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The electronic structure of trigonal fivefold-coordinated Fe(III) molecules has been studied. The
ligand-field model that we use takes into account the covalency effect which modifies the ligand-field pa-
rameters. The complete matrices for electron-electron repulsion, ligand-field, and spin-orbit coupling,
have been diagonalized, including the Zeeman interaction in the case of magnetic-property calculations.
The energy levels position can be expressed as a function of the ratio A/¢, A being the energy gap
©4,-*E, and ¢ the spin-orbit-coupling parameter. It is shown that, by varying this ratio, the intermediate
spin level *E(*T) can be stabilized as the ground state, instead of the *4,(*T),) level in the case of a
tetragonal distortion. Near the crossover point (°A4,-*E transition), strong quantum admixtures and
large zero-field splittings occur: the ground Kramers doublet contains 41% high-spin state and 59%
intermediate-spin state; the corresponding ground-state wave functions are associated with M, = i%; the
first-excited low-lying Kramers doublet associated with M. ,=i% is located at 102.5 cm™!. Characteris-
tic temperature dependences of the effective magnetic moment are calculated as a function of A /. Tak-
ing into account the effect of the temperature on the considered parameters, the magnetic moment can
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vary more or less sharply from a high-spin value to an intermediate-spin value.

The Fe(III) molecules with spin-transition effects,
which have received considerable attention in the last de-
cade, are found in chemical and biochemical systems.
This interesting phenomenon arises when the ligand-field
splitting energy becomes comparable with the mean
spin-pairing energy. At the molecular scale, it is possible
to understand the spin transition as an intraionic transfer
with spin flip of the transferred electrons. For the Fe(III)
molecules this transfer, depending on the coordination
and distortion of the molecules, may involve either two
electrons or one electron, the former being associated
with the high-spin—low-spin transition (AS =2) and the
latter with the high-spin—intermediate-spin transition or
the intermediate-spin—low-spin transition (AS =1). Re-
cently, we have established a theoretical model for the
high-spin—low-spin transition.! In the following we will
present the electronic and magnetic properties associated
with the high-spin (®4,)-intermediate-spin(*E) transi-
tions.

The high-spin—intermediate-spin transitions for Fe(III)
ion in complexes include both the *4, —*4, transition
and the 6A1 = *FE transition depending on the coordina-
tion and distortion of the system. The ®4,—*4, transi-
tion for Fe(III) complexes with tetragonal symmetry has
been investigated by Maltempo and Moss.? Herein we
will describe a theoretical model of the ¢ 4, = *E transi-
tion, which may occur in the five coordinated Fe(III)
complexes with a trigonal distortion.

According to the ligand-field theory the Hamiltonian
of the Fe(III) ion in a trigonal ligand field can be written
as

ﬂ=ﬂatomic+‘7{t +'7{s.0A ’ (1)

rig
where Hyiomico Frigy and F , represent the free-ion
Hamiltonian, the trigonal ligand-field potential, and the
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spin-orbit coupling interaction, respectively. The com-
plete matrices for the above Hamiltonian have been con-
stituted and checked in our previous works.>~7 For the
sake of simplicity, we introduce the covalency parameter
N and use the following relationship:3~1°

B=N*B,, C=N*C,, a=N*%x, B=N*B,,
§=N2§0 .

By, Cy, ay, By, and & are free-ion parameters and for the
Fe’" ion their values have been determined in recent
works.® The ligand-field parameters, which are of the
form>>

Y, =(5/196m) 2vy0(r?) ,
Y,=(1/1967)"2vo(r*) ,
Yy =(5/56m) 2 (rt)
Y, =i(5/56m) vy (rt)

(2)

(3)

where (72) and (r*) are the expectation values of 72 and
r*, respectively, and the values of vy, V4, V53, and v, are
concerned with the charge of the ligands and the distor-
tion of the molecule. From the point-charge model these
ligand-field parameters may be determined by three pa-
rameters: Q,, Q4, and 8. The Q, and Q, parameters are
as defined by Norgett, Thornley, and Venanzi for the five-
fold coordinated complex with C;;, symmetry,'! and 6 is
the angle of distortion as used by Bencini and Gattes-
chi.!? Thus, all energy-level positions are a function of
the four parameters N, Q,, Q,4, and 6. In this paper the
calculations have been performed for fixed values of N
(N =0.76) and 0 (6=283.33°), and various values of the
Q, and Q, parameters (for @, /Q,=2).

