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ARTICLE INFO ABSTRACT

Keywords: Undoped and Fe-doped NiO nanoparticles were successfully synthesized using a lyophilization
Nanoparticles method and systematically characterized through magnetization techniques over a wide tem-
Nickel oxide perature range, with varying intensity and frequency of the applied magnetic fields. The Nij.
zzi‘f;:n model xFexO nanoparticles can be described by a core-shell model, which reveals that Fe doping en-
Spin-glass hances exchange interactions in correlation with nanoparticle size reduction. The nanoparticles

exhibit a superparamagnetic blocking transition, primarily attributed to their cores, at temper-
atures ranging from above room temperature to low temperatures, depending on the Fe-doping
level and sample synthesis temperature. The nanoparticle shells also exhibit a transition at low
temperatures, in this case to a cluster-glass-like state, caused by the dipolar magnetic interactions
between the net magnetic moments of the clusters. Their freezing temperature shifts to higher
temperatures as the Fe-doping level increases. The existence of an exchange bias interaction was
observed, thus validating the core-shell model proposed.

Cluster-glass

1. Introduction

Nanoparticles (NPs) have been intensively investigated in the last decades, particularly with respect to their striking structural,
colloidal, adsorption and magnetic properties. NPs still constitute a rich system from the basic physics point of view and because of
their potentials for different technological applications [1-4]. In the field of magnetism of NPs, several issues deserve to be elucidated,
for instance, the finite-size effect that results in a net magnetic moment due to the symmetry breaking, at least, in antiferromagnets.
Therefore, one of the most interesting NP systems are those synthesized from antiferromagnetic (AFM) materials which, in despite of
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this magnetic order, may present a net magnetic moment due to the uncompensated spins at the NP surfaces, as previously established
by Louis Néel in the earlies 60’s [5,6].

Néel studied antiferromagnetic NiO NPs pointing for a superparamagnetic (SPM)-like behavior by which the net magnetic moments
of single magnetic domains flip between two stable orientations, antiparallel to each other, separated by an energy barrier, K.V = Eg
(where K is the magnetic anisotropy constant and V the magnetic particle volume). The stable orientations define the magnetic easy
axis of a magnetic NP. At a finite temperature, there is a finite probability for the magnetization to flip and reverse its direction in time.
The mean time between two consecutive flips is called the Néel relaxation time ty. For non-interacting magnetic NPs, it is given by the
Néel-Arrhenius equation, shown below:

KV
TN = Tp €Xp <ﬁ> [1]
B

where kg is the Boltzmann constant, T the temperature, and their product the thermal energy; 1 is a time characteristic of the material,
called the attempt time, with typical values between 107 and 10713 s,

Kodama et al. [7] also contributed to a fundamental understanding of this type of system and showed that the moments of NiO NPs
are too large to be explained by a two-magnetic-sublattice model. Their observations were consistent with multi-sublattice spin
configurations considering low coordination at the surface sites [7,8].

There are currently many works published on NiO NPs. There are also excellent reviews on this nanostructured system [1-3,9-14].
Therefore, it is not the purpose of this paper to comment on or complement them. However, one point we want to consider. According
to the vast collection of experimental data published on this system it is observed that different NP synthesis processes can lead to
distinct magnetic properties. The analysis conducted here (Section 3) is based on some prior work, particularly those that have
revealed similarity with our experimental results.

A good strategy to better understand the NPs behavior is to place a marker or dopant that can probe some of their peculiar
properties. Of course, the doping process may change the structure and magnetic properties of the starting systems, but this eventual
effect may reveal new insights about nanomagnetic phenomena on the studied systems.

In this sense, the aim of this work was to investigate the effect of Fe doping in NiO nanoparticles synthesized by freeze-drying an
aqueous solid solution of nickel and iron acetates followed by heat treatment under ambient atmosphere. This synthesis process has
long been applied in our laboratory to prepare samples of diluted magnetic semiconductors and is described in detail elsewhere [15,
16]. It has the advantage of producing samples with very precise total chemical composition and good tuning of NPs size through
control of heat treatment temperature (although with some size distribution).

