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Zero Field Splitting Parameter of Mn2+-Doped
Tl2Cd2(SO4)3 Single Crystals at Axial Symmetry Site
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Theoretical study of the crystal field parameters and the zero-field splitting parameter of Mn2+-doped
langbeinite Tl2Cd2(SO4)3 single crystals is done using the superposition model and perturbation theory.
The zero-field splitting parameter found here matches well with the experimental value. The theoretical
study supports the conclusion of experimental study that Mn2+ substitutes for Cd2+ in Tl2Cd2(SO4)3
single crystal.
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1. Introduction

Electron paramagnetic resonance (EPR) inves-
tigations give structural distortions and local site
symmetry of transition ions doped in different
host systems [1–3]. Employing microscopic spin-
Hamiltonian (MSH) theory, the spin Hamiltonian
(SH) parameters determined from EPR are corre-
lated with optical and structural parameters. Both
experimental and theoretical studies indicate that
the spin Hamiltonian parameters of transition ions
(d5) in crystals are quite sensitive to local dis-
tortion. Hence, the SH theory is largely used in
crystals.

The crystal-field (CF) parameters of the d5 ion
can be obtained using the superposition model
(SPM) [4, 5]. The zero-field splitting (ZFS) param-
eters are then evaluated employing the CF parame-
ters [6]. The Mn2+ ion of the iron group is interest-
ing due to its ground state being 6S5/2 [7–10]. Elec-
tron spins interact through high-order interaction
with the crystalline electric field, and in an external
magnetic field they orient freely [11]. Since the S
state ions have a large spin-lattice relaxation time,
the Mn2+ ion gives well-resolved EPR lines [10–12]
in most systems at room temperature (RT).

Langbeinite is a family of compounds having the
formula A2B2(SO4)3, where A may be K+, NH+

4 ,
Rb+, Tl+, or Cs+, and B may be Mg2+, Ni2+, Co2+,
Zn2, Fe2+, Mn2+, Cd2+, or Ca2+. However, not all
combinations of these cations have been obtained
experimentally. The above crystals are isomorphous
with the natural mineral langbeinite K2Mg2(SO4)3

and have a high-temperature cubic structure with
the space group P213 [13, 14]. Various langbeinite

compounds transform from a high-temperature
cubic structure to either ferroelectric or ferroelas-
tic low-temperature phases. It is established that
one of two types of phase transitions, i.e.,

• Type I

cubic︸ ︷︷ ︸
P213

→ monoclinic︸ ︷︷ ︸
(ferroelectric)

P213

→ triclinic︸ ︷︷ ︸
(ferroelectric)

P21P1

→

→ orthorhombic︸ ︷︷ ︸
(ferroelectric)

P212121

(1)

• Type II

cubic︸ ︷︷ ︸
P213

→ orthorhombic︸ ︷︷ ︸
(ferroelectric)

P212121

(2)

takes place as the temperature is lowered [15–18].
Ferroelectric langbeinite Tl2Cd2(SO4)3 shows

a successive appearance of three phase transitions
in the temperature range from 90 to 130 K [17].

EPR investigation of Mn2+-doped Tl2Cd2(SO4)3

single crystals were done at room temperature
(RT) and the spin Hamiltonian parameters have
been determined [19]. Substitutional and intersti-
tial sites could be considered for the Mn2+ ion
in Tl2Cd2(SO4)3 crystal. From EPR [19] it was
concluded that Mn2+ ion enters the lattice of
Tl2Cd2(SO4)3 substitutionally at Cd2+ site. In the
present study, the CF parameters are obtained em-
ploying SPM, and then these parameters, together
with MSH theory, provide the ZFS parameters for
the Mn2+ ions at the substitutional Cd2+ site
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Fig. 1. Coordination around Mn2+ in
Tl2Cd2(SO4)3 single crystal.

in Tl2Cd2(SO4)3 single crystal at RT. The zero-
field splitting parameter D obtained using SPM
gives a reasonable matching with the experimental
value [19].

2. Crystal structure

Tl2Cd2(SO4)3 single crystal (langbeinite type I)
has a cubic structure at 295 K with lattice param-
eter a = 1.0421 nm, space group P213 [20]. Metal
cations occupy special positions along the threefold
axes. Each Tl atom is surrounded by nine O atoms
that form a complicated polyhedron. Every Cd1 and
Cd2 atom is coordinated by six O atoms, form-
ing distorted octahedra, which are generated by
the application of threefold axes on the symmetry-
independent atoms O3, O4, O1 and O2. The atoms
Cdl and Cd2 are not at the midpoints of the octa-
hedra, but are shifted by 0.003 nm towards the O4
triplet for Cdl and 0.013 nm towards the O2 triplet
for Cd2. The oxygen coordination around Cd2+ (1)
is shown in Fig. 1. The site symmetry around Mn2+

ions can be considered approximately axial, as in-
dicated by the EPR investigation of Mn2+-doped
Tl2Cd2(SO4)3 [19].

