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Lattice dynamical calculations of the spinel type MCr2S4 (M = Mn, Fe, Cd) have been done using 
various potential models (short-range, rigid-ion, polarizable-ion). The main results are that (i) the 
vibrational modes (eigenvectors) and potential energy distributions of the Raman and IR allowed 
phonon modes of the three chromium sulfides are very similar, (ii) the A-X and B-X short-range force 
constants (referring to AB2X4) strongly depend on the structural parameter u, i.e., the tetrahedral 
A-X force constants are smaller than the respective octahedral B-X ones opposite to previous 
calculations on the basis of an ideal spinel structure with u = 0.25, (iii) bending force constants 
(X-A-X and X-B-X), but not X-X and B-B repulsive forces, are negligible, (iv) in the case of the 
breathing mode of the tetrahedral AX4 unit (species A l g) the demand on B-X and X-X (stretching 
and repulsion) forces is larger than that on the A-X force, and (v) the effective dynamic charges of 
the bivalent metal ions are nearly zero. 
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modes. 

1. Introduction 

A m o n g the ternary chalcogenides A , IB I
2

nX4 , spinel 
type c o m p o u n d s are of considerable experimental and 
theoretical interest. Thus , magnet ic and electric prop-
erties, s t ructural features, such as s t ructure maps and 
cat ion distr ibutions with regard to the te trahedral and 
octahedral sites, and vibrat ional behaviour in terms of 
bonding, ionicity, and free carrier contr ibut ion have 
been studied thoroughly in the last four decades. 

In order to get more detailed informat ion on bond-
ing, structure, and dynamics of the spinel structure, 
lattice dynamical calculations should be a valuable 
tool. Such calculations, which are performed since the 
early seventies [1-8] , are mostly based on relatively 
crude models and suffer f rom the lack of complete 
experimental IR and R a m a n data . Thus, apar t f rom 
one rigid-ion model (RIM) calculat ion [5] (see also [9]) 
simple short - range models (SRM), e.g., valence force 
fields, were used until very recently [10]. Fur thermore , 
most calculations were performed on the basis of the 
ideal spinel s t ructure neglecting the s tructural pa ram-
eter u of the real crystal structure. 

Very recently single crystal R a m a n da ta [11] as well 
as the transversal and longitudinal optical zone centre 
p h o n o n frequencies of the IR allowed modes [12,13] 
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became available for several chalcogenide spinels. Us-
ing these data , we carried out an improved t rea tment 
of the lattice dynamics of spinel type A n C r 2 S 4 (A" = 
Mn, Fe, Cd). In order to assess the physical meaning 
of the results obtained we employed several force field 
models, viz., an improved Shimanouchi S R M [14] as 
well as a R I M [15] and a polarizable-ion model 
(PIM) [16]. P I M calculations on spinels were per-
formed for the first time. In the case of M n C r 2 S 4 and 
F e C r 2 S 4 no lattice dynamical calculations using IR 
and Raman da ta were yet reported. 

The compounds under discussion are so-called nor-
mal spinels where A11 and ch romium occupy only te-
trahedral and octahedral sites, respectively. Lattice 
dynamical calculations on inverse spinels such as 
A n I n 2 S 4 (A11 = Fe, etc.) are more complicated owing to 
the lack of full t ranslat ional symmetry in these com-
pounds (see the discussion given in [11]). 

2. Structure D a t a , Symmetry Coordinates, 
and Phonon Frequencies 

Normal spinels A B 2 X 4 crystallize in the space 
group F d 3 m - O h . A part of the spinel s t ructure is 
shown in Figure 1. The primitive rhombohedra l unit 
cell contains two formula units. The fract ional coordi-
nates of the respective a toms given in Table 1 refer to 
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Fig. 1. Part of the spinel structure AB2X4 (marking of the 
atoms and short-range force constants see Tables 1 and 3, 
respectively). 

Table 1. Lattice constants a and structural parameters « of 
spinel type MCr2S4 [17] and fractional coordinates of the 
14 atoms in the primitive rhombohedral unit cell of spinels 
(see Figure 1). 

