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Abstract
The origin of ferromagnetism observed in 2 at.% 57Fe-doped NiO samples
is investigated. A precursor was produced from the co-precipitation of
stoichiometric 57Fe and Ni nitrate solutions, and the 2% 57Fe-doped NiO
samples were prepared by heating this precursor in air at temperatures between
673 and 873 K, for 1–25 h. X-ray diffraction, scanning electron microscopy,
magnetization measurements and 57Fe Mössbauer spectroscopy were used to
study the properties of the prepared compounds. The samples are composed
of crystalline nanoparticles with average sizes between 9 and 29 nm, depending
on the heating conditions. Magnetization measurements show the appearance of
room-temperature ferromagnetism for samples heated both at 673 and 873 K.
The 57Fe Mössbauer spectroscopy results indicate that this ferromagnetism is
related to Ni57Fe2O4 ferrimagnetic impurities for the samples heated at 873 K
and to finite-size effects for the samples heated at 673 K. The Ni57Fe2O4

impurities interact magnetically with the antiferromagnetic 57Fe-doped NiO
matrix and it is proposed that they result from a diffusion-type process of 57Fe3+
ions during the heat treatment of the precursor.

1. Introduction

During the last few years there have been several theoretical and experimental reports on
the appearance of ferromagnetism in technologically important semiconducting compounds
when they are doped with small amounts of transition metal (TM) ions [1]. This new
category of compounds form the so-called diluted magnetic semiconductor (DMS) family.
The task of combining both ferromagnetic and semiconducting properties together with optical
transparency in one (or several) compound(s) could lead to a new era for synthetic materials,
which could be used as bases for a variety of magneto-electronic and opto-magneto-electronic
device applications [2]. A number of these reports focus on binary oxide semiconductors like
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TiO2 [3], SnO2 [4], ZnO [5], In2O3 [6], Cu2O [7], CeO2 [8] doped with small percentages of
TM ions like Co, Fe, Mn, V, Cr, and Cu. The host materials in bulk form, prior to doping
with the TM, show diamagnetic properties at room temperature (RT), while after doping the
resulting compounds gain large values of magnetic moment per TM ion at RT, as well as Curie
temperature (TC) values of several degrees above RT.

There are recent reports on the appearance of RT ferromagnetism in a different system:
NiO doped with 1–2 at.% Fe [9, 10]. Contrary to the above oxide systems, pure bulk NiO is an
antiferromagnetic insulator at RT, with a band gap of ≈4.0 eV [11] and a Néel temperature (TN)

of 523 K [12]. The authors in these works [9, 10] report large average magnetic moments per
Fe ion (around 0.38 μB/Fe ion) for their samples and ferromagnetic hysteresis loops from 78 K
up to RT, which they claim that they could be extended at elevated temperatures, according to
their magnetization versus temperature measurements. They justify their findings in the frame
of non-impurity ferromagnetic clusters within the grains of the material, formed by regions of
the NiO structure that are enriched in Fe3+ ions. They also propose that the electronic charge
imbalance between Fe3+ and Ni2+ and the defects produced by the introduction of the Fe3+
ions in the NiO structure is thought to play a vital role on the appearance of ferromagnetism,
based on the idea of carrier-mediated ferromagnetic interactions [1] between Fe3+ ions.

Taking into consideration that new reports on DMS systems are a very important issue
on the way to establishing the origin of ferromagnetism in these compounds, we discuss in
this paper our results on the structural and magnetic properties of 2 at.% 57Fe-doped NiO
samples, produced following the same chemical preparation route as in the above-mentioned
works [9, 10]. We include the 57Fe Mössbauer spectroscopy technique in our studies, which
is one of the most specialized methods for giving important atomic-level information for the
structural, electronic and magnetic properties of the iron ions present in the samples [13].

2. Experimental details

Samples of nominal Ni0.98
57Fe0.02O compositions were prepared by the co-precipitation

technique. In particular, stoichiometric quantities of high-purity metallic Fe (Chemgas 99.97%)
95.95% 57Fe enriched and Ni(NO3)2·6H2O (Aldrich 99.999%) were dissolved in pure HNO3

and double-distilled water, respectively. The two solutions were mixed with addition of
NH4HCO3 in order to keep the pH ≈8 at RT. The precipitated solid was washed several times
with distilled water, centrifuged and dried in air at RT in order to produce the solid precursor.
The resulting amorphous precursor was then heated at several temperatures from 673 to 873 K
in air for various heating times from 1 to 25 h, in order to study the influence of the heating
conditions (temperature and time) on the structural and magnetic properties of the prepared
materials. To distinguish the samples according to their preparation conditions we refer to
them by ascribing the heating temperature (in kelvin) and time (in hours) separated by a slash:
for example, (673/1). To clarify our findings further (see the following) we prepared samples
of pure NiO and NiFe2O4 phases following the same chemical preparation route as for the
2% 57Fe-doped NiO samples, using stoichiometric quantities of high-purity Ni(NO3)2·6H2O
(Aldrich 99.999%) and Fe(NO3)3·9H2O (Aldrich 99.99+%). The resulting NiO precursor was
heated at 873 K for 4 h to produce pure NiO. The corresponding NiFe2O4 precursor was heated
at 1173 K for 12 h and at 873 K for 1 and 4 h in order to produce NiFe2O4 samples with
different particle sizes.

Powder x-ray diffraction (XRD) patterns of the precursors and the heated samples were
collected on a Bruker D8-Advance diffractometer using Cu Kα radiation. All diffraction
patterns were collected using a dwell time of 6 s per 2θ step with a step of 0.02◦. Scanning
electron microscopy (SEM) with energy dispersive x-ray (EDX) analysis measurements
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Figure 1. X-ray diffraction patterns of the 2% 57Fe-doped NiO dried precursor (a) and sample
(873/4) (b). The (hkl) indices of the diffraction planes of the FCC structure are also indicated
in (b). The intensity axis is given in linear scale and both patterns are scaled at the same intensity
limits.

(OXFORD, Link ISIS 300) were performed on selected 2% 57Fe-doped NiO samples in a
JEOL JSM-5600 microscope operated at 20 kV. Magnetization measurements of all samples
were collected using a vibrating sample magnetometer (VSM) (LakeShore 7300), equipped
with a low-temperature cryostat (Janis). 57Fe Mössbauer spectra (MS) of all iron-containing
samples were collected in transmission geometry at RT and 77 K, using a constant-acceleration
Mössbauer spectrometer equipped with a 57Co(Rh) source kept at RT, and a liquid N2 bath
Mössbauer cryostat (OXFORD). Velocity calibration of the spectrometer was carried out using
metallic α-iron at RT and 77 K.

3. Experimental results and discussion

3.1. X-ray diffraction

Figure 1 shows the XRD patterns of the RT dried 2% 57Fe-doped NiO precursor and the
sample prepared by heating this precursor at 873 K for 4 h. The XRD pattern of the precursor
is characteristic of an amorphous material, while the specific heat treatment gives a sample
(873/4) which is a crystalline material with the characteristic NiO face-centered cubic (FCC)
structure [14–18]4. No impurity phase in the XRD pattern of the (873/4) sample is detectable
with the intensity axis given in linear scale. However, since the segregation of secondary
phases, that might give a contribution to ferromagnetic signals in DMSs, is a very important
issue [19, 20], and in order to enhance the possible contribution of any minor impurity phase
present in the samples, the intensity of which might have not been distinguished from the XRD
background in a linear intensity scale due to the high intensity contribution of the dominant
FCC phase, it is better to represent the XRD data with the intensity axis given in logarithmic
scale.