3. Theoretical investigation

The Mn2+ ion in Tl2Cd2(SO4)3 single crystal
substitutes at Cd2+ site [19]. The SH of 3d5 ion in
crystal field of axial symmetry is written as [21–23]
H = gµBB · S +D

(
S2
z − S(S + 1)

)
+
a

6

[
S4
x+S4

y+S4
z −

1

5
S(S + 1)(3S2 + 3S − 1)

]
+

F

180

[
35s4

z − 30S(S + 1)S2
z + 25S2

z

− 6S(S + 1) + 3S2(S + 1)2

]
+A I · S,

(3)

where the first term gives electronic Zeeman inter-
action; B is the external magnetic field, g is the
spectroscopic splitting factor and µB is Bohr mag-
neton. The second, third, and fourth terms repre-
sent the second-order axial, fourth-rank cubic and
fourth-rank axial ZFS terms [9]. The fifth term is
the hyperfine interaction term. In (1), S, D, a, F
are the effective spin vector, the second-order axial,
fourth-rank cubic and fourth-rank axial ZFS param-
eters, respectively. The isotropic approximation for
the electronic Zeeman interaction is used for Mn2+

ions [9, 24, 25].
The Hamiltonian for a d5 ion is given by
H = H0 +Hcf +Hso, (4)

where
Hcf =

∑
kq

BkqC
k
q (5)

represents the crystal field Hamiltonian, whereas
H0 and Hso represent the free ion Hamiltonian and
the spin–orbit (SO) coupling, respectively. In (5),
Bkq denotes CFP in Wybourne notation and Ck

q is
the orbital angular momentum operator. Since the
spin–spin coupling is very small [26–28], its con-
tribution to (5) has been neglected. The crystal
field of SO interaction is taken as a perturbation
term [29–31]. The strong-field scheme calculation in
the F -state ions was done by Macfarlane [32, 33].
The SO contribution to the ZFS parameter D for
3d5 ions in axial symmetry is given as [30]

D(4)(SO) =
ξ2

63P 2G

(
14B2

44 − 5B2
40

)
− 3ξ2

70P 2D
B20(B20 − 14ξ),

(6)
where P = 7(B + C), G = 10B + 5C and D =
17B + 5C. Here, P , G, and D are the energy sepa-
rations between the excited quartets and the ground
sextet; the Racah parameters B and C give the
electron–electron repulsion, and ξ is the spin–orbit
coupling parameter. Only the fourth order term is
considered in (6), because the other perturbation
terms are negligible [30, 32, 33]. In terms of the av-
erage covalency parameter N , the parameters B, C
and ξ are given as B = N4B0, C = N4C0 and
ξ = N2ξ0, where B0, C0 and ξ0 are the Racah
parameters and the spin–orbit coupling parame-
ter for free ion [34, 35], respectively. For Mn2+

ion, B0 = 960 cm−1, C0 = 3325 cm−1, ξ0 =
336 cm−1 [9] are used in this calculation. Using the
equation

N =
1

2

(√
B

B0
+

√
C

C0

)
, (7)

one can evaluate N .
By employing SPM, the CF parameters for

Mn2+ in the Tl2Cd2(SO4)3 single crystal are ob-
tained, and then with (6) the ZFS parameter
D is determined. The similar method has been
used for finding ZFS parameters by many previous
workers [36].
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In order to interpret crystal-field splitting, SPM
is effectively applied. This model has also been used
for the 3dn ions [32, 33, 37]. The crystal field pa-
rameters, using this model, are obtained from the
equations [38]

B20 = − 2Ā2R
t2
0(

R10 + ∆R1

)t2 − 4Ā2R
t2
0(

R20 + ∆R2

)t2 ,
(8)

B40 =
16Ā4R

t4
0(

R10 + ∆R1

)t4 +
12Ā4R

t4
0(

R20 + ∆R2

)t4 ,
(9)

B44 =
2
√

70Ā4R
t4
0(

R20 + ∆R2

)t4 , (10)

in which R0 is the reference distance, usually
taken as the average value of all four bond lengths
(for axial symmetry); Ā2, Ā4 and tk are the in-
trinsic parameter and the power law exponent,
respectively.

4. Results and discussion

The average of two out of the four Mn2+–O2−

bond lengths is R10 = 0.4275 nm and the average
value of the other two bond lengths is found to be
R20 = 0.3414 nm. Note that ∆R1 and ∆R2 give the
distortion parameters. In octahedral coordination,
Ā4(R0) = 3

4Dq [6, 25]. For the 3d5 ions, the ratio
Ā2

Ā4
lies in the range 8–12 [32, 33, 37]. The power

law exponents for the Mn2+ ion are taken as t2 = 3,
t4 = 7. Semi-ab initio calculations are carried out
for other transition metal ions to find the intrinsic
parameter values in SPM, a similar calculation is
used here.

From the optical absorption study [39], the val-
ues of B, C and Dq are found as 917, 2254 and
756 cm−1, respectively. First, no local distortion is
considered and the value of D is determined. For
this, taking Ā2

Ā4
= 10 and R0 = 0.220 nm, which is

the sum of the ionic radii of Mn2+ = 0.080 nm
and O2− = 0.140 nm, the Bkq parameters are
B20 = −7610.21 cm−1, B40 = 400.1558 cm−1,
B44 = 437.0726 cm−1 and the value ofD is obtained
asD = 265.6×10−4 cm−1. The EPR study gives the
experimental value D = 151.63 × 10−4 cm−1 [19].
From the above, it is seen that the theoretical value
is larger than the experimental one.

Now, taking the local distortions as ∆R1 =
−0.0437 nm and ∆R2 = −0.0450 nm, and also
R0 = 0.220 nm and the ratio Ā2

Ā4
= 10, the Bkq

parameters are obtained as B20 = −5337.51 cm−1,
B40 = 175.6468 cm−1, B44 = 183.748 cm−1. Then,
the value of D given as D = 151.63 × 10−4 cm−1

is in good agreement with the experimental value
of D = 151.63 × 10−4 cm−1. The interstitial site
was also studied, but the D value was inconsistent
with the experimental value, so data is not reported
here.

5. Conclusions

The axial symmetry zero-field splitting parameter
D for Mn2+ in Tl2Cd2(SO4)3 single crystal has been
determined using the superposition model and per-
turbation theory. The theoretical D value matches
well with the experimental value when distortion
is taken into consideration. This study shows that
the Mn2+ ion occupies the substitutional Cd2+ site
which supports the conclusion of the experimental
EPR study.
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