings is strong enough, then the orbital
0 50 100 150 200 250 300 350 momentum disappears and each Co(ll) ion can be treated as
Temperature (K) spin S = ¥, with strong magnetic anisotropy. All attempts
Figure 2. ~Effective magnetic moment for [Gi-OAc)y(urea)(tmeny- to explain the magnetic properties of the investigated
[:o gﬂ;yzhisggdcﬁgf’ fﬁé?e:ntfottﬂ’fg fit obtained for 18.0 e, « compound using this spin-only model failed. Consequently,
one can expect that distortion from the octahedral surround-
J & ings is small. In the next subsection, we show that the
400 4 | 0.88 analysis of MCD data confirms the obtained values of key
as0l 1 0.53 parameters of the system.
a0l o 248 Magnetic Circular Dichroism Investigations. A general
_ — formula for the analysis of MCD spectra requires the
"g %01 2 204 calculation of the difference between molar extinction
> 200- coefficients for the left and right circularly polarized light
5 T : Ae = €. — er. It can be written a4
S 150 g MJE
100 —2 6] £1 Ae(6, ¢) =
50 - i 3 1 i K _Eg
11 A7 ol - E;GijkAzk;Im{ [g|m|elle/m|gld ex G (13)

Figure 3. Energy scheme (low-lying levels) of a binuclear cobalt(ll)
complex for7=18.0 cnT?, ¥ = 0.7, andA = 0. In the inset, the splitting In eq 13g ande represent any ground and excited statgs,

of the lowest triplet a\ = 80 cnt* andE = 10 cnt! is presented. . . . L
is the 3D antisymmetric LeviCivita tensorm,, m,, andm,

of the excited levels that are less magnetic than the ground@reé the components of a molecule fixed transition dipole
one and the strong temperature-independent part of theOPeratorAz; = sin 6 cosg, A,y = sin 6 sin ¢, A;; = cosf
magnetic susceptibility. With the temperature increase, the (¢ andg describe the orientation of the magnetic field with
former process leads to the decrease of the effective magneti¢espect to the molecule-fixed coordinate systek)is a
moment whereas the latter one results in the increase of theconstant that depends on the substance under examination,
effective magnetic moment. When the temperature is low andQ is a partition function.

enough and the thermal population of the excited levels is |4 the complex under investigation, the= 1 ground state
small, the latter process dominates, and the effective magnetigg \y | separated from the excited ones (Figure 3). At low

momlenF mcrfeahsesl. Atl somhe Va“fle of Itemp(ta)rature, the enough temperatures, only these three levels are thermally
population of the levels with smalleg values becomes accessible, and the contribution of other levels to the MCD

significant, and further temperature growth leads to the _. )
: . signal can be neglected. Each of these three low-lying levels
decrease of the effective magnetic moment. :
can be written as

The energy pattern presented in Figure 3 differs signifi-
cantly from the patterns that can be obtained from the HDVV
model § =0, 1, 2, 3 or 3, 2, 1, O for antiferromagnetic or logt= ZCMJU =1L M= ECWMD (14)
ferromagnetic exchange, respectively). In the framework of J
the present approach, we deal with four angular momenta
(two spins and two orbital momenta), coupled by the Where theCy coefficients ¥ = 0, 1) depend or, ¢, and
exchange and SO interactions. The order of levels in Figurethe value of the external magnetic fiettl Substituting eq
3 is the result of this coupling and is determined by the 14 into eq 13, one obtains
interplay between the mentioned interactions.

Now we consider the effect of a small, low-symmetry (14) Oganesyan, V. S.; George, S. J.; Cheesman, M. R.; ThomsonJ A. J.
crystal field., Beca.use .Of the Symmetr.y decrease, the ener.gy(lS) gﬂggﬁoﬁrg?l'l?:ngaéégifﬁémimura, Multiplets of Transitionlons
levels presented in Figure 3 are split. From the magnetic in Crystals; Academic Press: New York, 1970.
point of view, the most significant factor is the behavior of (16) Abragam A.; Bleaney, BElectron Paramagnetic Resonance of
the ground multiplet. The corresponding levels are presented,; Transitions lonsClarendon Press: Oxford, U.K., 1970.

