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Abstract-fn accordaaco with theoretical expectations, 4 bands aro gonerally observod in tho
i.r. spectrurn of a nurnber of cubic normal fI-III spinels. The systematic investigation of
puro compounds, solid solutions and isotopic specios loads to a realistic and consistent set of
assignments: tho 2 high-frequency bands r, and r,, essentially dopend (in shape and position)
on the chemical naturo of tho octahedral, trivalent cation and thus aro ossentially related to
vibrations of tho latùico of octahedral groups. Tho 2 low-frequoncy bands r, and rn rnust bo
assigned to complox vibrations involving tho simultanoous participaùion of both cations,
tetrahodral and octahedral. This complox origin is definitoly demonstrated by tho study of
isotopic species, Theso assignments, which are in accordance with all the oxperimental data
collecüod on normal II-III spinols, cannot bo extendod üo othor types ofspinels (inverse II-III,
normalfl-IV,...)

frrnooucrror
fn tsn preceding paper [], we have outlined and discussed the basic principles of
the experimental methods which rrould eyentually lead to a realistic interpretation
of the i.r. spectrum of spinels. We present here the application of these principles
to the most classical family of these compound§, nemely the II-I[ spinels. The
discussion will be restricted, however, to the cubic norma, II-I[ spinels. From the
vibrational point of view and for several reasons which will not be developed here,
the case of the inverse spinels is considerably more complicated and will be discussed
in another pa,per. fn accordance with the general principles already outlined [l],
we shall report here the i.r. spectra of pure compounds, of solid solutions and of
isotopic species.

ExpnnrurNrer,
S p ectr os c o 7t ic te chn i,ques

All the spectra were registered with a Beckman IR,-I2 (1000-200 cm-1 region)
a,nd a, Cameca SI-36 spectrometer (200-50 "*-t), KI and polythene discs being
used in turn. Special care has been paid to the investigation of isotopic species, since
the frequency shifts are expected to be rather small. Through the use of low scan-
ning speeds end frequency scalo expa,nsion, it has been possible to measure the
position of very sharp bands with a reproducibility of :L0.2 cm-l [2].

In routine conditions, the estimated error is ;[ I cm-l for the low-frequency
bands, which are usually sharp. The error may be larger for the high-frequency bands,
which are more or less broad; for these bands, the situation may be further compli-
cated by some noi-reproducibility of the spectrum. This point will be discussed in
another part of this paper.

Pnrunuomrp and P. Ta-n,tr, Spectroch,im. Acta 27A., 845 (1971).
Ta-nrr and J. PnnuDEoMME, Bpectroch,im. Acta28A,2207 (1570).
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B y nthes i,s techn'i, clues

All the phases investigated (pure compounds, solid solutions, isotopic species) have
been synthesized by solid state reaction between the appropriate oxides, carbonates
or oxalates.

The necessary quantities are weighed out, ground and mixed under petroleum
ether in an agate mortar and progressively heated to the convenient temperature in
covered platinum crucibles. In some cases, intermediate mixing and grinding are
necessary before a single, pure spinel phase is obtained. The purity is checked by
X-raydiffractometry. The initial mixture may also be transformed into Laitrates
by chemical attack with an excess of nitric acid. The resulting solution is evapo-

Table l. Isotopic purity data*

Element
fsorcpic Composition

isotopo atom \ Element
Isotopic Composition

ieotopo ahom f

Mg (natural)

teMg
6oCr

srCr

58Ni
02Ni

24

26
50
52
53
62
53
54
58
60
62

78.6
t0.t
I 1.3
99.70
90.40

8.59
0.83
6.96
2.18

00.60
99.89

0.51
99'02

99.66
0.8

98.6
88.40

2.02
l.6l
2.45
r.l4
2.50
1.36
0'63
t.44

s7.2

88Zn
8tZn

r06cd

64
64
68

106
ll0
lll
tt2
tl3
tr4
lr6
112
lr4
tI6

26

u6cd

* W'o havo noglectod tho isotopic spocies whose abundance is less than 0.5 per cent.

ra,ted to dryness and the dry residue is progressively heated to the necessa,ry temper-
a,ture. X'or some compounds, several synthesis procedures have been used in
connection with the non-reproducibility of their spectrum. More detailed" information
on the synthesis conditions may be found in J. PnrunEoMME's Doctorate Thesis [3].

These sJrntheses a,re generally carried out on a decigram scale. The quantities
must be reduced to the milligram scale for the isotopic species, which are generally
rather costly. These isotopic species have been purchased from the Oak Ridge
National Laboratory. The relevant isotopic purities are collected in Table 1.

INvnsrrcluoN or. Punn CoupouNDS

Eæperimental results

General features of the spectra. Irlearly all the spectra of the investigated normal
II-[I spinels exhibit four bands corresponding to the four i.r. active fundamentals
expected from group theoretical considerations. The three examples selected for
Fig. I may be considered a,s representative of the general a,spect of the spectre.
The two high-frequency bands are strong or very strong, and more or less broad,
whereas the two low-frequency bands are generally weak and sharp.

The observed frequencies are collected in Table 2, where they have been labeled
r11 !2t rs and un in the succession of decreasing wavenumbers.

