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A B S T R A C T

It is well-known that the fraction of surface atoms and the number of defects in an antiferromagnetic particle increase with a decrease in the particle size to tens of
nanometers, which qualitatively changes the properties of the particle. Specifically, in antiferromagnetic nanoparticles, spins in the ferromagnetically ordered planes
can partially decompensate; as a result, an antiferromagnetic particle acquires a magnetic moment. As a rule, uncompensated chemical bonds of the surface atoms
significantly weaken the exchange coupling with the antiferromagnetic particle core, which can lead to the formation of an additional magnetic subsystem para-
magnetic at high temperatures and spin-glass-like in the low-temperature region. The existence of several magnetic subsystems makes it difficult to interpret the
magnetic properties of antiferromagnetic nanoparticles. It is shown by the example of NiO nanoparticles with an average size of 8 nm that the correct determination
of the contributions of the magnetic subsystems forming in antiferromagnetic nanoparticles requires magnetic measurements in much stronger external magnetic
fields than those commonly used in standard experiments (up to 60–90 kOe). An analysis of the magnetization curves obtained in pulsed magnetic fields up to
250 kOe allows one to establish the contributions of the uncompensated particle magnetic moment μun, paramagnetic subsystem, and antiferromagnetic particle core.
The μun value obtained for the investigated NiO particles is consistent with the Néel model, in which μun∼N1/2 (N is the number of magnetically active atoms in a
particle), and thereby points out the existence of defects on the surface and in the bulk of a particle. It is demonstrated that the anomalous behavior of the high-field
susceptibility dM/dH of antiferromagnetic NiO nanoparticles, which was observed by many authors, is caused by the existence of a paramagnetic subsystem, rather
than by the superantiferromagnetism effect.

1. Introduction

It is well-known that nanoparticles of materials with the anti-
ferromagnetic (AFM) order exhibit the magnetic properties atypical of
the bulk systems [1,2]. The most important feature of the magnetic
state of AFM nanoparticles is their uncompensated magnetic moment
μun [1,2]. This moment is induced mainly by various defects, which
lead to decompensation of spins in sublattices, i.e., in fact, break the
AFM order. From the statistical considerations, the moment μun de-
pends on whether the defects are localized on the surface or in the bulk
of a particle. Néel showed [3] that the uncompensated moment can be
estimated as

∼μ μ·N ,un
b (1)

where N is the number of atoms in a particle, μ is the magnetic moment
of an atom, and exponent b is 1/3 for surface defects, 1/2 for bulk
defects, and 2/3 in the case of the odd number of planes with parallel
spins in a particle. For particles with N∼ 104 and smaller, the μun value
is already significant and comparable in the order of magnitude with

the magnetic moment of ferrimagnetic nanoparticles with the same size
[1,2]. Indeed, according to the numerous data, Eq. (1) is quite valid for
nanoparticles of different AFM materials and the μun value can be
hundreds of Bohr magnetons for particles several nanometers in size
[1,4–16]. Certainly, this property broadens the range of application of
AFM nanoparticles [17,18] and makes them an alternative to conven-
tional ferri- and ferromagnetic nanoparticles.

The magnetic behavior of AFM nanoparticles is similar to that of
ferri- and ferromagnetic ones. The uncompensated magnetic moment
can be blocked (superparamagnetic state) or unblocked. These two
states are separated on the temperature axis by the superparamagnetic
(SP) blocking temperature TB:

=T K V/ln(t/t ) k .B eff 0 B (2)

Here, Keff is the effective magnetic anisotropy constant, which includes
the bulk magnetic anisotropy and surface effects; V is the particle vo-
lume; τ is the characteristic measurement time; τ0 is the particle re-
laxation time (τ0 is inversely proportional to the attempt frequency);
and kB is the Boltzmann constant.
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In the general case, the magnetization curves of a system of AFM
nanoparticles are described by the equation

= + ×χM(H) M (H) H.FM AF (3)

Here, MFM(H) is the contribution of the uncompensated magnetic mo-
ments hereinafter referred to as ferromagnetic (FM) subsystem and the
term χAF×H is responsible for the AFM particle sublattice cant (χAF is
the AFM susceptibility). In the SP state (at T > TB), the contribution of
the FM subsystem is described by the classical Langevin function. In the
blocked state (at T < TB), the magnetization curve M(H) is the hys-
teretic function of the external field H. In this case, however, one should
take into account the exchange coupling between the FM component
and AFM core of a particle. In systems of AFM particles, the magnetic
hysteresis loop often shifts upon cooling in an external field [19–29],
which is caused by the exchange coupling between the FM component
and AFM core. Therefore, in the blocked state in the low-temperature
region (T < TB), Eq. (3) is not simply a sum of two terms, i. e., the
hysteretic (FM component) and linear dependences, which complicates
the interpretation of the experimental data and extraction of the above-
mentioned contributions.