Atom X y z 

A, 3/8 7 / 8 - 1 3/8 
A2 1/8 1/8 1/8 
B, 0 0 1/2 
B2 0 1/4 3 / 4 - 1 
B3 1/4 1/4 1/2 
B4 1/4 0 3 / 4 - 1 
X, - « + 1/2 - « + 1 / 2 — « 

X2 
- u + 1/2 « + 3 / 4 - 1 « +1/4 

x3 M+ 3/4 — 1 « + 3 / 4 - 1 — M 
X4 « + 3/4 — 1 - « + 1 / 2 « +1/4 
Xs u « « 
X6 u - « + 1 / 4 - « + 1 / 4 
X7 -u +1/4 - « + 1 / 4 « 
X8 - « + 1/4 « - « + 1 / 4 

MnCr,S4 : a 
998.93*pm, « = 

= 1010.70 pm, « 
= 0.2595; CdCr2S4: 

= 0.2620; FeCr2S4: a = 
: a — 1023.9 pm, « = 0.2650. 
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the cubic system (x, y, z). The lattice cons tants a and 
the structural parameters u of the spinels under dis-
cussion were taken f rom Hill et al. [17] (see Table 1). 

G r o u p theoretical t rea tment of the optical zone 
centre (|/c| = 0 ) p h o n o n modes [18] yields 

F = A l g + Eg + F l g + 3 F 2 g + 2 A 2 u 

+ 2 E u + 4 F l u + 2 F 2 u . 

There are five Raman-act ive ( A l g , E g , 3 F 2 g ) and four 
IR-active modes ( 4 F l u ) . The symmetry coordinates of 
the Raman and IR allowed modes [18] are listed in 
Table 2. The band frequencies used for the calcula-
tions reported in this work were taken f rom the liter-
ature (see [11-13 ,19] and fur ther references cited 
therein) (see Table 4). 

3. Potential Model 

The lattice dynamical calculat ions were carried out 
according to the Wi lson-GF-mat r ix method on the 
basis of cartesian symmetry coordinates [2,14]. The 
potential model used is as described in the l i terature 
[20, 21], For details see also [19]. It is built up in three 
stages. The first par t is a shor t - range valence force 
model (SRM). In the second par t this model is ex-
tended to a R I M by addi t ion of C o u l o m b forces. The 
third par t results in the P I M where the polarizabilities 
of the ions are also taken into account . According to 
Yamamoto et al. [20], the dynamical matr ix D is given 
by 

D = M ( F N + F C + F ' + F M ) M , 

where M is a diagonal matr ix specifying the masses 
m k

1 1 2 of the a toms involved. 
The matrix F N represents the non-Coulombic 

short-range interactions with valence and repulsive 
force constants K{ and Fj, bending force constants H 
and interaction force cons tants k t [1, 2, 5]. The Cou-
lomb matrix F c is given by the expression 

F c = Z Q Z . 

In this equat ion, Z is a diagonal matr ix specifying the 
effective dynamical charges zk and Q is a matr ix 
derived f rom the C o u l o m b coefficient matr ix Q. Q, 
which is calculated by Ewald 's method , represents the 
electrostatic interactions of the ions present. If elec-
tronic polarizability is taken into account , an addi-
tional C o u l o m b interaction matr ix F 1 due to induced 
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Table 2. Symmetry coordinates of the Raman and IR allowed modes in terms of Cartesian coordinates x, y, z (for the silent 
modes see [18]). In the case of the double and triple degenerate species the coordinates qb and q3 of [18] are given. 

Species Nr. x y z x y z x y z x y z 

A, A2 

F, q3 c 0 0 - c 0 0 
F lu q6 c 0 0 c 0 0 

B, B2 B3 B4 

FIU Gi 
Gs 

e 0 0 e 0 0 e 0 0 e 0 0 
F,U 

Gi 
Gs 0 d d 0 — d -d 0 d -d 0 -d d 

XI x2 x3 x4 

Gi a a a a — a — a — a — a a — a a — a 
E,' Gi 0 b -b 0 -b b 0 - b -b 0 b b 
F'E GA d 0 0 d 0 0 d 0 0 d 0 0 
F̂  Gs 0 b b 0 -b -b 0 b -b 0 -b b 
F, G9 d 0 0 d 0 0 d 0 0 d 0 0 
FIU G io 0 b b 0 -b - b 0 b -b 0 -b b 

i 
FLU 

x 5 x 6 X7 x 8 

Gi — a — a — a — a a a a a — a a — a a 
Gi 0 -b b 0 b -b 0 b b 0 -b -b 
Ga. -d 0 0 -d 0 0 -d 0 0 -d 0 0 
Gi 0 -b -b 0 b b 0 -b b 0 b -b 
G9 d 0 0 d 0 0 d 0 0 d 0 0 
GIO 0 b b 0 -b -b 0 b -b 0 -b b 

a = 1/^/24; 6=1/4; c = 1 / ^ 2 ; d= l/^ft; «=1/2. 

