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Abstract. We prepared two samples of ultrafine ferrinydrite (FH) nanoparticle ensembles of quite a different origin. First is the
biosynthesized sample (as a product of the vital activity of bacteria Klebsiella oxytoca (hereinafter marked as FH-bact) with a
natural organic coating and negligible magnetic interparticle interactions. And the second one is the chemically synthesized
ferrihydrite (hereinafter FH-chem) without any coating and high level of the interparticle interactions. The interparticle magnetic
interactions have been tuned by modifying the nanoparticle surface in both samples. The coating of the FH-bact sample has been
partially removed by annealing at 150°C for 24 h (hereinafter FH-annealed). The FH-chem sample, vice versa, has been coated
(1.0 g) with biocompatible polysaccharide (arabinogalactan) in an ultrasonic bath for 10 min (hereinafter FH-coated). The
changes in the surface properties of nanoparticles have been controlled by XPS. According to the electron microscopy data, the
modification of the nanoparticle surface does not drastically change the particle shape and size. A change in the average
nanoparticle size in sample FH-annealed to 3.3 nm relative to the value in the other samples (2.6 nm) has only been observed.
The estimated particle coating thickness is about 0.2-0.3 nm for samples FH-bact and FH-coated and 0.1 nm for sample FH-
annealed. Mdssbauer and magnetization measurements are definitely shown that the drastic change in the blocking temperature
is caused by the interparticle interactions. The experimental temperature dependences of the hyperfine field <Hy>(7) for
samples FH-bact and FH-coated have not revealed the effect of interparticle interactions. Otherwise, the interparticle interaction
energy Eix estimated from the <Hn>(7) for samples FH-chem and FH-annealed has been found to be 121ks and 259Kg,

respectively.
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1. Introduction

Hydrous ferric oxide 5Fe.03x8H,0 (ferrihydrite) only
exists on the nanoscale and is vital for the iron circulation in
nature and for microbiology (Kocar et al. 2010, Liu et al.
2014). Noteworthy is that traces of this mineral were found
in water systems not only on the Earth (Schwertmann et al.
1999), but also on Mars (Bishop et al. 1993, Klingelhofer et
al. 2004).

Due to a high rate of surface hydration in ferrihydrite,
the particle density in it strongly decreases from the center
to the periphery with the formation of a fractal-like
morphology (Weidler and Stanjek 1998, Hiemstra 2013,
Hiemstra 2018). The rate of hydration is inversely
proportional to the particle size (Xu et al. 2011, Hiemstra
(2013). Since ferrihydrite particles are ultrafine, the mineral
has a giant surface area. This property of ferrihydrite can be
used for adsorption of organic chemicals (Holsen et al.
1991) and heavy metals (Brinza et al. 2019, Engel et al.
2021).

Moreover, application of the nanomaterials in biomedicine
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have become a vital task last decades (Chilom et al. 2020,
Barani et al. 20214, b, ¢, Sheervalilou et al. 2021). Certainly,
when choosing materials for biomedical applications, one
must be convinced in their chemical and biological
harmlessness to the organism and the ease clearance
(Sargazi et al. 2021, Rahdar et al. 2021a, b, Mukhtar et al.
2021, Almanghadim et al. 2021). Because in living
organisms, ferrihydrite is a core of the ferritin complex
representing a protein capsule (Papaefthymiou 2010), it is a
priori compatible with animal and human cells, which can
be used in medicine. Narrow-sized distribution, and high
stability of ferrihydrite is of great importance to a rapidly
developing area of biomedical applications, such as MRI
imaging, specific targeting of the red blood cells, treatment
of tumors (Sokolov et al. 2018, Lunin et al. 2020, Stolyar et
al. 2018, 20214, b).

Another parameter, which is important for heating by a
magnetic field, is the specific absorption rate (SAR). It was
shown that the heating efficiency can be affected by any
characteristic that determines the magnetic interactions
between nanoparticles (Abbasi et al. 2011 Wabler et al.
2014). These interactions can be tuned by choosing a
synthesis technique (Allia et al. 2011, Supraja et al. 2016,
Rivas Rojas et al. 2018, Yusoff et al. 2018). Samples of
noninteracting or weakly interacting particles can be
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obtained by coating the latter with inorganic substances,
e.g., SiO; (Rivas Rojas et al. 2018, Yakushkin et al. 2018)
or carbon (Petrov et al. 2020). The organic modifiers used
are proteins, including dextran (Hong et al. 2008), polymer
polyethylene glycol (PEG) (Yang et al. 2021), and
arabinogalactan (Stolyar et al. 2018, Kolovskaya et al.
2020). The latter is a biologically active substance, so
nanoparticles coated with it can be used for its targeted
delivery (Groman et al. 1996, Yamada 2000). The use of
organic coatings can influence the efficiency of application
of nanoparticles (Abdolvand et al. 2020), since the
magnetic properties can be governed via forming additional
chemical bonds on the surface or various aggregates
(Kamble et al. 2014), which is characteristic especially of
ferrihydrite, which has a high surface activity (Hiemstra
2018, Stolyar et al. 2018, Stolyar et al. 2021b).

