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-The analysis of the M(H) magnetization curves of antiferromagnetic nanoparticles yields information about
magnetic subsystems formed in these objects, which are characterized by a large fraction of surface atoms.
However, in the conventionally investigated experimental magnetic field range of up to 60-90 kOe, this analysis
often faces the ambiguity of distinguishing the Langevin function-simulated contribution of uncompensated
magnetic moments i, of particles against the background of a linear-in-field dependence (the antiferromagnetic
susceptibility and other contributions). Here, this problem has been solved using a pulsed technique, which
makes it possible to significantly broaden the range of external fields in which the py, contribution approaches
the saturation. Nanoparticles of a typical NiO antiferromagnet with an average size of <d> ~ 4.5 nm have been
investigated. Based on the thorough examination of the M(H) magnetization curves measured in pulsed fields of
up to 250 kOe, a model of the magnetic state of NiO nanoparticles of such a small size has been proposed. The
average moment is ~130 pp (pp is the Bohr magneton) per particle, which corresponds to 60-70 decompensated
spins of nickel atoms localized, according to the Néel hypothesis (jyn ~ <d>% 2), both on the surface and in the
bulk of a particle. A part of the surface spins unrelated to the antiferromagnetic core form another subsystem,
which behaves as free paramagnetic atoms. Along with the antiferromagnetic core, an additional linear-in-field
contribution has been detected, which is apparently related to superantiferromagnetism, i.e., the size effect
inherent to small antiferromagnetic particles.

1. Introduction

surface atoms play a role fundamentally different from that in ferri- or
ferromagnetic (FM) nanoparticles. If a bulk antiferromagnet is weakly

Magnetic nanoparticles are interesting for applications in various
fields of engineering and technology, including permanent magnets
[1-4], magnetic memory [5-7], catalysis [8,9], biotechnology [10,11],
and medicine (drug delivery, magnetic hyperthermia, etc.) [12-15].
Along with the small size and requirements for the narrow size distri-
bution of nanoparticle ensembles, an important characteristic of such
systems is their magnetic activity: a nanoparticle should remain a good
nanomagnet. However, the well-known surface effects and structural
defects often degrade the magnetic properties, as was observed, for
example, in nanometer oxide ferrimagnetic materials [16-18]. In view
of this, close attention is paid to the materials antiferromagnetically
ordered in the bulk state. In such systems, at the transition to nanoscale
particles, structural defects and uncompensated chemical bonds of
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magnetic, its nanoparticles in the presence of defects acquire a
completely new quality in the form of an uncompensated magnetic
moment. The moment per particle can attain hundreds of Bohr magne-
tons [19-36]. These size effects open up new possibilities for applica-
tions of antiferromagnetic (AFM) nanoparticles based on their magnetic
characteristics.

In principle, the spin of a surface atom in the nonstoichiometric
coordination can be considered to be a defect as compared with the AFM
ordering of a bulk material. However, to form an uncompensated
magnetic moment, defects of different types should occur, in the pres-
ence of which the numbers of “spin-up” and “spin-down” electrons are
unequal. In fact, the FM ordering of a certain part of the magnetic mo-
ments of atoms in a particle should be implemented, while for most AFM
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spins, the order is mainly preserved (hereinafter, this main subsystem is
referred to as the AFM particle core). The main sources of the formation
of a new FM subsystem (uncompensated particle moment ;) can be
considered to be defects, which lead to decompensation of spins in the
sublattices. Based on the statistical considerations, the p,, value will
depend on whether the defects occur on the surface or over the entire
volume of a particle. Néel showed [37] that the p,, value can be esti-
mated using the relation

Hun ™ By Ny- 1

Here, Ny is the number of atoms in a particle, p ¢ is the magnetic
moment of an atom, and exponent b is 1/3 when defects occur on the
particle surface, 1/2 when they are localized both on the surface and in
the bulk of a particle, and 2/3 at the odd number of planes with parallel
spins in a particle. Although this hypothesis is purely model, Eq. (1) is
widely used to analyze experimental data, since these cases can be
distinguished by exponent b.

For the magnetic nanoparticles of almost all types, the bright effects
induced by the behavior of surface spins [16-18,25,38-49], which can
also be considered as a separate subsystem, have been widely debated.
At low temperatures, a spin-glass-like state can be implemented in this
subsystem [25,38-47]. The AFM nanoparticles are not an exception in a
series of nanomaterials with the surface spin subsystem [25,43-49].
Here, it is important to distinguish this subsystem from the above-
described FM subsystem, which determines the uncompensated mag-
netic moment of a particle.