[3] J. PnnuoEoMME, Doctorato Thesis, University of Liege (1970).
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Fig. l. Typical infrarod pattern for three normal II-III spinele.

Before discussing these results, the following remarks should be taken into
account:

(1) The broadness of the two high-frequency bands essentially depends on tho
nature ofthe trivalent cation: these bands are broad or very broad for the alumi-
nâtes, gallates and ferrites; the broadness is reduced for the chromites, and much
reducecl for the rhodites. But this broadness may also depend, for a given compound,
on the synthesis conditions (see points 2 and 3 which follow).

(2) We have mentioned the occurrence of four "b&nds", but this should be taken
in a broad sense, and it would be more appropriate to speak about "regions of absorp-
tion". For most of the compounds investigated, the two high-frequency bands r,,
and v, are more or less asymmetric. In some instances, this asymmetry depends
(as the broadness) on the synthesis conditions and may eventually lead, either to the
occurrence of distinct shoulders, or even to the splitting of the bands into two
distinct components of similar intensity. It should be remarked that these varia-
tions cJo not affect the two low-frequency bands l,B and zn, which are essentially sharp,
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Table 2. Frequoncy (in cm-r1 of the observed absorption bands

Compound U1 ÿ2 ÿ" ÿ4

227 (+218',)
216
t75
188
r66
180

618
392

375
330
305

575
582
4b5

425
567

540
587
560
543
548

622
563
690
412

690
670
593
636
552
600

647
635
630
625
620
624

605
600
603
697
618

688
684
672
548

Z,tnc epànels
ZtAlrO,
ZnCorOn
ZnGarOn
ZnCtr()n
ZnîerOn
ZnP"hrOn

Chromdtea

CoCrrOn

Rhodites

CoRhrOa
NiRh2o4
cdRh204

Miscallanenus
MgAlrO,
CoAlrOn

525
637
530
5t2
512
5t0

253
r88
r99
t82
194
r53

180
197

1

t43

309

220

376
380
374
380
369

353
305

320 + 308
304
300

580

430Mgtr;On
ZnCrrrJn

NiCrrOn
MnCrrO,
CdCrrOn

MgRhrOn
ZnRhrOn

CorOn
CdFerOo

623
392
3r9

* §earched for, but not found.

and whose position remains essentially consta,nt, even for sa,mples (of a given com-
pound) which show fairly significant differences in the contour of z, and rr.

(3) We are thus facing e problem of non-reproducibility of experimental results,
whose significance may thus be considered as questionable. This problem will be
discussed at the end of this paper, but we just want to point here that this non-
reproducibility is possibly related to the granulometry of the samples.

The values quoted in Table 2 refer to the samples which ga,ye spectra cha,racter-
ized by a minimum broadness and simultaneously a minimum a,symmetry of the
bands; these features correspond to the best reproducibility, and the corresponding
spectra are considered to be the most reliable.

It is now conyenient to consider successively the vibrational behaviour of serreral
families of pure compounds, namely the zinc spinels, the chromites and the rhodites.

Zinc spi,nels. Since the tetrahedral cation (Zn) remains the same, this family of
spinels allows to investigate to what extent the vibrational frequencies depend on the
nature of the octahedral (trivalent) cation. Now, before discussing any definite
relationship, it is worth while to point out that:

(l) In a, crysta,l, the cation-oxygen vibrational frequencies depend on the mass
of the cation, the cation-oxygen bonding force and distance (which in turn are related
to the cation electronic structure and ionic radius, and may be altered to some
extent by the chemical nature of the neighbouring cations), and on the unit cell
pa,rameter 00.

(2) When a, cation is replaced by another, these four parameters a,re simulta-
neously modified. fn most ca,ses, it is thus impossible to find out a smooth relationship
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between one of these parameters, and the vibrational frequencies. 'Wiüh these diffi-
culties in view, we ma,y noIM discuss the possible relationships between the above-
mentioned parameters and the vibrational frequencies.

,1 and ÿz: the frequency of these two bands clearly depends on the na,ture of the
trivalent cation (Table 2), with extreme values of 690 and 552 cm-1 for r,r, 582 and
425 cm-L for vr. There is, however, no significant relationship between these fre-
quencies and either the ionic radius of the trivalent cation or the unit cell parameter
oo [3]. Likewise, there is no relationship between these frequencies and the mass of
the trivalent cation (Fig. 2).

VM

Rh

Fig.2. B,elationship between the vibrational frequoncies and the square root of
the mass of tho trivalont cation for the zinc II-I[ spinels.

Since, however, these frequencies are rather sensitive to the chemical nature of
the trivalent cation, the factor responsible for these variations must be tlne bond,ing
force between, tlte tri,ualent cution and, the onqgen q,nion.

28 seems to depend, although not very regularly, on the mass of the trivalent
cation. But more or less similar relationships may be observed between this fre-
quency and either the ionic radius of the trivalent cation, or the unit cell parameter
ao [3]. Finally, as far as zn is concerned, there is no conclusive evidence about a
relation between its position and either the mass or the ionic radius of the trivalent
cation, or the unit cell parameter ao [3].

The significance of these results will be discussed after a surÿey of the chromite
and rhodite spinels.

