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¥Fe Mossbauer spectroscopy data obtained between 4.2 and 298 K, TEM, and magnetic measurements
were used to study details of the real structure of cobalt oxides, CoC and Co,0,. In Co,0, samples
synthesized at low temperatures the tracer is nonuniformiy distributed. It exists in the form of a-
Fe,0, inclusions generating stacking faults as well as in the form of Fe* ions in octahedral positions
of the spincl matrix. An excess ol oxygen in Co,Q was found to generate cation vacancies in the
octahedra. The two-phase Co0O-Co,0, system displays a dislocation network broadening the resonance
lines and increasing the quadrupole splitting. For monophasic CoQO an excess of oxygen leads to the
formation of microclusters of Co40,. A periodic array of shear type extended defects found in modified
CoQ was proposed to be generated by ordering of Fe impurities in some planes of the cubic structure,
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Introduction

Physical and chemical properties of co-
balt oxides are known to be strongly depen-
dent upon their nonstoichiometry and real
structure (1=3}) However, accessible dila
are contradictory. According to Kotousova
and Polyakov (4) and Angelov erf ¢f. (5), an
excess of oxygen in Co,0, gencrates vacan-
cies in tetrahedral sites, which order insome
planes. On the other hand, according to Be-
lova et af. (2, 6), cation vacancies are situ-
ated in octahedra. Using ESR and magnetic
measurements, Angelov ef al. (7) have pro-
poscd the following model: all cxcesses of
oxygen, as well as Co* ions in high-spin
configuration, are localized in a subsurface
layer, while the bulk of particles has a
strictly stoichiometric composition. For
CoO\,, having small deviations from stoi-
chiometry the dominant types of defects
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werce thought to be cation vacancies in the
octahedra (/). However, recent experimen-
tal results and model calculations enabled
one to assume that clustering occurs at all
but the very simallest deviation from stoichi-
omelry (8). The surface of CoQ was demon-
strated to be enriched by oxygen to resem-
ble that of Co,0, (9). Pressing (i.e., plastic
deformation) of CoO broadens Méssbauer
resonance lines, probably due to generation
of extended defects (/0). Such uncertainty
of conclusions about predominant types of
defects in cobalt oxides made us to reinves-
tigate this problem. We have mainly used
Maossbauer spectroscopy of Fe tracer in-
troduced in small quantities to minimize its
influence on the defect structure of the mate-
vials under investigation. To date this
method has been applied primarily (o study
the charge state of iron and its distribution
tetween the cation sublattices (/0—/4), finer
details of the defect structure practically not
being taken into account. For a more reli-
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TABLE I
THE CoNDITIONS OF SAMPLE PREPARATION

Sample Temperature of calcination, Time of Phase
number gas phase, dynamic of cooling calcination, hr composition
1 673 K, air, slow cocling to room temper- 4 Co,0,
ature

2 1073 K, air, slow cooling {o room temper- 2 Co,0,
ature

3 1273 K, air, air quenching 2 Co,Qy, CoO

4 Sample 3 annealed in air at 1073 K, slow 4 Co;0,
cooling to room temperature

5 1273 K, He (O, admixture <5 ppm), rapid 4 CoQ

cooling to room temperature in He

able interpretation of the Mdssbauer spec-
troscopy data, the complementary methods
such as transmission electron microscopy
(TEM) and magnetic susceptibility mea-
surements were employed.

Experimental

The samples were prepared as follows: a
calculated amount of “’Fe (99.999% purity,
97% enrichment) was dissolved in diluted
(1:3) HNO, of “‘pure for analysis’” grade
and added into a solution of Co{NO,), of the
same grade. After slow evaporation of this
solution at ca. 373 K the dry residue was
calcined in a muffle furnace at 673 K for 4 hr.
Some more details of the sample preparation
are given in Table 1. According to Angelov
et al. (5, 7), Co;0, annealed at 673 K con-
tains a considerable excess of oxygen, while
calcined at 1073 K it is practically stoichio-
metric. Air calcination at 1273 K (sample 3)
leads to the phase transition into CoQ. An
air quenching of this sample is accompanied
by formation of a two-phase Co0;0,~CoO
system due to a partial reoxidation of CoO
at temperatures lower than the phase transi-
tion temperature (1150 K) ({5). The subse-
quent air annealing at 1073 K (sample 4) was
peirformed to moenitor the defect structure
relaxation. Single-phase CoQ (sample 5)
was obtained by calcination of sample 4 in
the T-py, region where this phase exists