Thus in figure 2 we present the XRD patterns of all the 2% 57Fe-doped NiO prepared
samples after the heat treatments of the precursor under the conditions indicated, with the

4 It is known that NiO shows a symmetry lowering from the FCC structure (space group Fm3m) to the hexagonal
structure (space group R3̄m) below TN (see [16–18]). However, the distortion of the FCC structure at RT is so small
that for most of the studies of this material, including the present one, it is not detectable in the XRD patterns and can
be neglected (see [14, 15]).
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Figure 2. X-ray diffraction patterns of the 2% 57Fe-doped NiO samples prepared by heating the
corresponding precursor at different temperatures and for different times. Each number corresponds
to a different sample indicated by its preparation conditions (see the text). 1: (673/1), 2: (673/5),
3: (673/25), 4: (773/1), 5: (793/2), 6: (823/1), 7: (823/4), 8: (873/1), 9: (873/4), 10: (873/12)
and 11: (873/24). The intensity axis is given in logarithmic scale and each pattern is scaled at the
same intensity limits. The (hkl) indices of the diffraction planes (111) and (200) of 57Fe-doped NiO
and (311) of NiFe2O4 (denoted by the *) are also indicated.

intensity axis given in logarithmic scale. The patterns show that all the prepared samples are
crystalline materials and have a dominant contribution of the characteristic NiO FCC structure.
From these patterns we can extract information on the morphology and average particle size,
as well as on the presence of impurity phases in the samples.

3.1.1. Particle size and unit cell volume expansion. A broadening of the diffraction peaks
for the low-temperature heated 2% 57Fe-doped NiO samples is apparent, which indicates small
particle size. In order to determine the average particle size t , we have taken into account the
Scherrer formula [21],

t = 0.9λ

B cos θB
,

applied on the (200) diffraction peak of the 57Fe-doped NiO in the cubic Fm3m space group. In
this formula, λ = 0.1542 nm, the wavelength of the Cu Kα radiation, θB is the Bragg angle and
B the peak’s full width at half maximum (FWHM). The results are listed in table 1. It is evident
that the particle size increases with increasing heating temperature or time. In particular, the
samples heated at 673 K have average particle sizes below or just above 10 nm.

Another characteristic feature of the XRD patterns is a small shift in the position of the
diffraction peaks towards lower 2θ values as the heating temperature or time decreases, which
indicates a change in the FCC unit cell constant. This shift, according to the values of table 1,
must be related to the average particle size. Indeed, figure 3 shows the dependence of the FCC
57Fe-doped NiO unit cell volume and lattice constant, as resulting from the Rietveld refinements
of the corresponding XRD patterns using the GSAS package [22], with respect to the average
particle size. The cell volume is relatively constant for particles with average sizes from ≈30 to
20 nm, but increases abruptly for the smaller particles. This phenomenon is also observed in
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Figure 3. Variation of the volume and the lattice constant of the FCC unit cell of the 2% 57Fe-doped
NiO samples as resulting from Rietveld refinements of the corresponding XRD patterns, relative to
their average particle size evaluated using the Scherrer formula.

Table 1. Average particle sizes of the 2% 57Fe-doped NiO samples prepared at different heating
temperatures and times, as resulting from the Scherrer formula. The number in parentheses is the
standard deviation referred to the last digit for each value.

Temperature Time Average size t
(K) (h) (nm)

673 1 9(1)
673 5 12(1)
673 25 14(1)
773 1 16(1)
793 2 20(2)
823 1 20(2)
823 4 24(2)
873 1 26(3)
873 4 25(3)
873 12 27(3)
873 24 29(4)

other pure NiO nanoparticle systems [20] and is suggested to influence the magnetic properties
of the nanoparticles prepared in the present work (see the following discussion).

3.1.2. Impurity phases detected by XRD. It is evident from figure 2 that even after taking
several hours of XRD scans of the samples heated from 673 to 823 K for all heating times and
the samples heated at 873 K up to 4 h, there is no indication of appearance of any additional
diffraction peak corresponding to a secondary impurity phase. However, it is important to
notice that the detection limit of an individual crystalline phase in the samples with this
technique is limited and relates to the specific resolution of the diffractometer, as well as
to the quantity, quality of crystallization and particle size of the phase to be detected in the
sample [23]. It is also important that the XRD patterns of the samples heated at 873 K for 12
and 24 h (873/12–24) indeed show the presence of an additional diffraction peak belonging
to an impurity phase (marked by the star in figure 2), which is the (311) peak of the strong
ferrimagnetic inverse spinel NiFe2O4, with TC of 858 K [24].
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Figure 4. (a) X-ray diffraction patterns of the NiFe2O4 samples prepared using the same chemical
route as for the 57Fe-doped NiO samples. A, B and C denote the different NiFe2O4 samples (see
the text). The intensity axis is given in linear scale and the (hkl) indices of the diffraction planes are
also indicated. Each pattern is scaled at the same intensity limits. (b) X-ray diffraction patterns of
the NiFe2O4/NiO mixture samples with different wt% of NiFe2O4 in NiO. 1: 0.1 wt%, 2: 0.2 wt%,
3: 0.3 wt%, 4: 0.4 wt%, 5: 0.5 wt%. For comparison the patterns of 0: pure NiO and 6: 2% 57Fe-
doped NiO sample (873/4) are also given. The intensity axis is given in logarithmic scale and each
pattern is scaled at the same intensity limits. The (hkl) indices of the diffraction planes (111) and
(200) of NiO and (311) of NiFe2O4 (denoted by *) are also indicated.

In order to have an estimate of the wt% detection limit of this impurity phase in our samples
using the x-ray diffraction technique, we prepared pure NiO and NiFe2O4 phases using the
same preparation route as for the 2% 57Fe-doped NiO samples. For the NiO preparation we
used the same heating temperature and time conditions to treat the NiO precursor as we did
for the (873/4) sample, while three samples of the NiFe2O4 phase resulted from heating the
corresponding precursor at 1173 for 12 h (NiFe2O4-A) and at 873 K for 1 h (NiFe2O4-B) and
4 h (NiFe2O4-C). From these samples we prepared mechanical mixtures in an agate mortar,
with several wt% of NiFe2O4-A in NiO, and collected their x-ray diffractograms using the same
experimental scan conditions as for the 2% 57Fe-doped NiO samples, in an effort to simulate the
coexistence of the NiFe2O4 and NiO phases in them. The x-ray diffractograms of the separate
phases and mixtures are shown in figure 4.

It is apparent that the NiO phase has the same characteristics as the (873/4) sample
and that the different NiFe2O4 samples have different widths in their diffraction peaks,
indicating different particle sizes according to their preparation conditions. From the Scherrer
formula [21], we estimated the average particle size of the pure NiO sample to be 45 nm,
and 51 nm, 11 nm, and 12 nm for the NiFe2O4-A, NiFe2O4-B, and NiFe2O4-C samples,
respectively. We used the NiFe2O4-A sample to prepare the NiFe2O4/NiO mixtures, as this
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Figure 5. Scanning electron microscopy images of selected 2% 57Fe-doped NiO samples. The
length scale is given in each picture. (a) Sample (793/2), (b) sample (673/1), (c) sample (793/2),
(d) sample (873/1).

sample has the larger average particle size (sharpest diffraction peaks), and therefore the best
crystallization, in order to estimate the lower wt% detection limit of this phase in the mixtures.
It follows that for even more nanostructured and less well-crystallized NiFe2O4 phases, like the
other two NiFe2O4-B and NiFe2O4-C samples which have broader and less intense diffraction
peaks, this limit would be even higher. As shown in figure 4, the estimated wt% detection limit
of the ‘bulk-like’ NiFe2O4 phase in NiO in these mixtures using the XRD technique with the
above measurement conditions is between 0.1 and 0.2 wt%. Thus it is evident that the presence
or not of any secondary impurity phase like NiFe2O4 below the 0.2 wt% limit in our samples
cannot solely rest on the XRD results.

