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Abstract Mg-substituted ferrites NiMgFe;.1_(2/3)xCro.9-
04 (0 <x <0.4) were studied using X-ray diffraction,
Mossbauer spectroscopy, and magnetic measurements. X-ray
diffraction patterns show that all samples have cubic spinel
structure. The temperature-dependent magnetic measure-
ments revealed that the compensation point T of NiFey -
Crg 9Oy starts to approach the Curie temperature 7T¢c as
Mg**+ substitution of Fe3' increases, until the magnetic
compensation disappears at composition x = 0.4. The mag-
netization data at all concentrations are discussed in the light
of Néel’s molecular field model given the cations distribu-
tion obtained using the Mossbauer spectra analysis.

1 Introduction

In the classical theory of ferrimagnets, Néel predicted the
existence of a magnetic compensation temperature in 1948
[1], but the first experimental observation was reported only
in 1953 in certain metal oxides [2], and more recently in
molecular magnets [3]. McGuire and Greenwald [4] were
the first to observe the magnetic compensation effect in
chromium-doped nickel ferrites NiFe,_,Cr,O4 at x = 1.3
and unlike other ferrites exhibiting this phenomenon [5],
the main difficulty encountered in the interpretation of this
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system is due to the presence of three kinds of magneti-
cally active Ni’*, Fe3* | and Cr** ions. In a previous pa-
per [6], we agreed with Miyahara and Tsushima [7] that the
NiFe,_, Cr,O4 ferrites of x < 1 have a completely inverted
spinel structure unlike Ni-Zn ferrites [8]. Others, like Mg-
Zn ferrites [9] change from normal to inverse spinel as one
cation (Zn>7) is replaced by another (Mg?"). Furthermore,
we have found that given the cation distribution of this sys-
tem obtained by Mossbauer spectroscopy, its magnetic prop-
erties are interpreted reasonably well by Neel’s molecular
field model of ferrimagnetism.

In this work, we report the effect of Mg?T substitution
for Fe3* on the magnetic compensation of nickel-chromium
ferrites. Moreover, using a Mossbauer study of this system,
we propose a cation distribution for NiMg, Fe1.1—(2/3)xCro.9-
04 (0 <x <0.4), and investigate its relationship with the
magnetic compensation effect.

2 Experimental

Five samples of the ferrite system NiMg,CrgoFeq.1—(2/3)x-
04 (0 < x < 0.4) were prepared by the conventional double-
sintering ceramic technique. The starting materials were
analytical reagent grade NiCO3, Fe;03, MgO, and Cr;O3
(BDH), and were weighed stoichiometrically as per chem-
ical formula unit. The samples were ground into fine pow-
der for one hour in an agate mortar then compressed using
an unidirectional hydraulic press at 4 tons/cm? to form pel-
lets. The dried pellets were presintered in air at 1000 °C for
12 hours. The final sintering was at 1200 °C for 12 hours
then slowly furnace cooled to room temperature at a rate
of 20 °C/min. Powdered specimens were prepared for the
X-ray diffraction, Mossbauer spectroscopy, and magnetiza-
tion measurements.
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Fig.1 X-ray representative 1800 4

spectrum of NiFe| ;Crp9O4.
The inset shows the lattice
parameter a (Angstroms) versus
the magnesium content of
NiMg, CrogFe1.1—(2/3)xO4
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The X-ray data were collected using a Philips PW1820
vertical goniometer with monochromator and automatic di-
vergence slit attached to a CuK, PW1700 generator operat-
ing at a voltage of 40 kV, current 40 mA and controlled by a
PDP11 computer. Scans in the 26 = 20°-70° range were ob-
tained using a step size of 0.02° and sample time of 2 s. The
peak positions were identified using the Philips APD peak
search program and the JCPDS files enabled the indexing.

Liquid nitrogen and room temperature Mossbauer spec-
tra were obtained using a 3’ CoRh source and a spectrometer
in the constant acceleration mode. Least square fitting tech-
niques were used for the analysis of the data and «-Fe for
the calibration of the spectrometer.

The magnetization measurements were performed using
a vibrating sample magnetometer (VSM) of 10~> emu sen-
sitivity. The magnetic field ranged from 0 to 13.5 kOe and
the temperatures (7') were scanned within a range of 77 K to
650 K. The VSM system has an incorporated cryostat/oven
device that is utilized for both low and high 7 measurements
without removing the sample. The VSM was calibrated us-
ing a 99.99 % pure nickel sample with a standard magneti-
zation value of Mg = 54.9 emu/g.

