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The FT-IR/FT-FIR powder skeletal spectra of B-aluminas of
composition BaAlyOy,s, BaAl;0y, and BaAlj;0;; and of a
magnetoplumbite-type Ba-ferrite BaFe;,0,, are reported and dis-
cussed, on the basis of the structural models previously proposed
for these solids. These models find good confirmation in such
skeletal spectra. Emphasis is focused on the defect structure of
these compounds.  © 1995 Academic Press, Inc.

INTRODUCTION

B-aluminas have been the object of attention mainly
because of their ionic conduction properties. This is a
family of compounds usually with the general formula
M0 - nAlLO;, where M is o larpe monovalent cation (1).
The stoichiometry of “‘ideal”™ Na-g-alumina is NaAl,0,7
(2, 3), with n = 11 in the above general formula, although
Na excess is frequently present. Its layered structure is
constituted by spinel-type blocks having the formula
[Al,04]* separated by mirror planes where mobile Na*
ions are located together with oxygens bridging between
spinel blocks.

Similar structures can also be exhibited by aluminates
of divalent and trivalent metals, if the cationic radius is
sufficiently high, as for Ba**, Pb?*, and La** (4-6). In the
case of Ba-g-alumina, two different structures have been
reported, the so-called Ba-poor structure, whosc stoi-
chiometry is near 0.82 BaO - 6 Al;Oy (7), and the so-
called Ba-rich structure with a stoichiometry near .31

Ba-B-aluminate (9) and La-g-aluminate powders (10)
have recently been described as ceramic materials very
resistant to sintering. For this reason, they have been
proposed for the formulation of catalysts for hydrocar-
bon combustion. Similar ion-conducting structures are
known also for ferrites, such as K-B-ferrite KFe Oy
{11), and for gallates as well.

When the ratio between the ionic radii of the bivalent
and trivalent cations decreases (i.e., for smaller bivalent
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cations or larger trivalent ions (1, 4)}, the alternative non-
ion-conducting megnetoplumbite-type structures are
formed, as in the cases of CaAl;0yg, SrAl;Oy9, BaFe);
O, and PbFe ;0. BaFe;;Qy is the object of deep inves-
tigation today because of its industrial application as a
hard anisotropic ferrimagnetic material (12).

Mixed magnetoplumbite/8-alumina structures have
been found in compounds such as Na—-La mixed alumi-
nates (13), K-Ba mixed ferrites (14) and BaAlgFeqOyo
(15), thus showing the *‘flexibility’’ of these closely re-
lated hexagonal structures.

The preparation (16), the solid state chemistry (17),
and the surface properties (18) of Ba-g-alumina powders
have been investigated previously. We report here a fur-
ther solid state investigation of these materials, and, for
comparison, of a magnetoplumbite-type compound,
BaFe ;0,9, using IR skeletal spectroscopy.

EXPERIMENTAL

(a) Preparation of the samples. Ba-Al-QO samples
with nominal atomic ratio Al/Ba = 9, 12, and 14 (hereaf-
ter denoted BaAl9, BaAll2, and BaAll4) were prepared
according to the precipitation method in aqueous me-
dium, as reported in Ref. (16}. Ba(NQOs), (Fluka} was
completely dissolved in hot water (T = 330 K) under
vigorous stirring. The resulting solutions were acidified
(pH = 1) with HNO; and subsequently AI(NQO;); - 9 H;O
(Fluka 98%) was added to them. The mixtures were
poured, under vigorous stirring and constant temperature
(T = 330 K), into solution of (NH4),CO;. The formation
of white precipitates were observed. The slurries were
then aged at 330 K for about 3 hr; the pH of the slurry
varied in the range 7.5-8. The precipitates were filtered,
washed, and dried overnight at 330 K. Analysis by
atomic absorption for Ba and Al content in mother lig-
uors and washing waters indicated that the precipitation
occurred in a quantitative way. Chemical analysis of the
dried samples confirmed that the actual Al/Ba ratios
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closely correspond to the nominal ones. The precursors
dried at 370 K were ground to between 150 and 200 mesh
and were calcined at 1670 K according to the following
calcination procedures: steps at 470, 770, 970, 1170, 1270,
1370, 1470, 1570 and 1670 K, heating rate for each step 60
K/hr; holding 10 hr; ¢cooling rate 100 K/hr. No grinding of
the samples was performed after each calcination,

Ba ferrite (Fe/Ba ratio = 12) was prepared using an
analogous procedure.

