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Zero-field splitting of the ground state and local lattice distortions for Fe3+ ions at
the tetragonal FeF5O cluster center in Fe3+:KMgF3 crystals
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A B S T R A C T

The relations between the zero-field splitting (ZFS) parameters and the structural parameters of the

tetragonal FeF5O cluster center in Fe3+:KMgF3 crystals have been established by means of the microscopic

spin Hamiltonian theory and the superposition model (SPM). On the basis of this, the local structure

distortions, the second-order ZFS parameter D, the fourth-order one (a + 2F/3), and the energy level

separations D1 and D2 of the ground spin state for Fe3+ ion doped in Fe3+:KMgF3 crystals are theoretically

investigated. We use complete diagonalization method (CDM) and take into account the electronic

magnetic interactions, i.e. the spin–spin (SS), the spin-other-orbit (SOO), and the orbit–orbit (OO)

interactions, besides the well-known spin–orbit (SO) interaction. This investigation reveals that the

replacement of O2� for F� and the induced lattice relaxation DR2(O), combined with an inward relaxation

of the nearest five fluorine ions DR1(F) give rise to a strong tetragonal crystal field, which yields the large

ZFS of the ground state. The theoretically calculated parameters D, (a + 2F/3), D1, and D2 for Fe3+:KMgF3

crystals are in good agreement with experimental ones when the five F� ions move toward Fe3+ by

jDR1(F)j = 6.40 � 10�4 nm and the O2� ion toward Fe3+ by jDR2(O)j = 10.55 � 10�3 nm.

� 2011 Elsevier B.V. All rights reserved.
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1. Introduction

The perovskite fluorides AMF3 (A represents an alkali metal and
M an alkaline-earth metal ion) crystal exhibits a range of useful
physical and chemical properties, including the ferromagnetic,
photoluminescent and photoelectric properties [1–4]. In particular,
KMgF3 crystals doped with transition-metal (TM) ions, e.g. Cr3+,
Mn2+, and Fe3+ have attracted much attention due to their potential
applications in laser technologies [5–9], which depend strongly on
the presence of defects induced by the transition metal impurities.
KMgF3 crystals have cubic structure, the Mg2+ ion is surrounded by
six F� ion in a regular octahedron [10]. Trivalent dopant Fe3+ ions
replace divalent Mg2+ ions in KMgF3. However, the electron
paramagnetic resonance (EPR) and electron-nuclear double-reso-
nance (ENDOR) experiments on Fe3+:KMgF3 crystals [10,11] show
that the Fe3+ ions are located at tetragonal symmetry sites. Fe3+ ions
exhibit very large rank-2 zero-field splitting (ZFS) parameter
D = �35.2 � 10�2 cm�1 [11], much is several times greater than
for the M-vacancy tetragonal Fe3+ sites in AMF3 crystals:
D = 7.40 � 10�2 cm�1 for Fe3+:KZnF3 [12], D = �4.22 � 10�2 cm�1

for Fe3+:RbCdF3 [8], and D = �5.48 � 10�2 cm�1 for Fe3+:CsCdF3 [8].
This result implies that the local structure of Fe3+ in Fe3+:KMgF3
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crystal experiences tetragonal distortion reducing the local symme-
try around Fe3+ ion from Oh to C4v. Analysis of the nearest-neighbor
F� superhyperfine structure patterns for Fe3+ in KMgF3 [10] shows
that only five of the nearest-neighbor fluorine ions were presented,
with the sixth site being occupied by a negatively divalent ions with
zero nuclear spin such as O2�. Thus the large ZFS parameter D has
been attributed to Fe3+ ions at tetragonal sites with O2� ions on the
tetragonal axis, i.e. tetragonal FeF5O cluster center [10].