3 Results and discussion

X-ray diffraction analysis showed the formation of cu-
bic spinel structure for all five samples. A representative
diffraction of NiCrggFe; 104 is shown in Fig. 1. First, the
lattice parameters were calculated for different planes as
shown in Fig. 1 at the different diffraction angle 26. Then
the lattice parameter (a) was obtained from the extrapola-
tion to 6 = 90° of the graph a against the error function
1/2(cos?6/sinf + cos26/6). The overall error was esti-
mated at 0.001 A. The results are in good agreement with
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Fig. 2 Mossbauer spectra of NiMg, CrooFe.1—(2/3)x04 at 77 K

Lee et al. [10] for x = 0. As can be seen in the inset of
Fig. 1, within the error bars, the lattice parameter increases
slowly with the magnesium content. This variation reflects
the larger radius of Mg”* as compared to Fe3*.

Figure 2 shows °’/Fe Mossbauer spectra of ferrites
NiCryFe;_,04 (0 < x <1.4) recorded at 77 K. The room
temperature spectra shows patterns similar to 77 K, but
with more broadened outer lines. In fitting the spectra, we
adopted a simple model using two overlapping sextets for
the tetrahedral (A) and octahedral [B] coordination sites for
iron. The spectra were least square fitted to Lorentzian line-
shapes using MOSFIT. The fitted subspectra are shown as
full lines in Fig. 2. All the hyperfine interaction parame-
ters, given in Table 1, were allowed to vary freely in the
fitting process. The linewidth of the outer absorption line
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Table 1 Mossbauer parameters

of NiMg, Cro9Fe; 1 (/3,04 at X Tetrahedral A-site Octahedral B-site

77K IS mm/s LW mm/s H(T) A% IS mm/s LW mm/s H(T) A%
0.0 0.34 0.55 499 92 0.47 0.55 53.1 8
0.08 0.37 0.54 50.8 84 0.43 0.51 52.8 16
0.2 0.36 0.56 50.3 80 0.40 0.48 52.1 20
0.3 0.36 0.59 49.6 73 0.38 0.45 51.3 27
0.4 0.34 0.65 47.8 45 0.38 0.65 50.4 58

Table 2 Cation distribution of NiMg, Crg9Fe;.1—(2/3)xO4 obtained
from Mossbauer analysis. Round brackets denote A sites. Square
brackets denote B sites. Theoretical and experimental magnetic mo-

ments M (up) per formula unit at 0 K. Mo and My are the magnetic
moments of A and B sublattices, respectively. My = Mp — M is the
net theoretical moment of the whole lattice

X Cation distribution M (up)
Theory Experiment
Ma Mp My

0 (Fe) [NiCrgoFeg 1] 5 5.2 0.2 0.6

0.08 (Fep.92Mgo.08) [NiCrpoFeq.125] 4.63 5.33 0.7 0.9

0.2 (Feo.gMgo.2) [NiCro9Feo,167] 4 5.54 1.54 1.7

0.3 (Fep.7Mgo 3) [NiCrpoFep 2] 3.5 5.7 2.2 2.4

0.4 (Feo.6Mgo.4) [NiCro 9Feo.233] 3 5.87 2.87 33

of each spectrum shows a broadening, and increases with
the magnesium content. This could give an estimation of the
distribution of the hyperfine fields at each site.

Taking the fitted absorption areas as proportional to iron
site occupancies, Table 2 shows the proposed cation distri-
butions. It is well known from previous studies that Mg+
occupies A-sites [11] and cr3t occupies B-sites [12]. On
the other hand, from earlier reports, nickel-chromium fer-
rites [6, 13] have been interpreted with Ni>+ occupying pref-
erentially the octahedral sites. The rest of the tetrahedral and
octahedral sites have been filled with Fe3* cations in accor-
dance with our M6ssbauer absorption areas results.

On the basis of Neel’s molecular field model [1] and the
cation distributions given in Table 2, the magnetic moment
in ferrites is mainly from the parallel-uncompensated elec-
tron spin of the individual ions, and the spin alignments in
the two sublattices are arranged antiparallel. Also, the A—B
exchange interaction is predominant over the A—A and B—B
interactions. Hence, the net magnetic moment of the lattice
is given by the algebraic sum of the magnetic moments of A
and B sublattices, i.e., My = Mg — M . Given the electronic
configurations of the B- and A-site cations [Fe3t (3dY),
Cr’t (3d3) and Ni?* (3d®)], we can estimate the sublattice
magnetizations using the spin-only values of Fe3t (5up),
Cr’t (3up) and Ni** (2up) assuming a weak spin-orbit
coupling. The calculated spin magnetic moments My at 0 K
are shown in Table 2 and appear to increase with the mag-
nesium content.

