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The effects of nickel and cobalt substitution on ferrimagnetic resonance in high-purity
magnetite powder have been investigated. The low-temperature transition temperature
and damping parameter, «, are found to decrease with increasing solute additions. The
linewidth, AH, varies in proportion to the anisotropy field of the ferrites, narrowing
with increasing nickel content but broadening with increasing cobalt content. The

¢ factor increases with the dopant concentration, passing through a maximum around
room temperature. Decreasing the deviation from stoichiometry by appropriate annealing
decreases the transition temperature shift but slightly increases AH, g and o.

1. Introduction

The low-temperature (Verwey) transition in mag-
netite is known to occur over a temperature range
of several degrees, and to become altogether
smeared out in the samples of dubious purity and
deviant stoichiometry [1]. The resistivity change is
one of the most conspicuous manifestations of the
transition phenomenon [2]: a broadening and
shifting of the transition with deviation from stoi-
chiometry has been observed, the transition be-
coming unobservable by about 1% vacancy con-
tent. The localization of electrons into Fe** and
Fe®" states, however, still takes place as it may be
observed in the Mossbauer spectrum [3-5] at
2.5% vacancy content, the effect again disap-
pearing at about 4% vacancy level.

The impurity effects on transition in 99.99%
purity M, Fe;.,04, where M =Ni, Co and x <
0.02, have been investigated by Miyahara [6]
employing the magnetic susceptibility measure-
ments. In the present study we use at least 99.9%
purity components, introduce dopant up to
x=0.1, and make electron spin resonance
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measurements to characterize the transition. The
fact that the area under the resonance curve
vanishes at the transition [7,8] is utilized to
determine the effects of nickel and cobalt substi-
tution in Fe304.

The ferrimagnetic resonance studies on the
polycrystalline ferrites are usually conducted on
sintered compacts since the ferrites used in devices
are quite often in that form. The powder specimen,
however, may give a clearer picture of the intrinsic
resonance behaviour which may be concealed by
the nature of the sintered product. Consequently,
in this study we have utilized the ferrite samples
in the powder form.

2. Procedure

The samples were prepared by the oxalate method
[9,10], using the starting materials (nickel,
cobalt, iron, ammonium oxalate and oxalic acid)
of 99.99% purity. The reaction product was de-
composed by heating in a liberal supply of air at
600° C for several hours, the compositions pre-
pared being M,Fe;_,04 (M =Ni, Co) where
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x =0.001, 0.004, 0.015, 0.05 and 0.10. In order
to approach as close to the stoichiometric compo-
sition as possible [11], the samples were annealed
at 1000° C for 10h in sealed evacuated quartz
tubes and quickly quenched.

The difference beiween the weighed and
chemically analysed compositions was not large,
but the samples prior to the annealing step were
found to deviate from stoichiometry. All samples
before and after annealing were examined with X-
ray diffraction and found to be single phase. The
as-prepared powder particle size was 2 to 5 um
{much less than the wavelength used during the
resonance measurements) and the particle shape
under the microscope roughly spherical. The ferri-
magnetic measurements were made at 9400
mcsec™ in the —130 to 300°C temperature
range, using the Varian model V-4501A electron
spin resonance apparatus.

3. Results
The resonance curve for all specimens displayed
basically the same pattern: as the temperature de-
creased, the linewidth increased and the amplitude
decreased. The factor A(AH)?, where 4 is signal
amplitude and A H linewidth corresponds approxi-
mately to area under the resonance curve. Since
the area tends to vanish at the transition tempera-
ture, the plot of A(AH)* against temperature
extrapolated to A(AH)* =0 yields the transition
temperature. A typical result is shown in Fig. 1.

A certain degree of error is involved in this pro-
cedure, and due to smearin the transition tempera-
ture the error becomes larger with greater dopant
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concentration. However, our main interest is deter-
mining the relative variation of the transition tem-
perature with doping, and the extrapolation pro-
cedure gives general trends. The results are shown
in Fig. 2. The temperature shift due to nickel does
not seem to be significantly different from that
due to cobalt. Furthermore, the shift is not simply
related to the number of ferrous ions on the B
sites but also becomes larger as the ionic configur-
ations deviate from stoichiometry (unannealed
specimens).

Figs. 3 and 4 show the change of linewidth with
temperature. The AH decreases with increasing
temperature, and the annealed specimens have
larger AH than the corresponding unannealed
ones. Furthermore, the linewidth narrows with in-
creasing nickel content but broadens with increas-
ing cobalt content. This effect is better seen in Fig.
5 where AH at room temperature is varied with
the dopant content.