Force 
constant3 

Internal 
coordinate 

No.b Interatomic distances (pm) and angles (°)c Force 
constant3 

Internal 
coordinate 

No.b 

MnCr2S4 FeCr2S4 CdCr2S4 

( f i ) A-X 8 239.83 232.71 248.28 
( f i ) B-X 24 241.16 240.62 241.59 

k (h) AX-BXd 24 419.01e 414.13e 424.49c 

F, ( /3) B-B 12 357.34 353.18 362.00 
Hi ( f 5 ) X-A-X 12 109.471 109.471 109.471 
h2 ( f 6 ) X-B-X 24 84.096 85.394 82.492 h2 ( f 6 ) 

24 95.904 94.606 97.508 
F2 X-X 12 391.64 380.02 405.44 
F3 X-X 12 323.03 326.33 318.56 
f 4 X-X 24 358.16 353.68 363.30 

Table 3. Short-range force constants 
and respective interatomic distances. 

a Labelling of the short-range force 
constants given in parentheses cor-
respond to those reported in [2]. 

b Number of internal coordinates 
per primitive unit cell. 

0 Calculated from literature data [17] 
of a and u (see Table 1). 

d Off-diagonal force constant repre-
senting the interaction between the 
tetrahedral and octahedral unit of 
the structure. 

e Distance A-B. 

dipole interactions must be added, 

F , = - Z Q ( A 1 - Q ) - 1 Q Z , 

where A is a diagonal mat r ix containing the elements 
of the polarizability tensor. The matr ix F M is the 
macroscopic field matr ix describing the T O / L O split-
ting of the phonon modes. 

F o r mathematical reasons the m a x i m u m number of 
force field parameters which can be determined f rom 

a lattice dynamical calculation is given by the number 
of observed vibrat ional frequencies, which is ten (or 
fifteen, comprising the L O phonons) in the case of 
spinels if the translat ion T is included.Therefore, the 
n u m b e r of short-range valence force constants is lim-
ited to ten. In our calculation, we used six valence and 
repulsive force constants X 1 ? K2, Fl, F2 , F3 , F4 , two 
bending force constants H 2 , and one interact ion 
force constant k (see Table 3). In addi t ion to these 
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Table 4. Observed [11. 12, 19] (FRQ) and calculated (FRC) phonon frequencies (cm -1). 

Species MnCr2S4 FeCr2S4 CdCr2S4 Species 

FRQ FRC FRQ FRC FRQ FRC 

Species 

FRQ 

SRM RIM PIM 

FRQ 

SRM RIM PIM 

FRQ 

SRM RIM PIM 

Ai, 378 379 379 378 377 379 379 377 391 390 388 389 
E* 251 247 251 256 251 247 247 254 254 256 260 257 

Fig (1) 346 348 348 347 344 348 350 346 346 347 347 347 
F2g(2) 282 277 277 278 284 275 274 277 279 278 278 278 
F28(3) 109 108 108 106 105 106 96 84 82 83 

F lu (1) TO 381 385 391 388 382 388 392 390 380 380 384 383 
Fiu (2) 322 322 322 322 321 321 320 319 324 324 326 323 
F lu (3) 262 257 258 260 265 257 262 264 240 240 241 241 
Fi» (4) 121 128 126 125 114 124 122 122 95 107 104 103 

Fiu( l) LO 397 391 389 396 392 390 392 385 388 
Fiu (2) 342 342 344 341 340 344 348 348 350 
F lu (3) 263 259 260 267 263 264 242 242 241 
Fiu (4) 122 126 125 118 122 123 98 104 103 

Figure of merit3 3.9 4.1 3.7 5.8 5.3 4.5 5.4 5.3 4.7 

Calculation /= X(FRQ(I)-FRC(I))2 /W 
; = l 

Table 5. Short range force constants (N/cm), effective dynamical charges (e), and electronic polarizabilities (106 pm3). 