. . ; ) e Boca, R.Theoretical Foundations of Molecular Magnetisg&lsevi-
in the inset. The ground multiplet is split into three er: Amsterdam, The Netherlands, 1999.
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Ae(0, @) = Z ukAzkz % 1500 1 8T

lm{cMcM-wumewM'Eﬂ exp(-EgksT) (15) o1

1000 5T
The experimental MCD spectrum of the investigated dimeric 2
complex is shown in Figure 4 and is dominated by temper- o 2T
ature-dependent contributions. The energy of the intense B
MCD signal is characteristic for-ed transitions. The small

value of the low-symmetry crystal field obtained in the fitting 0+

procedure of the magnetic data indicates that each Co ion is . . . . ‘ .

in a highly symmetric environment. The ground state is 350 400 450 500 550 600 650

orbitally degenerate, and hence the optical transitions of all wavelength, nm

polarizations should contribute to the MCD signal. Figure 4. Experimental MCD spectrum of the [g@-OAc)s(urea)(tmenj-
Let us regard the following combination of matrix ele- [OTf] complex recorded at 3.3 K.

ments

[Ael= o~ ﬁ) *"Ae(0, ¢) sin 6 do dg (21)
M;(M, M) = Zéukmﬂlmlelmll\ﬂ'ﬂ (16)

w An examination of eqs 1921 immediately leads to the

wherei, j = X, y, zand e is any excited state. Using the following conclusion: the MCD saturation curves con-
Wigner—Eckart theorem and the symmetry properties of structed for data collected at different wavelengths should

Clebsch-Gordan coefficients one can obtain demonstrate similar behavior. However, the magnitude of
the signal is different because of the contribution of different
M,(0,0)=0 excited states and that results in the different values of the

Mxy(l, 1)= _Mxy(_:L! ~1) R(e) parame.ter. _ _
The experimental MCD spectrum consists of two intense
=f2|v|yz(o, l)=\/§MyZ(1, 0)= bands at 495 and 510 nm. To construct the saturation

1y — _ magnetization curves, we recorded signal intensity at maxima
ﬁMyZ(O’ n=v2 M,{~1,0) of both bands. As was expected from an analysis of egs 19
= _iﬁsz(O- 1)= ix/EMZ)g(l, 0)= 21, the intensity behavior at both wavelengths is similar
. . (Figure 5), and after normalization curves at both wave-
VM, (0, ~1) = ~ivV2M,(~1,0) (17) lengths coincide. As was showhin the case of the orbitally
nondegenerate ground state, the MCD signal appears because
of the second-order spirorbit mixing with nearby transi-
tions. The forms of the magnetization curves strongly depend
on the polarizations of these transitions. As a result, different
curves should demonstrate different behavior. Therefore, the
identical behavior of the signals recorded at various wave-
M; (M, M) = R()M|J,|M'0 (18) lengths is clear evidence of a strong orbital contribution to
the MCD behavior of the investigated complex.
whereR(e) represents a combination of the reduced matrix  To determine if the MCD behavior of the investigated
elements and depends on the excited state Contributing tOComp|eX is described by the values of the key parameters
the MCD signal at a given wavelength. Finally¢ can be  obtained from the fit of magnetic data, we constructed the
written as MCD saturation curves using the following algorithm: (i)
K [IMOcomponents of thd = 1 ground triplet are obtained at
Ae(0, @) = — _z|m{ R(e)} ZAzkgkg (19) 7=18.0cm? k =0.7,A =80 cm’}, andE = 10 cn1'};
Q% (ii) Cwm coefficients are calculated as functionsHbf6, and
@ by means of the diagonalization of the total (144144)
matrix; and (iii) MCD saturation curves are constructed using
_ egs 19-21. The corresponding saturation curves are pre-
k= Z@U“'g[b)(p(_Eg/an (20) sented in Figure 6. There is reasonable agreement between
the experimental data and theoretical curves. This agreement
Equations 19 and 20 allow us to calculate the MCD signal confirms the applicability of the presented model to the
of the investigated dimer at any orientation of the external theoretical explanation of the magneto-optical behavior of
magnetic field with respect to the molecular coordinate the investigated cobalt dimer. Small differences between
system. To obtain the signal from the randomly oriented theory and experiment can be caused by the fact that strong
molecules in frozen Nujol, eq 19 is integrated over all enough magnetic fields result in some admixture of the low-
magnetic field orientations lying excited states to thé@ = 1 ground state, whereas in