3.2. SEM and EDX analyses

We performed SEM analyses of selected samples (673/1), (793/2) and (873/1). The results are
shown in figure 5. As can be seen, all samples are composed of assemblies of very small round-
shaped particles. A distribution of particle sizes is observed and it seems to be broader for the
(793/2) sample. The average particle size of the low-temperature heated (673/1) sample is
below 20 nm, and as the temperature increases the average particle diameter increases, in good
agreement with the results deduced from the XRD patterns. In the EDX analyses we found no
region in any of these samples with a Fe

Ni ratio different form an average of 2.4(±0.1)

97.6(±0.1)
. Thus it is

very difficult to distinguish the presence of any impurity phase, like NiFe2O4, in our samples
using SEM and EDX analysis at this magnification.

3.3. Magnetization measurements

Figures 6–8 show the specific magnetization versus applied magnetic field (σ versus H )
measurements of the 2% 57Fe-doped NiO samples recorded at RT, after subtracting the
diamagnetic contribution of the sample holder.

7



J. Phys.: Condens. Matter 19 (2007) 436203 A P Douvalis et al

Figure 6. Room-temperature magnetization loops of the 2% 57Fe-doped NiO samples: (a) (873/1),
(b) (873/4), (c) (873/12) and (873/24), (d) magnification of the −0.10 to +0.10 T applied field
area.

Figure 7. Room-temperature magnetization loops of the 2% 57Fe-doped NiO samples: (a) (773/1)
and (793/2), (b) (823/1), (c) (823/4), (d) magnification of the −0.10 to +0.10 T applied field area.

It is evident from figure 6 that all the (873/1–24) samples show ferromagnetic signals
with clear hysteresis. The shape of the loops is characteristic of a combination of two parts,
one of a minority strong ferromagnetic or ferrimagnetic phase and the other of a dominant
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Figure 8. Room-temperature magnetization loops of the 2% 57Fe-doped NiO samples: (a) (673/1),
(b) (673/5), (c) (673/25), (d) magnification of the −0.10 to +0.10 T applied field area.

antiferromagnetic phase. The contribution of the strong ferromagnetic part decreases when
the heating time at 873 K decreases. The remanence (σR) and maximum magnetization at
μ0 H = 2 T (σ2T) from 0.320 A m2 kg−1 and 0.849 A m2 kg−1 for the (873/24) sample reduce
to 0.024 A m2 kg−1 and 0.291 A m2 kg−1, respectively, for the (873/1) sample. The coercivities
for all samples prepared at 873 K are about 40–60 mT. In figure 7(c) the magnetization
loop for the (823/4) sample looks similar to that of the (873/1) sample of figure 6(a), but
the contribution of the strong ferromagnetic phase is considerably reduced, as the σR of the
former (≈0.009 A m2 kg−1) is decreased to less than one half of the latter. However, the
σ2T value of the (823/4) sample shows a more restrained decrease to ≈0.265 A m2 kg−1. In
figures 7(a) and (b) the variation of magnetization for the (773/1), (793/2) and (823/1) samples
is linear, showing only the characteristic antiferromagnetic behavior, indicating the absence of
any strong ferromagnetic phase contribution. σ2T has its minimum for the (823/1) sample
(≈0.260 A m2 kg−1), but increases again slightly and gradually as the heating temperature
decreases, to σ2T ≈ 0.273 A m2 kg−1 for the (793/2) and σ2T ≈ 0.320 A m2 kg−1 for the
(773/1) samples.

In figure 8 a new shape of a weak ferromagnetic signal appears for the (673/1–25) samples,
in combination with the dominant antiferromagnetic contribution which is still present. This
new ferromagnetic contribution is quite different from the strong ferromagnetic contribution
of the high-temperature heated samples of figure 6. The new characteristic is the high
irreversibility of the magnetization loop which is more apparent in the (673/25) sample, where
the ascending and descending applied field curves are joined at ≈±1.4 T. This irreversibility
is considerably reduced as the heating time shortens at this heating temperature to ≈±0.8 T
for the (673/5) sample and vanishes almost completely for the (673/1) sample. On the other
hand, as the heating time increases, the linear antiferromagnetic contribution decreases and a
tendency towards a saturation-type behavior appears. It is characteristic that samples (673/5)
and (673/25) have the same σ2T values ≈0.420 A m2 kg−1, and for sample (673/1) σ2T drops
just to ≈0.394 A m2 kg−1. A decrease in the coercive field of the samples is observed as the
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Figure 9. Room-temperature 57Fe Mössbauer spectra of the 2% 57Fe-doped NiO samples. Each
spectrum is identified by the sample’s name. The dots correspond to experimental points and the
continuous lines to the different contributions used to fit the spectra.

heating time at 673 K decreases, from 60 mT for (673/25) to 23 mT for (673/1), while a shift
of the loops towards the negative applied field values is detected, especially for the (673/1)
sample, which is however reduced as the heating time increases at this temperature. The values
of σR for the samples heated at 673 K lie in the range of the σR values of the 773–793 K heated
samples (≈0.007 A m2 kg−1), except for the (673/25) sample, the value of which reaches
≈0.017 A m2 kg−1.

3.4. 57Fe Mössbauer spectroscopy

The results of the magnetization measurements suggest the presence of a strong ferromagnetic
component for the highest-temperature and a weaker one for the lowest-temperature
heated samples, respectively, while intermediate heating temperatures produce samples with
characteristic antiferromagnetic behavior, relieved from any ferromagnetic contribution. One
could attribute the ferromagnetism found for the highest-temperature heated samples to an
intrinsic property of the iron-doped NiO phase, as already reported by Wang et al [9] and
Lin et al [10]. The definite presence of the NiFe2O4 ferrimagnetic phase in the XRD patterns
of the (873/12–24) samples makes this argument quite uncertain, if not feeble. However, for
the shorter heating time samples at this temperature (873/1–4) or at 823 K (823/4), there
is no clear evidence for the presence of this ferrimagnetic phase in the XRD patterns. To
clarify this completely, another experimental method must be used to determine the origin of
ferromagnetism in these samples. This is the reason that the most important result of this
study comes from the 57Fe Mössbauer spectroscopy measurements. MS of all 2% 57Fe-doped
NiO samples recorded at RT and 77 K are shown in figures 9 and 10, respectively, and the
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Figure 10. 77 K 57Fe Mössbauer spectra of the 2% 57Fe-doped NiO samples. Each spectrum is
identified by the sample’s name. The dots correspond to experimental points and the continuous
lines to the different contributions used to fit the spectra.

Mössbauer parameters (MPs) of the components used to fit these experimental data appear in
tables 2 and 3.

In the RT spectra of the lower-temperature heated samples (673/1–25), a paramagnetic
quadrupole doublet dominates, combined with a broad—but minor in absorption area—
magnetically split part. The broad magnetic part gradually increases and becomes the majority
of the absorption area of the spectrum as the sample’s heating time and/or temperature
increases. An asymmetry in the absorption lines of the quadrupole doublet is observed, as
the positive velocity line is more intense and sharper than the negative velocity one. However,
this asymmetry seems to be reduced for the doublets appearing in the RT MS of the (793/2) and
(823/1) samples. Thus to reproduce the experimental data adequately we used a quadrupole
split component with asymmetric absorption lines in order to simulate the intensity asymmetry
of the paramagnetic contribution and a combination of magnetically split components to
describe the broad magnetic part in each spectrum.

For the set of magnetic components reproducing the broad magnetic part of each spectrum,
a Lorentzian-type distribution of hyperfine magnetic field (Bhf) values with a width of �Bhf

was allowed for each component, in order to better describe the line broadening. The isomer
shift (IS) values of all components (given relative to α-Fe at RT) indicate that all iron ions
corresponding to these contributions (both paramagnetic and magnetic) are in the Fe3+ high-
spin (S = 5/2) state. It is evident from the IS values listed in tables 2 and 3 that the Fe3+
character of these contributions to the MS is valid for all 57Fe-doped NiO samples prepared in
this work.

