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A theoretical method for studying the inter-relationships between electronic and molecular structure has been
proposed on the basis of the complete energy matrices of electron-electron repulsion, the ligand field, and
the spin-orbit coupling for the d5 configuration ion in a trigonal ligand field. As an application, the local
distortion structure and temperature dependence of zero-field splitting for Fe3+ ions in the Al2O3:Fe3+ system
have been investigated. Our results indicate that the local lattice structure of the (FeO6)9- octahedron in the
Al2O3:Fe3+ system has an elongated distortion and the value of distortion is associated with the temperature.
The elongated distortion may be attributed to the facts that the Fe3+ ion has an obviously larger ionic radius
than the Al3+ ion and the Fe3+ ion will push the two oxygen triangles upward and downward, respectively,
along the 3-fold axis. By diagonalizing the complete energy matrices, we found that the theoretical results of
electronic transition energies and EPR spectra for Fe3+ ions in the Al2O3:Fe3+ system are in good agreement
with the experimental findings. Moreover, to understand the detailed physical and chemical properties of the
Al2O3, the theoretical values of the zero-field splitting parameters and the corresponding distortion parameters
in the range 50 Ke T e 250 K are reported first.

I. Introduction

The inter-relationships between electronic and molecular
structure is central to understanding chemical and physical
processes.1-3 In general, the transition-metal complex molecules
may display various spin ground states, such as high-spin, low-
spin or intermediate-spin states, depending on the relative
strength of the ligand-field energy and the mean spin-pairing
energy. In some special cases, i.e., when the ligand-field splitting
energy becomes comparable with the mean spin-pairing energy,
the spin transition phenomena, such as high-spinT low-spin
transition, high-spinT intermediate-spin transition, or inter-
mediate-spinT low-spin transition, can be observed.4-11 So a
careful theoretical study to establish the inter-relationships
between electronic and molecular structure would be important.
In the present work, a theoretical method for determining the
inter-relation for a d5 configuration ion in a trigonal ligand field
is proposed by diagonalizing the complete energy matrices and
considering the second-order and fourth-order EPR parameters
D and (a - F) simultaneously. By this method, the local
distortion structure and temperature dependence of zero-field
splitting for Fe3+ ions in the Al2O3:Fe3+ system have been
investigated.

Al2O3 is one of the most widely studied metal oxides.12 It is
a very interesting catalyst for many chemical reactions, such
as the dehydration of alcohols and polymerization processes.13

Al2O3 molecules doped with transition-metal ions (Fe3+, Mn2+,
Cr3+, Ti3+, etc.) are extremely important industrial materials

with a wide range of applications, especially in high-pressure
science.14-25 In these materials, the transition-metal impurities
have been known to introduce deep levels. These levels can
strongly affect the optical and electrical properties, because the
properties of the impurity ion, such as charge, mass, and size,
are different from those of the replaced host ion and the local
properties in the vicinity of impurity ion, such as local
compressibility and local thermal expansion coefficients, are
unlike those in the host crystal. For the technical application, it
is necessary to understand the microstructure and the properties
of the paramagnetic ions in these materials.

Electron paramagnetic resonance (EPR) is regarded as an
effective tool to study the microstructure and the local environ-
ment around a substitution magnetic ion site in crystals.26 The
reason is the EPR spectra usually furnish highly detailed
microscopic information about the structure of the defects. The
EPR spectra of Fe3+ ions in the Al2O3:Fe3+ system have been
experimentally observed by many researchers, but there has so
far been no systematical theory for their analysis.14-20 The
reason the previous theoretical results are not in quite good
agreement with the observed values may be due to the
oversimplification of the theoretical method. For instance, Zheng
has studied the local structure of Fe3+ ions in the Al2O3:Fe3+

system on the basis of the second-order zero-field splitting
parameterD only.27 His conclusion is that the Fe3+ ion does
not occupy the Al3+ ion site exactly but is displaced from it
along the 3-fold axis toward the empty octahedral site. However,
he did not investigate the fourth-order zero-field splitting
parameter (a - F) of Fe3+ ions in the Al2O3:Fe3+ system. It is
well-known that for a d5 configuration ion in a trigonal ligand
field, the high-spin ground state is the6A1 state. To describe
the 6A1 ground-state splitting of the Fe3+ ions in the Al2O3:
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Fe3+ system, the spin Hamiltonian should include three different
zero-field splitting parametersa, D, and (a - F). The parameter
a relates to a fourth-order spin operator and represents a cubic
component of the crystalline electric field. The parametersD
and (a - F) are, respectively, associated with the second-order
and fourth-order spin operators and represent an axial component
of the crystalline electric field that is axially symmetric about
theC3 axis. To explain more reasonably the distortion structure,
herein, we suggest that the two zero-field splitting parameters
D and (a - F) should be simultaneously considered in the
determination of the local distortion structure of Fe3+ ions in
the Al2O3:Fe3+ system.