Since TM impurity ions are responsible for the modification of the
materials properties, the understanding of the local structure and
the fine structure of the ground state for Fe3+ ions in KMgF3 crystals is
important. However, such studies are lacking. In order to understand
the role of magnetic ion on a microscopic scale and gain quantitative
knowledge about the effects of the surrounding ions, it is necessary
to study the defect nature and local structure distortions of the
impurity centers. The ZFS parameters obtained from the EPR
experiments in crystals are useful for this purpose since they reflect
very sensitively even small variations in the coordination of the
paramagnetic centers [13–15]. Hence, the studies of ZFS parameters
can provide a great deal of microscopic insight concerning the crystal
structure, structural disorder as well as the observed magnetic and
spectroscopic properties [16–18]. In this work, the relationship
between the ZFS parameters and the local structure of the tetragonal
FeF5O cluster center in Fe3+:KMgF3 crystals is established based on
the superposition model [19,20] and the microscopic spin Hamilto-
nian theory [21–23]. By simulating the rank-2 ZFS parameter D and
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the rank-4 ZFS parameter (a + 2F/3) as well as the fine structure of
the ground state of Fe3+ in KMgF3 simultaneously, the local structure
distortion of this Fe3+ center is investigated using complete
diagonalization method (CDM) [24,25]. Our results show that the
replacement of O2� for F� and the induced lattice relaxation,
combined with an inward relaxation of the nearest five fluorine ions
give rise to a strong tetragonal crystal field, which yields the large
ZFS of the ground state.

2. Theoretical analysis

The present work utilizes the CFA/MSH package based on the
complete diagonalization method (CDM) [14,15,26] for the 3d5

ions at tetragonal symmetry CF. The physical Hamiltonian for Fe3+

ion in tetragonal symmetry CF is given as [15]

H ¼ HeeðB; CÞ þ HCFðBkqÞ þ Hmðjd; M0; M2Þ (1)

where the first term represents the Coulomb interactions, the
second – CF Hamiltonian:

HCF ¼ B20Cð2Þ0 þ B40Cð4Þ0 þ B44ðCð4Þ4 þ Cð4Þ�4Þ (2)

where the CðkÞq are normalized spherical harmonics. For the
tetragonal symmetry (z//C4). It is convenient to define [27,28]

B20 ¼ d � m (3a)

B40 ¼ 21Dq � 3

5
ð3m þ 4dÞ (3b)

B44 ¼ 21

ffiffiffiffiffiffi
5

14

r
Dq (3c)

where Dq is the cubic CF parameter, whereas the parameters m and
d [29] measure the net tetragonal CF components and vanish
identically in cubic site. Thus the parameters m and d altogether
can characterize the tetragonal distortion effect reducing the local
symmetry around Fe3+ from Oh to C4v for Fe3+ in KMgF3. The last
term in Eq. (1) represents the magnetic interactions including
apart from the SO interaction, also the spin-other-orbit (SOO), the
spin–spin (SS), and the orbit–orbit (OO) interactions:

Hm¼ HsoðjdÞ þ HsooðM0; M2Þ þ HssðM0; M2Þ þ HooðM0; M2Þ (4)

Explicit forms of the terms in Eq. (4) have been given in
[25,26,30]. The matrix of Hamiltonians in Eq. (1) is of the
dimension 252 � 252 and can be partitioned into four smaller
matrices, i.e. E0a0(62 � 62), E0b0(62 � 62), E00a00(64 � 64), and
E00b00(64 � 64). Details concerning the choice of the basis and
calculation of the pertinent matrix elements have been published
previously [25–27,31].

For Fe3+ (3d5 configuration) ion in the tetragonal symmetry
crystal field (CF) the ground-state is the high-spin 6A1 state [32]. The
magnetic interactions split 6A1 state into the effective spin states
E0ðM̃s ¼ �1=2Þ, E00ðM̃s ¼ �3=2Þ, and E00ðM̃s ¼ �5=2Þ [23]. According
to the group theory [33], the process can be expressed as:

A1� Dð5=2Þ ! A1� ðE0 � 2E
00 Þ ! E

0 � E
00 � E

00
(5)

In order to describe this splitting 6A1, the effective spin-
Hamiltonian [23] should include the ZFS parameters a, D and
(a + 2F/3) [21] which can be analyzed by the effective spin
Hamiltonian [23,34]

Hs ¼
1

3
DO0

2 þ
1

120
ða þ 2

3
FÞO0

4 þ
1

3
aO4

4 (6)

where the tetragonal axis z//4-fold axis, Om
n (Sx, Sy, Sz) are the

Stevens operators [35,36]. Since the conventional ZFS parameters
[21,23,34], b0

2; b0
4 and b4

4 are predominantly employed in EMR
studies for Fe3+:KMgF3 [11], we use the conversion relations [15]:

b0
2 ¼ D (7a)

2b0
2 ¼ a þ 2

3
F (7b)

b4
4 ¼

5

2
a (7c)

