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Abstract
Crystallographic, microstructural and magnetic properties of JiFenanoparticles

synthesized by precipitation from nonaqueous solutions have been studied in the work. The
transmission electron microscopy studies reveal particle sizes ~5 nm for the as-prepared particles
which increase up to ~20 nm upon annealing at ¥D0Quasistatic magnetic measurements
show superparamagnetic behavior with blocking temperature below room temperature for both
the as-prepared and annealed particles. Characteristic magnetic parameters of the particles
including average magnetic moment of an individual nanoparticle and effective anisotropy
constant have been determined. The specific loss power which is released on the exposure of an
ensemble of synthesized particles to an electromagnetic field is calculated and measured

experimentally.
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1. Introduction

In recent years, nanocrystalline spinel-type oxides X@ewhere M is a divalent metal,
have been receiving more attention due to their novel magnetic properties, which are
significantly different from those of their bulk counterparts. These materials are technologically
important and have been used in many applications including magnetic recording media and
magnetic fluids for the storage and retrieval of information, magnetic resonance image
enhancement, and others [1-4]. Of particular interest are also wide-range applications of ferrite
nanoparticles in medicine, e.g. for drug delivery and hyperthermia in the treatment of cancer
diseases [5].

Spinel-type oxides MFE©, are often denoted by the formula AB where A and B refer to
tetrahedral and octahedral sites, respectively, in the fcc oxygen lattice [1,4,5]. These compounds
often form a structure of inverse spinel, wheré*Fens occupy A sites, whereas®Mand
remaining F& ions occupy B sites. It is known that at nanoscale level redistribution or inversion
of cations between tetrahedral and octahedral sites may occur [1,4], which makes the
investigations of nanocrystalline ferrites highly relevant.

Bulk nickel ferrite (NiFeO4) is an inverse spinel. Like all soft magnetic ferrites, this
compound is the subject of intense researches in recent years, especially in nanocrystalline state
[4,6-8]. It has been shown in a series of works that Mienanoparticles can display
superparamagnetic behavior in the vicinity of room temperature [6,7,8], which is especially
important for the medical applications. The prospective of the use of nickel nanoferrites in
medicine imposes additional requirements on the controllability of particles’ size and parameters
[1,9]. To date, however, the synthesis of monodisperse nanoparticles with controllable and
reproducible parameters has remained a quite difficult task.

A large number of publications deals with the co-precipitation of slightly soluble compounds
from aqueous solutions [10-13]. The formation of nanoparticles takes place with subsequent
thermal decomposition of the resulting products to oxides. The complex and uncontrollable
mechanism of such reactions involves crystal nucleation, growth, coarsening or agglomeration
processes, which occur simultaneously. This often results in the agglomeration of nanoparticles.

In the references [14-18], MK, nanoparticles (M = Mn, Fe, Co, Ni, Zn) with spinel
structure have been synthesized from metal chlorides in a diethylene glycol solution. The
complex reaction of diethylene glycol with transition-metal cations makes it possible to separate
in time the crystal nucleation and coarsening processes and, thus, to partially control the

particles’ size and aggregation.



At present, there is a strong demand for the magnetic nanoparticles with controllable size and
narrow size distribution, because they may show considerable heating effects if subjected to
magnetic AC-fields [1,5,9]. In particular, in magnetic particle hyperthermia proposed as a tumor
therapy, magnetic nanoparticles are deposited in tumor tissue and are heated in an alternating
magnetic field in order to destruct the tumor (for a review see Refs. [1,19]). However, despite the
numerous empirical results on magnetic hyperthermia, there is no systematic understanding of
the broad scattering of published data on the AC-losses in magnetic nanopatrticles, as well as
mechanisms of the losses (for a review see Refs. [19, 20]). There is also scarcity of data on the
relation of the AC-losses to the magnetic parameters of a separate nanoparticle and its size.

The aim of this work was to study quasistatic magnetic properties and AC-lossesJQsNiFe
nanoparticles of different sizes synthesized by coprecipitation from a diethylene glycol solution

using metal nitrates as starting reagents.

2. Experimental Section

For the synthesis of the Nif&, nanoparticles, metal crystalline hydrates: Fe{N®H,O,
Ni(NO3)2*9H,0 (analytical grade), NaOH (purity 97%), diethylene glycol (DEG, purity 99%),
oleic acid (pure OLA) were used as starting reagents. RNifganoparticles were synthesized in
a three-neck flask in argon atmosphere. Two mmol of NgMOH,O and 4 mmol of
Fe(NGs)3*6H,0 were dissolved in 40 mL of diethylene glycol, and the solution was stirred for
10-20 min. At the same time, a solution of 16 mmol of NaOH in DEG was prepared. The alkali
solution was added to the mixture of the salts N§MNOH,O and Fe(NG):*9H,O, and the
resulting mixture was stirred for 2 h. The resulting solution was heat-treated at 200-220°C (60
min). In the next stage, oleic acid was added to the diethylene glycol solution, and the mixture
was stirred for 10-20 min. The resulting colloidal solution was cooled and centrifuged. The
isolated nanoparticles were washed with alcohol and dried in air at 30-50°C. Powders of ~0.4 g
mass were obtained, which corresponds to a yield of 80-90%.

