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Abstract

In the present paper, we have study the of zone-centre phonon modes of mixed chromite spinels using a proposed theoretical
model. In this model, we have calculated the three bond stretching, three bond-bending interactions and three effective
dynamical charges. Using the above calculated model parameters, we have calculated the composition dependent zone-
centre phonon modes for mixed chromite spinels CdCr; Sey;.x)Sar, Zny., Cd,Cry Sy, Cd,Zn, ,Cr;Sey and Hg, Zn, . Cr; Sey. We
find good agreement with the experimental and theoretical results available in the literature.
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Introduction

Solid solutions are the mixtures of different pure compounds,
where the mixing occurs within the crystal lattice. Spinel
structure compounds forms a complete set of solid solutions
with random distribution of the metal atoms on the two metal
lattice sites. The vibrational spectra of mixed spinel structure
compounds show one-mode behaviour, two-mode behaviour,
i.e., the respective phonon modes split into two components and
partially two-mode behaviour.

The study of zone-centre phonons for the mixed chromite
spinels are studied from last four decades'™ but these all
calculations are based on the crude models. Gupta et al® have
calculated the zone-centre phonon frequencies for Cd,_,Zn,Cr,S,
and CdCr,Sey.;)Ssy mixed spinels using de-Launay type
angular force constant model. Recently, Sinha et al’ have
calculated the optical phonons for chromite spinels Cu,.
MgiCr,O4. In these calculations they have calculated the
interatomic interactions upto third nearest neighbours. Kringe et
al® have measured the zone centre phonon frequencies for the
mixed spinel CoCry_Iny,S,.

Wei et al’ have studied the zone-centre Raman phonons for
LiNi,Mn, O, and find out the structural properties. Modi et al'®
have calculated the elastic properties of ferrite spinel Zn,Cu,.
JFe,04 (x = 0.2, 04, 0.6 and 0.8) using zone-centre infrared
modes and Bhatu et al'' have studied the structural and elastic
properties of Lig s NixFe,s05¢04 (x = 0.0 — 1.0) by infrared
spectroscopic measurement. But all these spinels are the
inversec spinel structure.

In the present work, two different types of mixed spinel
compounds are studied. Zn;,Cd,Cr,S;, CdyZn,Cr,Se, and
Hg,Zn, ,Cr,Se4 was studied first because the cation substitution
is relatively simple. Only the tetrahedral divalent cation is being
substituted by the other divalent cations. The second mixed
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spinel compound is CdCr,SeyxS4. This compound involves
the substitution one anion by the other anion.

Crystal Structure and Potential Model

The physical, electronic, and chemical properties of a material
totally depends upon the arrangement of atoms into molecules
or crystal lattices. The spinel class of compounds, AB,X,, where
A and B represent differing cations and X is anions, belongs to

space group Fd3m (OZ ). The spinel structure compound

contains 8 molecules within the unit cell and hence it contains
total 56 atoms but only 14 atoms are necessary to construct the
simplest primitive cell. Group theoretical analysis shows that
there are only 17 fundamental lattice vibration modes'*"* (zone-
centre phonon modes) exists. These fundamental modes are
expressed as

I'= A+ Eg+ 2E, + 2A,, + Fig + 3F,, + 4F, + 2F,, (D

Here Ay, E, and F,, modes and F,, modes are Raman and
infrared-active modes respectively. Fj,, and A,,, E, and F,, are
Raman and infrared-inactive modes respectively.

In the present paper, we have used the nine parameter rigid-ion
model proposed by Kushwaha et al'* and calculated the
compositional dependent zone-centre phonon frequencies for
the mixed chromite spinels. In this model, the potential energy
for the spinel structure compounds is expressed as

©=0"+0° @
Where: N represents the non-Coulombic short-range
interactions and C represents the long-range Coulombic

interactions, respectively.

The secular determinant is given by
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Where: kk” = 1, 2,.. s, label the ions per unit cell. q denotes the
wave-vector whose allowed values range over the first Brillouin
zone, o and B = x,y,z designate the coordinate axes and J is the
usual Kronecker delta symbol.

