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Lattice Dynamical Calculations for Inverse Spinel Compounds
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Lattice dynamical calculations have been performed for inverse spinel structure compounds MIn2S4 (M = Mn
and Co) using the proposed six parameter bond-bending force constant model. In this model, the short-range force
constant is calculated by using the Taylor expansion of the potential energy in the harmonic approximation. This
model is applied to study the zone-centre (Γ = 0) phonon frequencies of inverse spinels MIn2S4 (M = Mn and Co).
The signi�cant outcome of the present work is that the second neighbor interactions (octahedral bonding) are
stronger than the �rst neighbor interactions (tetrahedral bonding). The zone-center phonon frequencies, calculated
using these parameters, are found to be in very good agreement with the observed results.
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1. Introduction

The ternary compounds AB2C4 with spinel structure
are one of the most important and comprehensively in-
teresting in all structure types. The ferromagnetic prop-
erties of some spinels are of great importance in the solid
state industry. The structural, vibrational, electrical, di-
electric, magnetic properties, solid state reactions and
other properties of spinel structure compounds are of ma-
jor research interest. The lattice dynamical calculations
give the detailed information about the vibrational spec-
tra (Raman and infrared), bonding and numerous other
solid state properties of spinel structure compounds.
Lattice dynamical calculations for the spinel structure

compounds are performed from last forty years [1�13],
but most of the calculations are based on the crude mod-
els due to the lack of experimental infrared and Raman
data. Recently, ab initio calculations have been per-
formed to calculate infrared and Raman phonon modes
at the zone centre by Pascal and Gervais [14] and Wijs
et al. [15] for MgAl2O4 and by Fang et al. [16] for cu-
bic Si3N4. Very recently, the ab initio technique has
been used to calculate the lattice dynamical properties
of LiMn2O4 by Fang et al. [17].
All the above lattice dynamical calculations are only

for the compounds having normal spinel structure.
The lattice dynamical calculations for the inverse spinel
structure compounds are scarce due to the complexity
present in their crystalline structure. Gupta and Bal-
ram [18] has calculated the zone-centre phonon frequen-
cies of inverse spinel compounds using an angular force
constant model (SRM). They have assumed that the
third neighbour interaction is average of the interatomic
interaction for the sulphide spinels [19, 20] having nor-
mal spinel structure and is �xed for all the inverse spinels.
Kushwaha [21] has calculated the zone-centre phonons for
the inverse spinel compounds FeIn2S4 and NiIn2S4 using
rigid ion model.
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In the present paper, we have developed a theoret-
ical model to study the zone-centre phonon frequen-
cies of the inverse spinel structure compounds MIn2S4
(M = Mn and Co). In the present calculations, three
bond-stretching, three bond-bending force constants are
evaluated by �tting available experimental Raman in-
frared modes.

2. Crystal structure and potential model

The inverse spinel structure compounds MIn2S4
(M = Mn and Co) belongs to the space group
Fd3m (Oh). In these compounds one half of In ions are
on tetrahedral sites and other half of In ions plus M ions
occupy octahedral sites randomly. These are represented
by (In)T(MIn)OS4. The primitive rhombohedral unit cell
contains two formula units, i.e., 14 atoms per unit cell.

The 42 dimensional representations of these com-
pounds can be resolved into 17 fundamental lattice vi-
bration modes at the zone center [22�24]. These repre-
sentations are

Γ = A1g + Eg + 2Eu + 2A2u + F1g + 3F2g

+5F1u + 2F2u. (1)

There are �ve Raman active (A1g, Eg, 3F2g) and four in-
frared active (4F1u) modes and rest are Raman inactive
(F1g) and infrared inactive (2A2u, 2Eu and 2F2u) modes.

The secular determinant is given by

|D(q, kk′)− ω2δαβδkk′| = 0, (2)

where kk′ = 1, 2,... s label the ions per unit cell. q de-
notes the wave-vector whose allowed values range over
the �rst Brillouin zone, α and β = x, y, z designate the
coordinate axes and δ is the usual Kronecker delta sym-
bol. The elements of the dynamical matrix are de�ned as:

Dαβ(q, kk′) =∑
l′

1
√
mkmk′

ϕαβ(lk, l′k′) exp(iq · r0(lk, l′k′)), (3)

where r0(lk, l′k′) = r0(l′k′)− r0(lk) and mk is the mass
of the ion k-th in the l-th cell. As usual ϕαβ(lk, l′k′) de-
notes the coupling parameters between ions lk and l′k′.
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For the short-range non-Coulombic interaction, the po-
tential energy of the spinel structure ϕN using Taylor's
series can be expressed as

ϕN =
∑
lmn

[
1

r

(
dϕN

dr

)
|r|=|rk|

{
r0lmn (Slmn − S0)

+
1

2
|Slmn − S0|2

}
+

1

2

[
1

r

d

dr

(
1

r

dϕN

dr

)]
|r|=|rk|

×
[
r0lmn (Slmn − S0)