The microscopic spin Hamiltonian theory [21–23] enables to
derive explicit expressions for the ZFS parameters in Eq. (6) in
terms of the energy level separations obtained by the diagonaliza-
tion of the physical Hamiltonian in Eq. (1). For tetragonal axial
symmetry crystal field including the point groups C4v, D4, and D2d,
the numbers of available ZFS transitions obtained from complete
diagonalization method (CDM) are two, whereas those of the non-
zero ZFS parameters are three. Since the number of available ZFS
transitions is insufficient to determine all non-zero ZFS param-
eters, the approximation must be made. If the magnitude of the
parameter g ¼ ð1=2Þtan�1f

ffiffiffi
5
p

a=½2ða þ 2F=3Þ þ 4D�g is sufficiently
small, we can obtain the approximated relations as follows [15,37]:

D � 1

28
ð5D2 � D1Þ (8a)

a þ 2

3
F � 1

7
ðD2 � 3D1Þ (8b)

where the energy level separations D1 and D2 can be expressed as:

D1 ¼ E2 E00 M̃s ¼ �3

2

� �����
�� �
� E3 E0 M̃s ¼ �1

2

� �����
�� �

(9a)

D2 ¼ E1 E00 M̃s ¼ �5

2

� �����
�� �
� E3 E0 M̃s ¼ �1

2

� �����
�� �

(9b)

The energy level separations D1 and D2 are obtained by the
diagonalization of the energy matrices within the full 3d5

configuration. The experimental data [11] yield a very small
tan 2g (ffi�0.017) for the tetragonal center Fe3+ ions in KMgF3

crystals, Thus, Eq. (8) provides a good approximation for the
tetragonal center Fe3+ ions in Fe3+:KMgF3 crystals.

3. The tetragonal charge-compensation FeF5O defect model
and CF parameters

In our calculations, we adopt the following parameters:
B = 877.5 cm�1, C = 3146.5 cm�1, and jd = 371 cm�1 [38] for Fe3+

in Fe3+:KMgF3 crystals. It is found [30,39] for dN configurations that
the SS, SOO, and OO parameters: MkðSSÞ ¼ MKðSOOÞ ¼ MKðOOÞ ¼
MK with k = 0 and 2. Thus we adopt M0 = 0.2917 cm�1 and
M2 = 0.0229 cm�1 [40] for Fe3+. For fixed parameters B, C, jd, M0 and
M2, the ZFS parameters D and (a + 2F/3) as well as the energy level
separations D1 and D2 of the ground state become only the
functions of the CF parameters B20, B40 and B44. This enables us to
study the local structure distortion around Fe3+ defect centers for
Fe3+:KMgF3 crystals.

The Newman superposition model [19,20] has proved to be a
powerful tool in probing the local structure of TM ion in a variety of
single crystals. In particular this method has been successfully
applied to gain very detailed information on the lattice site and
crystalline environment of Fe3+ ions in crystals [41,42]. Assuming
the displacement of five ligand F� toward the central metal ion Fe3+

is DR1(F�) (see Fig. 1), the superposition model [19] yields the
crystal field parameters Bkq due to the near-neighbor five fluorine



Table 1
The energy level separations D1, D2 and the ZFS parameters D, (a + 2F/3) for the

tetragonal FeF5O cluster center in Fe3+:KMgF3 crystals as a function of R1 and R2; D1,

D2, D, and (a + 2F/3) are in [10�4 cm�1].

R1 (nm) R2 (nm) D1 D2 D (a + 2F/3)

0.19796 0.18795 �7695 �22,012 �3656 153

0.18805 �7608 �21,758 �3614 153

0.18815 �7522 �21,505 �3572 152

0.18825 �7437 �21,255 �3530 151

0.18835 �7352 �21,006 �3489 150

0.19806 0.18795 �7690 �22,008 �3655 152

0.18805 �7603 �21,755 �3613 151

0.18815 �7518 �21,506 �3572 150
0.18825 �7432 �21,254 �3530 149

0.18835 �7348 �21,007 �3489 148

0.19816 0.18795 �7684 �22,003 �3655 150

0.18805 �7598 �21,751 �3613 149

0.18815 �7512 �21,501 �3571 148

0.18825 �7428 �21,253 �3530 147

0.18835 �7344 �21,007 �3489 146

Notes: the bold values R1 = 0.19806 nm and R2 = 0.18815 nm express the best fitted

values of the crystal structural parameters whereas the bold values –7518, –21506,

–3572, and –150 [in 10–4 cm–1] are the corresponding values for the parameters D1,

D2, D, and (a + 2F/3), respectively.