Thus, three magnetic subsystems can coexist and interact in an AFM
nanoparticle, which are the AFM core, the FM subsystem (jyn), and the
surface spin subsystem. All these subsystems contribute to the magnetic
behavior of AFM nanoparticles, thereby complicating the analysis of
their magnetic properties. The FM and surface spin subsystems are
manifested in the magnetic measurements (in the temperature de-
pendences of the static and dynamic susceptibility) [19,23,42-45] and
other experimental examinations, including Mossbauer spectroscopy,
magnetic resonance [40,48], and powder neutron diffraction studies
[50,45]. In some cases, the pu, value can be found from the Mossbauer
spectroscopy [19,27] and magnetic resonance data [51,52]. Analysis of
powder neutron diffraction on the AFM nanoparticle system allows one
to determine a fraction of spins corresponding to the AFM-ordered core
[45]. At the same time, the M(H) curve brings information on all the
above-mentioned contributions corresponding to the magnetic sub-
systems in AFM nanoparticles. Consequently, the correct separation of
the contributions of these subsystems to the observed magnetic prop-
erties of AFM nanoparticles is an important fundamental problem
associated with possible applications, since it is the FM subsystem (jyn)
that, ultimately, is crucial for use of these particles as nanomagnets.

Similar to the case of ferro- and ferrimagnetic nanoparticles, the
uncompensated magnetic moment of an AFM particle can be in the
blocked or unblocked (superparamagnetic (SPM)) state. On the tem-
perature scale, these states are separated by the SPM blocking temper-
ature Tp, which is generally determined as

TB = KeffV/ln(Tm/To) kB. (2)

In this equation, K is the effective anisotropy constant, which in-
cludes the bulk magnetic anisotropy and surface effects, V is the particle
volume, T, is the measurement time, 1 is the characteristic particle
relaxation time (typically ranging between 10°-10° s), and kg is the
Boltzmann constant.

At T < Tp, the magnetization process is mainly determined by the
competition of the Zeeman energy u,, «H and the magnetic anisotropy
energy K¢V, which induces potential barriers for the uncompensated
magnetic moment. This is the well-known mechanism of the hysteretic
behavior of magnetization of single-domain magnetic particles [53]. In
the SPM state (T > Tp), the thermal energy exceeds the magnetic
anisotropy energy and the magnetization process is that p,, seeks to
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orient along H. In this case, the magnetization (for the noninteracting
magnetic moments) can be described by the classical Langevin function
L(pun, H) = coth(pynH / kKT) — 1/(punH/KT).

The magnetization curve for AFM nanoparticles can be presented in
the approximate form [19-36]

M(H) = Mpm (H) + Yo X H. 3

Here, Mpm(H) is the contribution of the FM subsystem and the term
Ytotal X H reflects the other contributions. The M(H) dependence, similar
to (3), was repeatedly observed in different systems of AFM nano-
particles. This allows one to obtain the p,, value by processing the
experimental data in the temperature range of T > Tp using the simu-
lation of Mgm(H) by the L(pyn,H) function [19-36,44,54,55]. However,
there are some problems that strongly complicate this interpretation.
They are as follows:

(i) The size distribution of AFM particles and, consequently, the py
distribution over their size must be taken into account; as was
shown in [26,29,30,36,55], the neglect of this distribution can
lead to the incorrect determination of the p,, value.

(ii) The Ytotal value in Eq. 3), according to
[21-25,28-30,36,44,54,55], decreases with temperature sur-
prisingly strongly, which needs special explanation.

(iii) In the conventionally used magnetic field range (up to
60-90 kOe), the experimental M(H) dependences only tend to
attaining a linear portion, which is determined by the second
term of Eq. (3); the results of fitting essentially depend on the
maximum applied field [56,57] and can be ambiguous. For
instance, the linear contribution, even in relatively strong
(about 50-90 kOe) fields can be reproduced by the Langevin
function at small p, values.

All the above-listed problems can be solved via a significant expan-
sion of the range of magnetic fields used in the experiment. If, in a strong
field, the experimental M(H) dependence will pass to a linear portion,
then the contribution of the FM subsystem (jyn) in this field will be
saturated and can be unambiguously described by the Langevin function
taking into account the size (or p,) distribution of particles. The tem-
perature evolution of the yota value, with allowance for the AFM sus-
ceptibility yar of the corresponding bulk antiferromagnet, allows us to
distinguish the contribution of the surface spin subsystem, as well as the
possible contribution of superantiferromagnetism [24,58].

Superantiferromagnetism (SAF) is another effect predicted by Néel
[59,60] for small AFM particles. This is the finite-size effect inherent to
AFM particle with an even number of ferromagnetic planes. When
external field H is directed perpendicular to the easy magnetization axis
(parallel to the ferromagnetically ordered planes), the spins of the edge
plane turn along H stronger than the spins of the inner planes, since the
extreme plane has only one neighboring plane. This obviously results in
the enhancement of AFM susceptibility [59,60,24,58]. However, the
noticeable susceptibility excess can be observed if particles have no
more than several tens of FM-ordered planes in the diameter, i.e., a few
nanometers. Despite the mentions of the SAF effect manifestation in the
magnetic properties of AFM nanoparticles, we can only note two studies
[24,58] in which, based on the data obtained in fields of several hun-
dreds of kilooersted, the ysar contribution to the magnetization curve of
AFM-ordered ferritin was determined. Similar investigations for other
AFM nanoparticle systems are lacking.