(b) Characterization of the samples. XRD analyses
were performed by a Philips PW 1050-70 vertical go-
niometer using Ni-filtered CuKe radiation. A typical ex-
periment was performed in the range 5-130° 28, step size
0.002° 26, 10 sec/step, and divergent slit 0.25° 2¢. The
FT-IR spectra were recorded using a Nicolet Magna 750
Fourier transform instrument. For the region 4000-350
cm~! a KBr beam splitter was used with a DTGS detec-
tor, while for the FIR region (600-50 cm™!) a ‘“solid sub-
strate’’ beam splitter and a DTGS polyethylene detector
have been used. KBr pressed disks (IR region) or poly-
ethylene pressed disks and samples deposed on Si disks
(FIR region) were used.

RESULTS AND DISCUSSION

As discussed in detail previously (16), XRD analyses
showed that the samples BaAll4 and BaAl9 are consti-
tuted by the Ba-poor and the Ba-rich Ba-g-alumina
phases, respectively (JCPDS Tables 33-128 and 33-129),
while the diffraction pattern of the BaAll2 sample has
been interpreted as an intergrowth of the two Ba-B-alu-
mina phases. The Ba ferrite sample is well crystallized in
the magnetoplumbite-type structure (JCPDS Tables
27-1029 and 39-1433).

The IR and FIR spectra of our Ba-8-alumina powders
(BaAl9, BaAll2, and BaAll4) are reported in Figs. I and
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FIG. 2. FT-IR/FT-FIR skeletal spectra of (a) BaAl9, (b) BaAll2,
and (c) BaAll4: modes associated with vibrations of the aloms lying in
the *‘mirror planes’’.

2. In Fig. 3 the spectra of a spinel-type alumina predomi-
nantly constituted by 8-AlLO; and of the aluminate with
the inverse spinel structure NiAl;Q, are also reported for
comparison. In Fig. 4 the skeletal spectra of BaFe ;09
and of the spinel-type oxides y-Fe,O; (maghemite) and
ZnFe, 0y (franklinite) are also compared.

According to the large dimensions of the unit cell of 8-
aluminas, their skeletal spectra present a large number of
sharp maxima. The positions of these maxima are sum-
marized in Table 1, where they are compared with the
positions of the maxima reported in the literature for the
IR spectra of other B-aluminas.

An interpretation of these skeletal IR spectra can be
attempted on the basis of the known structure of the
corresponding materials. The unit cell dimensions of
these phases are reported in Table 2. The atom positions
in the hexagonal mixed oxides are compared in Table 3.
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FIG. 1. FT-IR/FT-FIR skeletal spectra of (a) BaAl9, (b) BaAll2, FIG. 3. FT-IR/FT-FIR skeletal spectra of ©/8-Al;04 (a defective
and (c) BaAll4. spinel-type phase) and NiAlL,O, (an inverse aluminate spinel).
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TABLE 1
Position (cm~!) of the IR Bands in B-Aluminas
Ba-38-Al,0, Na-g-AlLO, Ag-B-ALO,
Assignments
BaAlg Baall2 Baall4 refl, m refl, m tr,p refl, m tr,p
tr, p tr, p tr, p a b c b ¢ a, c this work
1071 1072 — T
— 1045 1047 1060 1115 1045 Az,
1003 1004
— 986 987
940 9425 — 920 882 900 E,
903 901s 880 890 As
860s 840 865 854 860 Ay,
821 822 820 825 820 820 E,,
792 767 777 780 767 T Az,
762 T64 758 768 758 762 E.
755
728 720 750 720 Ay,
720s 715 712 718 702 E,,
684 685 672 670 658 682 E. spinel blocks
653 653 660 64() 667 643 Ay,
620 623 647 630 627 645 E,
611 6l4s 590 590 582 E;,
570 575 555 558 555 E,
560 565 560 530 555 535 Az,
540
498 499 500s 500 506 505 E,
480 480 460 445 450 452 E,
435 434 455 435 440 432 Az,
402 400 390 395 397 Ay,
384 379 382 387 E,
373 365 367 E.
350 347 337 342 341 Az,
328 EX1 310 325 323 Aj,
318 3155 307 306 304 E,,
300 300s 302 E,
233 285s 281 295 313 308 Az, B |
235 234 As, ]
245 224 287 270 274 Az bridging
138 139 138 212 211 212 215 Ey, — 1 oxygen
111, 105 112,105 —— Interstitial Ba
82 82 105 126 87 105 Ay,
73 75 60 Az, conducting ions
67 67 64 6l 60 29 30 E, :I