To correctly analyze the magnetic properties of the systems of AFM
particles and extract the contribution of the FM subsystem, one should
choose the experimental conditions (temperature and maximum ex-
ternal field) that would ensure the saturation of the contribution of the
FM subsystem; in this case, the M(H) dependence in the high-field re-
gion should pass to its linear portion corresponding to the second term
in Eq. (3). The M(H) dependence similar to Eq. (3) was observed many
times for different systems of AFM nanoparticles [1,4–14,16,20–35],
but it was mentioned that its linear portion can only be observed in
strong magnetic fields [9,32–35].

Another issue to be elucidated is the temperature behavior of the
second term in Eq. (3). In many experiments, the χAF(T) dependence
obtained from the magnetization curves decreased with temperature
[4–6,8–10,12–14,20,25,31,36–38]. This is atypical of a bulk antiferro-
magnet (i. e., a polycrystalline antiferromagnet with the random dis-
tribution of crystallographic axes, at which the χAF(T) dependence in-
creases with temperature). In addition, the absolute values of χAF were
larger in several times than the values for a bulk AFM material
[4,6,25,31,36–40]. This χAF(T) behavior was frequently attributed to
the effect of superantiferromagnetism, i.e., one more effect predicted by
Néel for small AFM particles [41,42]. The essence of this effect is that
the surface spins of AFM nanoparticles with the even number of fer-
romagnetically ordered planes rotate stronger under the action of field
H applied perpendicular to the easy magnetization axis than the spins
of the inner planes. This can result in noticeable increase of magnetic
susceptibility of small particles (the particle diameter should be no
larger than several tens of ferromagnetically ordered planes) [9,35].
Besides, the extra susceptibility (or superantiferromagnetic suscept-
ibility) can decrease with temperature [35].

However, when analyzing the magnetic properties of systems of
AFM nanoparticles, we cannot ignore the presence of one more mag-
netic subsystem: there is a group of surface spins that may belong to
neither the AFM core nor the FM subsystem. At sufficiently low tem-
peratures, this additional subsystem can behave like a spin glass due to,
e. g., frustration of the exchange couplings of surface spins [39,43–48];
at high temperatures, it behaves like an independent paramagnetic
subsystem uncoupled with other subsystems [49,50]. Hence, we should
add Eq. (3) with the term Mpara(H), which reflects the contribution of
the paramagnetic subsystem:

= + + ×χM(H) M (H) M (H) H.FM para AF (4)

In view of the aforesaid, we may conclude that, when analyzing the
magnetic properties of systems of AFM nanoparticles, it is necessary to
take into account the contributions of all the above-mentioned mag-
netic subsystems and significantly broaden the range of magnetic fields
in the experiments. Usually, the external field ranges between 50 and

90 kOe, due to standardization of facilities. However, an external
magnetic field within this range is often insufficient to exactly separate
the linear portion in the M(H) dependence. In this study, we demon-
strate by the example of AFM NiO nanoparticles with an average size of
∼8 nm that the use of strong pulsed magnetic fields (up to 250 kOe),
along with the standard magnetic measurements, makes it possible to
correctly determine the contributions of different magnetic subsystems
forming in AFM nanoparticles, including the contribution of the FM and
paramagnetic subsystems.

2. Experimental

2.1. Synthesis and characterization of the nanosized NiO sample

The NiO nanoparticles were synthesized by thermal decomposition
of nickel oxalate NiC2O4·2H2O prepared from NiSO4·7H2O (pure) and
(NH4)2C2O4·H2O (analytic grade) taken in the stoichiometric ratio: the
14-% NiSO4·7H2O solution was added with the corresponding stoi-
chiometric amount (3.6%) of the (NH4)2C2O4·H2O solution upon in-
termixing at a speed of 250 rpm for 20min. The obtained whitish green
precipitate was filtered and washed from (NH4)2SO4 with distilled
water. The decomposition process included the temperature rise to
400 °C for 40min and 10-min exposure at this temperature.