Force 
constant 

Internal 
coordinate 

MnCr2S '4 FeCr2 s 4 CdCr2S 4 Force 
constant 

Internal 
coordinate 

SRM RIM PIM SRM RIM PIM SRM RIM PIM [5] 

A-X 0.45 0.43 0.42 0.41 0.40 0.40 0.56 0.52 0.50 1.00 
K2 B-X 0.68 0.78 0.85 0.68 0.75 0.87 0.72 0.85 0.90 1.00 
k AX-BX 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
F\ B-B 0.45 0.45 0.51 0.48 0.50 0.60 0.29 0.27 0.32 
F, X-X 0.10 0.10 0.10 0.10 0.10 0.10 0.12 0.11 0.11 
Fl X-X 0.24 0.24 0.24 0.24 0.24 0.24 0.26 0.25 0.25 0.08 
h X-X 0.14 0.13 0.12 0.14 0.14 0.12 0.12 0.11 0.09 

X-A-X 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
H2 X-B-X 0.04 0.02 0.02 0.04 0.03 0.02 0.03 0.01 0.02 0.00 

0.00 0.00 0.00 0.00 0.00 0.00 0.65 
-B 0.72 0.72 0.72 0.72 0.80 0.80 0.70 
ZXa 0.36 -0 .36 - 0 . 3 6 -0 .36 -0.40 -0 .40 -0.51 
"x -0 .51 -0 .45 -0 .51 

1.5 1.5 0.2 
3Cb 1.4 1.4 0.0 
«X 3.5 3.8 5.3 

5.6 7.1 7.1 
£
 b 
oo 5.9 8.3 6.9 

Szigeti charge obtained from the TO/LO splittings [12], 
High frequency dielectric constant obtained by classical oscillator-fit calculation [12]. 

short-range parameters , two effective dynamical 
charges (the third one is given by the electroneutrality 
condit ion) have to be added in the RIM, and more-
over three polarizabilities in the P I M . 

The lattice dynamical calculations were carried out 
on a D I G I T A L VAX 8820 system and an I B M - P C / A T 

compat ib le computer . F o r a detailed description of 
the self-made p rogram see [19]. The input parameters 
are the fractional coordinates (.x, y, z), the unit cell 
d imensions a, the s t ructural parameters u, the masses 
of the a toms mk, the symmetry coordinates qn, and the 
p h o n o n frequencies cOj. The short - range valence 
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Table 6. Eigenvectors of the Raman and IR allowed phonon 
modes with respect to the symmetry coordinates qx—q5 and 
qb — ql0 given in Table 2 obtained by polarizable-ion model 
(PIM) calculations. 

Com- Species Ii <?2 <?3 <74 <7s 
pound 

MnCr2S4 A„ 1.000 
E8 1.000 

(1) — 0.100 - 0 . 3 8 6 0.917 
F2g (2) — 0.262 0.899 0.350 
F2S (3) 0.960 0.205 0.191 

FeCr2S4 ALE 1.000 
Eg 1.000 
F2g (1) - 0 . 0 9 2 - 0 . 3 9 5 0.914 
F2* (2) - 0 . 2 4 9 0.898 0.363 
F2S (3) 0.964 0.194 0.181 

CdCr,S4 
A.f 1.000 
Eg 1.000 
F2* 0 ) - 0 . 0 9 1 - 0 . 2 8 0 0.956 
F2* (2) - 0 . 1 8 4 0.948 0.261 
F2g (3) 0.979 0.153 0.138 

Com- Species <76 <?7 <78 <79 <7. o 
pound 

MnCr2S4 F l u (1) TO - 0 . 0 7 0 0.037 0.814 0.012 0.575 
LO - 0 . 0 6 5 0.084 0.814 - 0 . 0 3 3 0.570 

F l u (2) TO 0.116 0.690 0.084 - 0 . 6 9 7 - 0 . 1 3 4 
LO 0.098 0.700 0.001 - 0 . 6 9 5 - 0 . 1 3 3 

F l u (3) TO - 0 . 2 3 3 0.214 - 0 . 5 6 6 - 0 . 0 4 1 0.760 
LO - 0 . 2 4 1 0.178 - 0 . 5 7 2 - 0 . 0 0 2 0.764 