Note. a = Ref. (19); b = Ref. (20); c = Ref. (22); ir, p = transmission, powders; refl, m = reflection, monocrystals.

TABLE 2
Hexagonal Unit Cell Dimensions (A) of Na- and Ba-#-Aluminas
and of Ba Ferrite

Compound Formula a ¢ Ref.
Na-S-alumina NaAl, ;O 5594 2253 )
Ba-poor Ba-3-alumina Bagy 75A1 O a5 5.582 2715 7
Ba-rich Ba-g-alumina Ba; sAljp 7070 5.600 22922 (8)
Ba-ferrite BaFe ;0 5.892  23.183 21)

The structure of Na-g-alumina, of the Ba-poor Ba-B-alu-
mina sample, and of BaFe ;0O have been determined in
detail. All belong to the P6i/mme = DY, space group,
with two formula units per unit cell, and with a close
correspondence between the respective unit cells. As for
the Ba-rich B-alumina structure, single crystal studies
suggested that it belongs to the space group P6m2 = D},
which corresponds to the Pés;/mmce space group of the
other structures but without the inversion center and the
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FIG. 4. FT-IR/FT-FIR skeletal spectra of (a) BaFe,;0p, (b} Zn
Fey0,, and (¢) y-Fe,0,,

¢ glide plane. This comes about from the particular defec-
tive structure it exhibits (see below), and it is an expres-
sion of the fact that, for energetic reasons, it is impossible
to allocate neighbor Ba ions. Moreover, single crystal
data showed that this structure shows an aV3 X aV3
superstructure in the a, b plane, which is completely dis-
ordered along the ¢ direction (8). This feature again arises
from the higher energy associated with an arrangement

that encompasses two defective cells as nearest neigh-
bors (i.e., cells containing interstitial sites). However,
Rietveld analysis of the XRD powder pattern of this Ba-
rich B-alumina sample suggested that it is possible to
model its structure on the basis of an average cell which
still retains the inversion center and correspondence to
the ideal 8-alumina pnit cell (16).

In the “‘ideal” structure of Na-B-alumina first deter-
mined by Beevers and Ross (2), and successively refined
by Peters ef al. (3), the stoichiometry is NaAl;Oy;. This
ideal structure is constituted by ‘‘spinel blocks™ with
four cubic close packed layers of oxide ions with compo-
sition [Al;;0,6]%, separated by other ccp planes (‘*mirror
planes’”) where three quarters of the oxide ions are miss-
ing. Every mirror plane contains one Na* cation and one
oxide anion (O(5) in Table 2) per unit cell, located on ccp
positions.