The aim of this study was to determine the contributions of different
magnetic subsystems of AFM NiO nanoparticles using the measurements
in pulsed fields of up to 250 kOe. A system of sufficiently small (4.5 nm
on average) particles was chosen. In particles of this size, the fraction of
surface atoms attains tens percent of the total number of atoms, which
causes a great contribution of the FM and surface spin subsystems to the
magnetic properties.
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2. Experimental
2.1. Preparing and characterizing nanosized NiO

NiO nanoparticles were obtained by thermal decomposition of nickel
oxalate. In contrast to the fabrication of 8-nm NiO nanoparticles in [61],
a dispersion of the synthesized nickel oxalate in dimethyl sulfoxide in a
mass ratio of 1:1 was prepared. The decomposition was performed with
an increase in temperature to 400 °C for 40 min and 10-min exposure at
this temperature.

The X-ray diffraction (XRD) pattern of the NiO nanoparticle sample
was obtained on a Bruker D8 Advance (Germany) diffractometer (CuKo
radiation, 1 = 1.5418 A (Fig. 1)). All the diffraction peaks correspond to
the NiO phase (PDF no. 047-1049). The NiO cubic unit cell parameter is
consistent with a reference value (sp. gr. Fn3.m,a=b=c=4.176 A, a
= g =y = 90°). The average size of the coherent scattering region of
crystallites calculated from the XRD peak half-widths using the Scherrer
equation was ~ 4.8 nm.

Transmission electron microscopy (TEM) investigations were carried
out on a Hitachi HT7700 facility at an accelerating voltage of 100 kV.
The powder diluted in alcohol was processed in an ultrasonic bath and
then deposited onto a support mesh grid. Fig. 2 shows a typical TEM
micrograph of the investigated sample and the size distribution histo-
gram for NiO nanoparticles. The average size < d > of NiO nanoparticles
estimated from several micrographs was found to be 4.5 nm, which is
consistent with the coherent scattering region obtained from the XRD
data.

To obtain information about the behavior of the magnetic suscepti-
bility of bulk NiO, a submicron particle powder of the NiO reagent of
special purity grade was taken. This sample is hereinafter referred to as
bulk NiO.

2.2. Measurements of the magnetic properties in different field ranges

The quasi-static magnetic measurements were performed on a
vibrating sample magnetometer (VSM) [62] and a SQUID magnetometer
[63] (the M(T) dependences in fields of 10 and 100 Oe). The investigated
powder was admixed with paraffin. The temperature dependences of the
magnetization were measured in the zero-field cooling (ZFC) mode and
upon cooling in an external field (FC).

The M(H) magnetization curves in pulsed magnetic fields were
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Fig. 1. XRD pattern of the investigated NiO nanoparticle sample in comparison
with the line diagram illustrating the positions and relative intensities of the
bulk NiO peaks.
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Fig. 2. TEM micrograph of nanoparticles of the investigated sample and par-
ticle size distribution histogram.

measured on an original setup designed at the Kirensky Institute of
Physics, Siberian Branch, Russian Academy of Sciences (Krasnoyarsk)
[64]. A sample was well fixed within an inductance transducer of a
pulsed magnetometer. The pulse length tpse was 16 ms. The inductance
transducer used in the magnetization measurements consisted of coaxial
compensated coils in which the sample was placed. The signal induced
in the coils was amplified and recorded by a digital storage oscilloscope.
The M(H) isotherms were measured in the temperature range of 80-250
K at a magnetic field pulse amplitude of up to 250 kOe. The M(H) de-
pendences reported in Section 3 contain the data obtained using the
pulsed magnetometer in fields of 0-250 kOe and the data obtained by
the VSM method in fields of up to 60 kOe.
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008 v ZFC (H=10 Oe)
el & FC(H=100
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Fig. 3. Temperature dependences of magnetization for the investigated NiO
sample with < d> = 4.5 nm obtained under the ZFC conditions and in the FC
mode in fields of 1 kOe, 100 Oe (inset), and 10 Oe (inset).
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3. Results and discussion
3.1. M(T) Dependences