Table 2
The calculated CF parameters, the energy level separations D1, D2 and the ZFS

parameters D, (a + 2F/3) arising from four mechanisms for the tetragonal FeF5O

cluster center in Fe3+:KMgF3 crystals; m and d are in [cm�1], whereas D1, D2, D, and

(a + 2F/3) are in [10�4 cm�1].

m d D1 D2 D (a + 2F/3)

a �1624.2 838.2 �1511 �3948 �651 83.6
b �4923.7 1860.3 �7486 �21,486 �3569 139.0
c �1466.2 785.1 �1360 �3457 �569 89.2
d �4765.7 1807.3 �7518 �21,506 �3572 150

Expt. [11] �7518 �21,508 �3572 � 60 150 � 10

a O2� replacement: DR1(F) = 0 and DR2(O) = 0.
b O2� displacement: DR1(F) = 0 and DR2(O) = �10.55 � 10�3 nm.
c F� displacement: DR1(F) = �6.40 � 10�4 nm and DR2(O) = 0.
d Total: DR1(F) = �6.40 � 10�4 nm and DR2(O) = �10.55 � 10�3 nm.

[001] 

ΔR1(F) 

ΔR1(F) 

ΔR2(O) 

Fe3+ 

F―

O2―

Fig. 1. Local lattice structure of the tetragonal FeF5O cluster of Fe3+ center in KMgF3

crystals.
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as:

B20 ¼ �2Ā2ðF�Þ
R0

R0 þ DR1ðFÞ

� �t2

(10a)

B40 ¼ 20Ā4ðF�Þ
R0

R0 þ DR1ðFÞ

� �t4

(10b)

B44 ¼ 2
ffiffiffiffiffiffi
70
p

Ā4ðF�Þ
R0

R0 þ DR1ðFÞ

� �t4

; (10c)

whereas assuming the displacement of impurity O2� toward the
central metal ion Fe3+ is DR2ðOÞ, the superposition model yields the
crystal field parameters Bkq due to the impurity O2� as:

B20 ¼ 2Ā2ðO2�Þ R0

R0 þ DR2ðOÞ

� �t2

; (11a)

B40 ¼ 8Ā4ðO2�Þ R0

R0 þ DR2ðOÞ

� �t4

; (11b)

B44 ¼ 0: (11c)

In Eqs. (10) and (11), Āk are the intrinsic parameters [19], and ĀkðF�Þ
(L = 2, 4) are not equal to ĀkðO2�Þ. Ā4 can be found from the relation
for the cubic CF parameter Dq of ligands: Ā4 � 3Dq=4 [43,44]. Using
the experimental values: Dq(Fe3+� 6F�) = 1348 cm�1 [38] for
Fe3+:KMgF3 yields Ā4ðF�Þ ¼ 1011 cm�1, whereas Dq(Fe3+� 6O2�)
= 1500 cm�1 for Fe3+ ion in Fe3+:Al2O3 crystals [45] yields
Ā4ðO2�Þ ¼ 1125 cm�1. The ratio Ā2=Ā4 tends to be a constant value
for the iron-group ions [43,46,47]. It is taken as 10.8 in our
calculations. The R0 = 0.1987 nm, i.e. the Fe–F distance in the perfect
cubic site for Fe3+:KMgF3 crystals [11], is taken as the reference
distance. We take the power-law exponents as t2 = 3, and t4 = 6
[19,20] for ionic crystals Fe3+:KMgF3.

4. Results and discussions

The relations (10) and (11) enable to investigate the variation of
the CF parameters Bkq and, via Eq. (8), also of the ZFS parameters D

and (a + 2F/3) as well as the energy level separations D1 and D2 as
the functions of the crystal structural parameters R1(=R0 + DR1(F))
and R2(=R0 + DR2(O)). To obtain the parameters D and (a + 2F/3) as
well as D1 and D2, we must diagonalize the Hamiltonian (1) for a
given set of values of R1 and R2. By simulating the ZFS parameters D
and (a + 2F/3) as well as the energy level separations D1 and D2