Chromi,tes. The systematic investigation of chromites is the necessary comple-
ment to the study of zinc spinels. The latter has shown how the vibrational fre-
quencies depend on the nature of the octahedral (trivalent) cation. The study of
chromites will show how these frequencies depend on the nature of the tetrahedral

I
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(bivalent) cation. ,,1 a,nd ar: it, is clear from the data collected in Table 2 that the
influence of the bivalent tetrahedral cation on these frequencies is much reduced.
There is no significant relationship between these frequencies and the mass of the
bivalent cation.

On the contrary, both z, and ln depend on the mass of the bivalent cation. The
frequency variation is only moderate for us, but more important for rrn (Fig. 3).

Rhod,i,tes. There is a full analogy in the vibrational behaviour of rhodites and
chromites. Here again, rr, and ÿz are nearly insensitive to a modiflcation of the

Zn

ANi
Mn

Mg

700 600 500 400 300 ) 200 100

Fig. 3. R,elationship between üho vibrational froquencies and tho squaro root of ths
mass of the bivalent cation for the chromitos.

bivalent cation, whereas z, and ru depend, the first moderately, the second more
strongly, on the mass of the bivalent cation. This parallelism is illustrated in Fig. 4.

General, suruey of the results on pure compound,s and, preli,mi,nary i,nterpretat'i,ons

Vibrational behaviour and origin of z, and vr. It is evident from the preceding
results that z, and rr, are nearly independent from the nature of the bivalent, tetra-
hedral cation, the small frequency differences (which are obserYed, for example,
between the different chromites) being most probably related to second-order effects.

On the o^oher hand, these frequencies clearly depend on the very nature of tho
trivalent, octahedral cation. As stated previously, there is, however, no significant
mass effect, and the influence of the trivalent cation should be related to the cation-
oxygen bonding force. Thus, the bulk of the eæi,stdng erperimental euid,ence leads to
r,ssi,gn a, and, a, to u'ibrations of the latti,ce of cond'ensed' octahedra.

The vibrational behaviour of z, is much more complicated: after the abovo-
mentioned results, the frequency seems to depend on the nature of the trivalent cation

oCo
o

A
o

o

o A
o
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Zn

700 600 s00 400 300 )cm1 loo

Fig. 4. Vibrational analogies between chromites and rhodites. chromitos;
rhodites.

(mass or ionic radius), but also (although to a less extent) on the mass of the bivalent
cation. Thus, t', seem.s to be related, to a comTtlex aibration i,nuoluing th,e gtarttcipation of
botlr types of cat,ions, tetrah,ed,ral and, octahed,ral.

Finally, we have found t'hat' un clearly depends on the mass of the bivalent,
tetrahedral cation. Tltus, an must be assigned, to some type of aibrati,an inaol,uing a
ilisplacement o! the tetrahed,ral cat'i,on.

ft should be made quite clear, however, that these assignments are provisional,
ar,d.must be checked by further appropriate experiments. The necessary information
will be gained through the investigation of solid solutions and of isotopic species.

fNvpsuçeuoN or. Sor,rn Sor,urroNs
The usefulness of solid solutions for interpreting the i.r. spectrum of inorganic

solids has been discussed several years ago [4].
Numerous papers dealing with the vibrational behaviour of much simpler systems

(solid solutions of binary compounds with cubic symmetry) have appeared since:
they show that the situation is much more complex than previously expected, and
that the interpretation of the vibrational spectrum of solid solutions is by no mea,ns a
simple task, even for binary compounds.

Since we are dealing here with ternary compounds of the double oxide t5rye, which
are likely to give rise to complex vibrational modes, there is very little hope to find
out a satisfactory theoretical explanation of the experimental results. As a matter of
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[4] P. Tenru, Spectrochim. Acta18,467 (1962)
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fact, we have found a some.\À/ha,t unexpected diversity in the vibrational behaviour
of various solid solutions. Thus, there will be no claim about the generality of the
results which are discussed hereafter; nor is it possible to present a sufficiently
detailed interpretation of them. I{evertheless, these results as such bring comple-
mentary information about the origin of the bands. We have investigated the two
possible types of solid solutions, resulting from the isomorphous replacement of either
the tetrahedral cation, or the octahedral cation.

Isomorphic replacement of the tetrahed,ral cut,ion

Three solid solutions of this type have been investigatèd, namely (Mg, Co)CrrOn,
(Mg, Zn)CrrOo and (Mg, Cd)CrrOn.

Tablo 3. i.r. frequencies (in cm-l) of the (Mg, Co)CrrOu solid solutions

Composition ÿl ÿ2 ÿg ÿl

MgCrrOn
Mgo.ruCoo.2u
Mgo.uoCoo.uo
Mgo.ruCoo.ru
CoCrrOn

647
643
640
637
630

525
527
530
530
530

196
r97
r99

430
42L
414
402
380

253

Maximum frequency
shift (in o/" of tIrc
averago frequency) -2.6oÂ +LoÂ -12.60/0 -25.3yo

The first one, (Mg, Co)CrrOr, is most interesting because the pure end members
have the same unit cell dimension (oo : 8.333 and 8.332 Â for MgCrrOn and
CoCrrOn respectively). This eliminates one of the factors which may alter the vi-
brational frequencies.