The diffraction pattern of the sample under study was obtained on a
Bruker D8 Advance X-ray diffractometer (Germany) in CuKα radiation
at λ=1.5418 Å (Fig. 1). All the diffraction peaks correspond to the NiO
phase (PDF No. 047-1049). The NiO unit cell parameter coincides with
a standard value (sp. gr. Fm3̄m, a= b= c=4.176 Å, and
α= β= γ=90°). The coherent scattering region determined from the
diffraction peak broadening by Scheerer formula is 8 nm.

The electron microscopy investigations were carried out on a
Hitachi HT7700 transmission electron microscope at an accelerating
voltage of 100 kV. The samples were prepared using a conventional
technique, specifically, deposition of NiO nanoparticles suspended in
alcohol and preliminary dispersed in an ultrasonic bath onto carbon
grids.

Fig. 2a shows a typical microphotograph of the investigated sample.
Fig. 2b presents a size distribution histogram for nanoparticles with an
average size of< d> ≈ 8.5 nm, which is consistent with the coherent
scattering region determined from the X-ray diffraction data (Fig. 1).
The sample under study is hereinafter referred to as 8-nm NiO.

To obtain information about the behavior of the magnetic suscept-
ibility of bulk nickel oxide, we sintered a sample from the tableted

Fig. 1. Experimental diffraction pattern of the investigated NiO nanoparticle
sample and line diagram showing the position and relative intensity of the bulk
NiO phase peaks.
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ultrahigh-purity NiO reagent at 600 °C. The measured magnetic sus-
ceptibility of the sample is denoted by χbulk(T).

2.2. Magnetic measurements in different field ranges

The temperature dependences of magnetization M(T) were obtained
on a SQUID magnetometer [51] in the zero-field cooling (ZFC) and field
cooling (FC) modes. The quasi-static measurements of the M(H) de-
pendences were performed on a vibrating sample magnetometer (VSM)
[52] in fields up to 60 kOe.

The measurements of the magnetization curves M(H) in pulsed
magnetic fields were performed on an original pulsed magnetic field
facility at the Kirensky Institute of Physics (Krasnoyarsk, Russia). The
sample under study was fixed in an induction sensor placed on a
measuring rod of the pulsed magnetometer. The pulse length was
16ms. When measured in a pulsed field, a signal proportional to the
magnetization is integrated during a pulse with an analog device. To
eliminate the background, measurements were taken with the sample
and without the sample, after which the signal from the sample de-
termined. The magnetization isotherms M(H) were measured at tem-
peratures of 77–300 K and a magnetic field pulse amplitude up to
250 kOe.

3. Results and discussion

3.1. Superparamagnetic blocking temperature

Fig. 3 shows temperature dependences of magnetization measured
in magnetic fields of 100 and 1200 Oe in the ZFC and FC modes. The
ZFC M(T) dependences have a maximum (arrows), the temperature of
which shifts toward lower temperatures with increasing external field.
This behavior, along with the strong effect of thermomagnetic pre-
history (above ∼240 K, the FC and ZFC M(T) dependences coincide),
points out the SP blocking of nanoparticles in the sample under study.

The blocking temperature TB at H=100 Oe is about 185 K. At
τ0∼ 10–11 s and τm∼ 101 s (the value typical of the VSM technique
[1]) and< d> ≈ 8.5 nm (V∼ d3), the blocking temperature
TB≈ 185 K corresponds, in accordance with Eq. (2), to a magnetic
anisotropy constant of about 1.3× 106 erg/cm3. This exceeds the
magnetic anisotropy constant of bulk nickel oxide (KV≈ 0.8× 105 erg/
cm3 [48]) by an order of magnitude. Such an increase in the effective
magnetic anisotropy constant Keff in systems of nanoparticles is ob-
served fairly frequently and related to the surface anisotropy, which
dominates in small particles [53,44]: Keff=KV+6KS/d, where KS is
the surface magnetic anisotropy constant. If we take into account only
the surface magnetic anisotropy, then the KS value is ∼0.15 erg/cm2,
which is typical of oxide systems [54–56]. From the other hand, in-
terparticle magnetic interactions can result to increase of the blocking

temperature of a system of nanoparticles (or, in seeming enhancement
of the Keff value) [1,16,57–63]. It should be noted that the interparticle
interactions do not affect the magnetization curves in strong magnetic
fields.

