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ESR characterization of Fe(lll) ions in
polycrystalline cation-deficient FeAl,O, spinel
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Polycrystalline samples of cation-deficient FeAl,O, spinel with Fe** ions and vacancies on
both octahedral and tetrahedral sites have been investigated by electron spin resonance
(ESR). For samples annealing at 1100° C and slightly oxidized (<0.16 wt% Fe®"), the ESR
spectrum originates from Fe®" ions located in trigonally distorted octahedral sites of a-Al,Oj
formed during the annealing and also from Fe®' ions introduced by oxidation at low tempera-
ture in octahedral sites of spinel structure. The samples with concentration between 0.16 and
1.6 wt% Fe*” show the majority of Fe** ions to be on tetrahedral sites and the rhombic sym-
metry around the Fe3* ions is attributed to the presence of cation vacancies.

1. Introduction

Within the setting of our work on particular proper-
ties that some finely-divided spinels containing iron(II)
have to oxidize to y-cation deficient spinels [1], we
propose to obtain by electron spin resonance (ESR)
spectroscopy, supplementary information on the
environment of the Fe*' jons introduced in small
amount by oxidation and annecaling in the FeAl,O,
spinel lattice. In this spinel, at room or liquid nitrogen
temperatures only Fe** (a 3d° ion) can be detecied by
ESR, whereas Fe’* (a d®ion) can be seen only at liquid
helium temperature, because of its short relaxation
time [2]. Since Fe’* ions have zero orbital angular
momentum in the free atom, the resonance should arise
from the amount of Fe’* ion in iron(Il) aluminate.
Any changes in the electric fields of the neighbouring
ions of Fe’* ions should distort the orbit of the 3d
electrons and should provide valuable information
about the crystal electric field variation.

2. Samples and measurements

Details of FeAl,O, preparation via a metal-organic
precursor have been reported previously [3]. The Fe**
ions are generated by low temperature oxidation
(between 160 and 300° C) in the following way: Fe?*
are replaced by Fe’™ and cation vacancies according
to the formula

Fe’* + 120 — zFe'* + (1 — z)Fe’* + 120~
with
3Fe* - 2Fe’* + 0O

where O is the vacant site and z the oxidation par-
ameter. Crystallographic and magnetic studies [4]
have shown that the vacancies are distributed 1 on
tetrahedral sites (A sites) and Z on octahedral sites (B

0022-2461/89 $03.00 + .12 © 1989 Chapman and Hall Ltd.

sites). Thus, for partial oxidation, the ion distribution
in the spinel lattice is given by the formula

[AB*,;0, s [Fel Felts,0,,1,05 with 0 < & < 1/3

In this way we can study the change in the ESR
spectrum as a function of the increasing number of
Fe’" ions present on A sites. The different oxidation
ratios were obtained by means of a Setaram micro-
balance with a sensitivity of 107° mg by establishing
the ratio of weight gain corresponding to the partial
oxidation expected to the full oxidation of Fe** ions.
The values selected for this study are § = 1073,
d =5 x 107 (for samples oxidized at 160°C),
6 =25x10"%6 =5 x 1072 (for samples oxidized
at 290° C) which corresponds to a concentration range
of 0.032 to 1.60wt % Fe’*. As the purpose of the
present investigation is not the study of the ferro-
magnetic resonance of the ferrite, but rather the use of
ESR to obtain information on coordination of Fe’*
ions, only y-cation deficient spinels of low Fe**
content have been prepared.

Previously, in a series of annealing samples at
various temperatures (900 and 1100°C) and com-
paratively to samples prepared at 700° C in which the
totality of Fe** ions reside on A sites [4], it was found
that a very small amount of A’* ions are located at
the A sites causing the presence of equal amounts of
Fe?* ions on B sites. For sample annealing at 1100°C
the inversion degree defined by the parameter A of the
formula (Fel®,, AR ) (ABT,; Fe2f )02 is about
0.01. As the availability for oxidation of Fe?* ions
at A sites is much less than that at B sites [5], the
oxidation of Fe’* ions on A sites can be avoided if the
oxidation temperature was sufficiently low, thus
producing Fe’* ions only on the octahedral sublattice.
This can be realized if samples were oxidized below
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Figure I ESR spectra of FeAl,O, spinel. (a) annealing at 900° C with
0.032wt % Fe’*; (b) annealing at 1100°C with 0.16wt % Fe*;
(c) expanded portion of curve (b).

170°C when 6 = 107° and 6 = 5 x 107 values
represent approximately the oxidation content of Fe?*
ions on B sites.

A portion of oxidized sample (50 mg) was enclosed
in a silica ampoule, with a standard ESR tube as a
side arm, connected to the vacuum system. After out-
gassing at room temperature for 1h (107° Pa), the
powder was transferred to the ESR tube for measure-
ment. The ESR spectra were recorded at room tem-
perature or occasionally at 77K, using a E-12 Varian
spectrometer operating in the X-band (9.52 GHz); the
magnetic field was modulated for sensitivity and
detection reasons at 100 kHz. The g values have been
obtained by comparison with polycrystalline DPPH.