simultaneously, we can obtain the parameters R1 and R2. The
theoretically calculated values of D, (a + 2F/3), and D1, D2 for a
given set of values of the R1 and R2 are listed in Table 1. The results
show that the best agreement for D, (a + 2F/3), D1, and D2 can be
achieved for the crystal structural parameters R1 = 0.19806 nm and
R2 = 0.18815 nm (see the bold values of Table 1). Using
R1 = R0 + DR1(F) and R2 = R0 + DR2(O) with R0 = 0.1987 nm, we
obtain the lattice distortion parameters DR1(F) = �6.40 � 10�4 nm
and DR2(O) = �10.55 � 10�3 nm. The negative sign of DR1(F) and
DR2(O) indicates a compression of the local structure of the
tetragonal FeF5O cluster center in Fe3+:KMgF3.

In order to explore the microscopic origin of the ZFS parameters D

and (a + 2F/3), we investigate four mechanisms (see Table 2). The
results indicate that if the lattice distortions are not considered, a
remarkably small D, (a + 2F/3), D1, and D2 are obtained (see Table 2
row a): Dcal./Dexp. = 0.18, (a + 2F/3)cal./(a + 2F/3)exp. = 0.56, D1 cal./
D1 exp. = 0.20, and D2 cal./D2 exp. = 0.20. This shows that the lattice
distortion must occur and play a significant role in contributing to
these parameters. Due to the difference in mass, charge, and ionic
radius between Fe3+ and Mg2+, the mutual interactions between the
Fe3+ ion and five F� ions or O2� ion on the [0 0 1]-axis in doped
crystals must differ from those between Mg2+ ion and six F� ions in
host crystals. Moreover, because the Fe3+ radius (0.064 nm) ion is
smaller than that of the host Mg2+ (0.066 nm) ion, whereas the Fe3+

charge is larger than that of Mg2+, the Coulomb interaction between
Fe3+ ion and F� ion in doped crystals is stronger than that between
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Mg2+ and F� ion in host crystals. Hence, it is reasonable to assume
that the five F� move toward the central Fe3+ ion in such an ionic
crystal. Moreover, because the effective charge of O2� on the [0 0 1]-
axis is larger than that of the nearest five F�, the Coulomb interaction
between Fe3+ and O2� ions is stronger than that between Fe3+ and F�

ions. Thus the re jDR1(F)j < jDR2(O)j seems acceptable.
Additionally, the ZFS parameters D and (a + 2F/3) with the local

structure distortion parameters DR1(F) and DR2(O) for selected the
range of DR1(F) and DR2(O) from 0 to 0.012 nm is plotted in Figs. 2
and 3. Fig. 2 indicates that D is very sensitive to changes in DR1(F)
and DR2(O). The contribution to D arising from the change DR1(F)
of the Fe3+–F� distance is negative, whereas that arising from the
change DR2(O) of the Fe3+–O2� distance for DR2(O) > 0.004 nm is
positive. Fig. 3 indicates (a + 2F/3) is very sensitive to the distortion
parameter DR2(O), whereas it is insensitive to DR1(F).

5. Conclusions

We have made an investigation of the ZFS parameters and local
lattice distortions for Fe3+ ions at the tetragonal FeF5O cluster center
in Fe3+:KMgF3 crystals using the complete diagonalization method
and considering the SS, SOO, and OO magnetic interactions in
addition to the SO magnetic interaction. It was shown that the
theoretical results of the ZFS parameters D, (a + 2F/3) and the energy
level separations of the ground states are in excellent agreement
with the experimental ones when the five F� ions move toward Fe3+
by jDR1(F)j = 6.4 � 10�4 nm and the O2� ion toward Fe3+ by
jDR2(O)j = 10.55 � 10�3 nm. In fact, due to the difference in mass,
charge, and ionic radius between Fe3+ and Mg2+, the mutual
interactions between the Fe3+ ion and five F� ions or O2� ion on
the [0 0 1]-axis in doped crystals must differ from those between
Mg2+ ion and six F� ions in host crystals. Hence, the O2�displacement
jDR2(O)j = 10.55 � 10�3 nm and F� displacement jDR1(F)j
= 6.4 � 10�4 nm predicted based on the investigations of the ZFS
of the ground states for Fe3+ ions at the tetragonal FeF5O cluster
center in Fe3+:KMgF3 crystals are acceptable. This show that the local
structure distortions play an important role in explaining the
spectroscopic properties of Fe3+ in Fe3+:KMgF3 crystals.
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