For simplicity the dynamical matrix can be expressed in terms
dimensionless frequency tensor Tg (q,kk") as

2
D@ k)= (mom,) " T pla- k) “)
2

D@k =& gmm,) T 0.+ T4y 0.1 5)

Where: V and e is the volume of the unit cell and electronic
charge, respectively.

The potential energy ¢" for the short-range non-Coulombic
interactions can be written as
|
+
(6)
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Where: S; and S, are the displacements of the central ion and
its first neighbor ions from their normal positions, Ty,
represents the position coordinates of neighboring ions in
equilibrium. 1, m, n, represent the direction cosines of the line
joining the central ion and a nearest neighbor. | r is the nearest
neighbor distance.

In the present work, let Ay be the bond-stretching force constant
defined by the second derivative of the potential energy o™
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The bond-bending force constant By is expressed as the first
derivative of the potential energy ¢"

N
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;dr
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Here k = 1, 2, 3 for first, second and third neighbor. In this

paper, we have considered the interatomic interactions up to
third nearest neighbours.

For the long-range Coulombic interaction, i.e., for ¢C, have been
calculated by the Ewald’s method given in the literature'*".

Results and discussion

In the present paper, let A; A, and A; are the three bond-
stretching interactions between the ions A and S (Se), Cr and S
(Se) and S-S (Se-Se) respectively and let B; B, and B; are the
three bond-bending interactions between the ions A and S (Se),
Cr and S (Se) and S-S (Se-Se) respectively.

Since the spinel structure compounds contain 14 atoms per unit
cell therefore we get dynamical matrix of the order of (42 x 42).
We have solve the dynamical matrix at zone-centre and get
analytical expressions for all the different fundamental modes.
Using the experimental values of Raman active modes A,, E,
and infrared active modes F;, [1-3, 16, 17] at zone-centre, we
have calculated three bond-stretching (A, A, and A;) and three
bond-bending (B;, B, and B;) force constants. The effective
dynamical charges are evaluated by TO-LO splitting'*. These
calculated force parameters for ZnCr,S,, CdCr,S4, ZnCr,Sey,
HgCr,Se, and CdCr,Se, are listed in Table-1.

Table-1: The calculated values of force constants (kdynes/cm) and effective dynamical charges for ZnCr,S,, CdCr,S,, ZnCr,Se,,

HgCr,Se, and CdCr,Se,.
Force parameters 7ZnCr,S, CdCr,S4 ZnCr,Sey HgCr,Se, CdCr,Se,
A 70.80 46.96 66.77 54.14 49.74
B, 2.60 1.50 2.54 1.44 2.93
A, 88.47 90.95 74.14 78.23 74.41
B, 2.49 1.96 4.73 4.12 4.75
A 11.99 18.25 12.66 14.70 14.33
B; 0.36 0.31 1.92 1.61 1.08
Za 0.00 0.00 0.00 0.00 0.00
Zy 0.66 0.62 0.92 0.88 0.86
Zc 0.33 0.31 0.46 0.44 0.43
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The mixed spinel resulted into two spinel compounds at
composition x=0 and x=1. These are called end members of the
mixed spinel. The force parameters and masses of the mixed
spinels CdCr,Ses-054x, Zn;4CdyCr2S4, CdyZn;Cr,Ses and
Hg,Zn, Cr,Se, at different compositions (0<x<1) are evaluated,
using Vegard’s law'® and the force parameters of the end
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members of the corresponding mixed spinel. Then the zone-
centre phonon frequencies for mixed spinel compounds
CdCr,Ses1.5Sax, Zn;4CdCr,S4, CdyZn; Cr,Ses, and Hg,Zn,.
«CrSe, are calculated different compositions and listed in
Tables-2, 3, 4 and 5 respectively.

Table-2: Experimental [1, 2] and calculated zone center phonon frequencies (cm'l) of Zn;_,Cd,Cr,S,.