F ,u (4) TO 0.858 - 0 . 3 3 9 - 0 . 0 9 9 - 0 . 2 5 7 0.271 
LO 0.858 - 0 . 3 3 1 - 0 . 0 9 9 - 0 . 2 6 4 0.273 

FeCr2S4 
FLU (1) TO - 0 . 0 5 9 0.026 0.849 0.016 0.524 

LO - 0 . 0 6 0 0.016 0.848 0.025 0.525 
FLU (2) TO 0.112 0.690 0.089 - 0 . 6 9 5 - 0 . 1 4 4 

LO 0.085 0.708 0.066 - 0 . 6 9 3 - 0 . 0 8 5 
FLU (3) TO - 0 . 2 1 6 0.216 - 0 . 5 1 5 - 0 . 0 5 2 0.800 

LO - 0 . 2 2 6 0.169 - 0 . 5 1 9 - 0 . 0 0 4 0.807 
FIU (4) TO 0.862 - 0 . 3 4 1 - 0 . 0 8 2 - 0 . 2 6 2 0.255 

LO 0.863 - 0 . 3 3 1 - 0 . 0 8 3 - 0 . 2 7 2 0.256 

CdCr2S4 Flu (1) TO - 0 . 0 7 2 0.024 0.694 0.046 0.714 
LO - 0 . 0 5 5 0.201 0.688 - 0 . 1 2 9 0.683 

F .u (2) TO 0.077 0.700 0.086 - 0 . 7 0 3 - 0 . 0 5 5 
LO 0.083 0.678 - 0 . 1 0 2 - 0 . 6 8 8 - 0 . 2 2 1 

F.U (3) TO - 0 . 1 8 8 0.177 - 0 . 7 0 6 0.017 0.660 
LO - 0 . 1 9 0 0.163 - 0 . 7 0 9 0.031 0.658 

F.U (4) TO 0.792 - 0 . 4 2 0 - 0 . 1 1 3 - 0 . 3 6 3 0.227 
LO 0.792 - 0 . 4 1 4 - 0 . 1 1 2 - 0 . 3 6 9 0.229 

forces (Kt, i f , , Ft, /c;), the effective dynamical charges 
zk, and the polarizabilities ock are treated as variable 
parameters to give the best fit of the experimental 
frequencies. 

4. Results 

The observed and calculated frequencies are given 
in Table 4. The force field parameters (short-range 

force constants, effective dynamical charges, and po-
larizabilities) are listed in Table 5. The eigenvectors 
and potential energy distr ibutions (PED) are given in 
Tables 6 and 7. The phonon frequencies and the P E D s 
of the silent modes (species A 2 u , E u , F l g , F 2 u ) , calcu-
lated with the force field parameters , are given in Ta-
bles 8 and 9. The vibrational modes of the zone-centre 
phonons obtained for M n C r 2 S 4 calculated with the 
P I M are shown in Figs. 2 and 3, respectively. The 
vibrat ional modes of F e C r 2 S 4 and C d C r 2 S 4 are simi-
lar. 

As main results of the lattice dynamical calculations 
the following points are emphasized: 

(i) The sequence of the short-range stretching force 
constants K l ( tetrahedron) and K2 (octahedron) is re-
versed (i.e. K 2 > X j ) compared to the results repor ted 
in the li terature [1, 2, 8]. 

(ii) The bending force constants and H2 are neg-
ligible, but not the repulsive force constants Fx, F 2 , F 3 , 
and F 4 . 

(iii) The effective dynamic charges of the bivalent 
metals on the tetrahedral sites are nearly zero, those of 
the sulfide ions resemble the Szigeti charges obta ined 
f rom the T O / L O splittings [12] fairly well (see 
Table 5). 

(iv) The lacking R a m a n bands (species F 2 g ) of 
M n C r 2 S 4 and F e C r 2 S 4 are at about 108 and 
106 c m - 1 , respectively (see Table 4). 

(v) The eigenvectors and P E D s of the respective T O 
and L O p h o n o n modes differ only slightly (see Ta-
bles 6 and 7 and Figure 2). 

(vi) The respective phonon modes of the various 
ch romium sulfide spinels under investigation are very 
similar with respect to both eigenvectors (see Table 6) 
and P E D s (see Table 7). 