In the so-called Ba-poor 8-alumina phase, whose stoi-
chiometry may be written as Bay 1sAl;104725, Ba incom-
pletely occupies the Na positions of the ideal NaAl; O
structure (the so-called Beever-Ross or BR position).
Such mobile Ba ions have unusually low coordination (9
compared to the more usual 12-fold coordination of Ba?*
in mixed oxides) with also an unusually high mean Ba-0O
distance (2.97 A compared to 2.80-2.90 A). To account
for neutrality, one-fourth of the Ba ions are missing, and

TABLE 3
Atom Positions, Site Symmetries (sym), Occupancies (occ), and Total Atom Number (N) in S-Alumina and
Magnetoplumbite-Type Phases

Magnetoplumbite

B-Aluminas BaFe;,0,y
Ref. 21
NaAl,0y, Bay 7sAl 0725 Ba, 1sAlinesOhn
Refs. 2, 3 Ref. 7 Ref. [6 [deal Real
Site
Ion Site Sym. Occ. N Oce. N Oce. N Occ. N Occ. N Location
M'(1) 2d Dy 1 2 0.75 1.5 0.83 1.66 1 2 1 2 MP
M'(2) 4f Cy, = = = = 0.16 0.66 = = = = 5B
M(1} 12k C; 1 12 0.91 11 0.83 10 I 12 1 12 SB
M'(2) 4f Cyp 1 4 i 4 0.83 3.33 1 4 1 4 SB
M'(3) 4f Cy, 1 4 1 4 1 4 | 4 1 4 SB
M) Za Dy 1 2 1 2 I 2 I 2 [ 2 SB
M'(5) 12k C, = = 0.09 1 0.17 2 = = = = 3B
2d Dy, = = = = = = i 2 = = MP
de C., = = = = = = = = 0.5 2 near MP
(1) 12k C; 1 12 1 12 i 12 ] 12 1 12 SB
o) 12k C, 1 12 1 12 1 i2 1 12 1 i2 SB
Q) 4f Cs, i 4 | 4 I 4 [ 4 { 4 SB
0(4) 4e Cs, 1 4 1 4 0.83 3.33 1 4 1 4 SB
O5) 2c Dy, 1 2 1 2 1 2 1 2 1 2 MP
[e()] 6h Cy, = = 0.09 0.5 0.17 [ I 6 [ 6 MpP

Note. M’ = Na or Ba; M" = Al or Fe; MP = mirror planes; SB = spinel blocks.
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are substituted by an additional oxide ion placed in the so
called “‘middle oxide' (or mO) position (O(6)) (7). This
additional oxygen, constituting a ‘‘Reidinger defect,”” is
associated with the shift of the two nearest Al ions from
an octahedral position (Al(1)) to a tetrahedral position
(Al(5)). These defects would occur at random, thus re-
taining the unit cell dimensions and the space group of
Na-g-alumina.

On these bases, we can propose an interpretation of
the spectrum of BaAll4 as that of the Ba-poor Ba-g8-
aluminate, isomorphous to stoichiometric Na-g-alumina,
with Ba substituting for Na and random defects (Ba ions
lacking and an additional oxide ion) every four mirror
planes. Under this assumption, the same number of fun-
damentals can be expected, with the same symmetries,
although absorptions associated to the additional O(6)
ions could also be expected. The bands associated with
the atoms in the mirror plane (where defects are located)
could be broadened, and are expected to be shifted in
relation to the different weight, size and charge of Na‘t
and Ba?" cations.

The unit cell of Na-B-alumina contains 58 atoms. Thus,
it possess 174 degrees of freedom, of which 3 correspond
to the acoustic modes and 171 are associated to optical
modes. According to Frech and Bates (19), the factor
group analysis for stoichiometric Na-B-alumina gives the
irreducible representation for the optical modes

Fop1 = 10 Alg + 3 Azg + 12 B'[g 4+ 3 Bzg + 13 Etg
+ 15 Ezg +3 Aw + ]2A2u + 3B, +11B,,
+ 15E,+ 4K,

where the A, and E,, modes are IR active and the 4,,,
Ei., and E;, modes are Raman active, the others being
inactive. Accordingly, 27 IR active fundamentals are ex-
pected (12 A,, + 15 E|,). Considering that 54 atoms (22 Al
and 32 O) are in the spinel blocks and four atoms (2 Na
and 2 O) are located in the mirror planes, assuming the
acoustic modes derive from the spinel blocks, we expect
159 optical modes associated to the vibrations of the
spinel blocks, giving rise to 23 IR active fundamentals
(10 A, + 13 E,,). Consequently, four IR active modes
(2 A, + 2 E\,) are associated with the movements of the
ions in the mirror planes. One A,, mode and one E|,
mode are associated with the vibrations of the “‘bridging”’
oxygen, while also Na ions (Ba ions in our case) are
expected to give rise to two IR active modes, Ay, + E,
(19, 22).