The interparticle interactions can be enhanced by
drying, as was demonstrated on a-Fe;O3 hematite
nanoparticles (Mgrup et al. 2007). At the same time, the
experiments conducted on uncoated antiferromagnetic
nanoparticle systems showed that aggregation can
drastically change the magnetodynamics in them. For
example, the blocking temperature, at which particles
become superparamagnetic, can increase by more than 100
K (Hansen et al. 2000, Bgdker et al. 2000, Frandsen et al.
2003). The parameter related to the blocking temperature of
superparamagnetic (SPM) particles is the magnetic moment
relaxation time, which generally obeys the Néel-Braun

dependence
KV
=T,€
T=Texp| T (1)

Here, Ket is the effective magnetic anisotropy constant,
V is the particle volume, t is the characteristic measuring
time, and 7o is the characteristic particle relaxation time
ranging conventionally within 1073-10°s (Mgrup et al.
2007). Since the parameter 1o can influence the SAR (De la
Presa et al. 2012), the properties of nanomaterials can be
controlled by tuning the 1o value.

It is natural that the magnetic moments of
antiferromagnetic nanoparticles (several hundred Bohr
magnetons) are usually much smaller than those of
ferromagnetic and ferrimagnetic nanoparticles. The
previous estimation of the dipole—dipole interactions on
hematite particles with an average diameter of <d> ~ 20 nm
showed that the energy of only the dipole interactions may
appear insufficient to significantly affect the SPM
relaxation (Hansen et al. 2000). At the same time, it was
experimentally shown that the blocking temperature of
ultrafine antiferromagnetic nanoparticles significantly
changes after switching-on the interparticle interactions
(Zhao et al. 1996, Kuhn et al. 2006, 2022, Papaefthymiou et
al. 2009). Therefore, in ultrafine antiferromagnetic nano-
particle samples, an essential role can be played not only by
the exchange coupling, as was assumed by Megrup et al.
2007, but also by the dipolar interactions. Taking into
account the strong surface anisotropy of fine particles, one
can assumed that the behavior of such particles becomes
more sensitive to the dipolar interactions as the particle size

decreases.

Using the interparticle magnetic interactions, one, in
fact, can control the dipole magnetic field when particles
are close to each other or somewhat spatially separated.
Thus, one can change the speed of rotation of the particle
magnetic moment by selecting a required frequency for
each specific application. In biogenic ferrihydrite,
nanoparticles have a polysaccharide shell (Knyazev et al.
2021) and the effect of the interparticle magnetic
interactions is negligible, whereas in chemical ferrihydrite
these interactions are significant (Knyazev et al. 2022). In
this study, in order to modify the magnetic properties of
nanostructured  ferrihydrite  systems, we tuned the
interparticle magnetic interactions by two methods. The
first method uses artificial coating of chemical ferrinydrite
nanoparticles (Knyazev et al. 2022) with an arabinogalactan
protein and the second method consists in annealing of
bacterial ferrihydrite (Balaev et al. 2016a, Balaev et al.
2016b, Balaev et al. 2020).

2. Experimental
2.1 Synthesis

The synthetic ferrihydrite samples were obtained
chemically as described in (Stolyar et al. 2017, Knyazev et
al. 2022). All chemicals used were of analytical grade and
required no further purification. The synthetic ferrihydrite
samples were prepared by hydrolysis of iron (I1I) nitrate.
Droplets of the 1M NaOH solution were added to the 100
ml Fe(NO3z)3-9H20 solution (0.2 M) at a rate of 20 ml/min
at room temperature under constant stirring until neutral
pH. As a result, a dark brown suspension was formed. The
obtained precipitate was washed with deionized water to
remove remaining ions and dried at room temperature. The
sample was a powder of ferrihydrite nanoparticles. To
synthesize arabinogalactan-coated ferrihydrite (sample FH-
coated), the suspension after washing was added with 1.0 g
of arabinogalactan and sonicated for 10 min (22 kHz, 50
W/cm?).

The bacterial ferrihydrite sample (FH-bact) was
synthesized by cultivating Klebsiella oxytoca bacteria as in
our previous study (Knyazev et al. 2021). A part of the
sample was annealed at a temperature of 150°C in an air
atmosphere for 24 h to partially remove the biogenic
polysaccharide coating. The obtained sample is hereinafter
referred to as FH-annealed.