Some earlier studies were dedicated to Fe-doped NiO NPs [2,9,12,17-19] and to Fe-doped bulk NiO [20,21]. However, the
nanostructured system lacks a more extensive magnetic characterization, thus leaving the description of the system incomplete under
variation of both the doping level and the synthesis temperature. These two conditions may affect the crystallite sizes and consequently
the exchange interactions in the NPs.

Thus, to achieve a more complete understanding of this nanostructured system we prepared Ni;_xFexO NPs (with x < 0.05) at
different synthesis temperatures. The samples were previously characterized by X-ray diffraction (XRD), transmission electron mi-
croscopy (TEM), Fourier transform infrared spectroscopy, and UV-VIS diffuse reflectance spectroscopy [22]. >’Fe Méssbauer spec-
troscopy studies were also performed to finely detect iron containing phases (see a pair of representative Mossbauer spectra in
Supplementary Material); full results from this nuclear characterization technique will be published elsewhere.

We report here the magnetic properties of the Ni; _yFeyO NPs obtained from direct current (DC) and alternating current (AC)
magnetization techniques while varying the temperature measurements and the frequency of the field oscillation (for AC suscepti-
bility). The static and dynamic magnetic analyses applied here allowed us to better understand the role of the finite size effect in the
undoped or Fe-doped NiO nanoparticles and describe the influence at the doping level.

2. Materials and methods

The Ni; Fe,O NPs characterized in this work were synthesized by freeze-drying and heat-treatments at 600 °C, 500 °C and 400 °C
(see Supplementary Material for details on the preparation of these NPs). Only samples identified as monophasic were considered in
the present study (i.e., x < 0.04). According to previous results obtained from the XRD and TEM analysis, the NPs exhibited
approximately spherical or polyhedral shapes [22]. Iron doping induced minor changes in the lattice parameters, but a significant
reduction in crystallite size and particle size (see Supplementary Material for respective methodological details).

The DC magnetic characterizations were performed in a SQUID-VSM magnetometer (Quantum Design/MPMS 3). The M(T) and M
(H) curves were measured for all Ni; yFe,O samples. M(T) curves were obtained applying zero-field cooling/field cooling (ZFC/FC)
protocols, under probe fields H = 50, 500 and 5000 Oe. The M(H) curves were recorded at 2 K and 300 K (room temperature — RT). To
investigate the presence of the exchange-bias effect, M(H) curves were also obtained in the FC protocol at 2 K after the sample has been
cooled down from 300 K under applied field H = 70 kOe. The AC magnetization measurements were performed in an PPMS (Quantum
Design/EverCool II). An AC test magnetic field of 10 Oe was used. The field oscillation frequency was varied from 50 to 10,000 Hz.

3. Results and discussion

The M(T) curves for the undoped sample are shown in Fig. 1. The curves are like others reported earlier for NiO NPs synthesized by
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diverse methods [9,12,23,24]. In a partial concordance with these authors, the broad peak shown in the ZFC curve is attributed to a
progressive blocking of the SPM cores where the peak broadening is an effect mainly associated with the particle size distribution of the
NPs [9,12,]. In this sense, larger cores magnetically block near or just below RT, particles with medium sizes around T; (=122 K) and
the smallest ones below T; as indicated by arrows in this figure. However, there is no reason to exclude the NPs shell of this blocking
process. Despite its supposedly minor thickness, it is plausible to realize the shell as being formed by small regions with net magnetic
moments, or SPM clusters, which are also blocked magnetically at the lowest temperatures.

To evaluate the anisotropy constant (K) of these NiO NPs (average diameter = 22.2 nm) using Equation (1) (with ty = 10s, 19 =
10%sand T = T1), we considered the magnetic energy barrier (K.V), where V is the average particle volume (see Table S1, in Sup-
plementary Material, to find average volumes of all prepared NPs and some magnetic parameters obtained in this work). The esti-
mation resulted in K = 7347 J/m3, a value close to that usually determined for bulk NiO (i.e., 8000 J/m?).

The sharp peak at T2 (=10 K) could conceivably be related to the freezing of magnetic moments present in the shell, configuring a
transition to a spin-glass (SG)-like state as proposed by Winkler et al. [14], or, more properly, due to a cluster-glass-like state
established among the clusters composing the shell.

