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The magnetic properties of ferrihydrite nanoparticles, which are products of vital functions of Klebsiella
oxitoca bacteria, have been studied. The initial powder containing the nanoparticles in an organic shell
was subjected to low-temperature (T=160 °C) heat treatment for up to 240 h. The bacterial ferrihydrite
particles exhibit a superparamagnetic behavior. Their characteristic blocking temperature increases from
26 to 80 K with the heat treatment. Analysis of the magnetization curves with regard to the magnetic
moment distribution function and antiferromagnetic contribution shows that the low-temperature heat
treatment enhances the average magnetic moment of a particle; i.e., the nanoparticles coarsen, probably
due to their partial agglomeration during heat treatment. It was established that the blocking tem-
perature nonlinearly depends on the particle volume. Therefore, a model was proposed that takes into
account both the bulk and surface magnetic anisotropy. Using this model, the bulk and surface magnetic
anisotropy constants Ky ~ 1.7 x 10° erg/cm® and Ks ~ 0.055 erg/cm? have been determined. The effect of
the surface magnetic anisotropy of ferrihydrite nanoparticles on the observed magnetic hysteresis loops

is discussed.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

It is well-known that the magnetic properties of anti-
ferromagnetic (AF) particles fundamentally change at the na-
noscale [1-7]; specifically, the AF susceptibility increases and its
temperature dependence is modified [2,3,6,8,9]. As a rule, the
spin-flop transition field [10,11] and the magnetic ordering (Néel)
temperature decrease [6,12-15] (the exception found in MnO
where surface oxidation puts the MnO core under strain, leading
to a decrease of cell parameters and increase of exchange inter-
action [4,16]). In addition, if a spin system undergoes the magnetic
transition, the latter shifts toward lower temperatures (e.g., the
Morin point in hematite [1,7,10,11]). Finally, the magnetization
curve M(H) drastically changes due to the occurrence of an un-
compensated magnetic moment in small AF particles [3,6-9,14],
which causes a superparamagnetic (SP) behavior of such a system.
Obviously, these properties are mainly due to the surface effects,
which start playing a key role as the particle size is decreased.
Moreover, the presence of defects both on the surface and in the
bulk of nanoparticles becomes extremely important.
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Possible reasons for the occurrence of the uncompensated
magnetic moment in an AF nanoparticle were formulated by Néel
[17]. These can be either random AF order breaks, i.e., partial de-
compensation of spins of magnetically active atoms due to the
presence of defects on the surface or in the bulk of a particle, or an
odd number of planes with parallel spins. Uncompensated mag-
netic moment p,, of a particle depends on number N of magne-
tically active atoms with magnetic moment :

Hun ~ pu-NP. 1

If, from the statistical considerations, the number of defects is
proportional to N?, then exponent b amounts to 1/3 and 1/2 for the
cases of surface and bulk defects, respectively, and to 2/3 for the
case of the odd number of planes with parallel spins. When N~ 10*
and smaller, the p,, value is not vanishingly small any more and is
comparable with the magnetic moment of ferri- or ferromagnetic
nanoparticles [7,18], in which surface atoms often do not partici-
pate in the formation of the magnetic moment and form the so-
called magnetically dead layer [19-22]. Therefore, AF nano-
particles can compete with ferro- and ferrimagnetic nanoparticles
in various applications, including targeted drug delivery inside the
human body [23-25]. This circumstance, along with still un-
explained features of the magnetic properties, stimulates the in-
tensive studies of AF nanoparticles [1-16,26,27-32]. Among


www.sciencedirect.com/science/journal/03048853
www.elsevier.com/locate/jmmm
http://dx.doi.org/10.1016/j.jmmm.2016.02.059
http://dx.doi.org/10.1016/j.jmmm.2016.02.059
http://dx.doi.org/10.1016/j.jmmm.2016.02.059
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmmm.2016.02.059&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmmm.2016.02.059&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmmm.2016.02.059&domain=pdf
http://dx.doi.org/10.1016/j.jmmm.2016.02.059

172 D.A. Balaev et al. / Journal of Magnetism and Magnetic Materials 410 (2016) 171-180

various AF materials, biogenic particles, including ferritin ones
[33-40], evoke special interest. Ferritin contained in almost all
living organisms works as an iron store, comprising up to 30% of
iron atoms in the organism. Ferritin particles form an AF ordered
iron hydroxide matrix inside a protein shell with outer and inner
diameters of 12 and 5—8 nm, respectively. Horse spleen ferritin is
currently a commercial product. Studies of the magnetic proper-
ties of horse spleen ferritin showed that this material exhibits the
SP behavior with the characteristic blocking temperature Tz ~ 12 K
and the extraordinary temperature behavior of u,, and AF sus-
ceptibility [34-44].