The observed frequencies &re collected in Table 3, and the general features ofthe
spectra a,re represented in Fig. 5.

The influence of the (Mg, Co) isomorphic replecement on the 21 and z, frequoncies
is very small (and indeed, this must be the case if our previous assignment of these
bands to vibrations of the octahedral groups is essentially correct).

On the contrary, ,s and zu are signifi.cantly modifi.ed, although in a widely differenü
manner.

X'or 13, the change is of the continuous type, the band being very significantly,
but progressively shifted towards the lower frequencies when Co replaces Mg. The
importance of the shift (12'6 per cent of the a,verage frequency) points to a significant
role of the tetrahedral cation in the vibration under discussion. But the continuous
nature of the phenomenon strongly suggests that we are dealing here with a complex
vibrational motion, and not with a localized vibration of the tetrahedral groups [I].

On the contrary, zn is split, into two components (at least for the 50/50 composition),
the position of which is very similar to the frequency of the corresponding band in
either MgCrrOn or CoCrrOn. Moreover, the relative intensity and the broadness of
the bands depend on the percentage of isomorphic replacement. It is thus evident
that the ,,4 mode is strongly related to a vibration of the tetrahedral cation. It is
not, however, a purely localized vibration, since the splitting does not a,ppear in tho
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Mg Cr, Oa

( Mgo,s Cooru)Cr2o4

( Ms o5o coo.uo ) c 12 04

( MsOrU Cog95) Cr2O4

Co Cr2O4

6m æ0

Fig. 5. Yibrational bohaviour of tho (Mg, Co)CrrOn solid solutions.

whole range of compositions of the solid solutions [r]. The two other solid solutions
(Mg, Zn)CrrOn and (Mg, Cd)CrrOn exhibit the samo type of vibrational behaviour
(a rather small frequency shift for r,, and ÿz; a corrtinuous and significant shift for
r,r; the splitting of uo, at least for the 50/50 solid solution). There is no need to discuss
them at length, and the conclusions are identical to those already deduced from tho
investigation of the (Mg, Co)CrrOn solid solutions.

Isomorphi,c replacement of the octah,eilral, cation
From the vibrational point of view, this case is considerably more complicated

than the preceding one, since the octahedral groups are interlinked by an edge.
As a consequence, the concept of "localized" vibration is meaningless here, and the
probability of important vibrational interactions is much higher than in tho case of
the "isolated" tetrahedral groups.

Bol,id, solutions ZnCrrOo-ZnRhrOn. The behaviour of these solid solutions is tho
most simple one, namely a, more or less important shift of all the vibrational fro-
quencies. Apart from the fact that this shift is rather large for r," (Table 4), thus
suggesting a participation of the trivalent cation to this vibrational mode, it is hard
to draw firm conclusions from this type of results.

Solid, solutions ZnCrrOn-Zn.LlrOo. I{ere also, there is a continuous frequency
shift for 11, t'2 ùfld a4. But r, exhibits a fairly complex behaviour, at least in tho
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Table 4. i.r. frequencies (in cm-l) of the Zn(Cr, Rh)sO4 solid solutions

Composition ÿL ÿ2 ÿ4

ZnCrrOn
Cro. rrR ho.ru
Cro. uoRho. uo
Cro.ruRho. ru

ZnRhrOn

635
630
627
6I5
600

Uù 1

546
555
557
567

188
184
180
r78
180

ôla
362
343

305

Maximum frequency
shift (in o/o of the
B,verârge frequency) -5'5"/o +5.5o/o -20.60/0 -5.5%

5-40o/o Al composition range, where the single frequency is replaced by a multiplet
(n'ig. 6). Although not explained, this experimental fact may be considered a,s a, good
evidence for the participation ofthe octahedral cation to the z, vibrational mode.

Bol,i,d, solutiozs CdCrzOn-CdFerOn. The behaviour of these solid solutions is
very similar in many respects to that already found for the preceding system.
We found a yery important, although continuous, shift for ,,1 and ur. But, rrr is split
into two components, at least in the 5-50o/o Fe composition range. The vibrational
behaviour of zo has not been investigated so far.

,"zncrroo
20'1,

25'1,

30Lir
tl
t,
ll
ll

1'/. ZnÀ ^O,5't, L c

10'/. ZnAIZOL

15',1.

2001,

25'h

500 400 300 Y";1 500 400 I0 Ycri,l

Fig. 6. Splitting of tho r, froquoncy in a givon compositional range of tho
Zn(N, Cr)rOn solid solutions.

We may now'summ&rize and discuss the information gained through the investi-
gation of solid solutions:

(I) The vibrational modes ÿL arLd ÿz a,re neaer split,, whatever the type of solid
solution (isomorphic replacement of either the tetrahedral or the octahedral cation).
Now, if one of these modes were related to a vibration of the isolated tetrahedral
group, we should obserrro a splitting of this mode in the solid solutions involving tho
isomorphic repla,cement of the tetrahedral cation (such as (Mg, Co)CrrOn). Since

t o'1.
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no splitting is observed, \ry'e must a,ssign ?r1 and r, to vibrations of the condensed
octahedral groups. The lack of splitting of these bands in solid solutions involving
the replacement of the octahedral cation is qualitatively justified by the condensed
arrangement of the octahedra, this type of arrangement leading to some averaging
of the vibrational frequencies (1). This assignment is also supported by the fact that,
for these bands, the frequency shifts are the least ifthe tetrahedral cation is modified
and the largest if the octahedral cation is modified.