II. Theoretical Method

The EPR spectra of the d5 configuration Fe3+ ion in a trigonal
ligand field may be analyzed by employing the spin Hamilto-
nian19,20

where the first term corresponds to the Zeeman interaction, the
following terms represent the zero-field splitting effect,bk

q are
the EPR zero-field splitting parameters,Ok

q are the standard
Stevens spin operators.28 From the spin Hamiltonian the explicit
expression of the energy levels in the ground state6A1 for a
zero magnetic field is given as follows

Then, the zero-field splitting energies∆E1 and∆E2, which are
energies between the three Kramers doublets of theS) 5/2 spin
state, may be expressed as a function of the EPR parameters
b2

0, b4
0 andb4

3 29

where the positive and negative signs in eq 3 correspond tob2
0

g 0 andb2
0 < 0, respectively. It is noteworthy to mention that

the parametersbk
q are related to the EPR parametersa, D, and

(a - F). a is the cubic field splitting parameter, andD and (a
- F) correspond to axial component of the second-order and
the fourth-order, respectively. The relationships are given by30

The perturbation Hamiltonian for a d5 configuration ion in a
trigonal symmetry may be expressed as31

where the first term is the electron-electron interaction
(represented, e.g., by the Racah parametersB andC), the second
term is the spin-orbit coupling interaction (represented by the
spin-orbit coupling coefficientú), and the third term is the
ligand-field potential (represented, e.g., by the ligand-field
parametersBkq). The ligand-field potentialVi can be written as

whereri, θi, andφi are spherical coordinates of theith electron.
Zlm, Zlm

c andZlm
s are defined as

The Yl,m in eq 7 are the spherical harmonics.γl0, γlm
c , andγlm

s

are associated with the local lattice structure around d5 config-
uration ion by the relations

whereθτ andæτ are angular coordinates of the ligand.τ andqτ
represent theτth ligand ion and its effective charge, respectively.
Rτ denotes the impurity-ligand distance.

According to the irreducible representationsΓ4(Γ5) and Γ6

of theC3
/ double group, three 84× 84 energy matrices for a d5

configuration ion corresponding to the perturbation Hamiltonian
(5) have been constructed.31 The matrix elements are the
function of the Racah parametersB andC, Trees correctionR,
Racah correctionâ, the spin-orbit coupling coefficientú, and
the ligand-field parametersB20, B40, B43

c , andB43
s , which are in

the following forms32

For Fe3+ ions in the Al2O3:Fe3+ system, the local structure is
composed of two asymmetry three-edge pyramids and the Fe3+
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ion is surrounded by six oxygen ions. To describe the distortion,
the Z axis is chosen along 3-fold axis, as shown in Figure 1.
According to the superposition model,33 the ligand-field pa-
rameterB43

s will vanish and theG2(τ) andG4(τ) can be derived
as

TheR in eq 10 andθ in eq 9 denote the Fe-O distance and the
angle between Fe-O bond andC3 axis, respectively. According
to the Van Vleck approximation forGk(τ) integral,34 we may
obtain the following relations

whereA2 ) -eqτ〈r2〉, A4 ) -eqτ〈r4〉, andA2/A4 ) 〈r2〉/〈r4〉. The
ratio 〈r2〉/〈r4〉 ) 0.097 is obtained from the radial wave function
of the Fe3+ ion in complexes.35 A4 as a constant for the (FeO6)9-

octahedron can be determined from the electronic transition
energies and the Fe-O band length of theR-Fe2O3 crystal.36,37

By fitting the calculated electronic transition energies to the
observed values, we obtainA4 ) 27.6967 au,A2 ) 2.6870 au,
andN ) 0.9266 for the (FeO6)9- octahedron. The quantitative
calculation results compared with the observed values are given
in Table 1. Thus, when these values are substituted into eqs
9-11, the local distortion structure of Fe3+ ions in the Al2O3:
Fe3+ system can be determined from the electronic transition

energies and the spin Hamiltonian parameters can be obtained
from the EPR spectra by diagonalizing the complete energy
matrices.