Ferrihydrite with the nominal formula 5Fe;03 - 9H,0 (the water
content can be different), is an iron hydroxide version. This mi-
neral is widely spread in aqueous systems on the Earth’s surface.
Ferrihydrite nanoparticles can form during the vital activity of
living organisms, e.g., bacteria.

It was established [45-47] that Klebsiella oxytoca bacteria pro-
duce ferrihydrite nanoparticles. Further investigations of the ob-
tained biogenic material showed that it exhibits the SP behavior
[48]. Additional purification of the biogenic sediments allowed
obtaining a powder consisting of ferrihydrite nanoparticles, which
repeatedly demonstrated the existence of a blocking temperature
of about 20K [49]. In was found that heat treatment of this
powder in air for 3 h at temperatures slightly higher than the
boiling point of water (140-160 °C) leads to the variation in the
magnetic properties, specifically, doubles the blocking tempera-
ture [50]. Analysis of the magnetization curves [50] showed that
during annealing the particles coarsen. In this study, we in-
vestigated a powder from nanoparticles produced by Kilebsiella
oxytoca bacteria from the other set (the blocking temperatures of
initial nanoparticles from the two parties differ by about 3 K),
which were subjected to heat treatment at a temperature of
160 °C for much longer time (up to 240 h). At such a relatively low
temperature, we may assume that ferrihydrite, on which the na-
noparticles based, does not undergo the transition to the other
iron oxide phases, in contrast to the case of annealing at 500 °C
[51], while the water (or, to be exact, the OH group) content in it
can decrease. The aim of this work was to study modification of
the magnetic properties of bacterial ferrihydrite subjected to the
heat treatment under these conditions.

2. Experimental
2.1. Sample preparation and HRTEM studies

The Klebsiella oxytoca strain used in this work was separated
from the sapropel of the Borovoe lake, Krasnoyarsk region. Mi-
croorganisms were inoculated into an agar medium and grown
under anaerobic conditions. After multiple ultrasonic processing of
bacterial sediments, centrifugation, and washing, a stable sol of
nanoparticles in an aqueous solution was fabricated and was then
dried. The obtained powder of magnetic nanoparticles is herein-
after referred to as 0 h. A part of the powder was kept in air at a
temperature of 160 °C for different times of up to 240 h in a drying
oven. The initial and annealed powders were objects of study.
Hereinafter, the prepared samples are referred to as O h, 3 h, 8 h,
24 h, and 240 h in accordance with their annealing time.

It was found that during heat treatment the powder loses its mass,
which can be attributed to the intercrystalline water (OH group) loss.
The mass loss for samples 3 h, 8 h, 24 h, and 240 h was about 18%,
20%, 22%, and 26%, respectively. After keeping the annealed powder in
air and in a saturated water vapor at room temperature, the sample
mass increases yet remains smaller than its initial value.

Transmission Electron Microscopy (TEM) studies were per-
formed with Hitachi HT7700 facility. The powder diluted in

alcohol was subjected to the ultrasonic bath followed by coating
on the support mesh grid.

2.2. Magnetic and Mdssbauer studies

The samples were characterized and the iron state was estab-
lished using the Mdssbauer technique. Powder samples with a
mass thickness of 5—10 mg/cm? were investigated on an MC-
1104Em Méssbauer spectrometer with a >’Co(Cr) source using the
natural iron content. Chemical shifts were measured relative to
a-Fe.

Temperature and field dependences of the magnetic moment M
(T) u M(H) were determined on a vibrating sample magnetometer
[52]. The powder under study was fixed in a measuring capsule in
paraffin. The magnetic measurement data were corrected using
the diamagnetic signal from the capsule with paraffin. The M(T)
dependences were obtained in the zero-field cooling (ZFC) and
field cooling (FC) regimes. The hysteresis loops M(H) at T=4.2 K
were measured in the ZFC regime.

3. Results and discussion
3.1. Méssbauer study and TEM micrographs

X-ray diffraction patterns of the powders obtained using the
technique described above are typical of the amorphous state [51].
Therefore, we used Mossbauer spectroscopy to identify the crys-
tal-chemical structure and obtain information on possible varia-
tions in the local environment of iron and the occurrence of other
iron oxide phases during heat treatment.