(15), namely, at 1273 K in a flow of He (an
admixture of O, is less than 5 ppm). How-
ever, by contact with air even at room tem-
perature the surface layer of CoO particles
could be oxidized up to a Co;0, compo-
sition.

Massbauer spectra were acquired using
an NF-640 spectrometer in the temperature
range 298-4.2 K. In all experiments, the
source was >'Co(Pd) at room temperature
and calibration was via an enriched iron
metal foil absorber. All spectra were fitted
by the least-squares method to multiple Lo-
rentzian peaks. Isomer shifts 8 have been
transformed to metallic iron at room temper-
ature., Recoilless fractions f* were deter-
mined using the nonresonance filter
method (16).

The real structure investigation was car-
ried out by the use of a JEM-100CX electron
microscope operating at 100 kV with ca. 3
A resolution. The phase composition of the
samples was determined by means of se-
lected area electron diffraction.

The magnetic properties of the samples
in weak magnetic fields were investigated
using 2 SQUID magnetometer. The samples
were placed in 5-mm-iong quartz ampoules
ca. 2 mm in diameter. The long axis of the
sample was oriented along the magnetic field
direction, Temperature dependence mea-
surements of static magnetic susceptibility
were carried out as follows. The sample was
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cooled in zero magnetic field down to ca. 2
K, then the magnetic field was switched on
and the full magnetic moment of the sample
was measured as a function of temperature.
The results were continuously recorded on
a two-scale plotter.

Results

1. Electron Microscopy

Typical images of the samples under in-
vestigation are given on Fig. la—e. We have
not observed any particles which ¢ould be
attributed to admixture of an a-Fe,0; phase.

Sample 1 (Fig. 1a) consists of aggregates
of thin well-crystallized Co,0, platelets.
The obséerved faceting of the particles seems
to be caused by stacking faults lying parallel
to the image plane.

For sample 2 (Fig. 1b) calcined at 1073 K
a change of particle morphology is ob-
served. In this case particles have the form
of square pyramids as evidenced by the typi-
cal extinction contours on their images.
Probably, the formation of such particles
goés via sintering of thin platelets by the
most developed faces.

The particles of sample 3 (Fig. Ic) have
the form of thick agglomerates. Their edges
are characterized by a fairly developed dis-
location network. The subsequent calcina-
tion at 1073 K causes its partial annealing
(sample 4, Fig. 1d).

The calcination in He at 1273 K, despite
the phase transition, preserves the morphol-
ogy of the particles, with a periodical set of
extended defects of a shear type appearing
(Fig. le).

2. Méssbauer Spectroscopy

Massbauer spectra of the samples mea-
sured at 298, 77, and 4.2 K are demonstrated
in Figs. 2 and 3, while corresponding Moss-
bauer parameters are given in Table I1. Both
quadrupole splittings A directly observed in
doublets and quadrupole shifts (splittings) ¢
obtained from sextet spectra by using rela-
tionthe £ = (Ag — A),)/4 (A, and Ag—split-
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ting between lines 1-2 and 5-6 of the spec-
trum) are included in this table. The
quadrupole shift is related to the quadrupole
splitting by 2& = A (3 cos’§ — 1)/2, with 8
the angle between the electric field gradient
(EFG) principal axis and the direction of the
magnetic field.!

For sample 1 at 298 and 77 K a superposi-
tion of Zeeman sextet (M) and paramagnetic
doublet (D) is observed, while at 4.2 K there
is a superposition of two sextets (M, and
M,). Sextet M, corresponds to an «-Fe,0,
phase which remains in a weakly ferromag-
netic state down 10 4,2 K (no Morin transi-
tion is observed, e being negative' (17)).
According to Yamamoto (/2} and Kiindig
et al. (17), such behavior of this phase indi-
cates small (ca. 100 A) typical dimensions
of its particles. However, TEM does not
reveal such particles of a-Fe,0,. Therefore,
one may suppose that the Massbauer spec-
troscopy data imply the presence of the
a-Fe,0; microinclusions within the Coy0,
particles.