In conclusion, we expect 23 IR active fundamentals for
the vibrations of the spinel blocks, two for the bridging
oxygens, and two for nine-fold coordinated mobile Ba®*
cations, for the Ba-poor phase of BaAlld,

To separate the motions associated with Al-O bonds
from those of the cations lying in the mirror planes we

can compare the spectrum of our Ba-g-alumina with that
of a defective spinel-type alumina, such as #-alumina,
and of stoichiometric spinels (Fig. 3). In both cases a
strong multiple absorption occurs in the region [1000-300
cm™!, but no bands are observed in the region 300-50
cm~!. On the other hand, we can also compare our spec-
trum with those of other inorganic matrices containing
highly uncoordinated Ba cations in cavities, such as cat-
ion-exchanged zeotites. It is well known that vibrations
associated with these cations lie in the region below 250
cm~!. For example, in the spectra of Ba-exchanged Y
zeolite {23), bands at 137, 107, and 55 cm™' have been
assigned to the vibrations of Ba ions. Thus, we expect the
vibrations of mobile cations in the region below 150 cm™".
Finally, according to Colomban and Lucazeau (22), the
two modes associated with the vibrations of the oxygen
ions bridging between spinel biocks are expected in the
region 300-100 cm™",

In the spectrum of our BaAll4 sample we observe at
least 20 maxima above 300 cm™! (see Fig. 1 and Table 1)
and four well resolved bands (with some complexities) in
the region 300-50 ¢! (Fig. 2). Considering the possible
accidental superimposition of few modes, the spectrum
we observe with 24 bands definitely agrees with the struc-
tural model discussed above, for which 27 bands were
expected. This is also supported by the significant super-
position of most of the bands above 300 cm™' with those
reported for Na-B-alumina and its analogs (Table 1), as-
sumed to be isostructural. It seems interesting to note
that all three Ba-B-aluminas show three main maxima
near 760, 560, and 380 cm~!. These maxima roughly cor-
respond to three of the four IR active fundamentals in
cubic spinel-type aluminates, »1, ¥2, and v4, »3 being
almost superimposed to »2, as in the case of NiALQ,.
They also roughly correspond 1o the main maxima of the
6-Al,0,, which is more complex because, due to its
monoclinic structure (C2/m = C3, space group), 12 IR-
active modes are ¢xpected (Fig. 3).

According to Colomban and Lucazeau (22}, the lowest
frequency mode for monovalent 8-aluminas is associated
with in-plane movements of the cation (E;, symmetry),
while the out-of-plane mode (A, symmetry) falis at
higher frequency and is generaily slightly weaker. We
can tentatively assign the band at 63 cm~! (with a compo-
nent near 50 cm~!) to the E;, mode and the band split at
83, 78 ¢! to the A;, mode, both arising from the move-
ments of Ba ions in the mirror planes. Consequently, we
can assign the two bands at 139 and 224 -¢cm™! (the last
broad) to the movements of bridging oxide ions in the
mirror planes {O(5)).

These assignments agree with those of Hayes et af. (24,
25) for a Ba-exchanged Na-f"-alumina monocrystal in the
region below 150 cm™1, These authors reported a sharp
band near 120 cm~!, which they did not discuss, and a
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complex of three bands between 80 and 30 cm™!, whose
intensity ratios varied strongly with the temperature.
They assigned these modes to the movements of Ba?*
ions that distribute differently in the two equivalent sub-
lattices as a function of the temperature. The replace-
ment of Na with Ba scem to cause a shift of the bands
associated with bridging oxygens from 270 and 211 cm™!
(22) to 224 and 130 ¢cm™!, possibly because of the slight
increase of the ““interblock’ distance, reflected in the
increase of the cell parameter ¢ (Table 2). The modes
associated with Ba movements are observed at slightly
lower frequencies compared to those associated to Na
movements, in agreement with the greater weight of Ba
atoms.