Fig. 1a shows room-temperature Mdssbauer spectra of the in-
vestigated samples. The spectra are quadrupole doublets with dif-
ferent line broadenings. Analysis of the quadrupole splitting dis-
tribution P(QS) in the experimental spectra (Fig. 1b) shows the
presence of several nonequivalent iron positions with different
distortions of the local environment. The model spectra were
formed with regard to the features observed in the P(QS) distribu-
tion and fit to the experimental spectra by varying the entire set of
superfine parameters. The results of interpretation of the Moss-
bauer spectra are given in Table 1. The chemical shifts and quad-
rupole splittings for all the observed iron positions are characteristic
of trivalent iron Fe* in the octahedral positions and are consistent
with the literature data for Fe** in the iron hydroxides [53].

For samples 0 h, 3 h, and 8 h, the data obtained agree well with
the results reported in [49]; iron atoms in bacterial ferrihydrite can
occupy three positions with different quadrupole splittings. Iron
positions Fel and Fe2 are designated as in studies [45,46] and
correspond to the cubic and hexagonal ligand packing. These po-
sitions are crystal-chemical analogs of the spinel and hematite
phases in the local environment of an iron cation. Their population
weakly varies with time of the heat treatment. Position Fe3
corresponds to the interlayer iron atoms and its population for
samples 24 h and 240 h is much smaller.

The long-term (24-240 h) heat treatment results in the two
noticeable effects: new iron positions with the higher and lower
local symmetries relative to the initial sample arise and the po-
pulation of the interlayer positions decreases. This is indicative of
both rearrangement and ordering of the structure of crystal-
lographic formations.

Fig. 2 shows typical TEM micrographs of samples 0 h and 24 h.
Coarsening of particles after heat treatment can be seen from these
micrographs. Average size of ferrihydrite nanoparticles estimated from
several micrographs found out to be ~2.7 nm and ~4 nm for samples
0 h and 24 h respectively. These values are in good agreement with
that obtained below from the analysis magnetic data (Table 2).
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Fig. 1. (a) Room-temperature Mossbauer spectra and (b) distribution of quadrupole splittings P(QS).

Tablel

Mossbauer parameters of bacterial ferrihydrite. IS — chemical shift, QS - quadrupole splitting, W - is the full width at half maximum of the absorption line, A-fractional site
occupancy, Positions, designed as Fel and Fe2 correspond to cubic and hexagonal ligand arrangement, Fe3 corresponds to interlayer iron atoms.

sample (h) IS (+0.005 mm/sec) QS ( 4+ 0.01mm/sec) W ( +0.01mm/sec) A (+£0.03) Position
0 0.334 0.45 0.24 0.24 Fel - cubic
0334 0.69 0.28 041 Fe2 - hex.
0.320 1.00 0.40 0.35 Fe3 - interlayer
3 0.323 0.55 0.28 0.28 Fel
0.318 0.86 034 043 Fe2
0314 1.29 0.47 0.29 Fe3
8 0314 0.50 0.26 0.21 Fel
0316 0.81 034 0.46 Fe2
0.302 1.23 043 0.33 Fe3
24 0.323 033 0.28 0.11
0335 0.63 033 0.37 Fel
0332 0.95 0.31 0.28 Fe2
0325 1.29 0.30 0.16 Fe3
0324 1.67 033 0.08
240 0.300 0.25 0.27 0.09
0.328 0.55 0.32 0.32 Fel
0328 0.84 0.29 0.28 Fe2
0328 1.12 0.27 0.16 Fe3
0324 1.40 0.27 0.09
0319 1.74 0.31 0.06

3.2. Temperature dependences of magnetization M(T)

Fig. 3a shows temperature dependences of magnetization mea-
sured in the field H=1 kOe under the ZFC and FC conditions. The M(T)
dependences are typical of an ensemble of SP particles: the M(T)zc
and M(T)gc curves are different in the low-temperature region and the
M(T)zrc curves have maxima at characteristic temperature Tyy,ax, Which
significantly increases with annealing time. As is known, the shape of

the M(T) curve and the T, value depend on the size distribution of
particles and, correspondingly, on their magnetic moment distribution
[54-56]. However, at the log-normal size distribution, we may use
average value < Tg>, i.e, the maximum of the temperature depen-
dence of d(M(T)zec—M(T)gc)/dT [55,56]. Fig. 3b shows temperature
dependences of d(M(T)zzc—M(T)ec)/dT for the investigated samples. It
can be seen that < Tz > increases with annealing time, similar to Tyax
in Fig. 3b.
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Fig. 2. TEM micrographs of samples 0 h and 24 h (for details see Section2.1 and Section3.1).