(2) The splitting of r, in some solid solutions such as Zn(Cr, Al)rO4 points to an
important participation of the octahedral cation to this vibrational mode. But the
significant shift of r,, in solid solutions such as (Mg, Co)CrrOo shows that the role of
the tetrahedral cation is by no means negligible. z, is thus a complex vibration in-
volving the participation of both tetrahedral and octahedral cations.

(3) zn clearly depends on the nature of the tetrahedral cation. The influence of
the octahedral cation is small or negligible.

INvnsrroeuoN oF fsororrc Spncrns

The most evident advantages and drawbacks of this method have been discussed
in a recent pa,per [2]. The number of investigated isotopic species has been restricted,
either by the non-availability of convenient stable isotopes, or by the cost of tho
available ones. The results are collected in Tables 5 and 6. 'We shall first discuss
the vibrational behaviour of z, and ro.

Table 5. fsotopic froquencies and isotopic shifts for MgCrrOn

znMg zoMg L.tt 6ocr sacr Ll

ÿL

ÿ2

ÿg

ÿ4

646

431
253.5

646
524
425
250

650
527
435
254

645
526
427.6
25t-5

(0)
(+t1
-6
-ô.o

l'4"/o
l'4T"

( -l)
( -l)
- l.c
-2.5

r'7 "/o
l.Oo/o

MgCrrOo. The results given by this compound are the most significant, becauso
we were able to investigate the two possible types of isotopic species. Two points aro
evident from the data collected in Table 5 and X'ig. 7:

( I ) We now have bhe d,efi,nite proof of th,e comptler ori,gi,n o/ rr, since this frequency
is shifted by the isotopic replacement of either Mg or Cr. This complex origin had
already been suspected from the vibrational behaviour of pure compounds and of
solid solutions.

(2) a o i,s also related, to a compler aibrat'ion . This is & ne\ry aspect of the assignment
of this band: the experimental data on pure compounds and solid solutions pointed
to a predominant influence of the tetrahedral cation, but gave no really significant
information about the participation of the octahedral cation. It will be noticed,
however, that the relatiae influence of the octahedral cation is more important on
tuthan on vn.

These conclusions are supported by further experimental data (Table 6); both
r, and ÿ4 aîe shifted, whatever the kind of isotopic replacement (tetrahedral or
octahedral cation). On the other hand, the relutiue values ofthese shifts (expressed
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Table 6. Isotopic frequencies a,nd isotopic shifts for somo normal II-III spinels

Zr.LlrOn ZtCrrOn

64Zn seZt Lu 6AZn osZt Lu

lt1
ÿ2
7t"

lta

688
612
518
228.5
2 r9.5

688
672
518
225.6
216

635
537

190

(0)
(0)
(0)

-3
- 3.5

t.3%
L'6%

(- r)
(- r)

-l
-4

o-27 %
2.1%

634
536
374
186

ZrP"}rrOn MgRhrOn

6rZt 68Zn Ly zlMg ,uMg A,u

lt1
ÿ2
lrg
ÿ4

602
668
305
181.5

602
668
304
178

(0)
(0)

-l
-J.O

0.33%
r's%

610
648
354.6
244

609
548
348.5
241.6

(-l)
(0)

-6
-2.5

I.7
I.0

o/

CdCrrOo cdRh204

106Cd rr6cd Lu 106Cd 116Cd L,»

lt1
ltg
ÿs
tq

623
613
369.5
t64.5

623
513
368
151.5

0.40y"
2'0%

6I9
548
299.5
l4 I.5

(0)
(+r)
- 1.6

- 
d.D

o.50%
2'4%

6r9
ô47
30r
t45

(0)
(0)

- 1.6

CoCrron

soCr 54Cr A,t

631
530
383
200

91
lt2
ÿa
l4

628
627
376
196.5

(- 3)
(-3)
-8
- 

J.O
2.1
l.?

in percent of the a,yerege frequency) show that: (1) z, is more strongly affected than
r, by the isotopic replecement of the octahedral cation. (2) on the contrary, ÿ4 is
more sensitive than r, to the isotopic replacement of the tetrahedral cation. This
is not true, however, if the tetrahedral ca,tion is fairly light (Mg).

We have now to discuss the vibrational behaviour of r,1 and ,2. We are facing
here a somewhat unfaÿoura,ble situation in view of the relative broadness and of the
non-reproducibiiity of the bands. Nevertheless, it is evident that the isotopic repla,ce-
ment of the tetrahedral cation has no significant influence on the vitrrational
frequencies of rr, and r, (Tables 5 and 6). This is in agreement with the previous
assignment of these bands to vibrations of tho octahedral groups.