III. Calculation for Fe 3+ Ions in the Al2O3:Fe3+ Complex
System

The local structure of Al2O3 is rhombohedral symmetry and
it belongs to the space groupD3d

6 or equivalentlyR3hc.38 In the
Al2O3 lattice, the cations are located at the center of a slightly
distorted octahedron of six oxygen ions. When the transition-
metal Fe3+ ion is doped into the Al2O3, it will substite for the
Al3+ ion in the octahedral site. The local lattice structure displays
a trigonal distortion, which can be described bytwo parameters
∆θ1 and∆θ2 (see Figure 2). We use the following relationship
to evaluate the Fe-O bond lengths in the Al2O3:Fe3+ system.

whereR10 ) 1.966 Å andR20 ) 1.857 Å are the Al-O bond
lengths of Al2O3. ∆R ) 0.02918 Å is determined by the
electronic transition energies of Fe3+ ions in the Al2O3:Fe3+

system,36 which is fixed in the following EPR calculation.

θ10 andθ20 are the angles between the Al-O bond and theC3

axis. Thus, the trigonal ligand-field parameters (B20, B40, B43
c )

are only the functions of∆θ1 and∆θ2. To decrease the number
of adjustable parameters and to reflect the covalency effects,
we use Curie et al.’s covalent theory39 and take an average
covalence factorN to determine the optical parameters as follows

The values of the free-ion parameters for the Fe3+ ion have

Figure 1. Local structure of the (FeO6)9- coordination complex in
the Al2O3:Fe3+ system.R1 andR2 are Fe-O bond lengths,θ1 andθ2

are the angles between the Fe-O bond and theC3 axis when the Fe3+

ion replaces the Al3+ ion.

TABLE 1: Observed and Calculated Electronic Transition
Energies ofr-Fe2O3 (All Values in cm-1)

state obsda calcb

4T1(4G) 11600 11602.7
4T2(4G) 17029.9
4E,4A1(4G) 23800 23803.3
4T2(4D) 25039.1
4E(4D) 26700 26274.9
4T1(4P) 31800 31461.3
4A2(4F) 34248.2

a Reference 36.b N ) 0.9266,B ) 815.31 cm-1, C ) 2891.19 cm-1,
R ) 59.71 cm-1, â ) -21.38 cm-1, Dq ) 1487.13 cm-1.
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Figure 2. Local structure distortion for Fe3+ ions in the Al2O3:Fe3+

system.R10 andR20 are the Al-O bond lengths of Al2O3. θ10 andθ20

are the angles between the Al-O bond and theC3 axis.∆θ1, ∆θ2, and
∆R represent the structure distortion.

TABLE 2: Observed and Calculated Electronic Transition
Energies of Fe3+ Ions in the Al2O3:Fe3+ System (All Values
in cm-1)

state obsda calcb

4T1(4G) 9450 9453.2
4T2(4G) 14350 14340.2
4E,4A1(4G) 22270 22269.6
4T2(4D) 25510 25573.2
4E(4D) 26800 26811.1
4T1(4P) 32500 32507.0
4A2(4F) 34691.1

a Reference 36.b N ) 0.9113,B ) 762.78 cm-1, C ) 2704.91 cm-1,
R ) 55.86 cm-1, â ) - 20.00 cm-1, Dq ) 1545.46 cm-1.

R1 ) R10 + ∆R R2 ) R20 + ∆R (12)

θ1 ) θ10 + ∆θ1 θ2 ) θ20 + ∆θ2 (13)