Fig. 3 shows temperature dependences of the magnetization of the
investigated NiO nanoparticle sample measured under the ZFC condi-
tions and in the FC mode in magnetic fields of 1 kOe, 100 Oe, and 10 Oe.
The thermomagnetic prehistory affects the M(T) behavior at tempera-
tures below ~ 29 K. The difference between the behavior of the ZFC and
FC M(T) dependences is indicative of the SPM blocking. In this case, the
uncompensated magnetic moments of particles are blocked. In addition,
one can see a pronounced growth of the M(T) dependences with
decreasing temperature both under the ZFC and FC conditions, which is
especially bright in a field of 1 kOe. This behavior is indicative of a
paraprocess and evidences for the existence of isolated (or free) para-
magnetic ions in the system [35,47,65-69]. In addition, it can be seen in
Fig. 3 that the ZFC M(T) dependences do not contain the maximum
typical of the SPM blocking, even in a weak (10 Oe) external field up to a
temperature of 4.2 K. This could be interpreted as a very low SPM
blocking temperature; however, in Section 3.5, we show that the
allowance for the paramagnetic contribution (about 6.8% of total Ni
atoms) of the surface-spin subsystem discloses a typical behavior, i.e.,
the presence of an M(T) maximum determined under the ZFC
conditions.

3.2. Magnetization curves in different field and temperature ranges

Fig. 4 shows the M(H) dependences obtained at different tempera-
tures in fields of up to 60 kOe. At a temperature of 4.2 K, the M(H)
dependence is a hysteretic function, which is characteristic of a blocked
state of the particle magnetic moments; the coercivity is ~ 0.55 kOe (see
the lower inset in Fig. 4). It is noteworthy that the magnetization
strongly decreases with an increase in temperature from 4.2 to 80 K. This
behavior can be explained, as in the case of the M(T) dependences (see
Section 3.1), by the contribution of the surface spin subsystem. At suf-
ficiently high temperatures, this subsystem represents free paramagnetic
spins and, if it passes to the spin-glass-like state, then the glass formation
temperature, as a rule, is noticeably lower than the SPM blocking tem-
perature [40-42,25,44,45]. In the investigated nanoparticles, this sub-
system can be considered, approximately, to be paramagnetic; the

Fig. 4. Magnetization curves M(H) of the NiO nanoparticle sample obtained by
the VSM technique at different temperatures (symbols). Estimated PM contri-
bution of the surface spin subsystem at T = 4.2 and 80 K (PM) (lines). Upper
inset: experimental M(H) dependence at T = 4.2 K (closed symbols) and the
same dependence after subtracting the PM contribution (open symbols), as well
as the PM contribution (line). Lower inset: experimental M(H) dependence at T
= 4.2 K in the enlarged scale.
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absence of visible M(T) anomalies at low temperatures (Fig. 3) addi-
tionally confirms this fact. Below, based on the processing of the M(H)
dependences in fields of up to 250 kOe, the value of this paramagnetic
(PM) contribution is obtained (~6.8% of the total number of Ni%* spins,
see Sec. 3.4). In addition, Fig. 4 shows the M(H) dependences corre-
sponding to this PM contribution at T = 4.2 and 80 K. The upper inset in
Fig. 4 shows the experimental M(H) dependence at T = 4.2 K obtained
by subtracting the PM contribution. As expected, the resulting depen-
dence tends to saturation.

Fig. 5a-5d show the experimental M(H) curves (symbols) obtained
for the investigated sample of NiO nanoparticles in fields of up to 250
kOe at different temperatures. In Section 3.3., we describe in detail the
data processing approach used. It should be noted that the use of a
pulsed technique has certain limitations caused by a decrease in the
characteristic measuring time Ty, (T ~ Tpuise) as compared with the
standard quasi-static magnetization measurements (ty ~ 10%s). As a
result, in the pulsed technique, the SPM blocking temperature deter-
mined from Eq. (2) increases by ~ 50% [61]. However, for the sample
under study, the Ty value is fairly small and the temperature range for
measuring the M(H) dependences was above 77 K. We did not observe
the M(H) hysteresis by the pulse method and the data obtained coin-
cided with the data of the quasi-static measurements in fields of up to 60
kOe.

3.3. Processing of the M(H) dependences and mathematical background

A procedure of fitting the M(H) dependences with allowance for the
distribution of magnetic moments (or the particle size distribution)
contains many variable parameters, which depend on temperature. To
minimize these parameters, we made several obvious assumptions. In
addition, below we give some basic expressions used in the fitting
procedure.

The magnetic moment p, of a particle is determined from Eq. (1) at
the b value identical for all particles from 2 to 8 nm in size (Fig. 2). To
calculate the number Ny; of atoms in a particle, it is necessary to use a
certain particle shape. The cubic syngony of nickel oxide suggests
different possible habits of crystals, which can have the form of a cube, a
complex polyhedron (dodecahedron or icosahedron), or a truncated
polyhedron [70]. Since it is difficult to expect an ideal shape of small-
sized crystals, it is reasonable to consider them to be truncated poly-
hedra with a shape close to spherical. To calculate the number Ny; of
nickel atoms in the particle, we used the expression Ny; =~ f - {(d/dnj.ni)
+1}3 at f = 0.52; the average distance dy;.nj between nickel atoms was
taken to be ~ 0.3 nm [71].