The structure of the Ba-rich phase has been deter-
mined by Iyi er al. (8) using monocrystals where nearly
209 of Ba is replaced by Pb. On the other hand, the
structure determination of our Pb-free BaAl9, performed
by the Rietveld analysis of the XRD patterns (16),
strongly supports this structure. According to these two
studies of the Ba-rich phase, every two “‘ideal’’ cells (the
same as in Na-S-alumina with Ba replacing Na), each
with stoichiometry 2 X [BaAl;, 071", a “*defective’ cell
with stoichiometry 2 X [Ba,sAl;O175]1%~ occurs, where
an interstitial Ba ion (Ba(2)) is located in each ‘‘spinel
block' with a corresponding one vacant Al (Al(2)) and
one vacant oxide ion (O(4)) (8, 16). The two mirror planes
are no longer equivalent and this defect is associated with
the lack of Ba ions in the mirror plane located between
the spinel blocks of the ‘*defective’ cell with interstitial
barium. Three additional oxygen ions are also focated in
the ““middle oxide’’ positions (O(6)) in this plane, to bal-
ance excess charge, giving rise to a ‘‘triple Reidinger
defect’’. This situation occurs with periodicity along the
a, b plane giving rise to an aV3 X aV/3 superstructure
with P6m2 space group (8). However, if we suppose
completely random distribution of these defects we can
again discuss the structure on the basis of the “*standard™’
hexagonal cell and the P6,/mmc space group (16). In this
case we should expect a spectrum similar to that of the
Ba-poor phase.

Actually, the spectrum of BaAl9, constituted by the
Ba-rich phase, is distinctly more complex than that of the
Ba-poor phase. In the region above 300 cm™! at least 30
components can be found, associated with Al-O move-
ments in the spinel blocks, This agrees with the existing
superstructure and/or lower symmetry of the unit cell of
the Ba-rich with respect to the Ba-poor phase. Moreover,
many prominent features of the Ba-poor phase are not
observed at all in the spectrum of the Ba-rich phase (note
that the highest frequency bands are all significantly dis-
placed in the two spectra). This confirms that something
happened into the spinet blocks, i.e., the insertion of
Ba®* ions in interstitial positions.

The spectrum in the 300-50 ¢cm™! region, where the
absorptions associated with Ba?* jons and to “‘bridging”’
oxygen of the mirror plane are expected (see above), also
shows marked differences from that of the Ba-poor
phase. According to the above discussion the band with
components at 73, 64, and 60 cm~! can be associated with
mobile Ba ions in the mirror plane, and are only slightly
shifted if compared to the corresponding modes observed
for the Ba-poor phase (see above) and to Ba-exchanged
B'-alumina (24, 25). The sharp peak at 111 cm™', not
found at ali in the spectrum of the Ba-poor phase, can be
assigned to vibrations of the *‘interstitial”’ Ba ions (Ba(2))
in the spinel blocks. Its clear asymmetry toward lower
frequency could be evidence of a second component near
105 ¢m~!: in fact, two IR-active modes are expected
(A, + E,). The position of these modes at higher fre-
quencies with respect to those assigned to mobile Ba ions
agrees with the shorter Ba—O bonds for ‘‘interstitial’” 12-
fold coordinated Ba (mean Ba—0 distance 2.825 A) com-
pared to the mobile 9-fold coordinate Ba (mean Ba-O
distance 2.927 A (16)). The peaks assigned above to
“‘bridging’’ oxygens in the mirror planes {235 and 139
cm™!) are slightly sharper and only one is definitely al-
though slightly shifted with respect to the Ba-poor spec-
trum.