11
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Table 2. Mössbauer parameters as resulting from the best fits of the room-temperature spectra
of the 2% 57Fe-doped NiO samples. �/2, IS, �, 2ε, Bhf, �Bhf and A correspond to the half
line-width, isomer shift, quadrupole splitting, quadrupole shift, hyperfine magnetic field, width
of the distribution of Bhf and relative absorption area, respectively, of the components used to
fit the spectra. (M), (SPM), (A) and (B) denote magnetic, superparamagnetic, A site and B site,
respectively. The values of Fe3+ in NiO (M) contributions are weighted averages (with respect
to their absorption areas) of the assembly of components used to fit this part of the spectrum (see
the text). The �/2 values of the SPM components are also weighted averages. Typical errors are
±0.02 mm s−1 for �/2, IS, � and 2ε, ±0.5 T for Bhf and �Bhf. The numbers in parentheses for A
are standard deviations corresponding to the last digit for each value.

�/2 IS 2ε or � Bhf �Bhf A
Sample Component (mm s−1) (mm s−1) (mm s−1) (T) (T) (%)

(673/1) Fe3+ in NiO (M) 0.25 0.33 0.00 23.8 2.6 19.4(2)
Fe3+ in NiO (SPM) 0.32 0.31 0.90 — — 80.6(6)

(673/5) Fe3+ in NiO (M) 0.25 0.33 0.00 23.1 2.7 38(2)
Fe3+ in NiO (SPM) 0.34 0.31 0.92 — — 61(2)

(673/25) Fe3+ in NiO (M) 0.24 0.33 0.00 25.5 2.5 61.0(9)
Fe3+ in NiO (SPM) 0.35 0.31 0.94 — — 39(1)

(773/1) Fe3+ in NiO (M) 0.24 0.33 0.00 25.3 2.6 66(2)
Fe3+ in NiO (SPM) 0.40 0.31 0.95 — — 33(2)

(793/2) Fe3+ in NiO (M) 0.23 0.34 0.01 26.7 2.5 87.0(9)
Fe3+ in NiO (SPM) 0.63 0.31 1.09 — — 13.0(7)

(823/1) Fe3+ in NiO (M) 0.23 0.34 0.01 27.1 2.5 79.6(7)
Fe3+ in NiO (SPM) 0.72 0.33 1.16 — — 20(1)

(823/4) Fe3+ in NiO (M) 0.23 0.34 0.01 27.4 2.4 99.0(4)
NiFe2O4 (A) 0.21 0.23 0.01 47.4 0.1 0.56(1)
NiFe2O4 (B) 0.15 0.36 0.00 51.1 0.3 0.36(1)

(873/1) Fe3+ in NiO (M) 0.23 0.34 0.01 28.1 2.4 97.6(7)
NiFe2O4 (A) 0.21 0.23 0.01 48.4 0.1 1.4(4)
NiFe2O4 (B) 0.15 0.36 0.00 52.1 0.3 1.0(3)

(873/4) Fe3+ in NiO (M) 0.22 0.34 0.01 29.2 2.2 97.6(3)
NiFe2O4 (A) 0.21 0.23 0.01 48.4 0.1 1.5(1)
NiFe2O4 (B) 0.15 0.36 0.00 52.1 0.3 0.9(1)

(873/12) Fe3+ in NiO (M) 0.22 0.34 0.01 29.7 2.2 85.8(5)
NiFe2O4 (A) 0.21 0.23 0.01 48.7 0.1 8.2(2)
NiFe2O4 (B) 0.15 0.36 0.00 52.6 0.3 6.0(2)

(873/24) Fe3+ in NiO (M) 0.22 0.34 0.01 29.6 2.2 68.0(7)
NiFe2O4 (A) 0.21 0.23 0.01 48.9 0.1 18.0(6)
NiFe2O4 (B) 0.15 0.36 0.00 52.6 0.3 14.0(5)

No contribution from any other different component to the RT MS of the samples heated
at temperatures up to 823 K and for up to 1 h is observed. For all samples that exceeded these
heating conditions, a new additional magnetic contribution appears in the MS, which gradually
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Table 3. Mössbauer parameters as resulting from the best fits of the 77 K spectra of the 2% 57Fe-
doped NiO samples. The values of Fe3+ in NiO and Fe3+ in NiO and NiFe2O4 contributions are
weighted averages (with respect to their absorption areas) of the assembly of components used to fit
this part of the spectrum (see the text). (A) and (B) denote A site and B site, respectively. Typical
errors are ±0.02 mm s−1 for � /2, IS and 2ε, ±0.5 T for Bhf and �Bhf. The numbers in parentheses
for A are standard deviations corresponding to the last digit for each value.

�/2 IS 2ε Bhf �Bhf A
Sample Component (mm s−1) (mm s−1) (mm s−1) (T) (T) (%)

(673/1) Fe3+ in NiO 0.23 0.45 0.00 44.5 1.4 100(1)

(673/5) Fe3+ in NiO 0.23 0.45 −0.01 47.7 1.4 100(2)

(673/25) Fe3+ in NiO 0.22 0.45 −0.02 48.0 1.2 100(2)

(773/1) Fe3+ in NiO 0.22 0.43 −0.02 47.2 1.7 100(2)

(793/2) Fe3+ in NiO 0.23 0.45 0.01 48.4 1.1 100(2)

(823/1) Fe3+ in NiO 0.22 0.43 0.00 47.2 1.7 100(1)

(823/4)
Fe3+ in NiO
and NiFe2O4 0.22 0.45 −0.01 48.1 1.3 100(2)

(873/1)
Fe3+ in NiO
and NiFe2O4 0.21 0.46 −0.01 48.7 1.2 100(2)

(873/4)
Fe3+ in NiO
and NiFe2O4 0.22 0.45 0.01 48.4 1.2 100(2)

(873/12) Fe3+ in NiO 0.21 0.46 −0.01 48.7 1.2 86(2)
NiFe2O4 (A) 0.22 0.36 0.06 51.7 0.1 8(1)
NiFe2O4 (B) 0.16 0.48 0.02 55.9 0.3 6(1)

(873/24) Fe3+ in NiO 0.21 0.46 −0.01 48.7 1.2 68(2)
NiFe2O4 (A) 0.21 0.38 0.06 51.6 0.1 18(1)
NiFe2O4 (B) 0.15 0.50 0.02 56.1 0.2 14(1)

increases its absorption area as the heating temperature and time increase. It is clear that this
contribution corresponds to Fe ions with completely different characteristics compared to the
characteristics of the iron ions in the broad paramagnetic/magnetic contributions. This new
contribution appears at around the same velocity positions, but with quite increased intensity,
in the MS of the highest-temperature and longer-time heated samples (873/12–24), where it
can be clearly seen that it is actually composed of two components. The best fits of this high
hyperfine magnetic field components for these two samples gives MPs which correspond to the
Fe3+ tetrahedral (A) and octahedral (B) oxygen coordinated sites, respectively, of the inverse
spinel NiFe2O4 phase [25–27]. This confirms the XRD data of the (873/12–24) samples,
where we have indeed found the presence of this phase as an impurity. In the RT MS of
the samples with shorter heating time at 873 K, where there is no indication of the nickel
ferrite in the XRD patterns, the contribution from this phase indeed appears, but with decreased
intensity and absorption area. So, the above results indicate that the concentration of the strong
ferrimagnetic nickel ferrite impurity phase in the samples is decreased as the heating time at

13



J. Phys.: Condens. Matter 19 (2007) 436203 A P Douvalis et al

873 K decreases, is further reduced for the (823/4) sample and has completely disappeared for
the (823/1) sample, in agreement with the results of their magnetization measurements.