Table 2

Some parameters of studied samples, derived from experimental M(T) dependences (Tmax — Fig. 3a, < Tz > - Fig. 3b) and fitting of the M(H) dependences by expression (4)
(s? - dispersion of log-normal function, Np — the amount of particles per gram, the values < up > (T=0), yar(T=0).The Tyex Values are obtained by extrapolation of data of
Fig. 6, and the mean particle size <D > is obtained by expression (9) from < up> (T=0) and s data).

(h) Trmnax K <Tg>,K s? Np ( x 108) 1ae(T=0), (10~ %emu/Oe g) Trexs K <pp>(T=0), ug <D>,nm
0 26 12 0.2 2.5 0.64 360 162 3.1
3 48 20 0.3 1.6 0.47 420 230 3.8
8 72 35 0.36 1.8 0.56 500 251 4.1
24 78 39 0.49 2.2 0.57 540 302 4.5
240 85 40 0.64 21 0.6 540 315 4.6

M, emu/g

0 50 100 150 200 250 300
T,K

d(Mzfc-Mfc)/dT (arb. un.)

T,K

Fig. 3. Temperature dependences (a) of magnetic moment in the field H=1 kOe under the ZFC and FC conditions and (b) of derivative d(M(T)zec—M(T)rc)/dT for the

investigated samples.

The T,ax values for the investigated samples significantly de-
pend on an external field, as can be seen from the M(T)zzc and
M(T)gc curves obtained in the external fields H=1.0, 5.0, 10, and
30 kOe (Figs. 4a—c show this behavior for samples 0 h, 8 h and
240 h respectively). The significant shift of temperature Tax
and the temperature of the irreversible behavior of the M(T)
dependence toward lower temperatures, as well as the change in
the M(T) dependences with increasing external field indicate
that the investigated systems of ferrihydrite nanoparticles are
superparamagnetic.

According to the generally accepted concepts, the blocking
temperature is unambiguously related to particle volume V as

Ts =KV In(z/zy) k. 2)

Here, K is the magnetic anisotropy constant and k is the Boltzmann
constant. The ratio between the characteristic measuring time
7~10%s and  characteristic  particle  relaxation  time
To~107°-10"1° s yields the factor In(z/7o) ~ 25 in the denomi-
nator of Eq. (2). Assuming the anisotropy constant to be approxi-
mately invariable, we can attribute the growth of the Ty, and
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Fig. 4. Temperature dependences of magnetic moment in fields of 1—30 kOe under the ZFC and FC conditions for the samples 0 h (a), 8 h (b) and 240 h (c). The range along

the X axis is different for (a-c).

< Tg> values to an increase in the particle volume during an-
nealing. To check this assumption, we measured and analyzed the
M(H) curves at temperatures above Tpax.

3.3. Analysis of magnetization curves above the blocking
temperature

It is usually assumed that the interparticle interaction does not
play a key role in magnetization of small AF ordered particles [7].
For example, in ferritin it is the protein shell that leads to spatial
separation of magnetically active phases of particles and mini-
mizes the interparticle magnetic interactions. The particles in-
vestigated here are also coated with an organic shell, which covers
the entire particle surface [46,47,51], since the particles are formed
on the outer surface of bacteria. Therefore, in our analysis we ig-
nore the interparticle interactions. The monotonic variation in
Tmax during annealing additionally proves the validity of such an
approach.

Typical experimental M(H) dependences for the investigated
samples in the temperature range T > Tnax are presented in Fig. 5
(symbols). In the simplest case, above the blocking temperature
the M(H) dependence of a system of small noninteracting AF
particles can be described by the expression (see, e.g., [7])

M (H)=Ms x L(up, H) + 5 x H. 3

Here, Ms is the saturation magnetization of a system of SP parti-
cles, pp is the average magnetic moment of a particle, and L(up, H)
is the Langevin function:

L(up, H) = coth(up xH[kT)—1/(up x H[KT).

The term yar x H describes the AF particle sublattice cant (yar is
the magnetic susceptibility). However, at the real size distribution
of particles, Eq. (3) describes the experimental data incompletely
[37,38,42,54]. For the distribution function f{up) of the magnetic
moment of particles, the M(H) dependence is described as

MH) = Np /OlmL(ﬂpv H)f (up)up dup + xap X H. 4)

Here, Np is the number of particles in a powder unit mass and the
integration is usually limited to the value y > pimax, at which the
flup) value becomes vanishingly small. To analyze the experi-
mental data presented in Fig. 5, we used the log-normal dis-
tribution flup)=(up-s-(2m)"2)~1 exp{—[In(up/n)]?/2s%} with the
average magnetic moment of a particle < up> =n-exp(s?), where
s% is the dispersion of value In(up) [37,38,9].