The preceding equation (eq 17) holds for any excited state.
The same relationship applies to matrix elememglM'[)
whereJy is thekth component of the total angular momentum
operator that operates within th& = 1 ground state.
Therefore, one can write

where

692 Inorganic Chemistry, Vol. 45, No. 2, 2006
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1500 +

_e «——o
e, —*

00 02 04 06 08
BHI2K,T

Figure 5. Experimental MCD saturation curves recorded@®} 510 and

(O) 495 nm.

A2 With “T14 being the ground state. TH® term is not
split and remains an orbital triplet with symmetffg. The

| ////7"/ corresponding electron configurations are
S 1000- 7 e 5.2 23
%: ZO%)/ |4-|-1g(1)|jE t,°("Tog) €Ay 4TlgD
2 % 10.25 K |4Tlg(2)DE |t24(3Tlg) eS(ZEg) 4TlgD
8 / 5.25K 4 32
= 33K |4ngDE It, (STlg) e ("Ey) 4ngD (A1)

1*Ag = It,°(*AL9) €AY Ay D

The orbital triplets ofT15 Symmetry are mixed by Coulomb
interaction. The energy matrix in the presence of both
ligand—field and Coulomb interaction is

*T (DO |*T ()0

(—125 —8Dq 6B ) (A2)

6B —3B+ 2Dq

whereB is the Racah parameter abdj is the cubic ligand

MCD intensity

1,0
0,8
0,6 1
0.25K
%4 5.25K
: ; _ _
0.2 33K of both “T44 configurations
0,0

00 02 04 06 08
BHI2K,T

Figure 6. Comparison of calculated and measured magnetization curves. C; andC; are as follows:
Experimental data were collected at)(3.3, ©) 5.25, and M) 10.25 K.

Dy (T, FM) = Cy[ T, (1IFMITH Cy|*T; ((2)yMIO (A3)

In eq A3,M is the magnetic quantum number, ghds a
component of the irreducible representatiag Toefficients

c = [Yis 4.5 + 5Dq 12
the present approach the contribution of these states to the |2 [36B% + (4.5B + 5Dq)% "2
MCD spectrum is neglected. o 1 - 4.5 + 5Dq 12 Ad)
V. Conclusions * |27 368+ (4.5 + 5Dg)F 2

_ In this Article, we have reported the magnetic and MCD The energy of this ground-state configuration is
investigations of the [Cgu-OAc)s(urea)(tmery)[OTf] com-
plex. The presence of ion; with firs_t-o.rQer orbital angular E r(4Tlg) = —7.58 — 3Dq — [36B% + (4.5B + 5Dq)2]1’2
momenta results in interesting peculiarities of magneticand ~° (A5)
MCD behavior. The model for the explanation of these

peculiarities includes the isotropic exchange interaction Energies of the excited terms with the symmetfigg and
between the real spins and spiorbit coupling acting within ~ “Axq are as follows'?

the*T14 ground manifold. The spinorbit coupling with the
excited terms was taken into consideration as an effegtive
value. By this method, the ferromagnetic exchange interac-
tion between Co(ll) ions was found. MCD studies confirm
the obtained values of the key parameters. The crucial role
of the orbital angular momentum in the behavior of the
investigated compound was revealed.