3.2. Magnetization isotherms in fields up to 60 kOe (VSM technique)

Fig. 4 shows M(H) dependences measured at different temperatures
(below and above TB) using the VSM technique. The curves are typical
of magnetic nanoparticles: at T < TB, the M(H) dependences are hys-
teretic (due to competition of magnetic anisotropy energy KeffV and
Zeeman energy μun·H), while at T > TB, they are fully reversible. The
magnetization at 4.2 K is lower than at 78 K, which is caused by the
progressive blocking of the particle magnetic moments at low tem-
peratures. In the first approximation, the shape of the M(H) curves
corresponds to the behavior predicted by Eq. (3). One can see a su-
perposition of the field-linear contribution and FM subsystem, which
exhibits the hysteresis at T < TB and is reversible at T > TB. The
aforementioned (see Introduction) exchange coupling between the FM
component and AFM core of a particle (in fact, magnetic adherence)
leads to the strong fields of the irreversible magnetization behavior and
the M(H) hysteresis loops at 4.2 and 78 K in Fig. 4 are minor loops,
which were observed also in other systems of AFM nanoparticles.
Hence, these data do not allow us to correctly extract the contribution
of the FM subsystem, since the M(H) curves do not pass to the linear
portion. The data obtained in the SP temperature region do not allow us
to unambiguously extract the linear M(H) portion either.

Fig. 2. Transmission electron microscopy data on the 8-nm NiO sample: (a) typical microphotograph and (b) particle size distribution histogram.
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Fig. 3. Temperature dependences of magnetization for the investigated sample.
Arrows show the positions of ZFC M(T) maxima (SP blocking temperature).
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Thus, the analysis of the magnetic measurement data obtained in
the conventionally used field range faced the problems concerning the
extraction of contributions of different magnetic subsystems in the
system of AFM particles. The external fields up to 60 kOe are in-
sufficient to saturate the FM subsystem.

3.3. Magnetization isotherms in fields up to 250 kOe (pulsed technique)

Fig. 5 shows M(H) dependences of the investigated sample mea-
sured at different temperatures in pulsed magnetic fields up to 250 kOe.
Before analyzing the data obtained, we would like to make some
comments.

The pulsed technique has certain advantages and limitations in such
investigations. The advantage is the significant broadening of the ex-
ternal field range; the limitation is related to different characteristic
measuring times τ in the pulsed technique and standard quasi-static
measurement method. It is obvious that at the pulsed magnetization,
the τ value will be of the same order of magnitude as the pulse length
(the half-period for which the external field changes from H=0 to its
maximum value Hmax). Substituting the value τ∼ 10−2 s into Eq. (2),
we find that the TB value increases by 30–50% as compared with the

value (τ∼ 101–2 s) for the VSM technique, which leads to an increase in
the coercivity of nanoparticles upon pulsed magnetization switching
[54,64–68]. This must be taken into account when analyzing the data
obtained in pulsed fields.

For the sample investigated in this work, a noticeable magnetization
hysteresis was observed at a temperature of 78 K in fields weaker than
∼130 kOe. As the temperature increases, the range of the noticeable
irreversible behavior narrows: at 200 K and above, the M(H) hysteresis
becomes insignificant. Fig. 5 presents the experimental M(H) de-
pendences obtained using the VSM technique in fields below 60 kOe
and the magnetization curves measured by the pulsed technique in
increasing external field.