The changes in the M(T) curves due to the increasing applied magnetic field are seen in Fig. 1b and c. The broad peak is displaced at
lower temperatures, and this is consistent with a blocking process of SPM domains. The sharpest peak also shifted to lower temper-
atures because of the increasing field.

In all pairs of M(T) curves, that related to the FC protocol increases monotonically and is not yet magnetically saturated at the
lowest measurement temperature. This observation is an indirect signature of a SG-like state as also suggested by the ZFC M(T) curves.
In addition, the high irreversibility temperature indicates the existence of interparticle magnetic interactions as frequently observed
for an ensemble of concentrated NPs [25].

Fig. 2 shows the AC susceptibility curves (i.e., x* vs. T) of the undoped NiO sample obtained at different frequencies. The y’ curves
reveal (i) broad peaks for the temperature range above 60 K (centered at ~235 K), (ii) low-intensity peaks positioned at 47 K that are
independent of frequency, and (iii) sharp peaks at lower temperatures that show frequency-dependent behavior, i.e., they shift to
higher temperatures when the frequency increases. The broad peak can be related to the SPM blocking regime of NiO NPs, thus
confirming the evidence offered by the DC M(T) measurements.

The low intensity and frequency independent peak characteristic of an AFM transition (this contribution is not clearly seen in M(T)
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Fig. 1. M(T) curves of the undoped NiO sample (ZFC (blue) and FC (red) protocols) obtained for different probe fields: (a) H = 50 Oe; the insert
shows an expanded view of the 2-40 K range; (b) H = 500 Oe; and (c¢) H = 5000 Oe.
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Fig. 2. x(T) curves of the undoped NiO sample obtained for different frequencies foc (a); expanded view of the 4-16 K range where the continuous
solid lines are spline fits (b).

data) and could be attributed to a small amount of air enclosed within the measuring ampoule. It is well known that Oy has an AFM
transition at ~50 K [26]. A similar set of peaks, though not so sharp and centered at 56 K, was identified by Tadic et al. [2]. High
intensity and sharp peaks are seen at the lowest temperature range. These both decrease in height and shift to higher temperatures with
increasing frequency (see also Fig. 2b). This peak was also detected by Tadic et al. [2] and may point either to a blocking of SPM
domains or to a SG-like transition of already magnetically blocked domains as considered by Winkler et al. [14].

To better define the nature of this transition, the first empirical parameter C; = AT¢/(T¢ Alog f) [2,27] was calculated and resulted in a
value of 0.068(4), a value close to that found by Tadic et al. (i.e., C; = 0.08) for their NiO NPs. C1 is >0.13 for non-interacting particles,
0.08 < C1 < 0.13 for intermediate interactions, and 0.005 < C1 < 0.08 for SG-like systems [27,28] (i.e., the first empirical parameter
decreases with increasing strength of interparticle interactions [29]). Thus, we assume that the magnetic clusters with individual net
moments (i.e., AFM ordered clusters, with uncompensated spins) in a magnetically blocked state go to a magnetically frustrated state.
This transition is due to dipolar-like interactions resulting in a cluster-glass-like state in our sample. Recall that the SG-like state may
also find interparticle events, but the inter and intraparticle magnetic interactions cannot be distinguished with bulk-like magneti-
zation experiments.

From the data of Fig. 2b, the relaxation time 1, of the magnetic moments for non-interacting single particles in a SPM regime can be
calculated via an Arrhenius plot (see the Neél- Arrhenius law presented above; Eq. (1)).

Fig. 3 shows the resulting plot, where T = 1/fsc and Tgp is the temperature of the susceptibility peak for a given fc. The relaxation
time determined by a linear fit of the experimental data is 1o = 3.7 x 10718 s. This value is not within the expected range (i.e.,
107°-107!3 ) for non-interacting magnetic NPs, thus suggesting that the undoped NiO system at low temperatures cannot be
reasonably described by this assumption (i.e., non-interacting particles).

We used dynamic scaling theory to determine if the sample shows a critical deceleration effect. This theory states that magnetic
susceptibility varies as a power of the difference of the susceptibility peak temperature (Tgg) from the critical temperature (Ts) at the
critical transition temperature. Thus, the magnetic susceptibility diverges or vanishes at the critical point. The time scaling equation is
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Fig. 3. In 7 vs. the reciprocal of Tgr for the undoped NiO sample. The solid line corresponds to a fit with the Arrhenius law.
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given by:

T. v
() =1 |—F— }
( ) |:TBF - ng

here, the pre-factor t* is the relaxation time of an individual cluster or particle magnetic moments; the exponent (zv) describes the
behavior of the relaxation time (t(f)) in the vicinity of the critical temperature and is called the dynamic critical exponent.