Fitting of the experimental data by Eq. (4) uses four parameters.
However, for each sample, number of particles Np and dispersion
s of the distribution function were constant at different



176
T T T T T X
6 — —
£0°°
5 v T
4 _!!a =
‘.o

M, emu/g

D.A. Balaev et al. / Journal of Magnetism and Magnetic Materials 410 (2016) 171-180

T T

1

20

30

40

H, kOe¢

Fig. 5. Magnetization curves M(H) at different temperatures T > T2 (Symbols) for samples 0 h (a), 8 h (b) and 240 h (¢). Solid curves indicate the data of the best fit by Eq. (4).

temperatures and the two varied parameters were average mag-
netic moment <up> of a particle (parameter n) and AF sus-
ceptibility yar. To describe the experimental data by Eq. (4), we
used the automatic step-by-step fitting of the M(H) dependences
under the condition of the minimum resulting difference between
the experiment and fitting curves. The best fit results are shown in
Fig. 5 by solid lines. Good agreement is reached in a wide tem-
perature range, except for the region above Ty.x by 20-30K,
which is apparently due to the anisotropy effect [7,36,44]. The s?
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and Np values are given in Table 2.
3.4. Temperature dependences of < up> and yar

Temperature dependences of the parameters < up>(T) and
xar(T), which were varied during the fitting are shown in Fig. 6. It
can be seen that the average magnetic moment of a particle
monotonically increases with annealing time (Fig. 6a). The pro-
nounced dependence of yar on annealing time is not observed

T T T T T
(b)
05 F .
C)
o o04r .
Q
=1
g
J2 03 —e—240n 1
° —e— 24
s 02 —v— 8h
)
- —A—3h
—&—0h
0.1 1
0.0 1 1 1 1 1
0 50 100 150 200 250 300
T.K

Fig. 6. Temperature dependences of (a) average magnetic moment < up > (T) of a particle and (b) AF susceptibility yar(T) obtained from the conditions of the best agreement
between the experimental and fitting M(T) dependences (Fig. 5). Solid curves in Fig. 6a indicate the fitting of the obtained data by dependence (6). The values of exponent a
are shown in the figure. Lines in Fig. 6b are eye guides, although the approximately linear ys((T) dependence is discussed in the text.
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(Fig. 6b), although there is the approximately linear temperature
dependence of yag:

Jar (D) % 235 (T = 0) X (1= T/ Tyey)- Q)

Here, Tnex is the temperature at which extrapolation of the data to
the high-temperature region yields yar=0. Dependence (5) was
observed for ferrihydrite [26-28] and ferritin [27,38,40]] nano-
particles; the Tnex value was unambiguously related to the Néel
point of an antiferromagnet. The Tyex values in Fig. 6b, which were
obtained by extrapolation of the data to y,r=0, are given in Ta-
ble 2. If this value for the initial sample is close to the Néel tem-
perature of ferrihydrite [26-28,38,40], then we may state the Tyex
growth with annealing time. As follows from the Mdssbauer
spectroscopy data, the long-time annealing leads not only to the
occurrence of new iron positions, but also to the ordering of the
structure of local formations, which can enhance the magnetic
ordering temperature.

Now, let us consider the behavior of the < up > (T) dependence
(Fig. 6a) for the investigated samples. The experimental < pp > (T)
data, except for the temperature region near T.x agree sa-
tisfactorily with the dependence

<pp > (T) ~ < pp > (T'=0) x (1-CT?). (6)

This dependence was observed for ferri- and ferromagnetic
nanoparticles [19,57-60]. Exponent a was often different from the
value of 3/2, which follows from the classical consideration of spin
waves in bulk ferri- and ferromagnets (the Bloch’s law) [19,60]. For
NiO [9], ferritin, and ferrihydrite AF nanoparticles [26,28,34,35],
the < up> (T) dependence is often more complex and sometimes
the < up> value increases with temperature. The thermoinduced
contribution to the magnetic moment of an AF particle was con-
sidered to be a possible reason for such a behavior [41]. However,
as was demonstrated in [38], if the distribution function of the
magnetic moment is taken into account, then the < up> (T) de-
pendence monotonically decreases, in contrast to the increasing
dependence obtained with disregard of the distribution function.
In studies [37,38], the value a~ 2 for ferritin particles was ob-
tained. The a values for the samples investigated here lie within
1.7-1.8 (Fig. 6a). It should be noted that as the annealing time is
increased, the < up>(T) dependences indicate the variation in
coefficient C, which decreases in Eq. (6). As a result, the value of
exponent a for samples annealed for longer times is determined
with lower accuracy. Extrapolation of dependence (6) to the high-
temperature region, where < up> =0, yields values of about 550
and 750 K for samples 0 h and 3 h and about 800K for the rest
samples. This is consistent with an increase in Tnex (Fig. 6a) upon
long-time annealing. Note that extrapolation of the < up>(T)
dependences yields, as a rule, overestimated values of the mag-
netic ordering temperature. This can be explained by different
temperature regions of validity of (Egs. (5) and 6): Eq. (6) describes
the experimental results only in the low-temperature region, since
even at the ferri- or ferromagnetic ordering the Bloch’s law (Eq. (6)
at a=3/2) is valid only in the low-temperature region.