In the case of the spin transition, the main features of
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the energy-level positions and the magnetic moments can
be described by two parameters { and A. § being the
spin-orbit coupling coefficient and A the energy gap be-
tween the 4, and *E states for the system without the
spin-orbit coupling perturbation, we have

§=C(N), A=A(N,Q,,0,,0) . 4)

Taking N =0.76 (which leads £=271.5 cm™') and
A/§=0,£1,+2,1+3,1+4, we have derived the energy-level
diagram of the high-spin(®4,)-intermediate-spin(*E)
transitions by diagonalizing the complete matrices of the
Hamiltonian (1), as shown in Fig. 1. In the range of the
spin transition, two interesting results are worth noting:
(1) The quantum admixture in the ground-state Kramers
doublet is sensitively dependent on the value of A /£; near
the crossover point (A/{=0) the ground-state Kramers
doublet is a strong quantum mixed state which contains a
41% high-spin (S = 3) state and a 59% intermediate-spin
state (S=2). The corresponding ground-state wave
functions are associated with M;==2. (2) There are
large zero-field splittings; the first-excited low-lying Kra-
mers doublet associated with M;=23/2 is located at
102.5 cm™ !, which is comparable with the thermal ener-
gy kT and will induce magnetic behavior depending on
the temperature.

The molecular magnetic moments are associated with
the energy-level positions and the first- and the second-
order Zeeman coefficients. We start from the well-known
Van Vleck formula!?
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FIG. 1. The energy-level diagram of the high-
spin(® 4, )—intermediate-spin(*E) transitions as a function of
A/¢.
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S(W?2/kT—2W,) exp(— Wy /kT)

ur=3kT

3 exp(— W, /kT) O

k is the Boltzmann constant, W, denotes the energy lev-
els, and W, and W, represent the Zeeman coefficients
defined in the following expression:

E,=Wy,+W,H+W,H?. (6)

The coefficients of W, and W, may be found by diagonal-
izing the complete matrices of the following Hamiltonian:

ﬂ:ﬂatomic +7{trig+-7{s.o. +-7{Zeeman . D

Fzceman TeDIEsents the Zeeman interaction. In the trigo-
nal symmetry the Zeeman interaction must be expressed
in two parts for parallel and perpendicular directions, re-
spectively, which are

H\=BH,(L,+25,) ,
F,=BH, (L, +2S,) .

(8)

Employing the |J,M,) wave functions, we have consti-
tuted the Zeeman matrices for the z and x directions, re-
spectively. The calculations of the values of W, and W,
involve the diagonalizations of the complete matrices
along the two directions. For the z direction, the calcula-
tion includes three 84 X 84 matrices belonging to I'y, s,
and I, respectively. For the x direction, we neglect the
low-spin states, the calculation includes one 102X 102
matrix. According to the Van Vleck assumption all calcu-
lations are completed for a weak magnetic field approxi-
mation (BH; <0.5 cm™!, i =x,y). In fact, in this work
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FIG. 2. Magnetic moments of the electronic states as a func-
tion of A/§ and T. p is in units of pg.
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TABLE 1. Magnetic moments of the electronic states in the range of the spin transition as a function

of A/§and T.
A/E —4 -3 -2 -1 0 1 2 3 4
T (K)
10 5.1456 4.9784 4.7451 4.4109 4.0117 3.6770 3.4517 3.3072 3.2236
20 5.3879 5.1887 4.9124 4.5364 4.1094 3.7605 3.5298 3.3860 3.3137
40 5.6346 5.4558 5.1637 47426  4.2722 3.8923 3.6433 3.4954 3.4314
60 5.7282 5.5856 5.3197 4.8910 4.3871 3.9747 3.7110 3.5695 3.5110
80 5.7705 5.6524 5.4148 49980  4.4730  4.0310 3.7594 3.6303 3.5738
100 5.7930 5.6908 5.4751 5.0752 4.5391 4.0712 3.7964 3.6797 3.6222
120 5.8064 5.7153 5.5159 5.1318 4.5897 4.0996 3.8249 3.7187 3.6585
140 5.8150 5.7321 5.5449 5.1739 4.6278 4.1195 3.8471 3.7494 3.6857
160 5.8209 5.7443 5.5663 5.2052 4.6555 4.1334 3.8652 3.7739 3.7065
180 5.8250 5.7533 5.5823 5.2284 4.6748 4.1433 3.8807 3.7940 3.7229
200 5.8278 5.7599 5.5943 5.2452 4.6873 4.1507 3.8948 3.8110 3.7362
220 5.8296 5.7646 5.6031 5.2568 4.6943 4.1566 3.9085 3.8262 3.7474
240 5.8305 5.7676 5.6094 5.2643 4.6970  4.1618 3.9222 3.8401 3.7573
260 5.8305 5.7691 5.6135 5.2685 4.6963 4.1666 3.9365 3.8535 3.7664
280 5.8296 5.7694 5.6159 52700  4.6932 4.1712 3.9513 3.8667 3.7751
300 5.8279 5.7684 5.6168 5.2695 4.6881 4.1759 3.9669 3.8799 3.7837

the eigenvalues are obtained for three values of BH,,
BH;=0, 0.2, and 0.5 cm™}, respectively. Employing ex-
pression (6) to fit these eigenvalues, we have determined
the first- and the second-order Zeeman coefficients. In-
troducing the values of W, W, and W, into Eq. (5), we
have obtained the magnetic moments for the two direc-
tions, respectively. The magnetic moments display a
significant anisotropy. The average values of u’? have
been calculated by the following formula:

pr=tui+2p}) . )

The final results are given in Table I and Fig. 2. We see
that the average magnetic moments sensitively depend on
the values of A /{ and temperature T, which may be attri-
buted to the variance of the large zero-field splitting and
the nonvanishing second-order Zeeman effect in the
range of spin transition.