For sample 2 at 298 and 77 K the superpo-
sition of a symmetrical paramagnetic dou-
blet and six line magnetic hyperfine pattern
corresponding 1o «-Fe,0; was found. At 4.2
K two sextets, M, and M;, wete detected.
According to Murray and Linnett {{3) and
Tricher et al. (14), the parameters of the
doublet D for the samples | and 2 (Co;0,
phase) correspond to Fe** ions in Co,0, ma-
trix (i.e., spinel solid solution Co,Fe,_0,).
The transformation of doublet into sextet at
4.2 K can be explained by the transition of
Co,0, from a paramagnetic into a magneti-
cally ordered antiferromagnetic state at ca.
40 K.

Sample 3 gives spectra consisting of the
asymmetric doublet at 298 K and the super-
position of symmetrical doublet and M, sex-
tet at 77 K. According to Okand and Mullen
{10), the M, sextet may be attributed to Fe’*
ions substituting for Co?* ions in the cubic

! In the paper of Kiindig et al. (17) a kind of quadru-
pole shift was defined by Ay — Agg being positive for
the weakly ferromagnetic state of hematite.
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FiG. 1. Typical images of pariicles of cobalt oxides promoted by iron: (a) sample 1; (b) sample 2; (c)
sampie 3; {(d) sampie 4; {¢) sample 5.

lattice of CoO. The Néel magnetic phase
transition temperature, Ty, of the latter
equals to 270 K.

For sample 4 only a symmetrical doublet
was registered both at 298 and at 77 K, while
at 4.2 K a Zeeman sextet (M )} corresponding
to Fe' ions in the Co,0, spinel matrix ap-

peared. The absence of M, sextet for sample
4 obtained from sample 3 by along anncaling
at 1073 K is easily explained by the disap-
pearance of CoQO phase.

For sample 5 at 298 K the spectrum is the
superposition of a singlet (Fe*" in CoO) and
a paramagnetic doublet (Fe3* in Co,0,). At
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Fi1G. 2. Méssbauer spectra of the samples at 298 K
{a) and 78 K {b). The curve numbers correspond to the
samples numbers in Tables I and 11

77 and 4.2 K the singlet transforms into the
sextet with parameters close to those of M,
for sample 3 (Table II). The temperature
dependence of the effective magnetic field
on *'Fe nuclei for sample 5 was used to de-
termine the Néel temperature which was
found to be 265 = 10 K. The latter is in a
good agreement with the data of Ref. (19).

Summary of Mdsshauer
Spectroscopy Data

Tracer charge state. In all samples Fe
ions are in the 3+ state (isomer shifts §F¢
have been found to range from 0.32 to 0.4
mm/sec). For Co,0, this result is in
agreement with Murray and Linnett (/3) and
Smith er al. ({18). However, for the CoO
matrix Fe’t as well as Fe’" ions were ob-
served (/0, 11, 19, 20) and the supposition
was put forward that Fe** can be stabilized
only by nearest-neighbor anion vacancies.
Analysis of the synthesis conditions re-
vealed that Fe?' ions were detected only
for samples prepared in conditions of low
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oxygen activity, e.g., by oxidation of Co—Fe
alloy with CO, or by vacuum decomposition
of basic carbonate. In our work the initial
sample 1 was prepared in more oxidizing
conditions and its subsequent treatment was
carried out in a range of temperatures and
oxygen partial pressures excluding the re-
duction of Fe’' to Fe?*.

Coordination. For all samples investi-
gated, Fe** ions are in octahedral coordina-
tion, which agrees with Okand and Mullen
(10} and Smith et al. (J8). For the CoO
phase with an NaCl strocture, where only
octahedral interstices are filled, such a state
of the Fe ions is the most probable from the
thermodynamic point of view. However, for
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FiG. 3. Mossbauer spectra of the samples at 4.2 K.
The curve designation is the same as in Fig. 2.