However, quite unexpectedly, \ve find a,n isotopic shift which is, either practically
negligible (MgCrrou), or sma,ll and probably non-significant (CoCrron) for the isotopic
replacement of the octahedral cation (Cr). This lack of a significant 60Cr-54Cr

isotopic shift seems to be in contradiction $rith the previous essignment of r,, and
r, to vibrations of the octahedral groups (CrOu groups in the chromites). However,
before rejecting this assignment, it is worth while to call back to the following experi-
mental facts:

(t) We have investigated the 50Cr-54Cr isotopic shift in the i.r. spectrum of
CrrOr, for which all the bands are necessarily related to vibrations of the the Cr-O
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Fig. 7, Isotopic shifts in the i.r. spectrum of MgCrrOn.

bonds. Here again, the observed isotopic shifts are negligible (and non-significant)
for the high-frequency bands [2].

(2) The investigation of the zinc spinels has shown that the two high-frequency
bands depend on the bonding forco, but not on the mass, of the octahedral cation.

(3) We have also investigated several non-spinel, but isomorphic chromium and.
rhodium compounds, the structure of which contains condensed CrOu or RhOu
octahedra (CrrO, and RhrO, [2], LiCrO, and LiRhO, [5], CaCrrOn and CaRhrOn l3l).

X'or every pair of isomorphic Cr and Rh compounds, the high-frequency bands
are observed in the same spectral region, or erren at nearly the same frequency,
despite the large difference in the masses of Cr (atomic weight 51.996) and Rh
(atomic weight 102'91). Here again, there is no cationic mass effect on the high-
frequency vibrations of a lattice of condensed octahedra. 'Ihus, if we come back to

[5] P, Te*,rn and J. PnnuDEoMME, Bptectrochim. Acta26A,747 (1570),
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the chromite spinels, \re may conclude that the lack of a signifi.cant 60Cr-54Cr iso-
topic shift for the high-frequency bands ?,1 and r,, does not preclude their assignment
to vibrational motions of the octahedral groups.

DrscussroN
'I'here is little point about the complex origin of rr, and rn: the isotopic shifts

definitely demonstrate the simultaneous participiation of both tetrahedral and
octahedral cations to these vibrations. There is, however a predominant influence
of the octahedral cation on 2a, and of the tetrahedral cation on rrn. This latter point
results from the vibrational behaviour of pure compounds, solid solutions anù
isotopic species.

The assignment of z, and rr, should be more carefully discussed for at least two
reasons: (I) our assignments are in contradiction with those generally accepted
[6-8], and (2) the interpretation of the experimental results is not as evident as for
r,. and rn. Our arguments are as follows:

(l) v, anil, a, do not si,gni,ficantly d,epend, on the nature of the tetrahed,ral cati,on

This is already suggested by the small frequency changes of r,, and r, which are
related to the change of the tetrahedral cation in chromites (Tables 2). But the most
significant evidence comes from the lack of a frequency shift related to the isotopic
replacement of the tetrahedral cation. Since the tetrahedral groups are "isolated",
the vibrations which are essentially related to these groups must exhibit a significant
isotopic shift: this has been experimentally verified with the germanate spinels
NirGeOn and CorGeOa, where r, and r, must be assigned to vibrations of the tetra-
hedral GeOn groups [3, 9].

In the actual case of the normal II-III spinels, MgRhrOn seems to be one of tho
most favourable compounds, because of the relative sharpness of r,, and 12, àîd of tho
relatively low mass of Mg, the tetrahedral cation. A rough calculation [3] leads to a
frequency ratio of I.0l for the antisymmetric stretching vibration of 2aMgOn and
20IIgOo tetrahedra. Hence, the frequency shift should be 6 or 5 cm-1 for z, and r,,
respectively, if one of these bands was related to the antisymmetric stretch of the
MgOo group. Since the observed shifts are either non-existant, or non-significant
(Table 6), it may be concluded that Mg does not play a signifi.cant role in the r,, and
rr, vibrations.

This is true also for the various isotopic compounds investigated so far (Tables
5 and 6), and we may thus generalize to the normal II-III spinels the conclusion that
there is no important participation of the tetrahedral cation to the I, and u, vibta-
tions.

(2) u, anil v, clearlg d,egtend, on the nature of the octah,ed,ral cation

This appears from the investigation of the zinc spinels (Table 2,Fig.2). There is,
however, no relationship between the vibrational frequencies and the mass of lhe

t6l R. D. 'WeronoN, Phys. Rea.99, 1727 (1955).

[7] S. HarNrr", Z. Krist.115, 331 (1961).

l8l W. B. trÿursn and B. A. or ANerlrs, Spectrochirn. Acta23A,985 (1S67).

[9] P. Tentu and J. PnauDrroMME, Compt. Rend.2?0,474 (1570).
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octahedral ca,tion, and we came to the conclusion that the determinant, factor was the
bonding force between the oxygen and the octahedral cation.

This lack of a significant mass effect, which is supported by the investigation of
isotopic species (isotopic replacement of the octahedral cation), has also been ob-
seryed for a series of non-spinel compounds (see above).