The spectrum of the BaAll2 sample can be interpreted
as due to the superimposition of the spectra of the BaAl9
and BaAll4 samples, as is very evident for the highest
frequency spinel modes in the 1100-900 cm~' region
where the bands of both phases are clearly well resolved.
Similarly, in the low frequency region (300-50 cm™"), the
peaks assigned to Ba ions in the mirror plane show a
maximum at 67 cm~! with pronounced components at 75
and 82 cm~'. At higher frequency, the peaks associated
with interstitial Ba ions and with bridging oxygen of the
Ba-rich phase (112 and 235 cm™") are very prominent, but

. that of bridging oxygen of the Ba-poor phase (224 cm™1} is

also evident as a pronounced shoulder. This definitely
shows that this mterial is actually an intergrowth of do-
mains of the Ba-rich and Ba-poor phases, as already pro-
posed on the basis of XRD measurements (16) and in
agreement also with literature data (8).

The IR and FIR spectra of BaFe ;05 and, for compari-
son, of y-Fe,0; and of the normal spinel ZnFe,O, are
reported in Fig. 4. The difference between the magneto-
plumbite structure and the ideal S8-alumina structure lies
in the mirror planes. In the mirror planes of magneto-
plumbite-type compounds only one-fourth of the oxide
ions are missing, and its ccp position is occupied by a
large bivalent ion (Ba* in this case). Moreover, one tri-
valent ion (Fe(5)) is also located in the “‘mirror plane’” in
the ‘‘ideal’’ magnetoplumbite structure in a trigonal
bipyramidal coordination sphere. However, according to
Obradors et al. (21), this Fe?* ion in BaFe 20y is dynami-
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cally disordered between two positions slightly above or
below the mirror plane.

Thus, the structure of BaFe,;;0Q, is constituted by
[Fe; 0]t spinel blocks separated by [BaFeQ;]~ layers.
Factor group analysis obtains the irreducible representa-
tion for the optical modes of ideal BaFe ;09

Fgm: I3A1g+ 3A2g + 1031g+532g+ ISElg
+ 13, +4AL+13A, + 58, + 108,
+ 18 Ey, + 13 E,,

with 31 IR active modes (13 A, + 18 E,} and 44 Raman
active modes (13 Ay, + 18 E|, + 13 Ey).

From the spectrum of Fig. 3, only 14 components are
observed., Most of them closely correspond to the E,,
fundamental TO modes as determined by the monocrys-
tal reflection measurements by Nikolic er al. (26), re-
ported in Table 4. These authors only observed 10 of the
18 E,, fundamentals and were unable to measure the A,,
fundamentals, due to the size of their monocrystal. The
spectrum of Fig. 4, which closely resembles the reflection
spectrum reported by Nikolic ez al. (26), contains three
predominant and certainly complex absorptions in the

TABLE 4
Position (cm™!) of the Skeletal Bands of BaFe,;0,9 and of
Reference Spinel-Type Ferrites

BaFCIZOw
E,, fundamentais

Mono-
ZnFe,Q, v-Fe:0; crystal
Ref. (30) Ref. (29} Ref. (26)
Powder
IR Raman IR Raman This work  TO LO
725
694 706
645 635 660
541 551 360 585 585 690
500 502 543 545 550
480
460 441 455
420 438 430 480
380 390 401
364 380 360 362 364
150 351 338 333 351
325 330 323
313 304 302 300 313
261 280 284 285 290
232 260 250 248 252
210 212
175 186
166 180 177 177 180
124
102 95 96

region 800-200 cm~!. The main maxima roughly corre-
spond to the three main maxima observed in the spec-
trum of the normal spinel ZnFe,0y4, as well as to the three
most intense maxima observed in the spectrum of
v-Fe,0; {maghemite), both also shown in Fig. 4 for com-
parison. Moreover, all three spectra show one sharp and
weak band in the region 160-180 cm~!. The spectrum of
ZnFe 04 is very simple because spinel-type compounds
(¥d3m point group, with three molecular units per small-
est Bravais cell} only have four IR active models (Fy,)
(27). In contrast, y-Fe,O; has a more complex spectrum:
we observe nearly 20 components, which could agree
with the P4,32 = 07 space group with 8 molecular units
per unit cell of partially ordered y-Fe,0,, for which 21 IR
active fundamentals are expected. Instead, it contrasts
with the fully ordered defective tetragonal superstructure
(P4;2,2 = D{ space group, with 32 molecular units per
unit cell}, for which 179 IR active modes are expected
(28). On the basis of the comparison of the spectra of
these three ferrite compounds, it seems obvious that all
bands observed in the region 800-160 cm™' arise from
Fe—0 vibrations and are generated by splittings and acti-
vation in the IR of the fundamentals of cubic spinels such
as ZnFe;0;. In Table 4 the Raman peaks observed for
ZnFe;04 and y-Fe,0; are also reported and show that all
detectable fundamentals in these cases lie above 160
cm™L,