It can be seen in Fig. 5 that, in strong fields, there is a linear portion
predicted by Eq. (3) under the condition that the FM subsystem is sa-
turated (the uncompensated magnetic moments are parallel to the ex-
ternal field). The possible contribution of the paramagnetic subsystem
(see Introduction and Eq. (4)) can be taken into account in the form
Mpara(H,T)=M0B(H,T), where M0 depends on the fraction of spins that
exhibit the paramagnetic behavior and B(H,T) is the Brillouin function.
The magnetic moment μ of the Ni2+ atom is ∼2 μB; at this value, the
Brillouin function is linear in field under the experimental conditions of
Fig. 5 (temperatures above ∼80 K and the maximum applied field is
∼250 kOe). Therefore, Eq. (4) can be rewritten in the form

= + ×χM(H, T) M (H, T) (T) H.FM total (5)

In this equation, χtotal(H,T) includes the AFM susceptibility of the
particle core and the contribution of the paramagnetic subsystem:
χtotal(T)=Mpara(T)/H+ χAF(T). Solid lines in Fig. 5 show the ap-
proximation of the linear portion of the M(H) dependences using Eq.
(5).

3.4. Uncompensated magnetic moment

The approximation of the M(H) dependences (Fig. 5) using Eq. (5)
yields the MFM(T) values, i. e., in fact, the temperature dependence of
the saturation magnetization of the FM subsystem, which is propor-
tional to the average uncompensated magnetic moment of particles (μun
in Eq. (1)) (Fig. 6). The experimental data presented in Fig. 6 are de-
scribed well by the dependence

= = × −T βM (T) M ( 0) (1 T )a
FM FM (6)

at a≈ 1.75 (± 0.1).
The temperature evolution of MFM reflects the spin wave damping

processes, which are different for FM and AFM materials. The situation
changes with a decrease in the particle size. For example, for ferro- or
ferrimagnetic nanoparticles, the exponent in Eq. (6) exceeds the value
predicted by the classical spin waves theory (a=3/2 is the Bloch’s law)
[69,70]. The μun(T) behavior observed for AFM nanoparticles was also
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described by functional dependence (6) [9,10,12–14]; the exponent
ranged from 1.5 to 2.

The extrapolation of the data in Fig. 6 using Eq. (6) to a value of
MFM=0 yields the temperature ∼510 K. This is similar to the Néel
point of the bulk NiO oxide (∼520 K [71]). The temperature of mag-
netic ordering of nanoparticles is, as a rule, lower [71–75]. In parti-
cular, the Néel temperature of NiO particles 8 nm in size was found to
be ∼500 K [71].

Using the value MFM(T=0)= 0.63 emu/g obtained by the extra-
polation of the experimental data in Fig. 6, we may determine the
average uncompensated magnetic moment< μun> . NiO particle with
a cubic shape and mean size of< d> ≈ 8.5 nm contains N∼ (d/dNi-
Ni)3≈ 2.4× 104 nickel atoms (here dNi-Ni is the Ni-Ni spacing; dNi-
Ni≈ 0.3 nm [76]). The value MFM(T=0) equals to 0.63 emu/g corre-
sponds to the decompensation of about 0.4% of nickel atoms in anti-
ferromagnetic NiO1. Therefore, there are 0.004×N≈ 100 nickel
atoms in a particle of mean size are ordered ferromagnetically. Hence,
the< μun> value for the investigated sample is ∼200 μB. At<
μun> ≈ 200 μB Néel ratio (1) is valid at b≈ 0.45, which is similar to
the case when defects exist both on the surface and in the bulk of a
particle (b=1/2).

3.5. Temperature behavior of the AFM susceptibility and paramagnetic
subsystem

Fig. 7 presents the χtotal(T) dependence obtained by approximating
the M(H) dependences from Fig. 5 using Eq. (5). This is, in fact, the dM
(H)/dH derivative of the experimental magnetization curves in the
high-field region. It can be seen that the χtotal value decreases with
increasing temperature (see Introduction). In addition, Fig. 7 shows the
temperature dependence of the AFM susceptibility for bulk NiO
(χbulk(T)). It can be seen that the χtotal values are noticeably higher than
the AFM susceptibility of bulk NiO. To establish the possible con-
tribution of the superantiferromagnetic susceptibility and (or) para-
magnetic subsystem, it is necessary to subtract χbulk(T) from the
χtotal(T) dependence. The data on the difference χtotal(T) – χbulk(T) are
shown in Fig. 7. It was found that the obtained values
χtotal(T) – χbulk(T) agree well with the dependence proportional to 1/T,
i. e., are typical of the paraprocess. Thus, the excess susceptibility
χtotal(T) is related to the existence of a paramagnetic subsystem, or from
very small moments (few spins) rather than to the super-
antiferromagnetism.