3. Results

First-derivate X-band ESR spectra at room tempera-
ture for iron aluminate spinels annealing at 900 and
1100° C with 0.032 and 0.16 wt % Fe’* are depicted in
Fig. 1. Apparent g values and peak-to-peak line
widths of ESR signals are listed in Table 1. Both
samples give a complex multiline spectrum with two
sharp absorptions at low field (H ~ 0.04T and
H ~ 0.136T) and depending on the annealing tem-
perature one or two signals on the high-field side. At
0.337T there is a very sharp symmetrical signal of
6 x 107*T linewidth (Fig. 1, curve ¢) and a broad

TABLE I Room temperature ESR characteristics of Fe** ions
in FeALO,. Only the more intense signals are given

& = 0.005 Sample annealing at 1100°C

Lot 167 — 490 — — 204 200!

Linewidth 50 — 100 — - 110 6
AH(107*T)

& = 0.025 Sample annealing at 900°C

e 163 6.15 — 4.25 - 2.08 -

Linewidth 80 180 — 210 — 160 —
AH(107*T)

é = 0.05 Sample annealing at 900°C

8ot 16.4  6.11 — 426 4.06 204 —

Linewidth 90 250 - 50 55 100 —
AH(107*T)
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Figure 2 ESR spectra of FeAl,O, spinel annealing at 900°C with
0.8wt % Fe’*,

resonance of width 0.01 T centred at about 0.332°T.
However, for sample annealing at 900°C (Fig. la,
curve a) intensities of resonance line are very sub-
stantially diminished and sample annealing at 1100°C
(Fig. 1, curve b) had additional ESR lines at approxi-
mately 810, 0881, 0.0255 and 0.4100T.

With increasing Fe’" content (Fig. 2) aluminate
spinel anncaling at 900°C had ESR features some-
what different than that of the preceding ones in that
there are two strong resonances at about 0.107 and
0.16 T with apparent g values being 6.15 and 4.25,
respectively. Furthermore, the resonance at ~0.04T
is also observed. ESR characteristics are given in
Table I. The ESR spectrum of sample annealing at
900°C with 1.60 wt % Fe** (Fig. 3) differs significantly
from the previous one in that the g = 6.15 resonance
was more intense while the g = 4.25 absorption
derivate exhibits a doublet. Other signals at g =
2.64 and g = 2.49 are also observed. In more con-
centrated samples (>2wt % Fe’") magnetic inter-
actions between neighbours occur, and only one
central absorption is observed.

4. Discussion and conclusion

The complete explanation of resonance lines would be
given in principle by solving the spin-Hamiltonian
which included the paramagnetic ion and its couplings
to its neighbours suggesting possible local atomic
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Figure 3 ESR spectra of FeAl,O, spinel annealing at 900° C with
16wt % Fe**.



Figure 4 Effective g values for the spin Hamiltonian of
Equation 1 plotted against A = E/D.
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surroundings of the iron. Considering the complexity
of spectra owing to the presence of Fe*™ ions and
vacancies located substitutionally in two crystallo-
graphically inequivalent sites of the spinel structure,
the interpretation of resonance lines would be made
separately.

When the Fe’* concentration in the FeAl,O, spinel
is not high (Fig. 1), one can assume that the spectra
originate from Fe’* ions located in octahedral sites.
The resonance lines with apparent g values of 16.3, 4.9
and 2.08 also have been observed in alumina heating
above 1000° C [6, 7] and have been identified as due to
Fe’* ions in a trigonally distorted octahedral sites of
a-AlLLO;. From the conclusions drawn from detailed
studies made by Pott and McNicol [6], these features
probably correspond to the formation of very small
fraction of w-alumina microcrystals containing low
Fe’* concentration presumably as a consequence of
surface oxidation reaction during the annealing at
high temperature in nitrogen. An increase in anneal-
ing temperature from 900 to 1100°C shows a better
definition and an increase of resonance line intensity
associated with increasing Fe’" ions concentration in
octahedral sites of a-Al,O, according to higher degree
of inversion in samples annealing at 1100° C. The very
sharp symmetrical signal at 0.337 T can be attributed
to Fe’* ions located on B sites of the spinel lattice.
These ions result of the oxidation of Fe** ions located
at B-sites which are more readily oxidized at low
temperature than Fe’* ions on A sites. Fig. 1 (curve c)
shows an expanded portion in the region of a strong
isotropic line with spectroscopic splitting factor g
equal to 2.001. Centred upon this line is a set of lines
of about one tenth the intensity of the central line.
Moreover, the three lines at g = 8.32, ¢ = 2.64 and
g = 1.64 arise from Fe’" in an axial or lower sym-
metry electric field [8]. This indicated that any vacancy
necessary for charge compensation must be immedi-
ately adjacent to oxygen ion octahedron which sur-
rounds the iron [9]. In seeking an explanation for axial
or lower symmetry it appears reasonable to assume
that these resonance lines arise from Fe** ions which
have an associated vacancy at one of the 12 nearest-
neighbour positions, i.e. in a [1 1 0]-type direction. We
should like to suggest that “‘trapped holes” may
produce a lower symmetry that cubic. If an electron is
Jost from one of the six oxygen ions in the octahedron
surrounding an iron ion vacancy near a trivalent ion,
one would have local charge compensation also with
this type of centre [8].