At 77 K the MS show only magnetically split contributions with complete absence of any
paramagnetic part for all samples. A combination of magnetic components was used to fit these
spectra and the resulting MPs confirm the presence of only Fe3+ ions in all samples (see table 3).
The resonant lines for all spectra at 77 K remain relatively broad; however, the broadening is
decreased, compared with that of the magnetic components at RT. The Mössbauer components
corresponding to the A and B sites of the NiFe2O4 phase can be undoubtedly detected at this
temperature only in the MS of the (873/12–24) samples, where their contribution is quite
significant. For the rest of the samples where this phase has been detected in the RT MS,
the NiFe2O4 components coincide with the Mössbauer resonant lines of the broad magnetic
components which posses the majority of the absorption area, due to the small absorption area
of the former and to the increase in the Bhf values of the latter as a result of the decrease in
measuring temperature.

4. Discussion

4.1. Samples with no NiFe2O4 impurities

The variation of the magnetization of the (673/1–25) samples with the applied field is
characteristic of the weak ferromagnetism appearing in antiferromagnetic nanoparticle systems,
a striking example of which is NiO nanoparticles [14, 20, 28–34]. The paramagnetic
contributions appearing in the RT MS of the (673/1–25), (773/1), (793/2) and (823/1)
samples are attributed to iron ions embedded in stoichiometric Ni0.98

57Fe0.02O nanoparticles,
which show superparamagnetic properties at RT [14]. The superparamagnetic nature of these
nanoparticles is deduced by the absence of any paramagnetic contribution in the corresponding
77 K spectra. This absence is caused by the cessation of the fast thermal agitation of the
sublattice magnetization (superparamagnetic relaxation) when the sample temperature drops
below the blocking temperature (TB) [35, 36]. It is known that this agitation causes the
appearance of the superparamagnetic contribution in the MS, when the characteristic relaxation
time τ for this procedure is significantly smaller than the characteristic Larmor precession time
τL. In order to detect a Bhf of the order of 20.0–40.0 T, which is in the range of the Bhf

values we find for the magnetic split components at RT, τL should be ≈10−8 s [37, 38]. On
the other hand, the Mössbauer measuring time-window is τN ≈ 1.4 × 10−7 s [38]. Thus for
the superparamagnetic particles both τ and τL are smaller than τN, and τ is also significantly
smaller than τL. As τ is temperature dependent [35–39], when the temperature drops below TB

the value of τ for the particles that showed superparamagnetic properties at RT is increased and
moves to values comparable or even higher than τL and τN. As a result, magnetic splitting also
appears for these particles in the 77 K MS. However, when τ and τL are comparable, the shape
of the absorption lines of the spectra is broad and more complex than in the slow relaxation
limit, where τ � τL, τN [38].

If TB is defined as the temperature at which the superparamagnetic and the magnetically
split part of the MS have equal absorption areas [14], then TB has a value between 77 K and
RT for (673/1) and (673/5) samples, but higher than RT for (673/25), (773/1), (793/2), and
(823/1) samples. The increase in the magnetic part at the expense of the superparamagnetic
part for the RT MS of all samples as the heating time or temperature increases reflects the
corresponding increase in TB and is related to the particle size growth. In particular the
superparamagnetic relaxation time τ depends on the temperature (as discussed above), as also
on the magnetic anisotropy constant K and the volume of the particle V which is involved in
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this procedure [35–39]. If we assume that K is more or less constant within a certain range of
particle volumes, τ increases as V increases and becomes comparable to or larger than τL above
a certain size limit. The particles with sizes above this limit contribute to the magnetic split part
of the RT MS. So the increase in the absorption area of the magnetic components of the RT MS,
with increasing heating time or temperature, indicates an increase of the part of the 2% 57Fe-
doped NiO samples that includes particles with sizes which overcome the superparamagnetic
size limit at RT. Thus the average particle size increases, which is in agreement with the results
deduced from the XRD and SEM analyses.

An estimation of the magnitude of τ can be made from the shape of the lines of the
superparamagnetic component. As discussed section 3.4, a shape asymmetry is observed
in the resonant lines of this doublet, especially for the low-temperature heated samples.
This asymmetry is also observed in other antiferromagnetic nanoparticle systems at elevated
temperatures [40] and is attributed to the fast superparamagnetic relaxation effect when the
magnitude of τ is of the order of 10−10 s [41, 42]. The decrease of this asymmetry, as well as
the increase in the line-width of this superparamagnetic doublet as the heating temperature or
time increases (see table 2), indicates an increase in the magnitude of τ , relative to the 10−10 s
value. This increase in τ is caused by the increase in the average particle size for this part of the
sample (superparamagnetic particles) as a result of increasing heating temperature and time.

The presence of nanoparticles with sizes ≈10 nm for the (673/1–25) samples, confirmed
from XRD, SEM and Mössbauer spectroscopy measurements, leads us to ascribe the weak
ferromagnetism found in their magnetization behavior to finite-size effects, which include
the following. (a) The uncompensated (Fe3+ or Ni2+) spin moments appearing mainly
on the surface of these Ni0.98Fe0.02O nanoparticles [14, 31, 32]. (b) The multi-sublattice
structure [30–32]. (c) The introduction of surface magnetic anisotropy related to the lower
oxygen coordination number of surface Ni2+ or Fe3+ ions due to broken bond formation [43],
as in the case of the corresponding pure NiO or Ni0.995

57Fe0.005O nanoparticles. From the
above results we come to the conclusion that for the (673/1–25), (773/1), (793/2) and (823/1)
samples both paramagnetic and magnetic contributions to the RT MS can be attributed only to
Fe3+ ions embedded in the NiO structure, substituting the Ni2+ ions and adapting the magnetic
ordering of the Ni2+ sublattices, as in the case of 0.5% 57Fe-doped NiO samples [14].

The relative decrease in coercivity as the heating time decreases for the samples heated
at 673 K is related to the lattice expansion observed, as their corresponding average particle
size decreases. This is also a characteristic of the weak ferromagnetism appearing in NiO
nanoparticles, which shows a magnetic crossover effect with a peak in coercivity related to
particle size [20, 30]. Also, the negative shift found in the magnetization loops of these samples
is consistent with an analogous shift observed in NiO nanoparticles and is also attributed to
finite-size effects [30]. The decrease of this shift with increasing heating time is related to the
increase in particle size of the longer-heated samples at 673 K, which produces a lower surface
to volume ratio, and thus reduces the contribution from these effects to the magnetization loop.