STRUCTURAL FEATURES OF COBALT OXIDES

417

TABLE 11
MOsSBAUER PARAMETERS OF THE SAMPLES”

Quad. Quad.
shift spht  Peak
€ A width Relative
intensity
Sample number, Temperature of +0.04 Hi of lines,
phase measuremenis, K Lines &% mm/sec =3 kOe *10%
1. &-Fe 0, + Co,Fe,_0, 298 M, 036 —0.12 0.46 512 3]
D 0.32 0.58 0.52 — 37
77 M, 04 -—0.11 0.39 527 60
D 0.37 0.68 0.54 — 4Q
4.2 M, 046 -0.08 0.5 530 60
M, 065 -0.2 0.69 442 40
2. «-Fe;0; + Co,Fey 0O, 298 D 033 0.58  0.52 — 92
M, 034 -0.12 0.49 500 8
77 D 0.37 0.68 0.54 —_ 89
M; 044 -0.11 0.52 5t6 11
4.2 M; 0.46 0.0 0.85 456 89
M, 044 -0.11 0.90 520 11
3. Co,Fe,_0 + Co,Fe, .0 298 D 0R 057 0.5l — 100
D 0.35 0.60 0.53 —_ 60
77 M, 047 —0.03 0.51 539 40
M, 041 -0.13 08 440 &0
4.2 M, @52 -0.10 0.85 541 40
4. Co,Fe,_,0, 298 D 032 0.58  0.51 — 100
77 D 0.38 0.54 0.40 — 100
4.2 M, 0.39 ~0.14 0.85 443 100
5. Co,Fe,_,0 + Co,Fe;_ 0O, 29§ b 0.32 0.58 0.40 — 15
R 0.4 0.0 0.51 — BS
77 M, 042 -0.02 0.65 542 100
M, 039 -0.15 0.77 441 20
42 M, 0354 001 .75 545 80

¢ See footnote 1 in text.

the Co Fe;_ O, spinel structure, where Fe
ions can be situated in tetrahedral (A) as
well as octahedral (B) positions, the fraction
of B sites occupied depends upon the iron
content. Thus, for 0 < x < 2.5, Fe** ions
are distributed among the A and B positions,
The increase of x leads to the decrease of
the Fel' population, and at x > 2.28 the
Fe** ions occupy only B sites (3, 18).
Therefore, in our case the localization of the
Mossbauer tracer only in B position could
be ¢xplained by its low concentration.

As follows from Table 11, the room tem-
perature spectrum of sample 5 was interpre-
ted in terms of a singlet (CoO phase) and a
doublet (Co,0, phase) assigned in both

cases to octahedrally coordinated Fe’* ions.
According to Murray and Linnett (/3) and
Tricher et al. (14), this difference indicates
a substantially greater degree of distortion
of oxygen octahedra in the spinel structure,
namely, trigonal distortion in a {L11) direc-
tion. At liquid helium temperature, the val-
ues of quadrupole shift & for sextets M, and
M, also differ considerably (-0.15 and
—0.01 mm/sec, respectively), though due to
the @ dependence an increased £ does not
necessarily imply a larger A and vice versa.
Thus, for sample 2 at 298 K A is large but for
sextet M, at 4.2 K the quadrupole splitting
is not visible due to a special relationship
between the direction of the magnetic field
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(along [100) axis) and the axis of distortion
on the octahedral sites, i.e. angle 8 = 54.7°
or § = 125.3°. This feature is typical for
many spinel ferrites including Co,Fe,;_ 0,
with x < 2.060 {(13).