The pyn value obtained from Ny; using Eq. (1) corresponds to the
uncompensated moment at T = 0 K. However, similar to a decrease in
the saturation magnetization of ferromagnets with an increase in tem-
perature (the spin wave damping), the p,, value depends on tempera-
ture, which was observed by many authors [19-30,36,44,54,55].
Therefore, at each temperature, the p,, value was determined as

Hon(T) ~ MNi'q(T)'NtI:Ii' ()]

Here, q(T) at each temperature can take some value withinq <1, q
(T=0)=1, and b = const.

The m(H) curve for each particle is determined by the Langevin
function: m(H, T) = L(pyn(T), H) - pyun(T). For the sampling from Np gy
= 83 particles (the data of the histogram in Fig. 2), we obviously have M
(H, T) = Zm(H, T), where the summation was made over all 83 particles
detected in the TEM measurements. To pass to the specific magnetiza-
tion (in emu/g units, as in the experiment), it is necessary to use the ratio
between the number Nyjperg of Ni atoms in unit NiO mass and the
number Ny; gy of Ni atoms in the sampling of 83 particles. The number
Np of particles per sample gram will be (Nniperg/Nni TEM) X Np Tgm. The
NNi per g value is ~ 8-10%! and the calculation of Ny; tem yielded a value
of ~ 2.28-10% we denote their ratio as Np*: Np* = Ny per g / NNi TEM-
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Fig. 5. Experimental magnetization curves for the NiO nanoparticle sample at different temperatures (symbols). Solid lines correspond to the best fitting using Eq.
(11) (total fit) and the separate contributions of the ferromagnetic (FM) and paramagnetic (PM) subsystems, the AFM particle core ypux x H, and the linear

dependence ysar x H predicted by the SAF effect.

Then, the Np* value is 3.5 106, The fittings presented below were ob-
tained at the Np* value larger by 10%, which, in our opinion, is in good
qualitative agreement for a system of extremely small particles. Based on
the aforesaid, we write the contribution of the uncompensated moments
Mgy of particles in the form

Mg (H, T) = Np-EL(, (T), H) bty (T)- (6]

Let us make some remarks concerning the evaluation of a fraction of
spins forming the FM subsystem. The number of atoms in the FM sub-
system in one particle is determined, according to Néel Eq. (1), as Ny; b,
Averaging of the quantity Ny; b/NNi over the number of particles Ny; tem
will yield the Pgy nj value, i.e., a fraction of atoms forming the FM
subsystem for the entire sample. The Pgy nj value can also be obtained
directly from Eq. (5), taking into account that, at T = 0, the saturation
magnetization Mgy of the FM subsystem can be determined as Np*
Zpun(T = 0). The theoretical value of saturation magnetization Ms njo of

a fully polarized NiO is ~ 148 emu/g (this value is obtained for the
nickel atom magnetic moment py; = 2pp). Then,

Pemni = Mem/Ms xio- (6)

Let us proceed to the paramagnetic contribution. This contribution
can obviously be written in the form

Mpp (H, T) = Mpy-B(py;, H/kpT) )

Here, Mpy is the saturation magnetization of the PM contribution
related to the concentration of paramagnetic nickel atoms and B(pu, H/
kgT) is the Brillouin function. To preliminary estimate the PM contri-
bution, the dependences ypyk X H were subtracted from the experi-
mental M(H) dependences and the data obtained were used to determine
the dM/dH values in strong fields. Then, the additive portion of the dM/
dH dependence proportional to 1/T was extracted, which was seed (and
preserved the functional dependence 1/T during fitting) for the PM
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contribution in the further fitting. Analogously to Eq. (6), the fraction of
PM atoms can be determined as

Pomni = Mpm/Ms nio- ®

The contribution of the AFM particle core to the magnetization is
usually written as Mpu(H, T) = ybuk(T) x H, where ypui is the AFM
susceptibility of the powder of submicron particles. This linear depen-
dence is applicable if (i) there are no changes in the magnetization due
to the spin flop transition and (ii) the external field does not exceed the
field of the full saturation of the magnetization (the spin flip processes).
The latter is undoubtedly valid as long as the exchange field in NiO (see
below) is much stronger than the experimental field. Concerning the
spin flop transition, despite several repots on the observed M(H) features
caused by the spin flop transition in AFM nanoparticles [72,73], the
experimental data presented in Figs. 4 and 5 show no anomalies that
could be interpreted in this way. The absence of the spin flop transition
in very small (smaller than, at least, 10 nm) AFM nanoparticles was
discussed in [58,74] and attributed to the surface anisotropy effect.