This unexpected and somewhat pttzzling phenomenon seems to be related to the
high-frequency vibrations of some lattices of condensed octahedra. Qualitatively,
it may be explained by the existence of antisymmetric, i.r. active modes character-
ized by the predominant displacement of the lattice of oxygen anions, with small or
negligible displacements of the cations. Such an explanation does not hold in the

Cr 05

v,7V7Z 77V/Vÿz Chromite spinels

ÿt%l V77VZÿ|

Rh 06

Rhodite spinels

m Feo5

ù% ÿ2f7V Ferrite spinets

700 600 400

I,'ig. 8. Analogy between the absorption râ,nges of CrO6, R,hOu and FeOu "con-
densed" octahedra in non-spinel compounds, and the r,1 and r,, frequencies for

the chromite, rhodite and ferrite spinels.

case of "isolated" octahedra, for which the two i.r. active vibrations involve a
signiflcant displacement of the cation.

The assignment of ,r1 and r, to vibrational motions of the octahedral lattice is also
supported by the very good correspondence between the observed frequencies, and the
absorption ranges of some condensed octahedral groups (Table 3 in Ref. l10l).
This correspondence is well illustrated by X'ig. 8, which allows an easy comparison of
the absorption ranges of different X"'Ou condensed octahedra in non-spinel com-
pounds, and the absorption ra,nges of z, and vrinthe corresponding spinel compounds.
It is worth while to point out: (1) the very great similarity of the absorption ra,nges
of CrOu and RhOu octahedra, illustrating the lack of a mass effect; (2) the very
significant lowering of the absorption range of FeOu octahedra (in both non-spinel
a,nd spinel compounds), which is most probably due to a lowering of the cation-
oxygen bonding force.

We may thus conclude that ÿ1 a,nd ?r2 essentially correspond to vibrations of the
lattice of octahedral groups. Since the four i.r. active fundamentals belong to the
same representation Tr*181, some vibrational interactions must occur.

'We can say, however, that the participation of the tetrahedral cation to these
vibrations is too small to be evidenced by the actual experimental data.

II0] J. Pnnuouounn and P. Tenrr, Spectrochi,m. Acta2'lA,96l (1971).
Il] P. Tl.nr:n, Sp:ectrochim. Acta19,49 (1963).
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Drscussrow ox, SoME Srpcrr,rc Fparunns

N on-reprod,uci,bi,li,tg of some spectra

This point has already been mentioned. It should be noticed, flrst that this
non-reproducibility is restricted to the high-frequency bands z, and r,, (which are
more or less broad), the low-frequency, sharp bands remaining at the same position;
and second, that this non-reproducibility is exhibited by samples which aro all pure
and well-crystallized if one refers to their X-ray powder diagram.

800 700 600 500 c 400

Fig. 9. Non-reproducibility of the 
;i&râ::n-*"quency 

bands in tho caso of

The non-reproducibility essentially appears as variations in the position, broad-
ness and shape of the rr. and r, bands. fn the most favourable case of maximum
sharpness, these bands are already asymmetric; but for different samples of a given
compound, the degree of asymmetry and the intensity of the shoulders may bo
greatly enhanced, even leading in a few cases to the splitting of the bands irrto two
distinct components of similar intensity (Fig. 9).

Now, these spectral variations are clearly related to the synthesis conditions of
the sample. A maximum of broadness (or asymmetry, or splitting) is generally
observed for the samples synthesized at relatively low temperatures (this temperature
being horvever sufÊcient to give a, pure, well-crystallized compound) ; for these
samples, the shape of the bands also depends on the chemical nature of the starting
materials. If higher synthesis temperatures are used (but still within the limits of
stability of the compound), the sharpness of the bands increases, and there is a
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general modification towards what could be called a standard, reproducible
spectrum.

'We have thus good reasons to believe that the observed non-reproducibility is
related to the granulometry of the sample, and this may be explained in the following
manrler I we have shown that the two high-frequency bands must be assigned to
vibrations of the trivalent cation-oxygen bonds, for which the ionic character must
be fairly important; this last point is supported by the large intensity of the bands.
Thus, there must be a signifi.cant frequency difference between the longitudinal optic
and the transversal optic modes. Since (as it is generally the case) our "absorption"
curves are in fact the resulting effect of combined refl.oction and absorption phe-
nomen&, both longitudinal optic and transversal optic modes appear separately in the

Fig. I0. fnfrared specùrum of ZnAlrOo.

spectrum of very fine-grained sa,mples, whereas relatively coarse-grained samples
exhibit an unique, arrerage frequency.

This type of behaviour is very easily observed in the more simple case of the highly
ionic oxide MgO, for which very fine-grained samples exhibit two bands near 550 and
400 cm-l (corresponding to the longitudinal optic and transversal optic frequencies
respectively), whereas oTLe strorTg band is observed near 490 cm-1 for the same
sample heated up to 1300"C.

Our hypothesis is also supported by the fact that the washing in water, followed
by sedimentation and decantation, is sufficient to bring out significant changes in the
band shape for fine-grained samples: this is immediately explained by the elimina-
tion of the finest grains during the decantation process.