(vii) The contr ibut ions of the A-X ( K t ) and B-X 
{K2) force constants to the potential energy of the IR 
active vibrations (see Table 7) as well as the mot ions of 
the various a toms in the vibrational modes (see Fig. 2) 
largely resemble the findings of the spectroscopic 
studies of both the isostructural series A n B 2

n S 4 

[11,12] and sulfide spinel solid solutions [23], viz., 
contr ibut ion of K,: F l u (4) > F l u (3) > F l u (2) > F l u ( l ) , 
K2: F1 u (2) > F l u (1) !> F l u (3) ~ F l u (4), mot ion of A: 
F l u ( 4 ) ^ F l u ( 3 ) > F l u ( 2 ) ~ F l u ( l ) , B: F1U (1) ~ FLU (2) 
~ F l u ( 3 ) ^ > F l u ( 4 ) , and X: F l u (1) ~ F l u (2) ~ F l u (3) 
§>F1U(4). 

(viii) In opposi t ion to conclusions f rom simple Ra-
m a n studies [11] the P E D of the total symmetric Ra-



H. D. Lutz et al. • Lattice Vibration Spectra. LX 898 

Table 7. Potential energy distributions (%) of the Raman and IR allowed phonon modes. 

Species Force Co- MnCr-,S4 FeCr ,S 4 CdCr-,S4 
con- uruindic 
stant SRM RIM PIM SRM RIM PIM SRM RIM PIM 

A i g F3 X-X 36 35 35 36 35 35 36 35 35 
K2 B-X 20 23 25 21 23 27 19 22 24 
K , A-X 17 16 15 15 15 15 20 18 18 
F2 X-X 15 14 15 15 15 15 16 15 15 

Eg K2 B-X 64 72 76 64 70 77 66 74 80 
F3 X-X 21 20 19 21 20 19 21 19 20 
F2 X-X 9 8 8 9 9 8 9 8 9 
c LRFC - - 4 - 7 - - 4 - 7 - - 4 - 1 2 

F 2 , ( l ) K2 B-X 30 34 38 30 33 39 31 37 38 
X-X 26 24 22 27 26 23 20 18 15 

F3 X-X 18 17 18 18 17 18 20 20 20 
Fi X-X 7 7 7 7 7 7 9 8 9 

F2g(2) K2 B-X 38 44 49 40 45 51 43 50 54 
K , A-X 34 33 31 32 31 29 31 29 26 

X-X 16 15 14 16 14 14 19 16 15 
F3 X-X 4 4 4 5 5 4 2 3 3 

F2g(3) K1 A-X 58 60 62 62 64 64 58 62 64 
KI B-X 23 25 25 22 22 25 23 24 23 
F3 X-X 9 8 8 8 8 7 10 8 7 
FI X-X 4 3 3 4 3 3 4 4 3 

Fiu (I) K2 B-X 56 62 (63) 67 (68) 55 58 (58) 67 (66) 63 72 (74) 71 (76) 
TO (LO) Fi B-B 25 25 (25) 29 (29) 27 29 (29) 37 (37) 13 12 (12) 14 (13) 

C LRFC — — 2 ( - 2 ) - 1 2 ( - -12) — — 2 ( - 2 ) —17 ( --17) — - 4 ( - 4 ) - 1 0 ! ( - 9 ) 
F3 X-X 6 6 (5) 6 (5) 6 5 (5) 5 (5) 9 8 (8) 9 (8) 

F l u (2) K2 B-X 70 81 (73) 93 (81) 73 81 (73) 96 (85) 72 85 (73) 101 (78) 
TO (LO) c LRFC — - 4 (8) - 1 2 (3) — - 4 (8) - 1 4 (2) — - 4 (9) - 1 7 (3) 

HI X-B-X 17 11 (9) 10 (9) 16 13 (11) 9 (8) 12 6 (5) 10 (9) 
KX A-X 12 10 (8) 8 (7) 9 9 (7) 8 (5) 13 11 (19) 6 (9) 

Fiu (3) Fi B-B 32 29 (29) 31 (32) 32 28 (28) 30 (30) 34 29 (29) 36 (36) 
TO (LO) F3 X-X 20 21 (21) 22 (22) 21 22 (22) 23 (23) 18 20 (20) 20 (20) K, A-X 20 21 (23) 21 (23) 19 19 (20) 20 (22) 18 19 (21) 20 (21) 