Effective Debye temperatures ©p were
calculated using the temperature depen-
dence of the recoilless fraction in Debye ap-
proximation (2/). These values for a-Fe,0;
(sample 1}, Co,Fe,_ O, (sample 4}, and Co,
Fe,_,0, (sample 5) are equal to
316 £ 20K, 272 = 15K, and 236+ 20 K, re-
spectively. According to the Debye model,
the force constant X could be estimated from
®y, of crystals from the relation K = mk*@}/
4h?, where m is the mass of the Fe atom, and
k, the Boltzmann constant, For the com-
pounds under investigation K was estimated
to be equal to 0.86 x 10°, 0.64 x 10°, and
0.48 x 10° dyn/cm, respectively. In first ap-
proximation f' and its temperature depen-
dence are determined by the rigidity of Fe
atom bonding in a crystal lattice, i.e., by the
number of bonds aad their length. For Co;0,
the Me-0 distance in octahedra is equal to
1.89 A: for CoO the Me—O distance is equal
t02.13A. Therefore, the difference of the oc-
tahedrons’ sizes is reflected in such parame-
ters as oy, f', and f' (7).

The localization of a-Fe,0, clusters. The
f’ value obtained for «-Fe,0, clusters
(0.6 = 0.05) is somewhat higher than the
earlier determined value for a fairly perfect
sample of e-Fe,0; prepared by calcination
of a-FeOOH at 1273 K (f' = 0.55 = 0.05)
(22). According to Suzdalev (23), the varia-
tion of the a-Fe,0, particle dimensions from
1 pum to 30 A causes only the decrease of
F'. Therefore, the dynamic behavior of «-
Fe,0; inclusions could be appreciated only
in the case when they are embedded in a
Co,0, matrix possessing its own dynamic
properties.

3. Magnetic Measurements

To study the magnetic properties of the
samples, a procedure usually utilized for the
investigation of spin glasses was employed.
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F1G. 4. The temperature dependence of the magnetic
susceptibility of the samples investigated. (1-4) The
same sampies as in Tabies I and II; (5)-pure Co,0
calcined at 973 K. :

In our case it enabled us to detect the pro-
cesses of “*freezing’” (blocking) of magnetic
clusters in the sampies. The main results are
given in Fig. 4. In the course of first heating
of the sample isothermal susceptibility
(xzrc(TY = Mypc(TVH, where ZFC = zero
field cooled) was measured. After cooling
of the sampfe heated in magnetic field its
thermostatic susceptibility (xpc(T), where
FC = field cooled} was determined.

For pure Co,;0, (sample 6) behavior typi-
cal for antiferromagnetic susceptibility was
observed: the susceptibility maximum is at
ca. 40 K and then it decreases monotonically
as temperature declines. The Neel tempera-
ture 7y determined by the maximum dx/dT
is ca. 31 K. For this sample an insignificant
difference between the xgc and xzpc iS 0b-
served. It may be caused by the domain
structure of the Co,0, particles.

The addition of iron into cobalt oxides
led to a variation of the samples’ magnetic
properties. For sample 1, which contains
iron mainly in the form of a-Fe,0, clusters
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{vide supra), an increase of susceptibility
due to a contribution from hematite was ob-
served. The temperature dependence of sus-
ceptibility was changed only slightly except
for an increase of the difference between
the FC and ZFC branches. The latter could
be explained by blocking of the «-Fe,O;
clusters and/or by an influence of the clus-
ters on the domain structure of Co;0,.

For sample 2 a considerable variation of
the magnetic properties as compared with
those of pure Co0,0, and/or sample | was
observed. It is manifested in the growth of
susceptibility at low temperatures and in the
appearance of significant hysteresis of sus-
ceptibility noticeable even at high tempera-
tures, T » Ty. A low temperature growth
of susceptibility indicates the presence of
free magnetic moments of Fe ions and/or
small clusters of o-Fe, (0, not participating in
antiferromagnetic ordering. Small hematite
clusters appeared to be the source of suscep-
tibility hysteresis by the Néel mechanism of
superparamagnetic particle blocking.