BaFe ;0s shows an additional strong absorption in the
region 150-50 cm~!, which we observe split at 124, 102
cm~'. This absorption can be assigned to vibrations of
Ba?* cations, which in fact contribute with two IR active
fundamentals (4., + E,,) to the vibrational structure of
this solid, The lower energy mode (102 cm™!) could corre-
spond to the E,, fundamental observed at 95 ¢cm~! by
Nikolic er al. (26), while the higher frequency one, not
observed by these authors, should consequently be due
to the A, component.

It seems interesting to note that these modes fall at
very similar frequencies to the modes assigned to the
vibrations of the ‘‘interstitial’’ Ba ions in Ba-rich Ba-8-
alumina (111, 105 cm™"). Accordingly, in both cases Ba is
in a 12-fold coordination, with similar Ba-O distances
near 2.85 A. For comparison, Ba vibrations in the YBCO
superconductor give rise to two IR bands in the same
region (114, 104 cm~" (31)) although in this case its overall
coordination is 10-fold, but the mean Ba-0 distance is
again about 2.85 A. The vibrational frequencies associ-
ated with mobile Ba ions located in the -alumina mirror
planes (80-50 cm™1) fall to much lower values, showing
the strong effect of its lower overall coordination and
longer Ba-0O mean distance.

One further striking feature is the breadth of the spec-
wum of BaFe ;00 in the “‘spinel block™ region, where
many components are certainly lost because of their par-
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tial superimposition and, probably, their greater width.
This does not occur in the spectra of S-aluminas, whose
components are sharp and well resolved. It cannot be due
to the character of Fe—0 bonds, because of the presence
of very definite components in the spectrum of y-Fe,04
(Fig. 3). Moreover, it is not a property of our powder,
because the same effect has been observed by Nikolic er
al. (26) in single crystals. It may be the result of the
dynamic disorder of Fe(5) ions, distributed between the
2d “*in plane”’ sites and the two 4e “‘out of plane’ sites,
as discussed by Obradors et al. (21). Moreover, it is
known that these hexagonal ferrites generally contain
large numbers of lattice defects, which could justify the
much lower coercive fields measured experimentally
(3000-4000 QOe) compared to the theorctical values
(17,000 Oc) (12). These defects, associated with magnetic
Fe ions, can contribute to increased disorder and to loose
resolution of the fundamental skeletal modes.

CONCLUSIONS

The analysis of the skeletal IR spectra of Ba-g-alumi-
nas and Ba-ferrite has been discussed in relation to the
structural features of these materials. In particular:

(a) The spectrum of the sample with composition
BaAl ;05 composed by the Ba-poor S-alumina phase
agrees with the structural features proposed for this
phase, considered to be similar to those of Na-B-alumina
with random defects to compensate for the excess charge
of Ba®* ions.

(b) The spectrum of the sample with composition
BaAl,Oy, s composed by the Ba-rich 8-alumina phase defi-
nitely supports the existence of a superstructure (because
of the larger number of observed modes) and agrees with
the presence of interstitial Ba ions in the spinel blocks, as
proposed in previous papers on the basis of diffraction
data.

{¢c) The spectrum of the sample with composition
BaAl;;Oye confirms the existence of domains of both Ba-
rich and Ba-poor B-alumina phases.

(d) The spectrum of a BaFe ;0 sample agrees with
the features of the magnetoplumbite-type structure but its
comparison with the spectra of monocrystals with the
same composition suggests that many defects and much
disorder occurs in this sofid with broadening and averag-
ing of several fundamental modes.
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