FI X-X 8 8 (8) 9 (9) 9 9 (9) 10 (10) 8 8 (9) 9 (8) 
F l u (4) KL A-X 64 65 (65) 66 (67) 68 70 (70) 69 (69) 62 64 (65) 66 (66) 
TO (LO) F3 X-X 13 12 (13) 12 (12) 12 10 (10) 11 (11) 15 14 (14) 13 (13) 

K2 B-X 7 8 (7) 9 (8) 7 8 (7) 10 (9) 6 7 (6) 6 (5) 
FI X-X 5 5 (5) 5 (5) 5 4 (4) 5 (5) 7 6 (6) 6 (6) 

Table 8. Phonon energies (cm *) of the silent modes. 

Species MnCr 2 S 4 FeCr 2 S 4 CdCr 2 S 4 Species 

SRM RIM PIM SRM RIM PIM SRM RIM PIM [1] 

A 2 u ( l ) 441 453 466 448 462 488 422 427 437 387 
A2U(2) 346 351 344 347 355 347 331 340 326 194 

Eu (1) 358 359 350 360 358 353 357 358 357 323 
Eu (2) 243 246 215 247 257 219 214 219 188 124 

Fig 240 242 244 239 240 243 241 244 233 216 

F 2 u ( D 322 322 310 324 320 308 323 324 311 322 
F2u (2) 146 136 115 147 142 107 132 122 103 68 
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Table 9. Potential energy distributions (%) of the silent modes. 

Species Force 
constant 

Co-
ordinate 

MnCr2S4 FeCr2S4 CdCr2S4 Species Force 
constant 

Co-
ordinate 

SRM RIM PIM SRM RIM PIM SRM RIM PIM 

A 2 u( l ) F, B-B 48 48 50 52 54 57 21 22 24 
K2 B-X 41 43 46 39 38 41 48 56 56 
F3 X-X 5 4 4 4 2 3 15 13 13 
C LRFC - 1 - 4 - 2 - 4 - - 2 - 4 

A2U(2) F3 X-X 34 35 35 35 35 36 24 26 27 
F1 B-B 19 14 20 18 11 17 36 26 36 

A-X 16 16 15 15 15 15 13 13 14 
F2 X-X 14 14 15 15 15 15 11 11 12 

E u ( l ) K2 B-X 58 66 73 59 65 74 62 72 75 
F4 X-X 25 23 24 24 24 24 22 20 18 
c LRFC — - 6 - 1 5 — - 6 - 1 7 — - 7 - 9 
F3 X-X 7 7 8 7 7 8 8 8 8 

Eu(2) F, B-B 36 34 57 36 35 63 31 27 46 
C LRFC — 14 - 2 3 — 13 - 2 6 — 21 - 2 7 
K2 B-X 7 8 21 6 7 19 10 12 23 
H2 X-B-X 28 17 20 27 19 17 26 12 27 

FIG K2 B-X 68 77 84 68 75 84 74 84 98 
F4 X-X 26 23 21 26 25 22 22 19 18 
c LRFC — - 4 - 8 — - 4 - 8 - 5 - 2 0 

X-B-X 6 4 4 6 5 3 4 2 4 

F 2 u ( l ) K2 B-X 74 85 98 74 83 100 79 92 103 F 2 u ( l ) c LRFC — - 7 - 2 2 — - 7 - 2 4 — - 9 - 2 2 
F4 X-X 19 18 19 19 19 20 16 14 15 
H2 X-B-X 7 5 5 7 6 4 5 2 4 

F2U(2) F4 X-X 47 50 53 48 47 60 52 55 55 F2U(2) 
k2 B-X 10 14 40 10 15 57 9 13 42 
c LRFC — 5 - 3 5 — 3 - 5 9 — 10 - 5 0 
H2 X-B-X 43 31 42 41 35 42 39 22 53 

man mode (species A l g ) exhibits larger cont r ibut ions 
of B-X stretching (K2) and X-X repulsive force con-
stants (F2 and F3) than of the A-X stretching force 
constant ( X J . Fur the r relations are Kt: F 2 g (3) 
> F 2 g ( 2 ) F2g (1) ~ Eg,K2: Eg > F 2 g ( l ) ~ F 2 g (2) > 
F2 g (3), mot ion of A: F2 g (3) F2 g (2) > F 2 g (1), X: 
F 2 g ( l ) ~ F 2 g ( 2 ) ^ F 2 g ( 3 ) . 