2.2 Transmission electron microscopy

The size and phase composition of the nanoparticles
were controlled by transmission electron microscopy
(TEM) and electron microdiffraction, respectively. The
electron microscopy and microdiffraction investigations
were carried out on a Hitachi HT7700 transmission electron
microscope at an accelerating voltage of 100 kV. Specimens
were prepared by shaking the nanoparticle powder in
alcohol in an ultrasonic bath and depositing the obtained
suspension onto support meshes with a perforated carbon
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Fig. 1 TEM images for ferrihydrite samples FH-coated
and FH-annealed; The lower insets show the calculated
particle size distributions (in the bottom); The solid line
in the plots corresponds to the processing by the
lognormal distribution law; The upper insets show
microdiffraction of the samples

coating. The average particle size in the sample was
determined using the Scherrer formula. This method takes
into account the broadening of diffraction reflections due to
size effects. To determine the average particle size, a
halfwidth of the first brightest diffraction ring was
examined.

The estimation based on the electron microdiffraction
data yielded average particle diameters of <d>~ 2.6 nm and
<d> ~ 3.3 nm for samples FH-coated and FH-annealed,
respectively. For an ensemble of particles, size histograms
were built. The particle size distribution was estimated from
microphotographs by conventional computer tools. The
histograms are shown in the inset to Fig. 1. The average
particle diameters determined from the histograms are <d>
~3.0 nm and <d> ~ 3.45 nm for samples FH-coated and FH-
annealed, respectively. These values slightly exceed the
Scherrer formula results. This discrepancy is easy to
explain. It can be due to the fact that electron
microdiffraction was observed directly on a ferrihydrite
crystallite, while the physical counting of particles was
made from the size visualized in TEM images with
allowance for the coating substance. Thus, the discrepancy
between the size estimates can be related to the organic
coating of the samples.

At the same time, a slight increase in the particle size in
sample FH-annealed as compared with sample FH-bact is
caused by coarsening of particles during their
agglomeration and partial crystallization (Balaev et al.
20164, Balaev et al. 2016b, Balaev et al. 2020).

The average particle size estimated from the Scherrer
formula for sample FH-coated coincides with the value
obtained for the chemically synthesized uncoated sample
(Knyazev et al. 2022). Therefore, the arabinogalactan
coating thickness is easy to estimate as a half of the
difference between the particle sizes obtained from the
Scherrer formula and observed visually. Our estimate for
sample FH-coated is ~0.2 nm, which is similar to the value
for bacterial ferrihydrite reported in (Knyazev et al. 2021),
where we already noted the absence of interparticle
interactions.

Concerning sample FH-annealed synthesized by
annealing of bacterial ferrihydrite, we should note a
significant increase in the average particle size as compared
with its value in the initial sample. This is confirmed also
by the observed diffraction reflections corresponding to the
ferrihydrite structure. The resulting discrepancy between
the estimated average particle sizes for the annealed sample
is ~0.1 nm, which is smaller than for sample FH-coated.
Thus, annealing of nanoparticles decreases the organic
coating thickness; however, the visual particle size
increases, possibly due to aggregation of particles.

In addition, we should pay attention that the particle size
distribution for sample FH-coated changed as compared
with the original (FH-chem) sample, for which the normal
distribution law was observed (Knyazev et al. 2022). For
sample FH-coated, we have the lognormal distribution law
(inset to Fig. 1). However, in sample FH-annealed, the
normal distribution is preserved.

2.3 X-Ray Photoelectron Spectroscopy (XPS)

The coating, surface states of iron cations, formation of
new chemical bonds, and change of the charge state of
surface atoms were controlled by X-ray photoelectron
spectroscopy (XPS).

X-ray photoelectron spectra were recorded with a
SPECS instrument (Germany) equipped with a PHOIBOS
150 MCD-9 analyzer operating at a pass energy of 20 eV
for survey spectra and 10 eV for high-resolution spectra; the
X-ray tube was excited by monochromatic Al Ka
irradiation (1486.7 eV). The pressure in an analytical
chamber was in the range of 10° mbar. The atomic
concentrations were determined from the survey spectra.
The high-resolution spectra were fitted with the
Gaussian—Lorentzian peak profiles after subtraction of the
Shirley-type background. The Fe 2p spectra were fitted with
several sets of multiplet lines (four narrow peaks and a
wider satellite for Fe3*cations) (Biesinger et al. 2011) in the
CasaXPS software.