As the heating temperature of the samples increases above 673 K, the average particle
size is further increased and the contribution of the weak ferromagnetic features—appearing
mainly in the samples heated at 673 K—is decreased considerably for the (773/1), (793/2) and
(823/1) samples. For these samples, as indicated by the analysis of their MS, only a minority
part in each one shows superparamagnetic phenomena due to their small particle size at RT,
while the other part containing the larger particles starts to have a ‘bulk-like’ behavior. These
results are in agreement with the relative decrease in coercivity detected for NiO nanoparticles
with increased sizes [20, 30], and indicate that the (673/25) sample should have a coercivity
closer to the maximum value expected for these kinds of particles which can follow a magnetic
crossover effect [20].
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Another issue which demands further explanation is the broadening of the resonant lines
of the MS, specially if one compares our MS with the corresponding MS of 0.5% 57Fe-doped
NiO nanoparticles [14]. This is related to several reasons. First, the substitution of Fe3+ for
Ni2+ in the NiO structure affects the local ionic environment, because it requires the formation
of one Ni2+ ion vacancy for every two Ni2+ ions substituted by Fe3+ ions in order to preserve
the charge neutrality. This causes distortions on the first O2− anion neighbor environment of
the Fe3+ and Ni2+ octahedra, and also causes a variety of first and second cation neighbor
environments for the inserted Fe3+ ions, introducing disorder in the NiO structure. Second,
the distribution of particle sizes induces a distribution in TB and τ values. Third, the decrease
and distribution of the oxygen coordination number for the surface Fe3+ ions, due to broken
bond formations, produces consequent differences in their magnetic interactions relative to the
corresponding Fe3+ ions substituting core Ni2+ ions. Fourth, the most probable presence of a
multi-sublattice, instead of the classic antiferromagnetic two-sublattice magnetic structure in
the smaller nanoparticles, causes the appearance of a variety of magnetic interactions. Fifth,
there is the presence of some interparticle magnetic interactions [44], as all our measurements
were done in the as-prepared samples without grinding them; it is known that grinding could
partially reduce magnetic coupling between particles [14]. Sixth, there is a possible presence
of some degree of structural disorder of the 57Fe-doped NiO nanoparticles, which reduces as
the heating temperature or time increases. All the above reasons give rise to a distribution of
MP values (mainly in Bhf, 2ε, and �) which influence the shape of the MS (both magnetic
and paramagnetic components). It is also quite important to mention here that the shape of
the broad magnetically split part of the Mössbauer spectrum recorded at RT is quite stable for
each sample. However, a slight increase in the average Bhf values is observed as the heating
temperature or time increases, which indicates an increase in the degree of crystallization and in
the TB of the system, as already mentioned. We can thus conclude that this part of the spectrum
is relatively independent of both heating temperature and time, and only its proportion changes
through the variation of the preparation conditions. Lowering the temperature from RT to 77 K
will have a major influence only in the τ values; however, all other reasons describing the
broadening of the Mössbauer resonant lines still remain active. Thus the spectra retain a line-
broadening at 77 K, which is higher compared with the corresponding spectra of Bahl et al
[14], due to the increased level of doping (four times higher) of Fe ions in our samples.

It is also worth noting here that we observe a quadrupole split component for the smallest
in size 2% 57Fe-doped NiO superparamagnetic nanoparticles instead of a singlet observed for
the corresponding 0.5% 57Fe-doped NiO nanoparticles by Bahl et al [14]. This indicates that
the distortions of the FeO6 octahedra in our 2% 57Fe-doped NiO samples caused by the O2−
displacements are rather large, compared to the cubic symmetry observed for the corresponding
FeO6 octahedra of the samples of Bahl et al. The higher number of iron ions embedded in the
NiO structure for the case of our samples, which produces a higher number of Ni2+ vacancies
and thus larger displacements for the O2− ions, is again responsible for these distortions. These
displacements contribute to the breakdown of the local cubic symmetry of the FeO6 octahedra,
which in turn produces a non-zero quadrupole spitting for the superparamagnetic components
in the MS.

4.2. Samples with detected NiFe2O4 impurities

Increasing the heating temperature from 823 to 873 K causes a further increase in particle size.
So the ‘bulk-like’ antiferromagnetic shape of the magnetization loop of the Ni0.98

57Fe0.02O
phase, as shown for the (823/1) sample, is also expected to contribute to the corresponding
loops of the (823/4) and (873/1–24) samples. However, for the latter samples the appearance
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Figure 11. Room-temperature (left) and 77 K (right) 57Fe Mössbauer spectra of the prepared
NiFe2O4 samples (see the text): (a) and (d) NiFe2O4-A, (b) and (e) NiFe2O4-B, (c) and (f)
NiFe2O4-C.

of the NiFe2O4 phase in their MS or/and the XRD patterns introduces the solid consideration
of attributing the additional strong ferromagnetic signal detected in all magnetization loops to
the presence of this ferrimagnetic impurity. For these samples it is characteristic that no line
broadening for the two NiFe2O4 Mössbauer components is observed in their RT MS. Yet there
is a small decrease in the Bhf values of these components as the heating time decreases from 24
to 1 h for the samples heated at 873 K, and the same is observed for the (823/4) sample. This
small decrease in the Bhf values, compared to the expected ‘bulk’ values for NiFe2O4 [26],
indicates the presence of very small particles of this impurity phase in the samples, as this
phenomenon is a characteristic particle size effect in magnetic nanoparticles [35, 45].

It follows that the presence of even smaller in size superparamagnetic impurity NiFe2O4

nanoparticles in our 2% 57Fe-doped NiO samples, heated in conditions higher then those of
the (823/1) sample, cannot be undoubtedly excluded. This is because their contributions to the
RT MS appear either as a broad superparamagnetic component positioned around the center
of each spectrum or as a magnetic component with collapsing Bfh, and cannot be directly
distinguished from all the other 57Fe-doped NiO main-phase contributions. The shape and
nature of these impurity contributions can be revealed by analyzing the MS recorded at RT
and 77 K of the pure NiFe2O4-A, -B and -C samples prepared following the same chemical
route as for the 2% 57Fe-doped NiO samples. The spectra appear in figure 11 and the resulting
MPs are listed in table 4. The analysis shows the presence of superparamagnetic contributions
at the center of the RT spectrum of NiFe2O4-B together with contributions of broad and
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Table 4. Mössbauer parameters as resulting from the best fits of the room-temperature and 77 K
spectra of the prepared NiFe2O4 samples (see the text). (A), (B), (SPM) and (COL) denote A site,
B site, superparamagnetic and collapsing, respectively. Typical errors are ±0.02 mm s−1 for �/2,
IS,� and 2ε, ±0.5 T for Bhf and �Bhf. The numbers in parentheses for A are standard deviations
corresponding to the last digit for each value.

�/2 IS 2ε or � Bhf �Bhf A
Sample Temperature Component (mm s−1) (mm s−1) (mm s−1) (T) (T) (%)

NiFe2O4-A RT (A) 0.18 0.26 0.01 49.3 0.4 56.1(3)
(B) 0.14 0.37 0.00 52.6 0.5 43.9(3)

77 K (A) 0.21 0.35 0.01 50.9 0.3 53.2(3)
(B) 0.18 0.48 0.01 55.4 0.4 46.8(3)

NiFe2O4-B RT (A) 0.27 0.26 0.01 46.6 0.8 19(4)
(B) 0.15 0.37 −0.01 50.0 1.2 11(3)
(COL) 0.41 0.31 0.00 41.7 2.1 16(4)
(COL) 0.31 0.35 0.02 21.0 12.0 32(9)
(SPM) 0.56 0.32 0.67 — — 22(5)

77 K (A) 0.29 0.38 0.00 50.2 0.3 69.0(6)
(B) 0.17 0.48 0.01 54.6 0.4 31.0(6)

NiFe2O4-C RT (A) 0.24 0.26 0.01 47.3 0.8 33(2)
(B) 0.12 0.37 −0.01 50.6 1.2 18(1)
(COL) 0.23 0.29 −0.08 42.9 3.1 21(2)
(COL) 0.22 0.35 0.01 23.5 10.8 28(4)

77 K (A) 0.25 0.38 0.00 50.5 0.3 63.2(7)
(B) 0.17 0.48 0.00 54.9 0.4 36.8(7)

collapsing magnetic components, as well as the presence of the characteristic components
corresponding to the A and B sites of the ‘bulk-NiFe2O4’ phase, with smaller Bhf values,
relative to the bulk ones [25–27], and broadened resonant lines. In the RT MS of NiFe2O4-C
the superparamagnetic contribution is absent but the broadened, collapsing and ‘bulk-NiFe2O4’
magnetic components remain. The RT and 77 K spectra of the NiFe2O4-A sample show
only the characteristic two ‘bulk-NiFe2O4’ magnetic components. All superparamagnetic
and collapsing magnetic contributions have vanished in the 77 K MS for the NiFe2O4-B and
NiFe2O4-C samples, where only the high-field A-site and B-site components appear.