(ix) The contr ibut ions of C o u l o m b forces (LRFC) 
are negligible except for the R a m a n allowed E g band 
and the two highest-energy F l u modes (see Table 7). 
Fo r the IR active F l u modes this cor responds to the 
large T O / L O splittings of these bands. 

(x) Opposi te to the shor t - range force constants , 
which strongly depend on the potent ial model used 
(see Table 5), the eigenvectors (vibrational modes) of 
the various phonon modes differ only slightly and 
resemble nicely those obtained by more crude poten-
tial models [1, 2] and even those proposed f rom sym-
metry considerations and spectroscopic studies of var-
ious spinel type c o m p o u n d s [18, 22], 

5. Discussion 

The short-range force constants obtained (see 
Table 5) reveal that (apart f rom C o u l o m b forces) the 
potent ia l of the spinel structure, at least for chromium 
sulfides, is mainly controlled by B-X (K 2 oc tahedron) 
an d A-X (K x te t rahedron) stretching as well as X-X 
( F 2 - F 4 ) (see also [5]) and (surprisingly) B-B ( F J repul-
sive forces, whereas bending forces (Hl,H2) can be 
neglected. Thus, with the exception of F l u(2) , X-X 
repulsive forces are impor tan t for all modes and B-B 
interact ions are predominant for F l u (3 ) (and F l u ( l ) ) 
(see Table 7). The reason for the great impor tance of 
the C o u l o m b forces for F l u (2) (and to a smaller extend 
for Eg and F l u ( l ) , see Table 7) is not clear so far. 

Model calculations showed that the quanti t ies of 
K 1 and K 2 are very sensitive to the A-X and B-X 
distances. Thus, the reversed order of these force con-
s tants compared to the literature da ta [ 1 ,2 ,4 ,8 ] is 
owing to the use of the real bond distances in this 
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(PIM) calculations. 
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Fig. 3. Vibrational modes of the silent zone centre phonons of MnCr2S4 calculated from the obtained force field parameters 
(polarizable-ion model calculations). 

F2u(1) F 2 u (2) 

work and, hence, is undoubtedly significant. The 
larger values of K{ (compared to K2) in previous 
works are obviously pretended by the wrong distances 
of the ideal (structural parameter u = 0.25) spinel 
s t ructure used. 

F r o m the dynamic effective charges obtained the 
nearly zero charge of the metal ions on the te t rahedral 
sites is remarkable . The question arises, how far these 

results give evidence for the static effective charge of 
the tetrahedrally coord ina ted metal ions in spinels. 
The polarizabilities obta ined are reasonable with re-
spect to the li terature da t a (see, e.g. [24] and further 
references cited therein). 

The vibrat ional modes of the zone centre phonons 
obtained (see Fig. 2) reveal that division into vibra-
tions of the te t rahedral A X 4 and the octahedral BX 6 
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(or the cube B 4 X 4 ) units of the s t ructure proposed in 
the older li terature (see, for instance [25]) is not possi-
ble. Instead of this, all modes must be regarded as 
coupled vibrations of these s t ructural units. Thus, 
F2g (1) can be described as a "combina t ion" of <5as (v4) 
of a te trahedral AX 4 and Ö (v5) of an octahedral BX6 

unit, and F l u (2 ) as a "combina t ion" of vas (v3) of a 
te trahedral AX 4 and one of the two F2 g modes of a 
cube-shaped B 4 X 4 unit. 

The energies calculated for the silent modes (and the 
respective potential energy distr ibutions) differ some-

what with respect to the potential model used, es-
pecially in the case of Eu (2) and F2 u (2) (see Tables 8 
and 9). The vibrational modes (and eigenvectors) ob-
tained, however, are largely independent of the model 
used and, hence, are near to the true ones. T h e lattice 
vibration with the highest energy is A 2 u (1), which can 
be described as coupled ant iphase breathing vibra-
tions of both the AX 4 te t rahedra and the B 4 X 4 cubes 
(see Figure 3). 
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