Infrared, spectrum of ZnAlrOo
The i.r. pattern of this compound has a somewhat peculiar appearance with

three (and not two) strong bands in the high-frequency region, and one band (plus a
very weak side-band) in the low-frequency region (Table 2 and X'ig. l0). This last
band is certainly 2a, &nd the side-band is not an artifact, since it is found in all spectra,
and it exhibits an isotopic 64ZnL-682L shift (Table 6). But the origin of this supple-
mentary band is still unknown. Now, as fa,r as the 518 cm-l band is concerned, two
possible assignments should be taken into account: in view of its fairly high fre-
quency and strong intensity, this band may be assigned to a splitting of a, (the two
components being the 575 and the 518 cm-l bands); but in this case, there is no band
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left for ÿs; or it may be assigned to rr. This must be the right assignment since, in
the solid solutions ZnAlrOn-ZnCrrOr, this band is shifted down to lower frequencies
(with a splitting in a limited compositional range: Fig. 6), and is finally represented
in pure ZnCrrOn by the band at 375 cm-l, whose assignment to z, is undisputable.
The high value of 518 cm-l for z, in Zn{lrOnis easily justified by the very moderate
mass of Al, since ru clearly depends on the mass of trivalent cation.

We have no definite explanation for its unusually strong intensity; but this
could be possibly explained by some kind of interaction between r, and zu, since theso
two bands belong to the same representationT*, and since their frequencies are not
very different. A more or less similar situation occurs in the case of CoAlrOn, for
which the rr, and rr, frequencies are not very different (563 and 523 cm-l respectively) :

here again, the very moderate mass of the trivalent cation is certainly responsible
for the high frequency value of r,r.

Fig. I f . fnfrared spectrum of natural MgAlrOn

Infrared, sgtectrum o/ MgAlrOn
'We consider here the spectrum of the natural compound since, in the synthetic

material, the cationic distribution is slightly inversed. The i.r. pattern (Fig. ll) is
somewhat different from the typical spectra of Fig. 1, with two strong bands at 688
and 522 cm-l (which must correspond to r, and rr), but only one sharp band at
309 cm-l. This last band must be assigned to lo (the corresponding frequency is
242crn-r for MgRhrO4,253 cm-1 for MgCrrOn, and is expected to be significantly
higher for MgAlrOo in view of the mass effect of the trivalent cation). But there is no
clear-cut evidence about the occurrence of au. lt is possible, however, to estimate a
rough value for this frequency in the following ma,nner.

lVe know from the bulk of our experimental data that v, depends on the mass of
both cations, tetrahedral and octahedral. Since r,, is observed at 518 cm-l in ZnAlrOn
and 523 cm-1in CoAlrOn, it is expected to lie at a still higher frequency in MgAlrOn.
Now, when passing lrom a zinc spinel to the corresponding magnesium spinel, wo
find for z, a frequency increase of about 50 cm-1 (ZnRhrOn: 3O5-MgRhrOn: 853
cm-l ; ZnCrrOn: 375-IlgCrron: 430 cm-1). Since r, is observed at 518 cm-l in
Zn.LlrOn, it is expected to be found somewhere near 570 cm-1 in MgAlrOu. The same
reasoning holds for a change of the octahedral cation: when passing from a chromite
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to an alumin&te, we ûnd a frequency increase of I43 cm-1 (ZnCrrOn: 375-ZnAlrOn:
518 cm-1 ; CoCrrOu: 380-CoAlrOn: 523 cm-l). If the same frequency increase is
applied to the r,. frequency of MgCrrO4, namely 430 cm-1, we find again a value of
about 570 cm-l for the r,, frequency of MgAlrOn. Now, the spectrum of this compound
exhibits a weak, but distinct and quite reproducible shoulder near 580 cm-1. W'e

thus assign this shoulder to 13, which is now at a higher frequency than r,r. This
exceptional crossing-over of u, and rr, may be correlated rvith the fairly light masses
of Mg and. Al cations, since z, depends on the masses of both cations, whereas r,
does not depend on these masses.

CoNcl,usroNs

I'he systematic investigation of the i.r. spectrum of cubic, normal II-I[ spinels
by appropriate methods leads to a consistent set of assignments:

The two high-frequency bands 21 and ÿz a"re essentially related to vibrations of
the lattice of octahed.ral groups: their frequency is essentially determined by the
nature (but not by the mass) of the octahedral, trivalent cation. For these'ribrational
modes, no definite influence of the tetrahedral, bivalent cation has been evidenced
so far; however, \rye cannot compietely reiect a small contribution of this cation
through vibrational interactions with r, and rrn: such interactions must occur, since
the four i.r. active fundamentals belong to the same representation 7r,, but their
real importance is still unknown.

The two low-frequency bands r, and 24 correspond to complex vibrations
involving the simultaneous participation of the tetrahedral and of the octahedral
cations, with, horvever, a predominant influence of the octahed.ral cation on ?a, of the
tetrahedral cation on rrn.

It must be pointed out that these assignments have been deduced in the case of
the normal, ILIII spinels. They do not apply, either to the inuerse,Il-III spinels
(this case will be discussed in another paper), or to the normal, ILIy spinels: in this
latter case, previous studies have shown that the two high-frequency bands are
essentially related to vibrations ofthe tetrahedral groups, and this has been definitely
confirmed by the investigation of isotopic species [3].

It i,s thus eui,dent that the ass'ignrnent of the fouri.r. acti,ae fund,amentals of a spi,nel
to eitlter tetrahed,ral or octalbed,ral groupts (or to comgtler uibrations) d,egtend,s on the type
of sptànel und,er consi,d,eration.

This point, and the related experimental data, will be discussed in a forthcoming
paper.
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