To correctly take into account the AFM susceptibility, we used the
¥bulk(T) dependence obtained on the bulk NiO sample. However, a part
of Ni magnetic moments in a nanoparticle is spent to the formation of pyy
(Eq. (6)) or forms the PM subsystem (Eq. (8)). Therefore, the correction
of the AFM core contribution in the form of the coefficient (1 — P) is
required. Here, P = Pgy ni + Ppym ni is the total fraction of the magnetic
moments of Ni atoms forming the PM and FM subsystems. Consequently,
the Mpyk(H, T) contribution corresponding to the AFM susceptibility of
the bulk material of the particle core will be written as

My (H, T) = (1 = P) - (T) x H. ()

Concerning the possibility of another contribution, i.e., the SAF ef-
fect, the corresponding M(H) dependence can be presented as the term
¥sar(T) x H [24,58], so the total susceptibility of an ensemble of AFM
nanoparticles is ypuk + ¥sar- The xsar value depends on the particle size
and on a number of outmost ferromagnetically ordered planes that are
coupled weaker than those in the core. If the only plane on the particle
edge is considered, then the ysar value is the same as the ypy one. If
more than one ferromagnetically ordered planes are considered, the ysar
value can exceed the bulk susceptibility. Generally, ysap(H) is a
nonlinear dependence on the external field. It decreases very slightly
when the external field does not exceed the “size-dependent” field h and,
then, in strong magnetic fields, ysar approaches zero. The value of field h
depends on number N of ferromagnetically ordered planes (N is the even
number) as h = Hg/N [24,58], where Hg is the exchange field of an
antiferromagnet. In bulk NiO, the Hg value is ~ 9700 kOe [75]. At N ~
14-16, which corresponds to an average-size particle at an interplanar
spacing of ~ 0.3 nm [71], we obtain h ~ (600-700) kOe. This value can
be somewhat overestimated, since Hg is proportional to the Néel tem-
perature, which is known to decrease for AFM nanoparticles. However,
according to Sec. 3.4, a decrease in the Néel temperature is less than
20% for the sample under study; therefore, an expected decrease in Hg
and h is nearly the same. Thus, the h value is about 500-550 kOe, which
exceeds twice the maximum field used in our experiments (250 kOe). In
view of the aforesaid, we can express the contribution of the SAF effect
to the magnetization via the field-independent SAF susceptibility ysar as

Msar(H, T) = ysar(T) x H, 10)
where ysar(T) is already the fitting (if necessary) parameter.

Thus, using Egs. (5), (7), (9), and (10), we derive the full expression
for analyzing the experimental M(H) data
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Fig. 6. Temperature dependences of (a) the average uncompensated magnetic
moment of particles and (b) magnetic susceptibility y(T) of the contributions of
different magnetic subsystems (together with ypuk(T) for bulk NiO). The solid
line in (a) is plotted using Eq. (12).

Eq. (11) contains only two temperature-dependent fitting parame-
ters, q (in pun(T) — Eq. (4)) and ysap. The b, Mpy, and Np* values
remained constant at different temperatures. The lines in Fig. 5a-5e
show the results of best fitting using Eq. (11) and the separated contri-
butions of the uncompensated moments of particles (FM), the para-
magnetic subsystem (PM), the AFM-ordered particle core ypux % H, and
the SAF effect ysar x H. The best agreement was observed at b = 0.54 &
0.02, Np* = (3.8 £0.2) - 10'%, and Mpyy = 10 £ 1 emu/g. In Section 3.4.,
we analyze these quantities and discuss their temperature dependences.

3.4. Contributions of the magnetic subsystems and their temperature
evolution

The value < pyp>(T = 0) at an obtained value of b = 0.54 was ~ 133
up; i.e., the uncompensated magnetic moment is formed by 60-70 spins
of nickel atoms on average. According to the Néel hypothesis (Eq. (1)),
the exponent b = 0.54 indicates that the spins forming the FM subsystem
(or, similarly, defects leading to the formation of the FM subsystem) are
located both at the surface and in the bulk of a particle. The fraction of
such spins is about 3% of all nickel atoms in the NiO particle of average
size (Ny; ~ 2.13 x 10% at < d> = 4.5 nm in the approximation of the
almost spherical shape). The temperature evolution of the uncompen-
sated moment < p,, > determined by averaging over all particles
(Zpun)/Nni TeM is illustrated in Fig. 6a. The obtained < pyy>(T) depen-
dence is a monotonic function, which is well described by the law

Mw (H, T) = N;;ZL(.“un(T): H) 1,0 (T) +Men-B(ptyis H/ke T) + + (1 = P) sty (T) X HA 5 (T) x H, an
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<t > (T) =<y, > (T=10)-(1 —pT%) 12
ata = 3/2. This exponent follows from the classical consideration of spin
waves in a bulk ferri- and ferromagnet (the Bloch’s law). Dependence
(12) for the uncompensated moment of AFM nanoparticles was observed
previously; the exponent a ranged from 3/2 to 2 [26,28,35,54].