E(*T,) = —15B + 2Dqg

E(*A,9 = —15B + 12Dq (A6)

Let us regard the effect of spiorbit interaction on the terms

interaction within each term and (ii) the coupling between
Acknowledgment. W.H. is grateful for the financial  components of different terms. Spiorbit coupling splits

support of the Deutsche Forschungsgemeinschaft (project Hathe ground'Ty4 term (eq A3) in a perfect octahedral ligand
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Appendix P =
1 3 1 1
The lowest orbital states of the free Co(ll) ion (Bdre Jg( «/§’a¢ * 2D+ ﬁ’a‘) + 2D ’ai + ZD (A7.1)
4F and“P. In the presence of the cubic crystal field, fire
state splits into the orbital tripletd,y and“T,4 and singlet quartet
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field parameter. The ground state represents a superposition

mentioned above. It can be done in two steps: (i) the



ST

Te™ %(_@‘30 50 V2ja, 3] (A7.2)
and sextet states

BEVIRE T

W= %S(ﬁ‘ao + gﬂ+ Vala, + %U

RS gD (A7.3)

In eqs A7.1-A7.3,a . o are the components of t&;4term
in the trigonal basis.

The“T,qterm is also split into three groups of levebs 4,
D, 13 andd, .56 The corresponding wave functions can
be obtained from eqs A7-1A7.3 by the following substitu-
tions: a. — X anday — Xo. The*A,4 term is not split.

The next step is to introduce into consideration the spin
orbit interaction between the grourid,y term and excited

ones. It can be done using perturbation theory. There is no

spin—orbit coupling between th#A,, term and the ground
one, so to first order, théA,4 state has no effect on the

magnetic properties and can be excluded from consideration.

On the contrary, coupling betweéf,q and both*T,4 terms
exists. To first order, one obtains

[®,|Hgol W00
W=+ (AB)

—q)j
T E(W) — E(®)

Because the value of spiorbit coupling for the high-spin

Co is at least 10 times smaller than the energy gap betwee
the 4T,y and “Ty4 terms, the denominators in eq A8 can be

substituted with
AE = E(*T,y) — Eg(*T19) (A9)

without a significant loss of accuracy.
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Now let us regard the matrix elements of the Zeeman
interaction within the eq A8 basis. In general, the Zeeman
interaction is as follows:

HfﬁZ(h + ges)H (A10)

I
In eq A10, the orbital reduction due to the covalence of the
cobalt-ligand bonds is neglected, ahda= 2 is the angular
orbital momentum for the d electrons. Matrix elements of
operator eq A10 in the eq A8 basis can be easily calculated
using the WignerEckart theorem. They consist of two
parts: the matrix elements of the Zeeman interaction within
the T,y ground manifold and the part due to the mixture
between theT,q and 4T14 terms. The former part can be
calculated for the fictitious angular momentun+ 1 using
the Hamiltonian of eq 8. The latter terms can be calculated
for every group of levels (doublet, quartet or sextet)
separately. For example, for doublet states, these additional
terms to the Zeeman interaction are

W W = Bec? + 02502 - ¢,0)
(A11)

where { is a one-electron spirnorbit coupling parameter,
the C; coefficients are determined in eq A4, and is given
by eq A9. As one can see, the same result can be obtained
by using eq A7.1 wave functions and the Hamiltonian of eq
8 with go replaced bygo + Ag:
Ag= SBTCE(ClZ +0.25C,2 — C,C,)

The average experimental values of tBe Dg, and ¢
parameters for the Co(ll) ion are taken from refs-15.
Substitution ofB = 971 cm’!, Dg = 840 cm'?, and¢ =
540 cmt in eq A12 results ilAg = 0.12.

By repeating all considerations, we can obtain the
values for the quartet and sextet. It should be mentioned that

(A12)

there is a difference between tieg values for different
groups of levels, but this difference is small and can be
ignored because the quartet and the sextet are high in energy.
Therefore, the Zeeman interaction for the Co(ll) ion can be
presented by eq 8 with an averag@alue of about 2.12.
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