B ) N4B0 C ) N4C0 R ) N4R0 â ) N4â0

ú ) N2ú0 (14)
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been obtained asB0 ) 1106 cm-1, C0 ) 3299 cm-1, R ) 81
cm-1, â ) - 29 cm-1, andú0 ) 470 cm-1.40 For Fe3+ ions in
the Al2O3:Fe3+ system, by diagonalizing the complete energy
matrices, the electronic transition energies and ground-state zero-
field splitting can be calculated with use of distortion parameters
∆θ1 and ∆θ2 and the covalence factorN. The comparisons
between calculation and experiment of the electronic transition
energies and EPR parameters for Fe3+ ions in the Al2O3:Fe3+

system at different temperatures is listed in Tables 2 and 3. It
can be seen from Table 3 that the theoretical results can agree
well with the EPR experimental findings and the distortion
angles∆θ1 ) -4.237° to -5.035°, ∆θ2 ) -1.425° to -1.520°
are found for the temperature range 4.2-300 K. We also note
that the local tilting anglesθ1 andθ2 for Fe3+ ions in the Al2O3:
Fe3+ system are smaller than the corresponding host angles.
This may be partly because the Fe3+ ion has an ionic radius
(rFe3+ ) 0.645 Å) obviously larger than Al3+ (rAl3+ ) 0.535Å)41

and the Fe3+ ion will push the two oxygen triangles to move
upward and downward, respectively, along the 3-fold axis and
this will lead to a local elongated effect of the sublattice.

IV. Temperature Dependence of Zero-Field Splitting

The temperature dependence of the EPR spectra of Fe3+ ions
in the Al2O3:Fe3+ system has been measured by Geifman et
al.42 They found that the temperature has an important influence
on the change of the zero-field splitting parameters. By
comparing the temperature dependence of the relative change
in the zero-field splitting parameters with that of the relative
change in the linear dimensions of Al2O3, Geifman et al.
assumed that the thermal expansion of a crystal makes the main
contribution to the temperature dependence of zero-field split-
ting. On the basis of this assumption, Zheng et al. has made a
theoretical investigation ofD (or b2

0) for d5 ions in trigonal
symmetry by using the high-order perturbation formulas.43 The
temperature dependence of the zero-field splitting parameter
b4

0 has not yet been investigated. Considering the information
of the temperature dependent on zero-field splitting is useful in
understanding the strength of coupling of the Fe3+ ion to the

Al2O3 lattice and accordingly in understanding the changes of
other properties induced by the Fe3+ impurity, it is important
to make a theoretical analysis of the temperature dependence
of the splitting parametersb2

0 andb4
0. From Table 3, we can see

that parametersb2
0 and b4

0 are strongly dependent on the
temperature, and the relations of zero-field splitting parameters
dependent on the temperature are plotted in Figure 3. We can
see that the parameterb2

0 exhibits linear temperature depen-
dence for 75 Ke T e 250 K, and the reasonable estimation
for the values of the zero-field splitting parametersb2

0 andb4
0 in

the temperature rang 50 Ke T e 250 K can be made from
Figure 3. For the sake of simplicity, the results are given in
Table 4. Substituting the covalence factorN ) 0.9113 into the
eq 14, we can get the optical parametersB ) 762.78 cm-1, C
) 2704.91 cm-1, R ) 55.86 cm-1, â ) -20.00 cm-1, andú )
390.32 cm-1. By use of eqs 2-3 and the optical parametersB,
C, R, â, andú, we can calculate the corresponding local structure
distortion parameters∆θ1 and∆θ2 in the temperature range 50

TABLE 3: Ground-State Zero-Field Splitting ∆E1, ∆E2 and the EPR Parametersb2
0 and

b4
0 in the Temperature Range 4.2 Ke T e 300 K for Fe3+ Ions in the Al2O3:Fe3+ System, where 104∆E1, 104∆E2, 104b2

0, and 104

b4
0 Are in Units of cm-1

T (K) ∆θ1 (deg) ∆θ2 (deg) 104∆E1 104∆E2 104 b2
0104 b4

0(104b2
0) exp (104b4

0)exp

4.2 -4.237 -1.471 10451.1 4015.2 1719.4 -113.1 1719a -113a

1719.2b -113.8b

77 -4.341 -1.467 10435.6 4007.0 1716.6 -112.4 1716a -112.3a

80 -4.301 -1.466 10445.5 4011.3 1718.2 -112.6 1718.2b -112.6b

290 -4.552 -1.520 10245.5 3939.6 1684.1 -111.3 1684a -111.3a

293 -5.035 -1.425 10360.7 3960.7 1705.0 -107.8 1705c -108c

299 -4.826 -1.507 10209.0 3919.6 1679.0 -109.8 1679a -109.7a

1678.5b -110.0b

300 -4.768 -1.504 10231.1 3927.7 1683.0 -110.0 1683d -110d

a Reference 14.b Reference 15.c References 16 and 17.d References 18-20.