Figure 6b illustrates the temperature evolution of the quantities
wouk(T), (1 = P) -« xpuk(T), xsar(T), and ypm(T). The latter is the PM
susceptibility, since the PM contribution of Ni2* spins at T > 80 K and H
of up to 250 kOe can be considered, with good accuracy, to be a linear
field dependence. The expansion of the Brillouin function in a series
yields ypm ~ Mpy X pNiz /3kpT. At temperatures of 80-100 K in a strong
field, the contribution of all the magnetic subsystems is approximately
the same, while at low temperatures (4-30 K), due to the dependence ~
1/T (the paraprocess), the PM contribution becomes dominant in weak
and moderate fields (Figs. 3, 4). A value of Mpy; = 10 emu/g obtained by
fitting was used to separate the magnetic hysteresis loop at T = 4.2 K,
which corresponds to the FM subsystem (see the upper inset in Fig. 4,
Section 3.2). Using a value of Mpy; = 10 emu/g, we obtain from Eq. (8) a
fraction of atoms forming the PM subsystem: Ppy; nj = 6.8% or about 150
atoms in an average-size particle. This value is noticeably smaller than
the number of surface atoms, which, at < d> = 4.5 nm, in the spherical
shape approximation, amounts to about 600, while for a cubic particle
with the same size, it is about 1180. On the other hand, a cubic particle
4.5 nm in size contains about 160 atoms on the edges and this value is
similar to the number of atoms forming the PM system (~150). This
evidences for the fact that free spins are located mainly on the edges,
protrusions, and nonuniform (convex) parts of the particle surface.

The above conclusion allows us to speak more reasonably about the
presence of a noticeable SAF effect in the investigated particles. The PM
subsystem consisting of isolated surface spins occupies the particle
surface only in part and the atomic planes with the FM-ordered spins (at
their total number being even) can remain on the particle surface. It is
the main condition that is required for the SAF effect. At temperatures of
80 and 100 K, the excess susceptibility ysar has approximately the same
value as the AFM susceptibility. This doubling of the resulting suscep-
tibility (ysar + Xbuik) relative to ypyuik is typical of the SAF effect ath < Hg
[24,58]. Surprisingly, the ysar value was found to rapidly decrease with
temperature (Fig. 6b). Possibly, the temperature of ordering inside these
edge planes is lower than in the planes inside a particle. A decrease in the
Néel temperature of AFM nanoparticles was reported in many works
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4L v NiO <d>=8.5nm, [35] i
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Fig. 7. Temperature dependences of the saturation magnetization of the FM
subsystem Mgy (T) for the sample investigated in this study (<d> ~ 4.5 nm) and
the NiO nanoparticles with a size of < d> ~ 8.5 nm from [35]. The lines are
plotted using dependence (12); the magnetic ordering temperatures obtained
by the extrapolation of this dependence are indicated.
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[76-81] (see below). In the extreme planes of the spins, this decrease can
be more pronounced. An increase in the susceptibility at temperatures of
80 and 100 K was determined fairly reliably, which points out the ex-
istence of a contribution caused, most likely, by the SAF effect. Note
that, for the NiO samples with coarser particles (<d> ~ 8.5 nm), the
slope of the M(H) dependences in the strong-field range was described
well only by the ypuk(T) and ypm(T) contributions [35].

It is interesting to compare the temperature dependences of the
saturation magnetization of the FM subsystem Mgy(T) for the NiO
samples with different particle sizes. Fig. 7 shows the Mgy(T) de-
pendences for the sample examined in this work and for the sample of
NiO nanoparticles with an average size of 8.5 nm from [35]. In addition
to the significant growth of the Mgy (T) value with a decrease in the AFM
particle size, we can observe another effect; specifically, the temperature
at which the Mgy value tends to zero obtained by the extrapolation of
the data using Eq. (12) depends on the particle size. For 8.5-nm nano-
particles, this temperature is ~ 510 K, which is close to the Néel tem-
perature of bulk NiO (~520 K [76,81]). A decrease in the Néel
temperature of AFM nanoparticles is related to the size effect [76-81].
For the sample investigated in this study (<d> =~ 4.5 nm), the obtained
magnetic ordering temperature is already ~ 430 K. The results on the
reduction of the Néel temperature of NiO nanoparticles agree well with
the data reported in [76,81]. Another important fact is that the FM
subsystem formed by uncompensated spins exists together with the main
AFM subsystem.