Using the established behavior of the difference χtotal(T) – χbulk(T)
or, in fact, the paramagnetic susceptibility, we can determine the con-
centration of Ni atoms uncoupled with both the AFM particle core and
FM subsystem (uncompensated moment μun). This value is about 5% of
all nickel atoms in the sample2. For a particle with an average size
of< d> ≈ 8.5 nm, this is about 1.2× 103 atoms, which is comparable
with the number of atoms in one atomic plane (8.5× 8.5 nm2) or one
particle face (∼830 atoms). It may be said that, despite the relatively
small fraction of paramagnetic atoms, their contribution to the total
magnetic behavior of the sample becomes significant in strong fields. In
the low-temperature region (below, at least, 80 K), it is difficult to make
such estimations from the experimental M(H) curves, since the para-
magnetic subsystem can exhibit the spin-glass behavior [39,43–48].

Note that, in the above estimations, we used the χbulk values for an
ideal NiO particle without defects, which could induce μun, and para-
magnetic atoms. However, the total number of these atoms, which are

not involved in the AFM ordering, is no larger than ∼6% of the total
number of atoms in a particle. Therefore, the χbulk value can be as-
sumed invariable, accurate to ∼6%, for particles 8 nm in size and
larger.

4. Conclusions

The magnetic properties of nickel oxide nanoparticles with an
average size of 8 nm were studied. The superparamagnetic blocking
temperature for the magnetic measurements was found to be 185 K,
which corresponds to the effective magnetic anisotropy constant
Keff≈ 1.3×106 erg/cm3. This is higher than the value for bulk nickel
oxide (∼0.8×105 erg/cm3) by an order of magnitude and most likely
caused by the surface anisotropy; the surface magnetic anisotropy
constant is KS≈ 0.15 erg/cm2.

The analysis of the magnetization curves measured in the tem-
perature range of 80–300 K and magnetic fields up to 250 kOe showed
that NiO nanoparticles include three magnetic subsystems: (i) the fer-
romagnetic subsystem caused by the uncompensated magnetic moment
of particles, (ii) antiferromagnetic subsystem of NiO nanoparticle cores,
and (iii) subsystem of spins uncoupled with the antiferromagnetic core,
which exhibits the paramagnetic behavior in the investigated tem-
perature range (80–300 K). In the fields over 150 kOe, the magnetiza-
tion curves pass to the linear portions due to the saturation of the fer-
romagnetic subsystem and field-linear response from the two other
subsystems.

The temperature evolution of the high-field susceptibility (the M(H)
slope in its linear portion) is described well by the two above-men-
tioned contributions: the inversely proportional to the temperature
(paraprocess, ∼1/T) and temperature dependence of the AFM sus-
ceptibility of bulk NiO. We may conclude that the observed tempera-
ture dependence of the high-field magnetic susceptibility of AFM na-
noparticles is caused by a contribution arising from isolated
(paramagnetic) spins or very small clusters, rather than by the super-
antiferromagnetism. In the investigated system of NiO nanoparticles,
the fraction of the discussed paramagnetic subsystem is ∼5%.

Using the data on the saturation magnetization of the system, we
determined the average magnetic moment of a particle, which was
found to be ∼200 μB. This value corresponds to the decompensation of
100 nickel atoms in a particle; the Néel ratio μun∼ μ · N b is valid at a
value of b≈ 0.45 similar to the idealized case (b≈ 0.5) of surface and
bulk defects.
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Fig. 7. The dM/dH= χtotal(T) values obtained by analyzing the data from
Fig. 5 for the 8-nm NiO sample and temperature behavior of the AFM sus-
ceptibility of bulk NiO. The difference χtotal(T) – χbulk(T) shows the tempera-
ture behavior proportional to 1/T (solid line).

1 The theoretical magnetization of NiO at μNi ≈ 2 μB for the total spin po-
larization is ∼148 emu/g.

2 The values Mpara(T)/H= χtotal(T) – χAF(T) in Fig. 7 are described by the
expression Mpara(H,T) = M0B(H,T), where B(H,T) is the Brillouin function and
M0≈ 8 emu/g, which corresponds to a paramagnetic atom fraction of ∼(8/
148)∼ 5%.
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