The above results indicate that when following the same preparation procedure as for the
2% Fe-doped NiO samples, the NiFe2O4 phase is definitely formed at 873 K even after 1 h of
heat treatment of the corresponding precursor, and includes a range of particle sizes, a part of
which are very small in size and behave superparamagnetically at RT. This is in accordance
with the corresponding results of the XRD analysis of these NiFe2O4 samples. Moreover,
the formation of crystalline nickel ferrite at the temperature of 873 K is in agreement with the
range of crystallization temperatures found for this phase, which has a lower limit of 853 K [46].
However, as the heating time at 873 K increases, the particles grow in size, while if the precursor
is heated at elevated temperatures the NiFe2O4 phase is ‘bulk-like’ as expected. Thus we
can expect to have definite formation of the nickel ferrite phase in our 2% 57Fe-doped NiO
samples heated at 873 K in a range of particle sizes, which could include nanoparticles with
superparamagnetic behavior at RT, at least for the samples prepared under the shorter heating
time conditions, which however grow in size as the heating time increases.
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Figure 12. Magnetization versus temperature measurements of the (823/4) and (873/1–24) samples
made under an applied magnetic field of 0.1 T. ZFC and FC correspond to zero-field-cooled and
field-cooled modes (see the text).

To clarify the presence of superparamagnetic NiFe2O4 impurities in the (823/4) and
(873/1–24) samples we performed magnetization measurements with respect to temperature
(σ versus T ) under an applied magnetic field of μ0 H = 0.1 T. The measurements were done
in zero-field-cooled (ZFC) and field-cooled (FC) modes from 77 to 280 K, and the results
are shown in figure 12. From these measurements it is shown that for samples (873/12)
and (873/24) there is no maximum in the ZFC curve, as also no common variation of the
magnetization with respect to temperature and a following bifurcation of the ZFC–FC curves
at temperatures below 280 K. The two curves just cross for these samples without having a
common variation. The maximum in the ZFC curve indicates the average TB of the system,
while the bifurcation temperature points to the maximum TB corresponding to the largest
nanoparticles in the size distribution [33]. The observed behavior means that for these two
samples the parameters influencing the dynamic magnetization phenomena of the system
(particle volume V and magnetic anisotropy constant K ) have such magnitudes as to give
a TB value above 280 K, and probably—according to the shape of the curves—above RT.
Although the detection of TB in a system of nanoparticles depends on the characteristic time
of the experimental method used, which is ∼10−8 s for Mössbauer spectroscopy and ∼1 s for
magnetization measurements in the VSM, the two methods agree that TB is higher than RT for
these samples. Thus we expect to see no change in the absorption areas of the NiFe2O4 phase
components at 77 K relative to the RT ones for these samples, because at RT we do not expect
to have any superparamagnetic phenomena, and thus no superparamagnetic contribution to the
Mössbauer spectra.

For samples (873/1–4) and (823/4) some common variation of the ZFC–FC curves is
shown followed by a bifurcation just below 280 K. No maximum magnetization is also observed
for the ZFC curves. So in these samples we could expect to have some minor contribution
form a superparamagnetic component in the RT MS, which should split magnetically at 77 K.
However, as we have already indicated, any contribution of the minor impurity NiFe2O4 phase
components the 77 K spectra is screened out from the major contribution of the dominant 57Fe-
doped NiO phase. That is why we have not included any contribution of these components in
the analysis of the MS for these samples at this temperature. We could fit the 77 K spectra of
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these three samples by including the two high-field components of the NiFe2O4 phase, but this
would impose a very large uncertainty in all their MP values. Thus for the (823/4) and (873/1–
4) samples there is an indication of some degree of RT superparamagnetism of the NiFe2O4

impurity phase, but the amount of this part of the impurity is so small that it cannot be detected
by an increase in the absorption area of the NiFe2O4 Mössbauer components in the 77 K spectra.

4.3. Special features of the NiFe2O4 impurities

We note that the formation of the NiFe2O4 impurity in our samples could take place in
heating temperatures lower than 873 K, as the presence of this phase is definitely confirmed
by the analysis of the RT Mössbauer spectrum and magnetization loop of the (823/4) sample.
However, in this case (heating at 823 K) the heating time must be much longer than 1 h in order
to achieve the formation of the nickel ferrite impurity, and the amount of this phase formed
after heating for 4 h is much lower than the corresponding heating at 873 K (sample (873/4)).
Taking this into consideration and combining it with the observation of the gradual increase in
the intensity and absorption area of the components corresponding to the NiFe2O4 phase in the
RT MS as the heating time at 873 K increases, we can extract important information on the
mechanism of formation of this phase in our 2% 57Fe-doped NiO samples. We suggest that
the formation of the impurity NiFe2O4 phase is related to the diffusion of the 57Fe3+ ions in
stoichiometric Ni0.98

57Fe0.02O, and this process is enhanced with increased heating time and
temperature. Furthermore, the nickel ferrite impurity phase produced in the samples must be
strongly related to the 57Fe-doped NiO main-phase matrix, and should accordingly interact
magnetically with it, as in the case of NiFe2O4/NiO bilayers [47]. This is an indication which
originates from the behavior of the coercivity values with respect to the heating temperature
and time in our samples.

In particular, let us assume that there is no magnetic interaction between the impurity
NiFe2O4 phase and the 57Fe-doped NiO main-phase matrix. Then as the particle size
of the 57Fe-doped NiO phase increases with increasing heating temperature and time, its
magnetization will have a characteristic antiferromagnetic linear dependence with respect to
the applied field. So the contribution from this phase combined with a soft-ferromagnetic
signal from a NiFe2O4 impurity phase will give rise to a magnetization loop with very low
coercivity, of the order of μ0 HC ≈ 10 mT, as NiFe2O4 is a very soft ferrimagnetic phase (see
the following). Contrary to that, relatively high μ0 HC values of ≈40–60 mT are found for the
873 K heated samples.

To clarify this issue and in order to have an estimation of the influence of the contribution
of the nickel ferrite phase in the magnetization loops of the 2% 57Fe-doped NiO samples, in
which this phase has been detected, we made some additional magnetization measurements. We
measured the RT magnetization loops of all three prepared NiFe2O4 samples, as well as of the
0.1 wt% NiFe2O4-A in NiO mixture sample and of the pure NiO sample. These measurements
are shown in figures 13 and 14.

For the nickel ferrite samples, shown in figure 13, the loop of NiFe2O4-A has a saturation
magnetization (σS) value of 46 A m2 kg−1, quite close to the bulk value of 50 A m2 kg−1 [24].
For samples NiFe2O4-B and NiFe2O4-C the corresponding values drop to 26 A m2 kg−1, and
29 A m2 kg−1, respectively. This decrease is expected due to the reduction of the particle
size of these two last samples, which is verified by the XRD and Mössbauer spectroscopy
measurements; the decrease also scales with their average particle size. From the inset of
figure 13 one can see that the coercivities are around 15 mT and 6 mT for NiFe2O4-A and
NiFe2O4-B, NiFe2O4-C samples, respectively. In general the values of σS, μ0 HC and the shape
of the loop of the NiFe2O4 phase strongly depend on the preparation procedure followed, and
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Figure 13. Room-temperature magnetization loops of the prepared NiFe2O4 samples (see the text).
Inset: magnification of the low-applied-field region of the loops.

Figure 14. Room-temperature magnetization loops of I: sample (873/4) (open cycles), II: mixture
sample of 0.1 wt% NiFe2O4-A in NiO (thin line), and III: calculated magnetization loop from
(823/1) and NiFe2O4-C samples (thick line)—(see the text). Inset (1): comparison of the room-
temperature magnetization loops of pure NiO and (823/1) samples. Inset (2): magnification of the
low-applied-field region of the loops I, II and III.

also on the particle size [48–55]. In particular, the features of the magnetization loops of
nanostructured NiFe2O4 relate to finite-size effect phenomena [30–32]. So the σS and μ0 HC

values found for our NiFe2O4 prepared samples are in the range of the values expected for
particles with sizes 10–50 nm, obtained from a chemical precipitation preparation route. In
particular, the range of the detected μ0 HC values of our nickel ferrite samples indicates that
they are all magnetically soft materials.