3.5. SPM blocking temperature and effect of the surface magnetic
anisotropy

As was mentioned in Section 3.1, the ZFC M(T) dependences do not
contain the maximum typical of SPM blocking, although the difference
between the FC and ZFC curves is significant (Fig. 3). Obviously, the PM
contribution, which has a significant value, will additively enter the
general M(T) dependence. Fig. 8 shows the M(T) dependences obtained
in the ZFC mode and in the FC mode in fields of 100 Oe and 1 kOe,
together with the dependences obtained by subtracting the PM contri-
bution at Mpy; = 10 emu/g. It can be seen that, after the subtracting, the
M(T)zrc dependences already contain characteristic maxima; the
maximum position shifts toward lower temperatures with increasing
field.

These corresponding maximum temperatures or blocking tempera-
tures Tg are 8.7and 7.5 K at H = 1000e and 1kOe, respectively.
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Fig. 8. FC and ZFC temperature dependences of the magnetization M(T)gc and
M(T)zrc (symbols) and the same dependences after subtracting the PM contri-
bution (Eq. (7)) at Mpy = 10 emu/g (lines).
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Assuming that Tp corresponds to the blocking of average-size particles,
we obtain using Eq. (2) at typical values of g = 107*!s and 1, ~ 10%
[19] that the effective magnetic anisotropy constant is Kegr is ~ 3.9 X
10° erg/em®. Assuming that the temperature of the irreversible M(T)
behavior is ~ 29 K (see Fig. 3 and Section 3.1.), which corresponds to the
SP blocking of particles with a largest size (d = 8 nm), at the same 7y and
Tmvalues we obtain Keg~2.98 x 105erg/crn3. These Kegr values are
noticeably higher than the magnetic anisotropy constant Ky = 0.8 X
10° erg/cm® of bulk nickel oxide [82]. This behavior frequently
observed in FM nanoparticles is usually explained by the manifestation
of the surface magnetic anisotropy contribution [69,82-90]. This
contribution dependent on the particle size is usually written in the form
Ketf = Kpuik + 6Ks/d, where Kg is the surface magnetic anisotropy con-
stant [91,92]. Using this expression and the data presented above, we
obtain Kg ~ 0.026 + 0.003 erg/cm?. A significant contribution of the
surface magnetic anisotropy to the magnetic properties of AFM nano-
particles was mentioned in [32,54,61,82,93-98], including the case of
NiO ones [61,69,82,96-98].

4. Concluding remarks

The results of the study of the magnetic properties and analysis of the
magnetization curves obtained in fields of up to 250 kOe allowed us to
propose the following model of the magnetic state of AFM NiO nano-
particles with an average size of about 4.5 nm. The magnetic moment of
particles, or the FM subsystem, is formed by decompensated spins due to
defects located both on the surface and in the bulk of a particle (Néel
relation (1) is satisfied at b ~ 0.54). The fraction of spins of this sub-
system is about 3% or their number is 60-70, which yields an uncom-
pensated particle moment of about 130 Bohr magnetons. In this case, the
saturation magnetization Mgy of the FM subsystem attains 4 emu/g. The
Mgy value monotonically decreases with temperature according to the
power law ~ (1 — (T/Tyx)®; i.e., the FM subsystem exists as long as there
is the AFM ordering in a particle.

A part of the surface spins is not exchange-coupled with the AFM core
and exhibits the paramagnetic behavior in a wide temperature range,
while the sample under study shows no obvious signs of the transition to
the spin-glass state up to a temperature of 4.2 K. The fraction of these
free spins is about 7% of the number of nickel atoms in a particle, which
is much less than the fraction of surface atoms. This fact indicates that
free (exchange-uncoupled) spins are located mainly on the faces or
convex parts of the particle surface. This PM subsystem makes a
noticeable additive contribution to the magnetic behavior of nano-
particles in a wide temperature range, especially at low temperatures.

The AFM ordering is preserved almost over the entire particle vol-
ume; it covers about 90% of the spins of nickel atoms. Along with the
field-linear contribution of the AFM particle core (taking into account
the spins spent to the formation of the FM and PM subsystems), there is a
noticeable increase in the susceptibility, which can be explained by the
SAF effect.

Although the ZFC temperature dependence of magnetization M(T)
reveals no extrema, the account for the contribution of the PM subsys-
tem allowed us to find a pronounced maximum in the ZFC M(T)
dependence. This maximum (Tg =~ 7.5 K) corresponds to the SPM
blocking of the uncompensated magnetic moments. Using classical Néel-
Brown expression (2) and the blocking temperatures (both Tg and the
bifurcation temperature of the FC and ZFC M(T) dependences), the
effective magnetic anisotropy constant Keg was obtained. The K¢ value
is noticeably higher than the bulk magnetic anisotropy constant of NiO.
It is reasonable to attribute this to the surface magnetic anisotropy
contribution; the corresponding constant Kg is ~ 0.026 erg/cm? The
results obtained demonstrate a significant role of defects and surface
effects in the formation of the magnetic state of AFM nanoparticles.
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