3.5. Blocking temperature as a function of particle volume: Evidence
of the surface effect

The unambiguous conclusion drawn from the fitting of the M
(H) dependences is the growth of the average magnetic moment of
a particle upon annealing. Taking into account relations (1) and
(2) and the blocking temperature growth (Fig. 3 and Table 2), we
may conclude that upon annealing the particles coarsen (in ac-
cordance with results of TEM, Fig. 2), which is accompanied by the
mass loss (18-26%, see Section 2.1.). Since the annealing tem-
perature is low (160 °C), a decrease in the mass of a sample

prepared by drying the water sol is most likely due to the partial
loss of water and organic shell of particles. Upon sublimation of
the organic shell of close nanoparticles, the latter agglomerate and
the average particle size increases. As a result, the fraction of
coarse particles grows, which leads to an increase in parameter s?
of the log-normal distribution (Table 2).

We will estimate the particle size from Eq. (1) with the use of
the values of magnetic moment pp(T=0) from Table 2, which were
determined by extrapolation of the up(T) data in the low-tem-
perature region with sufficient accuracy (Fig. 6a). In most studies
on the magnetic properties of ferritin and ferrihydrite nano-
particles [7,26,28,34-38], the exponent in Eq. (1) was found to be
close to 1/2. Our previous investigations of bacterial ferrihydrite
taken from the other set, together with the results of micro-
structure investigations [47], also confirmed the validity of Eq. (1)
at n~ 1/2 for the initial sample annealed under the same condi-
tions for 3 h [49,50]. In view of the aforesaid, we have the mag-
netic moment //lp’\’NFe1/2 and the number of iron atoms in a par-
ticle Nge~(pp)®. Assuming that Fe>* has only the spin moment
(Mre3 ~ 5up, where ug is the Bohr magneton), we obtain Ng. ~
(up/5)%, where the magnetic moment of a particle is determined in
Bohr magnetons. Hence, the linear particle size is obviously ex-
pressed as

D =~ dpe_re XNF@”3 ~ dre_re X(pp /5)2/3. 7

where dge_re is the mean distance between Fe atoms. Thus, we
arrive at the expression for the particle volume:

VaD3~ (dFe—Fe)3X(I‘P /5)2- €))

The used parameters of the log-normal distribution f{up) (Ta-
ble 2) show that the magnetic moment distribution of particles is
sufficiently broad and, since dependence (8) is quadratic, the vo-
lume distribution of particles is broad as well. Therefore, it is
reasonable to use average values <D > and < V>. Then, instead
of (Egs. (7) and 8), we obtain

<D > = dre_re /()‘mpr) (ﬂp/5)2/3 dllpv )

<V> = @rere)® [ £ ) G157 . 0

60 T T T T T

40

30 -

<T,> K

0 I I I I I
0 50 100 150 200 250 300

3
V, nm

Fig. 7. Dependence of average blocking temperature < Tg> (Fig. 3b) of the in-
vestigated samples on average particle volume <V > (symbols) obtained using Eq.
(10) with the parameters of the distribution function f{up) for the best fit of the M
(H) dependences (Fig. 5 and Table 2). The dashed straight indicates the approx-
imation of experimental data by Eq. (2) at K~ 8 x 10° erg/cm>. The solid curve
indicates the approximation by Eqs. (11) and (12) at Ky ~ 1.7 x 10° erg/cm® and
Ks ~ 0.055 erg/cm?.
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To determine <D > and <V >, we use the parameters of log-
normal distribution f{up)-s® and < pp > obtained during fitting of
the M(H) dependences (Fig. 4). The dpe_re value was taken equal to
0.31 nm [28]. The <D > values obtained from Eq. (9) are given in
Table 2. A noticeable increase in <D > reflects coarsening of
particles with an increase in annealing time, which is related to an
increase in the blocking temperature (see Figs. 2 and 3 and Ta-
ble 2) in accordance with Eq. (2).