In order to describe the spin-transition phenomenon in
a more extensive way, we take into account the influence
of the temperature: the structure of molecules is sensi-
tively dependent on it, due to the different bond lengths
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FIG. 3. Magnetic moments of the high-spin(®4,)-inter-
mediate-spin(“E ) transitions; B, C, D, E, and F are associated
with p =0.03, 0.04, 0.05, 0.06, and 0.07 (K™ !), respectively. u is
in units of up.

and covalence between the high-spin and intermediate-
spin states. In the range of the spin transition we suppose
that the electronic state positions depend on the tempera-
ture and that they can be estimated by a linear relation-
ship:

8/6=A0y/E—p(T—T,) . (10)

Ay /¢ refers to the electronic state at the initial tempera-
ture T,. The parameters p represents the temperature-
dependent electronic states. For example, we have plot-
ted u versus T for Ay/{=—4, T;=300 K and p =0.03,
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FIG. 4. EPR g factor of the ground-state Kramers doublet as
a function of A /€.
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0.04, 0.05, 0.06, and 0.07 (K1), respectively. As shown
in Fig. 3, the magnetic moments may be varied more or
less sharply from the value of the high spin to that of the
intermediate spin.

Another interesting result is that the spin transition is
also EPR detectable. The EPR effective g factor of the
ground-state Kramers doublet is also sensitive depending
on the values of the A/{. In the range of the spin transi-
tion we find that g, =0, g, ~0, and g, changes gradually
from 9.7 to 6.2, which are in good agreement with a
ground-state doublet associated with M;==+3, as
presented in Fig. 4.

In conclusion, the theoretical model of the high-
spin(® 4, )—intermediate-spin(*E) transition has been es-
tablished by considering electron-electron repulsion,
ligand-field, spin-orbit coupling, and Zeeman interac-
tions; this transition can occur in a fivefold-coordinated
Fe(III) complex with a trigonal distortion. In the range
of the spin transitions there are variable effective g fac-
tors, a strong quantum admixture, a large zero-field split-
ting, and a nonvanishing second-order Zeeman effect,
which lead to characteristic effective magnetic moment
temperature dependences.
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APPENDIX: QUANTUM ADMIXTURE
FOR HS = MS AND HS = LS TRANSITIONS

(W, |¥,)=aXS=5/2)+bAS=3/2)+cX(S=1/2)

a’% b2% %
HS = MS
A/E=0 41.0 58.6 0.4
HS=1LS
5=0 : 26.8 3.2 69.9

Y, is the eigenfunction of the ground Kramers doublet;
a, b, and ¢ are mixed coefficients. The coefficients for
8=0 in our previous work! contains a typographical er-

ror.

*Author to whom correspondence should be addressed.

1X. Y. Kuang, I. Morgenstern-Badarau, and 1. Malfant, Phys.
Rev. B 47, 5455 (1993).

2M. M. Maltempo and T. H. Mosss, Q. Rev. Biphys. 9.2, 181
(1976).

3X. Y. Kuang, Phys. Rev. B 36, 712 (1987).

4X.Y Kuang and Z. H. Chen, Phys. Rev. B 36, 797 (1987).

5X. Y. Kuang, Phys. Rev. B 37, 9719 (1988).

6X. Y. Kuang, W. Zhang, and 1. Morgenstern-Badarau, Phys.
Rev. B 45, 8104 (1992).

7X. Y. Kuang and 1. Morgenstern-Badarau, Phys. Rev. B 46,
3132 (1992).

8D. Curie, C. Barthon, and B. Canny, J. Chem. Phys. 61, 3048
(1974).

9S. Sugano, Y. Tanabe, and H. Kamimura, Multiplets of Transi-
tion Metal Ions in Crystals (Academic, New York, 1970).

10M. G. Zhao, J. A. Xu, G. R. Bai, and H. S. Xie, Phys. Rev. B
27, 1516 (1983).

1IM. J. Norgett, J. HM. Thornley, and L. M. Venanzi, J. Chem.
Soc. A1, 540 (1967).

127, Bencini and D. Gatteschi, J. Phys. Chem. 80, 2126 (1976).

133, S. Griffith, The Theory of Transition Metal Ions (Cambridge
University Press, Cambridge, 1964).