Using the approximate resonance condition
[12] 7w = guHge, where w is angular frequency
and Hy = H for spherical particles, g values were
calculated. Figs. 6 and 7 show the variation of g
with temperature; g passes through a maximum
around room temperature, and the peak is more
pronounced for the nickel-substituted samples.
The dopant effect is best illustrated in Fig. 8 where
at room temperature both nickel and cobalt in-
crease g but cobalt does so more effectively. The
annealed specimens have greater g values.

Using the relation [13] 2a=AH/H, the
damping parameter o was calculated. The values of
o, as affected by the nickel concentration, are
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Figure 2 Depression of transition temperature due to nickel and cobalt substitution. Transition temperature (—153° C)

for single-crystal magnetite.

shown in Fig. 9: a decreases with increasing con-
centration and is greater for the annealed
specimens.

. 4. Discussion
The disappearance of the resonance curve of mag-
netite at low temperature has been observed by

several investigators, and explained by Bickford [2]
as due to the existence of a large internal field at the
transition temperature. In the polycrystalline solid,
the internal field is dependant upon saturation
magnetization, and therefore temperature, but is
independent of frequency [14]. The linewidth
broadening which precedes the disappearance of
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Figure 3 Effect of temperature on linewidth for nickel substituted magnetite.
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Figure 5 Effect of dopant concentration
on linewidth at room temperature.
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Figure 7 Effect of temperature on g
factor for cobalt substituted magnetite.
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factor for nickel substituted magnetite.
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resonance apparently occurs abruptly for single
crystals, gradually for sintered samples, but over a
range of temperatures for the powder specimens.
Both the particle size distribution and poly-
crystallinity may explain why the absorption curve
of the powder decays over such a wide tempera-
ture range.

Both deviation from the stoichiometry and ion
doping result in depression of the low-temperature
transition. Miyahara [6] has explained the de-
pression due to non-stoichiometry in terms of the
Wigner crystallization model [19] (increase in
carrier density [20]); and due to doping in terms
of the lattice distortion (impurities acting as ob-

stacles to distortion) and the double exchange
model proposed by Rosencwaig [21] (impurities
decreasing ordering energy without affecting ex-
change energy). The depression in transition
temperature obtained by Miyahara is about 5° C
for x = 0.002 cobalt or nickel dopant. Our results
for the corresponding dopant concentration show
a depression which is approximately twice as large;
furthermore, the transition temperature decreases
more rapidly as either the dopant content or non-
stoichiometry increases. We attribute this variance
to the different purities of the samples and exper-
imental techniques used in determining the tran-
sition temperature. It is noteworthy that as much
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temperature for nickel substituted
magnetite.
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as an 80°C drop in the transition temperature
occurs forx =0.1.

For the polycrystalline ferrites, the linewidth
broadening was related by Harrison et al. [15]
to the effective anisotropy constant, K, (which
equals approximately twice the magnetocrystalline
anisotropy constant K;) [16] and the saturation
magnetization, M: above room temperature, the
linewidth depends upon Mg but below room
temperature upon the anistropy field 2IK; |/Mj.
In our results, A H increases rapidly with the cobalt
substitution because 2|K;|/Mg is very large for
cobalt ferrite as compared with that for magnetite
[17]. Concurrent decrease in the ferrous ion con-
centration tends to narrow the linewidth, but not
sufficiently to compensate for the anisotropy field
effect. Furthermore, A H decreases slowly with the
nickel substitution because 2|K;l/M, is smaller for
nickel ferrite than for magnetite [18}.

The values of g determined in this study are
larger than those reported previously for the single-
crystal or sintered specimen. The maximum in g
near room temperature is attributed to the
approach of Verwey and Curie transitions on
either side of room temperature. The change in g
over the low-temperature range may be correlated
with the change in anisotropy energy, the lowest g
occurring at the Verwey transition. Furthermore,
the annealed specimens have slightly greater g than
the corresponding unanneated ones. This is con-
trary to the prediction made by Sharma [7] that
the g value of the stoichiometric and nonstoichio-
metric samples should coincide above the Verwey
temperature. The difference in g between the
annealed and the unannealed samples can be ex-
plained in terms of slight drop in the lattice par-
ameter as the deviation from stoichiometry in-
creases [22].

Insofar as the peérturbing magnetic fields arising
in ferrites with the spinel structure are pro-
portional to the linewidth [23], increase in AH, as
well as decrease in the resonance field (i.e. increase
in g), would also increase the damping factor, a.
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Therefore, the increase in a with increasing nickel
content and deviation from stoichiometry, are
attributed to a decrease in the ferrous ion concen-
tration. This also explains why « drops off more
rapidly for the unannealed than for the annealed
samples.
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