The temperature of blocking is a function
of the magnetic cluster dimension. Since for
samples 3 and 4 annealing at enhanced tem-
peratures leads to the increase of low tem-
perature susceptibility caused by free mag-
netic moments, it could be concluded that
a decrease of cluster sizes takes place. Due
ta this phenomenon, for samples 3 and 4 the
maximum of susceptibility is not observed,
while the antiferromagnetic transition is
manifested only as a bend on the x(T) curve,

Discussion

Tracer Redistribution

The system investigated could serve as a
model for studying the processes of ferrite
formation and medification of the defect
structure of oxides by microimpurities (24).
In the course of solution evaporation numer-
ous small nuclei were formed. The subse-
guent calcination at 673 K led 1o the sin-
tering of the primary particles of Co,0,.
However, there are Fe-enriched layers on
the sintering surfaces; therefore, spinel
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structure becomes distorted and the joining
of the particles cannot proceed coherently.
This explains the formation of stacking
faults and microinclusions of a-Fe,0,. A
lesser part of iron was captured into the bulk
of Co,0, as isolated Fe’* ions.

The increase of the calcination tempera-
ture up to 1073 K substantially accelerated
the diffusion processes leading (o the disso-
lution of a-Fe,0, inclusions and to the in-
crease of iron concentration in the spinel
matrix. After calcination at 1273 K with sub-
sequent annealing at 1073 K for the recovery
of phase composition a fairty uniform distri-
bution of iron in the Co,0, matrix was at-
tained. In the process of the tracer migra-
tion, a considerable gradient of iron
throughout the spinel matrix inevitably oc-
curs. A substantial nonequilibrium in the
Fe distribution among the spinel positions
could also be supposed. Indeed, sample 2
has a higher value of magnetic susceptibility
as compared with sample 1 and the highest
value of H 4 for M, sextet that could indicate
exchange or superexchange interactions be-
tween the Fe ions in the Co,0, lattice within
the *‘diffusion’” zone. Since the interaction
between the ions in octahedra (B-B ex-
change) is usually very weak (24), for this
phenomenon to be observed part of the Fe
ions must be located in positions usually
vacant in the spinel structure.

The Features of the Defect Structure of
Cobalt Oxides

" The two-phase Co0O-Co,0, system (sam-
ple 3) has a well-developed dislocation net-
work. It is known that line width is sensitive
to the presence of extended defects includ-
ing dislocations (25, 26). Indeed, Mdssbauer
parameters for the CoQO phase in this sample
substantially differ from those typical for a
well-annealed CoO specimen (sample §): for
sextet M, quadrupole splitting £ and line
width T’y ¢ are enhanced. As is seen from the
value of an increased line width for doublet
D at 77 K, the Co,0, phase in sample 3 is
also not ideal. Therefore, in the two-phase
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system obtained by oxidation of CoO both
phases are disordered.

High-temperature phase of CoQ was also
found not to be ideal. The presence of Co;0Q,
clusters in sample 5 is evident from the data
given in Table II. These results are in
agreement with the literature data (8, 9)
where the microheterogeneity of CoO was
supposed to accompany an excess of oxy-
gen in nonstoichiometric samples,

An ordered array of extended defects for
sample 5 could possibly be associated with
preferential location of Fe?* in some planes
of CoO matrix. This could create either
stacking faults and twins or spinel interlay-
ers enriched by oxygen.

The isomer shift § is known to decrease
with diminishing of the ¢lectron density on
TFe nuclei. In our case all samples contain
Fe’* only. However, some variation of the
isomer shift could be expected due to the
variation of environment caused by a
change of the oxide matrix stoichiometry,
Thus, for sample 1 as compared with sample
4, the isomer shift & for M, sextet at 4.2 K
is enhanced. The observed change of isomer
shift in nonstoichiometric Co,0,,, can be
explained by the generation of cation vacan-
cies having negative effective charge. Such
charge should lead to a relative increase of
electron density on the neighboring >'Fe nu-
clei and to increase of 8. This conclusion is
favored also by the largest value of & for
this low-temperature phase indicating a dis-
tortion of the spinel structure. Therefore,
the most probable model for the nonstoi-
chiometric Co,0,,, is the one in which at
least a part of cation vacancies is situated
in octahedra, It favors the preferential local-
ization of Fe ions in these positions in low
temperature samples. [t is not clear from
our results whether these vacancies are lo-
cated in the surface Jayer or in the bulk of
the particles.
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