TABLE 4: Second-Order Zero-Field Splitting Parameter b2
0 and Fourth-Order Zero-Field Splitting Parameter

b4
0 in the Range 50 Ke T e 250 K for Fe3+ Ions in the Al2O3:Fe3+ System as a Function of the Two Parameters∆θ1

and ∆θ2, where 104b2
0 and 104b4

0 Are in Units of cm-1

T (K) ∆θ1 (deg) ∆θ2 (deg) 104∆E1 104∆E2 104 b2
0104 b4

0(104b2
0)exp

a (104b2
0)cacl

b

50 -4.291 -1.468 10433.5 4011.1 1717.8 -112.7
100 -4.371 -1.467 10424.8 4002.0 1714.8 -112.1 1715 1714
150 -4.456 -1.477 10337.0 3984.7 1706.9 -111.8
200 -4.505 -1.491 20329.9 3968.0 1699.1 -111.6 1698 1701
250 -4.615 -1.493 10296.7 3953.7 1693.7 -110.9

a Reference 42.b Reference 43.

Figure 3. Temperature dependence of the second-order zero-field
splitting parameterb2

0 and fourth-order zero-field splitting parameter
b4

0 for Fe3+ ions in the Al2O3:Fe3+ system.
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K e T e 250 K by diagonalizing the complete energy matrices
of the electron-electron repulsion, the ligand field, and the
spin-orbit coupling of d5 configuration ion in a trigonal ligand
field. The results are also listed in Table 4. Although there may
be some small errors in the calculated values of the local
structure distortion parameters∆θ1 and ∆θ2 because the
parametersb2

0 andb4
0 are estimated from Figure 3, these values

of ∆θ1 and∆θ2 can be regarded as reasonable by comparison
with those listed in Table 3. According to Tables 3 and 4, we
can obtain the different distortion parameters∆θ1 and∆θ2 at
different temperatures, and the relationships of∆θ1 and ∆θ2

vs T are shown in Figure 4. It is found that the distortion
parameters,∆θ1 and ∆θ2, have an anomalistic value in the
neighborhood ofT ) 300 K. It should be also noted that the
change of distortion parameter∆θ2 is slower than that of∆θ1.

Using the complete diagonalization method, we establish the
relationship between electronic and molecular structures and
study the local molecular structure of the coordination complex.
Up to now, theoretical calculations indicate that the simple
ligand field model is a good approximation for typical ionic
crystals, such as KZnF3:Fe3+ 44 and Al2O3:Fe3+ systems,
whereas its predictive power is limited for strong covalent
crystals, for instance, SiC:Fe3+ and SiC:Mn2+ systems. To our
knowledge, no satisfactory theoretical results have been reported
until now. In the present paper, the local distortion structure
and temperature dependence of zero-field splitting for Fe3+ ions
in ionic crystal Al2O3 have been investigated by the ligand field
model and the distortion angles∆θ1, ∆θ2 versus temperatureT
are obtained. Of course, our theoretical results remain to be
checked by other more direct experiments.

V. Conclusion

From the above studies, we have the following conclusions:
(i) The electronic transition energies and electron paramag-

netic resonance spectra of Fe3+ ions in the Al2O3:Fe3+ system
have been studied by diagonalizing the complete energy matrices
for a d5 configuration ion in a trigonal ligand field. It is worth
noting that the above theoretical study of electronic transition
energies and EPR spectra provides powerful guidelines for future
experimental studies aimed at pinpointing how exactly Fe enters
into the Al2O3 environment.

(ii) The temperature dependence of zero-field splitting
parametersb2

0 and b4
0 has been derived, and the theoretical

values are in good agreement with the experimental findings.
(iii) The local distortion structure parameters∆θ1 and ∆θ2

in different temperatures are determined. The results show that

the local tilting anglesθ1 andθ2 for Fe3+ substituting the Al3+

ion site are smaller than the corresponding host angles.
Moreover, the theoretical value of the zero-field splitting
parameters and the corresponding distortion parameters in the
temperature range 50 Ke T e 250 K are reported first. These
parameters are of significance in broadening our understanding
of the physical and chemical properties of Al2O3. Of course,
careful experimental investigations, especially ENDOR experi-
ments, are required to clarify the local structure around the Fe3+

ions in the Al2O3:Fe3+ system in detail.
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