The nanopowders synthesized at 200°C were analyzed by means of IR spectroscopy (pellets
with KBr). Samples were investigated by X-ray phase analysis (XPA) and full-profile X-ray
phase analysis on a DRON-4 diffractometer (@ut&diation). The size and morphology of
powder particles have been determined by means of a JEM-1230 scanning electron microscope.
To calculate size distribution were analyzed TEM images using the software of Image Tool 3.0.
Magnetic measurements were performed in the 2-300 K temperature range using commercial
Quantum Design Magnetic Property Measurements System equipped with superconducting

guantum interference device (SQUID) . Magnetic moment was measured upon heating for both



zero-field-cooled (ZFC) and field-cooled (FC) conditions. Isothermal magnetic hysteresis loops
were measured at 10 and 300 K in the magnetic field interval of -3 to +3 Tesla. For the
calorimetric determination of specific loss power (SLP) the ferrofluids basexyrahesized
nanoparticles were prepared using 0.1 % aqueous agarose solutions [9] and placed into a coil that
provides the alternating magnetic field (frequency 300 kHz, amplitudes up to 7.7 kA/m). The
SLP was calculated using equation (1) [21],

Cho IV,
g p=_HO "s Bdl Q)
Myire,0, dr

where d/dz is the initial slope of the graph of the change in temperature versusdjmeis the

volumetric specific heat capacity of the sample solutsris the sample volume antlye, o, is

the mass of magnetic material in the sample.

3. Results and discussion

3.1. Synthesis and microstructure

As was shown earlier [22], nanopatrticles are formed through processes of complex formation
between metal cations and diethylene glycol molecules. The formation of complexes allows one
to control crystal nucleation and coarsening with subsequent formation of nanoparticles. On the
basis of the carried out investigations, appropriate mechanisms of the reactions proceeding in the
system, which result in the formation of N}Eg nanoparticles, have been drawn up. In the first
stage, complex compounds are formed during the dissolution of Nj{N@d Fe(NQ)s in
diethylene glycol (scheme 1):
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The subsequent addition of alkali results in the formation of dianionic metal complexes,

which change into hydroxocomplexes in the presence of water (scheme 2).
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On heating the reaction mixture to 220°C, the complex compounds decompose, a NiFe
nanoparticles with spinel structure are formed in accordance with the scheme 3

HO—CH,
SRR b
\ & & T~200C CH,

N O=Ni + 2n O=fOH —>(N|Fe O) +4nH,0 + 3n o
L Vo Q-o OoH

H,

: ©)

The formation of nanoparticles can be observed visually in the case of the reaction mixture

\0/
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becoming turbid with the formation of a dark-brown colloidal solution. Similar results were
observed by the authors of [14] when using metal chlorides at starting reagents.

Figure 1 shows the results of IR spectroscopy of pOkgowder obtained after washing
with absolute ethanol and dried at 50°C. Two broad absorption baadslv, at 560 crit and

380 cmi' are observed in the spectrum, which relate to the Me-O bond vibrations in tetra- and
octahedral NiFgD, lattice sites [23].
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Fig. 1. IR spectra of Nib©®4,nanopowders obtained from a diethylene glycol solution at 200°C.

Along with the pointed out peculiarities, characteristic lines at 164barm 1400 cr are
observed, which correspond to asymmetrical and symmetrical valence vibrations of carboxy

anion, indicating the presence of remnants of oleic acid [24]. At the same time, absorption bands



at 2924 crit (va C-H), 2853 crit (vs C-H), and 1405 cih(8, C-H), are observed, which may be
assigned to carbon backbone vibrations of oleic acid or diethylene glycol [25].

The measured XRD data are shown in Fig. 2. The results indicate the formation of a single
phase cubic spinel structure during synthesis at 200-220°C. Average particle diameter calculated
from the half-width of the (311) peak by using Scherrer formula is equal to 6.6 nm. Cubic lattice
parameters (a = 8.347 AR 3,47, B = 2,92) have been calculated on the basis of the data of
an XRD for nanoparticles synthesized at 200-220°C.

Fig. 2. X-ray diagram for NiF©,
nanoparticles obtained from a
diethylene glycol solution at 200-

220°C.