Frequencies (cm'l)

Species
0.0 0.2 0.4 0.6 0.8 1.0
A, 395 395 394 393 391 392
E, 216 225 232 241 249 253
Fye(1) 364 361 356 352 350 349
F,(2) 290 288 287 286 283 281
F2,(3) 125 121 118 113 108 95
F,(1)(TO) 389 386 385 384 382 380
Fi.(1)(exp) 387 387 389 385 382 378
F1.(2) 341 337 332 328 325 324
F,(2)(exp) 336 334 332 328 324 321
F,(3) 245 244 242 241 241 240
F1.(3)(exp) 247 245 244 242 241 239
Fi.(4) 113 110 105 102 98 95
F.(4)(exp) 114 113 114 114 114 114
F,(1)(LO) 406 403 401 398 397 396
Fi.(1)(exp) 403 402 401 397 395 391
F1.(2) 365 361 358 355 353 351
F,(2)(exp) 361 358 357 356 353 350
F1.(3) 246 245 243 241 240 239
F1.(3)(exp) 249 248 246 244 242 241
Fi.(4) 118 115 108 102 98 96
Fi.(4)(exp) 116 116 117 117 115 115
As(1) 457 452 443 436 429 426
Ay (2) 275 285 295 312 317 327
E,(1) 377 371 367 362 359 356
E.(2) 150 142 136 128 121 116
Fi, 257 254 251 249 247 243
Fp,(1) 332 331 329 328 328 326
Fp,(2) 169 161 153 142 138 128
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Table-3: Experimental [1, 19] and calculated zone center phonon frequencies (cm'l) of CdCrySeq(1.xS4x-

Frequencies (cm'l)
Species

0.0 0.2 0.4 0.6 0.8 1.0
Ay, 235 256 278 309 348 392

E, 152 171 186 205 231 253
Fou(1) 223 246 289 305 326 348
F,e(2) 172 196 212 235 254 281
Fy(3) 86 89 91 92 94 95
F,,(1)(TO) 289 298 307 322 343 380
F,(1)(exp) 288 380
F,(2) 266 275 289 295 310 324
F1,(2)(exp) 267 324
F1.(3) 183 197 208 215 228 240
F1,(3)(exp) 188 186 191 206 232 239
F,(4) 78 81 86 89 93 95
F,,(4)(exp) 75 76 83 83 92 96
F,(1)(LO) 295 304 326 342 369 392
F,(1)(exp) 293 392
F1.(2) 282 296 305 321 339 351
F1,(2)(exp) 281 348
F1.(3) 185 196 208 215 235 239
F1.(3)(exp) 188 242
F,(4) 88 91 93 94 96 100
Fi(4)(exp) 71 98
Ay(1) 466 452 439 432 429 426
Ay(2) 280 291 302 315 322 335
Ey (1) 406 402 311 318 325 356
E.(2) 210 212 213 215 216 218
Fie 156 175 191 205 221 243
Fa(1) 380 369 351 341 332 326
Fp,(2) 136 134 132 130 129 128
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Table-4: Experimental [1, 2] and calculated zone center phonon frequencies (cm'l) of Hg,Zn ,Cr,Se,.

Frequencies (cm'l)
Species

0.0 0.2 0.4 0.6 0.8 1.0

A, 241 239
E, 150 154
Fae(1) 229 225 223 221 218 215
F,(2) 185 179 177 170 167 164
F,,(3) 115 104 195 87 78 69
F,(I)(TO) 302 293 288 286 285 285
F.(1)(exp) 297 286
F.(2) 275 273 270 267 265 266
F1.(2)(exp) 274 268
F1.(3) 197 190 183 178 174 174
F1.(3)(exp) 198 169
Fi.(4) 88 80 71 67 63 60
Fr(4)(exp) 85 55
F,(1)(LO) 305 300 298 294 293 229
Fi.(1)(exp) 302 291
F.(2) 291 289 287 286 285 284
F1.(2)(exp) 288 282
F1.(3) 201 196 189 183 178 171
F1.(3)(exp) 201 172
Fi.(4) 90 85 78 72 67 64
Fiu(4)(exp) 87 58
Ay(l) 462 467 469 472 474 475
Ay (2) 283 283 282 282 281 281
Ey (1) 406 409 411 412 413 416
E.(2) 202 192 186 175 163 150
Fie 152 152 154 155 156 157
Fp,(1) 397 395 392 390 389 388
Fou(2) 133 135 138 139 139 141
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Table-5: Experimental [1, 2] and calculated zone center phonon frequencies (cm'l) of Cd,Zn;_,Cr,Sey.