In the further analysis, we assume the <Tgz> values to be
consistent with the average particle volume (Fig. 3b) and, to ex-
plain the functional dependence <Tz> on V from the experi-
mental data, we use the <V > values determined from Eq. (10)
(note that for a sufficiently broad distribution, we have <V > #
<D > 3). The dependence of < Tz > on <V> is shown in Fig. 7. It
can be seen that experimental points are not described by the
linear dependence predicted by Eq. (2). The obtained dependence
of <Tg> on <V> is characterized by the negative curvature
sign. Such a behavior is consistent with the concept about the
presence of an additional contribution to the magnetic anisotropy,
specifically, the surface anisotropy characteristic of small particles.
In the simplest way, the surface anisotropy contribution to effec-
tive anisotropy Kegr of a particle with linear size D can be taken into
account as [61]

i
D’ 1)

where Ky and Ks are the bulk and surface anisotropy constants,
respectively. Then, we rewrite dependence (2) in the form

Tg ~ KegrV /25 k. (12)

Ker =Ky +

Fig. 7 shows the results of processing of experimental points by
dependence (2) with regard to only the bulk anisotropy (linear de-
pendence, Eq. (2)) and to both the bulk and surface anisotropies with
the use of Egs. (11) and (12). It can be seen that, in the latter case, the
experimental points are better described. Satisfactorily agreement
with the experiment is reached at the values Ky ~ 1.7 x 10° erg/cm>
(405 x 10° erg/cm®) and Ks ~ 0.055 erg/cm? ( + 0.005 erg/cm?). The
obtained bulk magnetic anisotropy constant is consistent with the
value K~ 1 x 10° erg/cm? reported in study [31], where this constant
was determined for synthesized ferrihydride particles from the fre-
quency dependences of the blocking temperature. In studies
[30,36,62], the effective magnetic anisotropy of ferritin and ferrihydrite
particles determined using different techniques lie within

10

H, kOe

Fig. 8. Hysteresis dependences M(H) for the investigated samples at temperature
T=4.2K and the maximum applied field Hpn,x=60 kOe. Insert: dependence of
coercivity Hc at Hy.x=60 kOe on annealing time (closed symbols) and the same
dependence obtained by subtracting the AF component yar x H (open symbols).

(2.5+6) x 10° erg/cm>. The value K ~ 8 x 10° erg/cm? ( + 5%) obtained
with disregard of the surface anisotropy (linear dependence in Fig. 7)
is similar to the K¢ value for the smallest particles (sample 0 h) and is
obviously overestimated to be used as the bulk anisotropy constant of
ferrihydrite.

3.6. Hysteresis dependences of magnetization

Fig. 8 shows typical hysteresis dependences M(H) at T=4.2 K
for the samples under study. The value of coercivity Hc increases
with annealing time (see the insert of Fig. 8'). Although hysteresis
loops presented in Fig. 8 are open ones, up to the used maximum
field Hyhax of 60 kOe, it is reasonably to assume that increase of
Hc(Hmax=60 kOe) is related to the similar behavior of coercivity of
closed hysteresis. On the author’s opinion observed enhance of Hc
(T=4.2 K, Hnhax=60 kOe) with annealing time corresponds to the
increase of particles in size during the heat treatment in spite of
the fact that hysteresis loops are opened. To estimate the coer-
civity, we use the well-known relation, which follows from the
Stoner-Wohlfarth model for noninteracting single-domain parti-
cles [63]

K 172
He~ Ms[l_(T/TB) ] (13)
where Ms is the saturation magnetization of a particle. Let us es-
timate Hc for particles with average volume. According to Eq. (8),
the magnetic moment of a particle is determined as up~
{ < V> [(dre_re)}*”? x 5up. Since Ms=pp/V, the Ms value is esti-
mated as Ms ~ dre_re 3>V~ 12 x 5. Substituting the Ms values
determined in such a way and corresponding blocking tempera-
tures <Tg> in Eq. (13) and using effective magnetic anisotropy
constant Kegr (Eq. (11)) at the above-mentioned Ky and Ks values,
we obtain H(4.2 K) of about 10, 16, 21, 24, and 26 kOe for samples
0h, 3 h, 8h,24h, and 240 h, respectively. These estimates exceed
the experimental H{(T=4.2 K, Hy.x=60 kOe) values (see insert to
Fig. 8) and there are two factors responsible for larger values of
estimated coercivity. As it was mentioned above, the M(H) hys-
teresis loops presented in Fig. 8 are open ones, and therefore, the
experimental H{(T=4.2 K, Hpax=60 kOe) values are less than
coercivity of the limit hysteresis loop. Secondly, particles are dis-
tributed by size, volume, and, consequently, by Ms and Ty values,
which affect the resulting Hc value [64]. Nevertheless, the esti-
mates obtained are in qualitative agreement with observed en-
hance of Hc with annealing time which additionally reveals in-
crease of particles in size during the heat treatment.