T

Figure 3 shows the results of the electron microscope investigations of thgONiFe
nanoparticles obtained from a diethylene glycol solution at 200-220°C (a) and nanoparticles
annealed at 500°C under argon atmosphere (b). At 200-220°C we observe the formation of
slightly agglomerated particles (ca 5 nm), which are characterized by a narrow size distribution
with 95% of the particles having the size of 3-6 nm (inset in Fig 3a). Heat treatment of the
NiFe;O, nanoparticles at 50Q° results in the increase in the particle size udJt@0 nm
(Fig. 3b).



Fig. 3. TEM images of Ni©®, nanoparticles obtained from a diethylene glycol solution at
200 — 220°C &) and annealed at 500°C (under argdy)) (nsets: size distribution diagram
for NiFe,O4 nanopatrticles.

3.2. Electophysical properties

It should be noted that magnetic particles with the size less than a certain critical value [26]
are single-domain, since the energy cost of domain wall formation outweighs any saving in
demagnetizing energy [27]. The magnetization behavior of single-domain particles in
thermodynamic equilibrium is identical to that of an atomic paramagnet and is called
superparamagnetic [27]. If the magnetic moment of a single particle tise equilibrium
magnetizatiorM for the ensemble of such particles placed in an external magneti¢ifiich
given temperaturd is [28]:

M = n,uL(ﬂ) = ny{coth(ﬂj —k—T}

KT KT LUH 2)
wherelL is the Langevin function [28] is the concentration of particles, @i the Boltzmann
constant.

Fig. 4 shows thevi(H) dependences obtained for the ensemble of JQifF@anoparticles
synthesized in this work. The measurements were carried dut 800 K and 10 K. Solid lines
in this figure present the results of the fitting of experimental data with formula (2). The fitting
procedure was carried out with the use of a fitting tool of OriginPro 8.5 SR1. At 300 K, the fitted
curve well corresponds to the experimental dependence, which makes it possible to calculate the

magnetic moment of a single superparamagnetic partisl®.6 -10® erg/G f = 1.01-16 ps,

where pg is the Bohr magneton) and particle concentratior 1.03x13° cmi®. Thus, one



magnetic particle occupies a volume of 9.7%46m®, which corresponds to the particle diameter
d=5.7nm.

The average particle diameter calculated from the data of magnetic measurements well
agrees with the results of electron microscopy investigations (see Fig. 3a) and powder X-ray
analysis (see above). Such correspondence additionally confirms that the distribution in particle
size is quite narrow. On the other hand, this fact also provides evidence that the whole volume of

the particle is magnetically ordered.

Fig. 4. TheM vsH dependences measured at 300 K and 10 K for the®Qjf®wder &) and
temperature dependencesMérc andMgc obtained in 20 Oe probing fielth), Open circles
and squares show experimental data, solid lines — the curves fitted with formula (2). Inset

shows theM(H) hysteresis at 10 K within a low field region.

The application of formula (2) to th&1(H) dependence obtained at 10 K does not
demonstrate satisfactory agreement with the experiment. The fitted curve (solid line in Fig. 4(a)),
which corresponds tp = 2.87 -10% erg/G, n = 2.5x16° cm?® cannot be considered as
satisfactory for the description of experimental results. The reason for such discrepancy may be
related to the enhanced role of the particles’ anisotropy energy at low temperatures [27]. The
hysteresis character of tih(H) curve (see inset in Fig. 3a) agrees with this statement. At 300 K
much better fit is obtained partially due to the fact that the anisotropy energy is much smaller
thankT.

Figure 4b shows temperature dependences of magnetization, obtained in two different
measurement modes. TMeec(T) curve was obtained by heating the powder in 20 Oe probing
field after its preliminary cooling in zero magnetic fiekdL¢ = 0) from room temperature to 2 K.

To obtain theMgc(T) dependence, the powder was cooledHi: = 20 Oe and then the

measurements were carried out during heating the powder in the same field.



As seen from Fig. 4b, thelzc(T) dependence displays a maximuniTat= 15 K, which is
called a blocking temperature. The appearance of the maximum dmtb@) curve indicates
that the anisotropy energy of the nanopartidds(K is the effective anisotropy constant and
is the particle volume), becomes comparable to the thermal ddefgy]. As a result, at < T,
the orientation of the magnetic moments of the particles is governed by the anisotropy energy
(blocked state), rather than the thermal energy or the energy of small external magnetic field [27-
29].

Solid line in Fig. 4b showBI(T) dependence calculated according to formula (25 @0 Oe
and T = var). For these calculations, the parameters 9.6 -10° erg/G,n = 1.03x16° cni®)
were used, which were derived from the fittd(H) dependence at 300 K. One can see that the
calculated and experimental curves practically coincide in the vicinity of room temperature.
However, the curves diverge at low temperatures which is also indicative of the enhanced role of
the anisotropy energy as a result of a decrease of the thermal EN¢36Y.