Frequencies (cm'l)
Species
0.0 0.2 0.4 0.6 0.8 1.0
Ay, 241 241 240 239 238 336
E, 150 150 151 151 152 152
Fou(1) 229 229 228 228 226 226
Fy(2) 185 182 178 178 172 168
F,,(3) 115 111 104 96 92 85
F,,(1)(TO) 300 294 292 288 290 290
F,(1)(exp) 297 288
F,(2) 275 270 270 269 276 266
F1,(2)(exp) 274 267
F1.(3) 197 194 191 187 186 189
F1.(3)(exp) 198 186
F,(4) 88 84 81 77 76 75
Fi(4)(exp) 85 75
F,(1)(LO) 304 301 299 297 296 294
F,(1)(exp) 302 293
F1.(2) 291 285 284 283 282 285
F1.(2)(exp) 288 281
F1.(3) 201 199 197 196 195 195
F1.(3)(exp) 201 188
F,(4) 90 87 85 82 81 79
Fi(4)(exp)
Ay(1) 462 462 463 464 464 466
Ay(2) 283 283 281 281 280 280
E, (1) 406 406 407 408 408 409
E,(2) 202 204 204 205 207 207
Fi, 152 152 153 154 154 154
Fp, (1) 379 379 380 380 382 380
Fp,(2) 133 134 136 136 138 136
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Conclusion

In the present paper, we have calculated zone centre phonon
frequencies for the mixed chromite spinels CdCr,Seq;x)Sax, Zn,.

xCdxCIZS4’

Cd,Zn,Cr,Se, and Hg,Zn,,Cr,Se, using nine

parameter rigid ion model. We find an overall good agreement
with the previously available experimental and theoretical
results.

References

1.

Wakamura K., Arai T., Onari S. and Takarabe K. (1973).
Lattice  Vibrations of  Magnetic ~ Semiconductor
Chalcogenide Spinels, Hg,Zn, Cr,Se,. J. Phys. Soc. Jpn.,
35(5), 1430-1436. http://dx.doi.org/10.1143/JPSJ.35.1430.

Wakamura K., Iwatani H. and Takarabe K. (1987).
Vibrational Properties of One- and Two-Mode Behaviour in
Spinel Type Mixed Systems Zn,_,Cd,Cr,S4. J. Phys. Chem.
Solids, 48(9), 857-861. doi:10.1016/0022-3697(87)90039-
4.

Bruesch P. and D’ambrogio F. (1972). Lattice Dynamics
and Magnetic Ordering in the Chalcogenide Spinels
CdCr,S, and CdCr,Sey. Phys. Stat. Solidi (b), 50(2), 513-
526. http://dx.doi: 10.1002/pssb.2220500212.

Watanabe J., Udagawa M., Kamigaichi T. and Ohbayashi
K. (1986). Lattice Vibrational Raman Spectra of Cd(In;.
«Cr)2S4 Mixed Crystals. Journal of Physics C: Solid State
Physics, 19(13), 2351. doi: http://dx.doi.org/10.1088/0022-
3719/19/13/019.

Gupta H.C., Sood G., Parashar A. and Tripathi B.B. (1989).
Long Wavelength Optical Lattice Vibrations in Mixed
Chalcogenide Spinels Zn,_,Cd,Cr,S4 and CdCr, (S;_,.Se,)s.
J. Phys. Chem. Solids, 50(9), 925-929. doi:10.1016/0022-
3697(89)90042-5.