Note another feature of the hysteresis M(H) dependences in
Fig. 8. In a certain magnetic field range, the initial magnetization
curve is located beyond the hysteresis curve. After cancellation of
the thermomagnetic prehistory of a sample, i.e., it's heating above
Tmax and cooling under the ZFC conditions, the effect is repeated.
Such a behavior was observed by us on the bacterial ferrihydrite
samples from the other set [50]. In addition, the observation of
such an anomalous hysteresis was reported for some SP particles
[65,66]. This nontrivial effect, along with the detected shift of the
hysteresis loop [50] under the FC conditions from the temperature
above Tmax, can be attributed to complex structure of energy
barriers induced by the magnetic anisotropy [32]. The above-
mentioned effects will be analyzed in the nearest future.

! The experimental M(H) curves contain the yar contribution linear with re-
spect to the field (term yar x H in Egs. (3) and (4)), which remains at temperatures
below the blocking temperature. The account for this contribution somewhat
corrects the He(4.2 K) data for the samples under study, which can be seen in the
insert to Fig. 8 (open symbols).
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4. Conclusions

We studied modification of the magnetic properties of the
system of bacterial ferrihydrite nanoparticles subjected to the heat
treatment at temperatures somewhat higher than the boiling
point of water. The initial crystal-chemical structure of ferrihydrite
is disordered due to the nanometer size of comprising particles.
The heat treatment at T=160° C for times of up to 240 h induces
additional defects in the ferrihydrite structure, but, according to
the Mossbauer spectroscopy data, does no lead to the formation of
any other iron oxide or hydroxide phases. The antiferromagnetic
ordering of iron atoms in ferrihydrite together with its defect
structure result in the occurrence of the uncompensated magnetic
moment in nanoparticles and, consequently, in the super-
paramagnetic behavior of the spin system with characteristic
blocking temperatures. The data obtained in this work and pre-
vious studies allow us to conclude that uncompensated magnetic
moment p,y, is caused by defects on the surface of a particle and in
its bulk, which is consistent with the Néel hypothesis about pro-
portionality of the p,, value to the number of defects raised to the
power of 1/2.

The standard analysis of the magnetization curves for the in-
vestigated samples with the use of the distribution functions of the
magnetic moment of particles with regard to the AF contribution
showed that the average magnetic moment of particles and block-
ing temperature Tz monotonically increase with annealing time.
Thus, we concluded that particles of the initial powder coarsen
upon heat treatment. This is confirmed also by the particle mass
loss (intercrystallite water and organic sediments) because of partial
burning of the organic shell, which leads to agglomeration of par-
ticles. The temperature evolution of the uncompensated magnetic
moment follows the dependence similar to the well-known Bloch’s
law (~1—T%), which is caused by the excitation of spin waves in
bulk ferri- and ferromagnets, although exponent a differs from the
classical value of 3/2 and amounts to 1.7-1.8.

Based on the above-mentioned Néel hypothesis and the data
obtained from the distribution function of the magnetic moment
of particles and blocking temperatures, we established that the
processes of blocking of ferrihydrite nanoparticles are affected by
both the bulk and surface anisotropies. The corresponding bulk
and surface anisotropy constants were determined. The contribu-
tion of the surface anisotropy apparently plays a key role in the
behavior of magnetization hysteresis below the blocking tem-
perature: the investigated samples exhibit the coercivity Hc~4-
8 kOe at a temperature of 4.2 K, although the hysteresis loops are
minor in the maximum external fields of up to 90 kOe.

The growth of the particle size upon low-temperature heat treat-
ment of the samples established by analyzing their magnetic proper-
ties is of great practical importance. We have found a simple way of
controlling (increasing) the particle size. According to our data, ex-
posure of the powder of annealed nanoparticles in air at room tem-
perature and humidity of 100% for a long time (tens of hours) or water
impregnation and drying at room temperature under the standard
conditions do not change the magnetic properties, including the
blocking temperature and shape of magnetization curves. Hence, the
low-temperature heat treatment enhances the magnetic moment of
particles. At room temperature, they are in the superparamagnetic
state, but their size and magnetic properties remain stable in an
aqueous medium. The latter can play a decisive role for application of
the investigated material as a drug carrier in the human body.
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