In figure 14 we compare the experimental magnetization loop of the (873/4) sample
with that of 0.1 wt% NiFe2O4-A in NiO mixture sample. We include also in this figure

21



J. Phys.: Condens. Matter 19 (2007) 436203 A P Douvalis et al

a calculated magnetization loop resulting from the linear combination of the magnetization
loops of the (823/1) and the NiFe2O4-C samples multiplied by the factors 0.9990 and 0.0010,
respectively. We used the (823/1) sample’s magnetization loop in this calculation as it is the
sample produced with the closest preparation conditions to the (873/4) sample, but is free from
any NiFe2O4 impurity; thus it represents in the best way the pure ‘bulk-like’ Ni0.98

57Fe0.02O
phase contribution. We also used the magnetization loop of the NiFe2O4-C sample in this
calculation as it is prepared at the same heating conditions as (873/4) and might resemble in the
best way the NiFe2O4 impurity in this sample. We finally used the specific factors because they
correspond to the same wt% concentration of the 0.1 wt% NiFe2O4 in NiO mixture, which is
in the range of the concentrations of the NiFe2O4 impurity in NiO that could not be detected in
the XRD patterns. The same fact (undetectable NiFe2O4 impurities by XRD) stands in the case
of the (873/4) sample. Thus we can conclude that we have a NiFe2O4 impurity concentration
in the (873/4) sample which must be at least in the same range of the concentration of NiFe2O4

in the 0.1 wt% NiFe2O4/NiO mixture sample.
From the comparison in figure 14 two characteristics are apparent. (i) The high-field

magnetization slope of the calculated loop resembles better that of the (873/4) sample, while
the corresponding slope of the NiFe2O4/NiO mixture fails to follow, as it is quite lower. In fact
a calculated loop with factors of 0.9985 and 0.0015 for the loops of (823/1) and NiFe2O4-C
samples, respectively, matches exactly the high-field slope of the (873/4) sample loop. This
means that the real concentration of NiFe2O4 phase in the (873/4) sample is indeed in the
range of 0.1–0.2 wt%. The failure to reproduce the high-field slope of (873/4) with that of
the NiFe2O4/NiO mixture comes mainly from the difference in the linear antiferromagnetic
contribution. As shown in the inset (1) of figure 14, the slope of the linear antiferromagnetic
loop of the pure NiO sample is lower than that of sample (823/1), most probably due to the
contribution of the participation of Fe ion moments in the latter. (ii) The coercivity of sample
(873/4) is higher than those of the calculated and the NiFe2O4/NiO mixture. This implies that
the magnetic anisotropy of the (873/4) sample is higher than the anisotropy of pure NiFe2O4

produced as a ‘stand-alone’ phase either at the same preparation conditions or at even higher
temperatures.

Thus the observed coercivity values, not only of the (873/4) sample, but for all 57Fe-
doped NiO samples prepared at 873 K, are increased compared to those of the pure NiFe2O4

samples, which are produced following the same preparation route. One could attribute this
increase in coercivity to a new source of magnetic anisotropy of the 57Fe-doped NiO system,
which originates due to iron doping and does not relate to other known sources like the surface
uncompensated spin arrangement, multi-sublattice magnetic structure, or surface broken bond
formation described previously. Note here that the latter sources of magnetic anisotropy
concern nanoparticles which can be both 57Fe-doped NiO and NiFe2O4.

To resolve the above argument first, we take into account that the average size of the 57Fe-
doped NiO particles, even for the samples heated longer at 873 K, does not cross the 30 nm
limit, as indicated by the XRD results. In addition, the suggestion that the NiFe2O4 impurity
phase in our 2% 57Fe-doped samples is formed in sizes that do not cross the range of a few
tenths of nanometers, even for the longer-time heated samples at 873 K, is strengthened further
by the observed differences in the intensities and absorption areas of the (A) and (B) NiFe2O4

components of their corresponding RT MS. The intensity and absorption area values of the
lower Bhf component, which is attributed to the tetrahedral (A-site) Fe ions, are for all samples
higher than the corresponding intensity and absorption area of the higher Bhf component, which
is attributed to the octahedral (B-site) Fe ions (see figure 9 and table 2). Regardless of its origin,
which can be attributed to either overpopulation of the tetrahedral A site with Fe3+ ions [27],
or to a mixed spinel structure due to population of the same site with Ni2+ ions [56], this
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imbalance is also observed in other NiFe2O4 nanoparticle systems with sizes down to 8–10 nm,
but disappears in particles with sizes around 50–60 nm [27, 56]. So the fact that this imbalance
is observed in all MS of our samples in which the ferrite phase is detected, suggests that indeed
the average particle size of this impurity phase is in the range of a few tenths of nanometers and
in any case does not exceed the ≈50–60 nm limit.

This observation combined with the results of the magnetization measurements of both 2%
57Fe-doped NiO and pure NiFe2O4 samples implies that the impurity NiFe2O4 phase produced
in our 2% 57Fe-doped NiO samples has special characteristics. These characteristics are not
observed for the NiFe2O4 phase produced following the same route as that for the 2% 57Fe-
doped NiO, and appear probably due to the suggested formation of this phase by a diffusion
process of the 57Fe3+ ions from the initial Ni0.98

57Fe0.02O matrix, or some other similar
procedure. Nevertheless, this issue requires further studies focused upon the understanding
of the chemical kinetics in this system. In any case μ0 HC values in the range of 30–50 mT at
RT have indeed been observed for NiFe2O4 nanoparticles prepared by the hydrothermal [50]
and sol–gel [52] methods.

It follows that the small particle size of the 57Fe-doped NiO phase, and the formation
of a ‘diffused’ ferrimagnetic nanostructured NiFe2O4 impurity during preparation, favor the
establishment of a magnetic coupling between these two phases, on the basis of an exchange
bias effect as in the case of NiFe2O4/NiO bilayers [47]. This coupling gives rise to μ0 HC values
for the (823/4) and (873/1–24) samples that are at least in the same range of the ones found for
the lower-temperature heated samples (≈ 50 mT), where the NiFe2O4 phase was not detected
at all and the coercivity was of different origin (see section 4.1). Further studies are needed in
order to confirm the presence of this coupling, and to investigate any possible exploitations of
deliberately produced ferromagnetic impurities in antiferromagnetic materials.

5. Conclusion

Our findings in this work show clearly that even 1 h of heat treatment of the precipitated 2%
57Fe-doped NiO precursor at 873 K would result, beyond any doubt, in the formation of the
strong ferrimagnetic NiFe2O4 impurity phase, although this phase cannot be directly detected
by XRD, due to its small particle size and/or high dilution. Thus the ferromagnetism found in
our 57Fe-doped NiO samples heated at 873 K cannot be unboundedly attributed to new intrinsic
DMS effects, different from the ones found for these kind of particles, which are related either
to the appearance of the impurity nickel ferrite phase, or to their reduced particle size (finite-
size effects). The increased coercivities found for the 2% 57Fe-doped NiO samples where the
impurity NiFe2O4 phase has been detected is suggested to appear due to an induced anisotropy
of this impurity phase related to its magnetic coupling to the antiferromagnetic 57Fe-doped NiO
matrix in the frame of an exchange bias mechanism. So as the knowledge of the level and form
of impurities in DMS, like the low concentration transition metal-doped binary oxides, play an
extremely important role on the justification of their ferromagnetic properties to new intrinsic
effects caused by this doping, their full characterization is necessary before further conclusions
for the origin of this ferromagnetism can be drawn for these compounds. In particular, the
use of the 57Fe Mössbauer spectroscopy technique is essential for the investigation of proposed
DMSs containing iron.
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