Gupta H.C., Parashar A., Gupta V.B. and Tripathi B.B.
(1990). Study of Interaction Forces and Phonons in Some
Spinels and Mixed Systems. Physica B, 167(2), 175-181.
doi:10.1016/0921-4526(90)90009-J.

Sinha M.M. (1999). Vibrational Analysis of Optical
Phonons in Mixed Chromite Spinels. Nucl. Inst. And
Methods Phys. Res. B, 153(1), 183-185.
http://dx.doi.org/10.1016/S0168-583X(98)00994-X.

Kringe C., Oft B., Schellenschlager V. and Lutz H.D.
(2001). Infrared Spectroscopic Studies on Spinel-Type
Chromium Indium Sulfide Solid Solutions. J. Mol.

International Science Community Association

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Res. J. Material Sci.

Structure, 596 (1), 25-32. http://dx.doi.org/10. 1016/S0022-
2860(01)00677-9.

Wei Y., Nam K.W., Kim K.B. and Chen G. (2006).
Spectroscopic Studies of the Structural Properties of Ni
Substituted Spinel LiMn,0y. Solid State Ionics, 177(1), 29-
35. http://dx.doi.org/10.1016/.551.2005.10.015.

Modi K.B., Trivedi U.N., Sharme P.U., Lakhani V.K.,
Chhantbar M.C. and Joshi H.H. (2006). Study of Elastic
Properties of Fine Particle Copper-Zinc Ferrites Through
Infrared Spectroscopy. Ind. J. Pure Appl. Phys., 44(2),
165-168. IPC Code:GO1N21/00.

Bhatu S.S., Lakhani V.K., Tanna A.R., Vasoya N.H., Buch
J.U., Sharma P.U., Trivedi U.N., Joshi H.H. and Modi K.B.
(2007). Effect of Nickel Substitution on Structural, Infrared
and Elastic Properties of Lithium Ferrite. Ind. J. Pure Appl.
Phys., 45(7), 596-608. IPC Code: G01J3/28.

White W.B. and DeAnglis B.A. (1967). Interpretation of
the Vibrational Spectra of Spinels. Spectrochim. Acta A,
23(4), 985-995. doi:10.1016/0584-8539(67)80023-0.

Chopelas A. and Hofmeister A.M. (1991). Vibrational
Spectroscopy of Aluminate Spinels at 1 atm and of
MgAl, O, to over 200 kbar. Phys. Chem. Minerals, 18(5),
279-293. DOI: 10.1007/BF00200186.

Kushwaha A.K. (2008). Lattice Dynamics at Zone-Center
of Sulphide and Selenide Spinels. Commun. Theo. Phys.,
50(6), 1422-1426. http://dx.doi.org/10.1088/0253-
6102/50/6/36.

Elliott R.J., Krumhansl J.A. and Leath P.L. (1974). The
Theory and Properties of Randomly Disordered Crystals
and Related Physical Systems. Rev. Mod. Phys., 46(3), 465-
544. https://doi.org/10.1103/RevModPhys.46.465.

Verleur HW. and Barker A.S. (1966). Infrared Lattice
Vibrations in Ga As y P 1-y Alloys. Phys. Rev., 149(2),
715. https://doi.org/10.1103/PhysRev.149.715-729;

Verluer HW. and Barker A.S. (1967). Long-Wavelength
Optical Lattice Vibrations in Ba,Sr;_,F, and Sr,Ca;_/F,.
Physical Review, 164(3), 1169-1184.
https://doi.org/10.1103/PhysRev.

Vegard L. (1921). Die Konstitution der Mischkristalle und
die Raumfiillung der Atome. Zeitschrift fiir Physik, 5(1),
17-26. doi:10.1007/BF01349680

Lauwers H.A. and Herman M.A. (1980). Force Field of
Some AB,C, Spinel Compounds. J. Phys. Chem. Solids,
41(3), 223-230. doi:10.1016/0022-3697(80)90189-4.

H
W