]2]
, (4)

where S0 and Slmn are the displacements of the central
ion and its �rst neighbor ions from their normal positions,
rlmn represents the position coordinates of neighboring
ions in equilibrium. l,m, n represent the direction cosines
of the line joining the central ion and a nearest neighbor.
|rk| is the nearest neighbor distance.
In our work we have considered the non-Coulombic in-

teraction between central ion and its three nearest neigh-
bors. Let Ak be the bond-stretching force constant de-
�ned by the second derivative of the potential energy ϕN :

e2

V
Ak =

d2ϕN

dr2

∣∣∣∣
|r|=|rk|

. (5)

The bond-bending force constant Bk is expressed as the
�rst derivative of the potential energy ϕN :

e2

V
Bk =

1

r

dϕN

dr

∣∣∣∣
|r|=|rk|

. (6)

Here k = 1, 2, 3 for �rst, second and third neighbors.

3. Results and discussion

In the present paper, let A1 and B1 represent the bond-
stretching and bond-bending force constants between M
and S type of ions respectively, A2 and B2 represent simi-
lar force constants between In and S types of ions and A3

and B3 correspond to bond-stretching and bond-bending
force constants between S�S types of ions. The dynami-
cal matrix of the order of 42×42 is obtained and is solved
at the zone-centre and gets the analytical expressions for
all the di�erent modes.

TABLE I

The values of force constant
(kdynes/cm) for AIn2S4, (Mn and Co).

Force

parameters
MnIn2S4 CoIn2S4

A1 48.34 49.74

B1 1.48 1.56

A2 86.3 87.63

B2 1.71 1.83

A3 12.80 13.20

B3 0.18 0.19

By using the analytical expressions for the mode
A1g, Eg and F1u and the corresponding experimental
phonon frequencies [25] at the zone-centre, three bond-
stretching (A1, A2 and A3) and three bond-bending

(B1, B2 and B3) force constants are evaluated and are
listed in Table I. Using above force constants the phonon
frequencies at the zone-centre for the compounds MIn2S4
(M = Mn and Co) are calculated.These are listed in Ta-

TABLE II

Measured [25, 26] and calculated zone center phonon fre-
quencies (cm−1) of MnIn2S4 along with the results of
Gupta et al. [18].

Frequencies [cm−1]

Species Measured
Calculated Gupta et al.

Guc et al. Lutz et al.

A1g 337 367 340 365.9

Eg 245 248 246 247.3

F2g(1) 320 318 321 335.2

F2g(2) 261 263 262 294.8

F2g(3) 102 100 86.7

F1u(1) 303 307 308 314.7

F1u(2) 221 216 223 286.4

F1u(3) 180 179 170.2

F1u(4) 87 85 85.59

A2u(1) 382 398.5

A2u(2) 203 200.6

Eu(1) 368 366.7

Eu(2) 133 136.4

F1g 246

F2u(1) 349 346.7

F2u(2) 92 93.90

TABLE III

Measured [26] and calculated zone center
phonon frequencies (cm−1) of CoIn2S4 along
with the results of Gupta et al. [18].

Species
Frequencies [cm−1]

Measured Calculated Gupta et al.

A1g 370 368 368.9

Eg 252 253 251.3

F2g(1) 315 365 338.4

F2g(2) 278 298.3

F2g(3) 86 87.69

F1u(1) 319 322 322.2

F1u(2) 235 242 306.3

F1u(3) 187 176 168.9

F1u(4) 92 89 85.7

A2u(1) 350 400.3

A2u(2) 94 204.1

Eu(1) 372 368.3

Eu(2) 152 136.7

F1g 251

F2u(1) 394 364.5

F2u(2) 197 89.2

ble II and Table III, respectively, along with the available
experimental results [25, 26]. This shows a fairly good
agreement between theoretical and experimental results.
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From these tabulated force parameters we can conclude
that the values of A2 (second neighbour interaction) are
greater in comparison to A1 (�rst neighbour interaction),
i.e., the octahedral bonding is stronger than the tetrahe-
dral bonding. The reason is that the octahedral bonding
is more ionic in comparison to the tetrahedral bonding.
It is also found that the random occupancy of the oc-
tahedral site of inverse spinel compounds does not af-
fect zone-centre phonon frequencies. In the previous lat-
tice dynamical calculations for inverse spinel structure
compounds done by Gupta et al. [18], he found 24 in-
frared phonon modes which di�ers the number of infrared
phonon modes (14 infrared modes) for the normal spinel
structure compounds from group theoretical analysis but
in present paper we have found 14 infrared phonon modes
as found in the normal spinel structure compounds.

4. Summary

In the present paper, six parameter bond-bending
force constant model is used to calculate the bond
strength up to the third nearest neighbours for the in-
verse spinel structure compounds MIn2S4 (M = Mn
and Co). We found that the octahedral bonding (more
ionic) is stronger than the tetrahedral bonding (less
ionic). We also calculated the zone centre phonon fre-
quencies for MnIn2S4 and CoIn2S4. We found an overall
good agreement with the experimental and theoretical
results available in the literature.
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