Fitting of the scaling law resulted in reasonable values for the critical exponent zv and the coherence time t* for the undoped NiO
sample (see Fig. 4). The value of the critical exponent, zv = 8.55, is typical of spin-glass behavior (ranging 4-12 for spin-glass systems)
[30]. The time t* = 2.06 x 10~ s is several orders larger than that for canonical spin glass systems (~10’13 s) [31] but agrees with the
cluster spin glass system (~107/-10° s) [30]. The higher spin flip time t* is due to atomic spin flip times or the flip times of superspin
clusters. The spin glass transition is at Tsg = 6.4 K in close agreement with the experimental data.

To cite a related example, a spin-glass transition of 9-10 nm maghemite nanoparticles has also been reported by Martinez et al.
[32]. The transition was attributed to random freezing of frustrated surface spins. Therefore, the spin-glass behavior in the NiO sample
can be plausibly explained by surface spin-glass freezing.

M(H) measurements obtained for the undoped sample at 300 K and 2 K are shown in Fig. 5. None of the curves are saturated at the
highest applied field (+7 T). The M(H) curve obtained at 300 K is a full straight line with a virtually null hysteresis, thus indicating that
the NPs may be composed by, at least, two magnetic contributions: an AFM ordering related to both the shell and core and a PM portion
that eventually exists in the shell. The M(H) loop obtained at 2 K reveals a robust hysteresis that also does not saturate even at a field of
7 T (see Mr and Hc values in Table 1), thus indicating the occurrence of ferromagnetic (FM) interactions or SG-like states in the NPs.
Also, there is a slight tendency to saturate at the higher applied fields possibly reflecting a collective behavior at very low temperatures
of NPs that carry net moments. The insert shows the abrupt change of the derivative of the descending magnetization, which indicates
the behavior of non-coupled magnetic phases. It is worth note that the closure field is barely reached at the maximum applied field. The
M(H) loops shown in Fig. 5 are like those obtained by others for NiO NPs [12,24,33-35].

Fig. 6 shows the M(T) curves for the Fe-doped (x = 0.02 and 0.04) NiO NPs. Similar M(T) curves were found for the x = 0.01 and
0.03 samples. Versus the undoped sample, the main difference is the apparent suppression of the broad peak attributed to the blocking
of the AFM cores. One may consider that the iron doping strengthened the exchange interaction in the NPs (cores + shell), thus shifting
the SPM blocking to higher temperatures. The positive derivative of the ZFC M(T) curve in the range ~100-300 K (see Fig. 6a insert)
confirms this possibility because the maximum seems to occur above RT. This evidence is recurrent for the other samples heat treated
at 600 °C. Remember that the crystallite size decreased as Fe dose increased as shown in Ref. [22]. Therefore, this observation is
strongly correlated to an enhancement of the exchange interactions after Fe doping.

In contrast, the low temperature sharp peak is still present although the maxima position varies by +1 K. The difference between
the right-hand side of the ZFC peak and the FC curve along the same region is much smaller than the rest of the profile (see insert in
Fig. 6b).

As considered for the undoped sample this peak could be attributed to the blocking or freezing of magnetic single domains,
plausibly in the nanoparticle shell. For applied fields of 5000 Oe, this peak deviates to lower temperatures (curves not shown) with its
maximum positioning at ~5 K.

AC characterization was also conducted for the x = 0.03 sample, and the results are shown in Fig. 7. The broad peak appears
smoothed, and its mean position (i.e., 239(5) K) is slightly changed relatively to that found for the undoped sample (i.e., 232(4) K). In
relative agreement with the DC curves [M(T)], the ¥(T) curve flattening suggests that an additional part of the NPs is then magnetically
blocked above RT, as an effect of the Fe-doping. Again, there is a group of low intensity peaks at 47 K, and the position of their maxima
does not vary with the frequency. It is the same AFM transition earlier attributed to Os. In contrast, the highest intensity peak,
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T, =64K
—
()
N
* 0.004
0.000 4

T
8.0 8.2 8.4 8.6 8.8 9.0 9.2
Ter (K)

Fig. 4. Dynamic scaling law fit of the AC susceptibility peaks for the NiO sample.
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Fig. 5. M(H) curves obtained at RT and 2 K for the NiO sample. The insert is the derivative of the descending magnetization 2 K curve.