With regard to the Fe’* g = 6.15 and g = 4.25
signals for oxidation content§ = 2.5 x 107%(Fig. 2),

they have been observed together or individually in
many powder ESR studies, in particular in glass [10],
in titanium compounds [11], in polycrystalline ferri-
chrome A [12], in haemoglobin [13] or in alumina
heated below 900°C [6, 7, 14]. A complete interpreta-
tion of g values in the case of a large crystal field
splitting of the S = 5/2 sextet in Fe>™ compared with
the Zeeman splitting has been given by Griffith [15]
and Castner et al. [16] by considering a Hamiltonian
of the more general form

H = gBHS. + D[S? — L S(S + )] + ES? —~ S?)
M

where the first term represents the electronic Zeeman
interaction with g = 2.0023, D and E are the axial
and rhombic field parameters and S,, S,, S, are com-
ponents of spin along three mutually perpendicular
axis x, y and z. The spins experience two couplings S?
and S; — S7 to the neighbouring oxygen ions. Any
change in electric field of the Fe’* ions environment
will change the D and E constants.

The iron resonance occurring at g = 6.15 and
g = 4.25 can be explained as a function of parameter
4 = E/Dwith0 < 1 < 1/3 as proposed by Wickman
et al. [12] where Fig. 4 represents the variation with 2
of the effective g factors for the three crystal field
Kramers’ doublet considered separately as having
effective spin of 4. If E < D the tetragonal arrange-
ment FeO, (A sites) with orthorhombic symmetry,
give rise to signal at g = 4.25 taking the crossing
point in the derivate curve (Fig. 4, curve a) which is
consistent with 4 = 1. Therefore at the frequency
v = 9.52GHz the parameters are D > 0.159cm ™',
E > 0.053cm™". In the case when E is very much
smaller than D (for example E = 0), it is the large
value of tetragonal field which is responsible for the
two resonance lines, the one at g = 6.15 (the stronger)
and the other at g = 2 (Fig. 4, curve b).

From these considerations, we believe that these
resonance lines for samples annealing at 900° C with
A =~ 0 result from Fe** ions in tetrahedral sites with
distortion in their local coordination because of
increased accumulation of cation vacancies.

With Kroger and Vinck’s notation [17] the for-
mation reaction of cationic vacancies in FeAlLO, at
the solid-gas interface may be written considering that
one atom of oxygen becomes an O, ion on a site of
the lattice surface with correlative generation of a
metal vacancy due to the diffusion of a cation toward
the surface. The balance of matter of the oxidized
phase, shows 2 A’* and 1 Fe** missing relative to the
spinel structure, therefore, we must consider that the
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generation of 4 O*~ is accompanied by three vacancies
among which two of APt and one of Fe**. If the
vacancies are distributed by 4 on A sites and £ on B
sites as in the case of total oxidation, we may write in
considering a total ionization of defects

+ 3Vi,., + 2h 4+ O

1 = 1Ly
202(%) < 4—V Aljyp)

Feqyay

However, for a slight oxidation content the vacancies
may be distributed on the sites on which they are
generated, i.e. on tetrahedral sites [18]. We then have

1 3 7 K
10, 2 2 VFemA) + 3h" + O,

The electron transfer, an ionization process, involves
iron vacancies, Fe’* ions and oxygen atoms according
to

1 — 3y~
202(8) + 2FeFeII(A) € 4 Y Py

3 : 1
+ ZFeFe“(A) + zFeFe”(B) + O,

That is, the electrons are transferred from oxygen into
the iron vacancy, Vg, with the consequence of
reduced charged O}~ being formed. This implies
that the averaged Coulomb and exchange potentials
exerted upon paramagnetic Fe'* ion by its environ-
ment are changed [19]. For example, if in the nearest
neighbouring tetrahedrons the Fe** ion is replaced by
a Fe’* ion, the effective charges on the oxygen ion in
the two corners will change and give S; — S} com-
ponent to the Hamiltonian or g = 4.25 case. A single
charge on one corner will give the S? component and
increase the g value or g = 6.15 case. As we
"have remarked, the resonance intensities are oxidation
content dependent indicating that the concentration
of electrons associated with iron vacancies and Fe’*
ions change. The fact that the peak intensity at g =
6.15 is increased for sample annealing at 900° C with
& = 0.05 means that the probability for iron ions
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of having a single positive charge in the immediate
neighbourhood is quite high.
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