Measured saturation magnetization Mg of all composi-
tions against temperature are shown in Fig. 3. At x =0, M
values are in good agreement with those of Belov et al. [14]
as well as the compensation temperature 7'k (360 K) and the
Curie temperature 7'c (580 K).

The inset in Fig. 3 shows T ¢ and Tk against magnesium
concentration x. The Curie temperatures 7T ¢ were obtained
from magnetizations versus temperature using the standard
method of the “intersecting tangents” [15]. This method
consists of drawing two tangents to the curve on either side
where the magnetic-paramagnetic transition appears to oc-
cur. The intersection of the two tangents is at 7'c. The error
bars were estimated from the uncertainty in drawing the two
tangents. Tk errors bars were estimated from the sharpness
of the minima of Mg versus T curves.

The experimental magnetic moments in Bohr magnetons
us M (up) at 0 K were obtained using the formula:

Molarweight x Ms(0)
5586

where Mg(0) is the extrapolated value to 7 = 0 K of the
graphical plot of Mg against Bloch’s 73/? law. In the exact
formula of Dyson [16], there are terms with T’ 2 and T3/2
besides 73/? and the linear extrapolation does not give the
true absolute value of Mg(0), but it is good enough for the
relative variations with the substitution rate of the sites oc-
cupancies. Theoretical and experimental results are shown
in Table 2. Note that the error in Mg(0) due to this linear
extrapolation between 0 and 77 K can be as high as 15 %.

M(up) =
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Fig. 3 Saturation 30 -
magnetizations versus x=0.4
temperature of
NiMg, Cro.9Fe1.1—2/3)xO4. The
inset shows the Curie and 25
compensation temperatures 7'c x=0.3
and Tk versus the magnesium ’
content 20 |
x=0.2
o -
5151 x=0.08
£
2 x=0
(2]
= 10
5 4
0
0

Nevertheless, it is interesting to point out the gradual in-
crease of Mg with the addition of magnesium at tempera-
tures below T'k. This trend is consistent with the calculated
My values (Table 2) obtained using the cation distribution
deduced from our Mdossbauer analysis.

As expected, the inset shows a decreasing 7T ¢ as more
diamagnetic Mg+ replaces Fe3*. Moreover, Fig. 3 shows
that Mg decreases with the magnesium content at tempera-
tures between Tk and T c. This is also expected since Tk
gradually approaches 7'c as the inset shows. Indeed, on ex-
trapolating the compensation line, the intersection with the
Curie line represents the point where compensation disap-
pears, i.e., x &~ 0.38. This value is consistent with our direct
observation at concentration x = 0.4.

This effect of the disappearance of magnetic compen-
sation can be interpreted on the basis of Neel’s molec-
ular field model and the concept of the “weak” mag-
netic sublattice as introduced by Belov [14]. In the case
of NiMg, Crq oFe;.1—(2/3)xO4, we may consider A-sites as
the magnetically strong sublattice because of the relatively
higher content of Fe3* cations and the B-sites as the weak
sublattice. As diamagnetic Mg substitutes Fe3* in A-sites
only, exchange interactions A—A are modified in such a way
that the magnetization M 5 of A sublattice becomes weaker.
This means that the decrease rate of M 5 with temperature
becomes higher, and subsequently the compensation occurs
at a point Tk gradually approaches T'c. The compensation
disappears at a magnesium content as such that A sublattice
has weakened enough so to disable the compensation of B
sublattice over the whole temperature range up to 7'c. Note

@ Springer

that as Mg”* substitutes Fe>* in A-sites, the net moment
M = Mp — M, increases because M decreases while
Mp stays almost constant. This is due to the relatively un-
changed content of the magnetic cations Fe3* and Cr3* in
B-sites.

4 Conclusion

We may conclude from the study of the effect of Mg+ on
the magnetic compensation of nickel-chromium ferrite that:

1. The magnetic compensation in NiFe; 1Crp9O4 disap-
pears when Fe3t in A-site is partially replaced by Mg>+.

2. Below the compensation temperature, the observed mag-
netic moment of these ferrites increases with the magne-
sium content.

3. The magnetic moments calculated using cations distribu-
tion consistent with the Mossbauer study of these ferrites,
show an increasing trend with magnesium content. This
trend agrees with the magnetic measurements.
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