Having found blocking temperatur€s from the Mzec(T) curve, one can estimate the
effective anisotropy constant with the use of formula [31]:
_ 25T,

v 3)

For the NiFeO, nanoparticles under consideration, the valu§ oélculated in such a way is
23.34x10 erg/cnd (2.334x106 J/nt).

The AC-losses for the NiE®, nanoparticles placed in an external electromagnetic field were

K

calculated with the use of the linear response theory using the Neel - Brown relaxation time [21,
32]. This model is based on the assumption that the magnetic system responds linearly with the
magnetic field and is suitable for calculation of AC-losses in superparamagnetic nanoparticles at
low magnetic field [20]. According to this model, the specific loss power (SLP) can be expressed
as

, 2Pf°r

P=py R
HoXTo Ty (2rfr)?

(4)

where s is the permeability of free spacay 477 107 N/m), x — the magnetic susceptibility
of the powderHy — the intensity of magnetic field, arid- the frequency of electromagnetic
field. For the ensemble of superparamagnetic particles possessing magnetic managrtetic
susceptibility can be calculated using formula [27,30]:

= Hol”

X 3KT (5)

The relaxation time can be written in the form [32]:



L7 exp()
2 04T (6)

wherel = % andr, = 10° s [32].

The SLP was calculated for the NjBa nanopowder placed in electromagnetic field with
300 kHz andHo = 7.7 kA/m (98 Oe). Magnetic susceptibility, calculated for the NiR©,
powder with employing formulae (2) and (5), is 3.2%1§". The value of is 2.77x10 s (see
expression (6)). As a resulR,= 1.36 W/g.

These data well agree with the experimental results obtained for theO\if@nopowder
synthesized in this work: fdr= 300 kHz andHo = 7.7 kA/m (98 Oe), the experimental value of
Pis 1.85 W/g.

The method of the synthesis of nanoparticles, employed in this work allows one to control
the growth processes and, thus, to purposefully change the parameters of the obtained materials.
The analysis of formulae (4)-(6) makes it possible to find out which experimental direction is the
most efficient for enhancement Bf

It is seen from expressions (4)-(6) that the SLP is very sensitive to the particle volume. So,
the increase iV gives rise to the increase in both magnetic susceptibylignd relaxation
time,r, which is expected to lead to a substantial enhancemeént of

Investigations carried out in this work have shown that the heat treatment of th©NiFe
nanoparticles at 500C results in the increase in the particle size upl 80 nm (Fig. 3b). It
should be noted that after such treatment, a partial agglomeration of particles occurs and the
magnetization no longer obeys the Langevin function. This makes invalid the use of the above
approach to calculate the SLP. At the same time, the experimentally measured SLP value for the
nanoparticles subjected to such a treatment is 206 W/g, which is far greater than for the as-
prepared nickel nanoferrite.

As a result, the synthesis of Ni§&a from non-aqueous solutions makes it possible to obtain
weakly agglomerated nanopatrticles, the size and properties of which can be varied over a wide
range. This is both of fundamental and applied interest for the use of the synthesized particles in

medicine for a wide range of purposes.
4. Conclusion
In this work, weakly agglomerated nanoparticles of Nikecompound with different

particle sizes have been synthesized by the method of co-precipitation from nonaqueous

solutions with the use of metal nitrites as starting reagents. The particles display a narrow size



distribution and are superparamagnetic at 300 K. Characteristic magnetic parameters of the
particles including average magnetic moment of an individual nanoparticle and effective
anisotropy constant have been determined in the work. The specific loss power which is released
on the irradiation of an ensemble of particles with an electromagnetic field has been calculated
and measured experimentally. It has been shown that the proposed synthesis procedure allows a

wide-range control of the size and properties of Mik@anopatrticles.
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Figure captions

Fig. 1. IR spectra of Nik®, nanopowders obtained from a diethylene glycol solution at 200°C.

Fig. 2. X-ray diagram for NiF©®, nanoparticles obtained from a diethylene glycol solution at
200-220°C.

Fig. 3. TEM images of NiF©®, nanoparticles obtained from a diethylene glycol solution at 200
— 220°C (a) and annealed at 500°C (under argon) (b). Insets: size distribution diagram for

NiFe,O4 nanopatrticles.

Fig. 4. TheM vs H dependences measured at 300 K and 10 K for the,®jf®wder (a) and
temperature dependencesMy-c andMgc obtained in 20 Oe probing field (b). Open circles and
squares show experimental data, solid lines — the curves fitted with formula (1). Inset shows the

M(H) hysteresis at 10 K within a low field region.
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