Table 1
Magnetic hysteresis parameters for the Ni;_,Fe,O samples (2 K loops).
Sample (x) Tanneal (°C) Mr (emu/g) Hc (Oe)
0.0 600 0.63 3769
0.01 0.09 1922
0.02 0.09 2110
0.03 0.02 1657
400 0.02 1654
0.04 600 0.53 4340
0.010 - 0,06
Yrc (@) H=500e x=0.02 ®1 ¢  (b) H=500e x=0.04
(e} [e)
g S p ) ¢ FC T
E g °g
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Fig. 6. M(T) curves (ZFC (blue) and FC (red) protocols) obtained with H = 50 Oe for the Nig ggFeg 020 (the insert shows an expanded view of the
80-300 K range) (a) and Nig g¢Feg 040 (the insert shows an expanded view of the 2-25 K range) (b) samples.

identifiable at lowest temperature, changed its mean position and shifted collectively to higher temperatures. The peak reduced the
variation range relatively to the maxima position versus the undoped sample (see Fig. 7b).

This shifting in temperature may be plausibly explained by the strengthening of the exchange interaction between the magnetic
moments in the shell, whereas the narrowing of the peak set (i.e., individual linewidths and spacing between peaks) may be due to the
reduction of the clusters size because the particle size decreases due to Fe-doping.

The C; parameter was also calculated for the Nig g7Fe( 30 sample to be 0.037(1), which suggests a SG-like transition at low
temperatures (and plausibly also in the other Fe-doped samples).

An Arrhenius plot was also outlined from the above curves (see Fig. 8). In this case, 19 = 3 x 10730 5, which is several orders of
magnitude smaller than the relaxation time found for the undoped sample. The inadequacy of a non-interacting particles model is more
severe in this case or, in other words, doping with iron enhanced the interparticle interactions.

Fig. 9 shows the dynamic scaling law fit to the AC susceptibility peaks for the Nig g7Feg 030 sample.

The parameters obtained from the fit were t* =1.39 x 107° s,zv = 6.8, and Tsg = 9.4 K. The relaxation time of the magnetic entities
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Fig. 8. In 7 vs. the reciprocal of Tgr (f), for the Nig g7Feq 030 sample. The solid line corresponds to a fit using the Arrhenius law.

is within the expected range for a cluster spin glass system. Therefore, the critical exponent also corroborated the presence of a spin-
glass magnetic phase. The higher transition temperature (Tsg) obtained for the Fe-doped NiO sample versus the undoped NiO sample
may be related to a higher dipolar magnetic forces due to clusters with higher magnetic moments mostly due to the presence of Fe ions.

The M(H) measurements for the x = 0.02 and 0.04 samples are shown in Fig. 10.

At RT, the curves are again almost a straight line but have a faint S-shaped portion at low fields; thus, these data reproduce with
subtle difference the M(H) curve for the undoped sample. As shown before, the M(H) curves obtained at 2 K revealed large hysteresis
although the closure field is much lower for Fe-doped samples. Despite these differences, the FM- or SG-like phases are seen again.

Table 1 presents the main magnetic parameters of these and other samples, taken from the hystereses obtained at 2 K.

It is noteworthy that the magnetization at 7 T for the undoped sample is larger than the values found for the Fe-doped samples.
Indeed, this follows the trend NiO > Nig ggFe 040 > Nig g7Feg 030 > Nig ggFep.020 > Nig.ggFeg ¢10. The reduction of the maximum
magnetization is the result of a complex combination of the Ni and Fe magnetic moments and the cationic vacancies originated by the
Fe doping. The vacancies are consequence of the local electronic equilibrium, i.e., for each pair of Fe>" introduced into the matrix
(substituting two Ni cations), a “third” Ni2t cation is just removed in order to locally equilibrate the negative (0%") and positive
charges. Grain boundaries are formed if these point defects are numerous and sufficiently close, thus restricting the crystallite size.
Although naturally existing in pure and stable Ni; 50 (5 ~ 5 x 10™%), the fraction of Ni vacancies as well as the solubility limit for Fe
doping of this catalyst depend on the synthesis process.

A good check for the existence of two magnetic phases should be done to study the exchange bias in the samples. However, the need
to raise the temperature above RT before applying a magnetic field brings with it the risk that the NPs could evolve, thus changing their
nature.

This is why a sample made of smaller NPs was prepared and characterized (i.e., the sample annealed at 400 °C). Its °’Fe Mossbauer
spectrum is shown in Supplementary Material and reveals a system fully in a SPM regime at RT. Therefore, it is reasonable to apply the
field starting from RT down to 2 K (i.e., an FC condition) to investigate the exchange bias phenomenon.
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Fig. 10. M(H) curves obtained at RT and 2 K for the Nig ggFeq.020 (a) and Nig ggFeg 040 (b) samples. The inserts are expanded views of the hysteresis
central parts.

The ZFC curve of this sample (see Fig. 11) shows the same apparent flat profile from 300 K down to ~50 K as revealed by the other
Fe-doped samples though with a prominent shoulder in the low temperature peak (at ~20 K). In this respect, it repeats the behavior
found for the undoped sample.
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Fig. 11. M(T) curves - ZFC (blue) and FC (red) protocols obtained with H = 50 Oe for the Nig g7Fe( 030 sample. The inserts show expanded views of
the 35-300 K range (right-hand side) and the 2-45 K range (left-hand side).
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The insert in Fig. 11 (right-hand side) reveals the negative derivative of the ZFC curve in the range ~50-300 K, thus eventually
having a maximum below 30 K and indicating that the SPM blocking of the system was shifted and spread out to lower temperatures.
Here, this observation can be associated with a size effect (average diameter = 8.6 nm) on the NPs magnetic properties.

M(T) curves were also given for a sample annealed at a temperature between 400 °C and 600 °C (see Fig. 12). Consistent with the
idea that the blocking temperature range depends on the NPsaverage size (average diameter = 12.2 nm, in this case), the low tem-
perature maximum appears at ~250 K.

This illustrates how some magnetic properties can be tuned simply by controlling the NP size, which in this case can be done by heat
treatment or Fe-doping.

The anisotropy constant calculated for these NPs (with T = Tg) resulted in K = 90,715 J/m?, a value one order of magnitude higher
than that calculated for the NiO NPs. This enhancement may be attributed to either the smaller size of these Nig g7Fep 030 NPs in
comparison with the NiO NPs or to the iron doping.

Fig. 13 shows the M(H) curves obtained for the x = 0.03 sample at 300 K and 2 K under ZFC and FC conditions. Robust loop shifting
effects (along horizontal and vertical axes) are observed and can be attributed to two main contributions: exchange bias and/or a SG-
like state in the sample. The exchange field (Hg = ~1300 Oe) reinforces the existence of two magnetic regions with a common interface
such as in a core-shell NPs. The vertical and horizontal loop shifts are attributed to a minor loop effect (loop obtained in non-saturated
regime) that often occurs in samples with a SG-like state in FC protocols [36].

4. Conclusions

Ni; xFexO monophasic nanoparticles synthesized by the lyophilization method were characterized by magnetization techniques,
and the results are consistent with the core-shell model regularly employed to describe undoped NiO nanoparticles.

Above RT, the shell and core of the undoped NiO nanoparticles are respectively in a PM state and SPM regime, whereas the core is
progressively blocked magnetically decreasing the sample temperature in the range 50-300 K. Below 50 K, AFM clusters with a net
magnetic moment start to grow and block in the shell. Eventually, they freeze below 10 K leading the undoped and Fe-doped NiO NPs
to a cluster-glass-like state. The cluster-glass-like state occurs by dipolar magnetic interactions of NiO NPs after they enter in a
magnetically blocked state.

The Fe-doped NiO nanoparticles undergo the same transitions although triggered at different temperatures due to an enhancement
of magnetic exchange interaction caused by the Fe doping. Particularly, the anisotropy constant of the Nig 97Fe( 030 sample revealed to
be significantly larger than that of the undoped sample.
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