2.4 Méssbauer spectroscopy

Mdossbauer spectra of the investigated samples were
obtained on an MS-1104Em spectrometer (the Research
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Fig. 2 XPS spectra of ferrihydrite samples; (a) Survey spectra of the samples; (b) Oxygen and (c) iron partial spectra;
Two sets of the lines modeling the Fe-2p spectra are shown in different colors

Institute of Physics, Southern Federal University) in the
transmission geometry with a Co%/(Rh) radioactive source
in the temperature range of 4-300 K using a CFSG-311-
MESS cryostat with a sample in an exchange gas based on a
Gifford-McMahon closed cycle cryocooler (Cryotrade
Engineering). The modulating signal of motion of the
radioactive source was set by a triangular pulse. A sample
with a relative thickness of 5 mg/cm? was placed in a 10-
um-thick aluminum foil and the obtained tablet was pressed
and mounted on an insert of a low-temperature cryostat
under constant pumping.

Since the difference between the precession angles in an
antiferromagnetic nanoparticle is negligible, the number of
possible precession states is much smaller than in a
ferromagnetic nanoparticle (Mgarup et al. 2005). Therefore,
we determined the relaxation times of the nanoparticle
magnetic moments using the model proposed in (Wickman
et al. 1966). The spectra were processed at the variation of
the entire set of hyperfine parameters by the least squares
method in the linear approximation.

2.5 DC magnetization

The temperature dependences of the magnetization were
measured on a SQUID magnetometer under zero field
cooling (ZFC) and field cooling (FC) in the external field
range of 1-100 Oe (Velikanov 2013). To perform the
magnetic measurements, the investigated powder was fixed
in a measuring capsule in paraffin. The magnetic moment
data are given in units of emu per powder mass.

3. Results
3.1 X-Ray photoelectron spectroscopy (XPS)

The XPS spectra of the samples obtained at 300 K are
shown in Fig. 2. The survey spectra (Fig. 2(a)) reveal small
sodium and calcium impurities in samples FH-bact and FH-
coated. This is indicative of the presence of organic matter
in them. A noticeable Ca content in sample FH-bact can be
a fingerprint of its organic coating.

The oxygen spectra are decomposed into the O% lines
with a binding energy of ~530 eV, OH" lines (~531.6 eV),
and absorbed water lines (~533 eV), which is consistent
with the ferrihydrite spectra presented by Mallet et al.
(2013). The last two components can contain the oxygen
contribution from the carbon-containing coating layer; after
the formation of an artificial coating on sample FH-coated,
they are noticeably intensified and the O?peak lowers. A
ratio of about unity or more (for the coated sample) between
the intensities of signals of hydroxide groups and O?%
qualitatively agrees with the conclusion about a significant
contribution of the hydroxylated surface layer.

The high-resolution spectra of iron are shown in Fig.
2(c). They are in the qualitative agreement with the ferrihydrite
spectra presented in Grosvenor et al. (2004). In the spectra,
the Fe 2p maximum for the main 2ps level has a binding
energy of ~711.2 eV and the broader low-intensity peak at
~720 eV is characteristic of iron oxyhydroxides (Landers et
al. 2014). A decrease in the total intensity of the lines
indicates that the relative iron concentration in the samples
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Fig. 4 Mdssbauer spectra for samples FH-coated (on the left) and FH-annealed (on the right) in the temperature range
of 4-300 K. Spectral components for the samples at 4 and 300 K are shown by shaded areas. The solid line

corresponds to the processing data

decreases with the formation of artificial and natural
organic coatings of nanoparticles. The highest iron
concentration is observed in sample FH-chem and the
lowest one, in sample FH-coated with the artificial coating.
This is somewhat inconsistent with the estimated coating
thickness, which showed that sample FH-bact has a thicker
coating than sample FH-coated. However, considering that
the molecular weights of the coating substances (organics in
the bacteria and arabinogalactan habitat) are different, there
is no contradiction here. In the spectra, the Fe 2ps;» peak
position shifts toward lower binding energies for the coated
samples relative to sample FH-chem.

3.2 DC magnetization

Fig. 3 shows the M(T) dependences of the samples

obtained in the ZFC mode and in a magnetic field of 100 Oe
(FC). Temperature Tmax corresponding to the maximum
magnetization of SPM particles in the dependence is
conventionally determined as a magnetic moment blocking
temperature. The measurements showed that the numerical
values of this temperature are 16 and 44 K for samples FH-
coated and FH-chem in Fig. 3(a), respectively. Around Tmax,
there is a discrepancy between the M(T)zrc and M(T)rc
dependences, which has the largest value for FH-annealed
(Fig. 3(b)). This feature often accompanies the SPM
blocking process and is related to the existing particle size
distribution (Landers et al. 2014, Knyazev et al. 2022). The
data obtained are indicative of a strong dependence of the
Tmax value on the interparticle interactions.

Note that, in the samples with the surface depleted in an
organic coating (FH-annealed and FH-chem), the Tmax value
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Table 1 Mdssbauer parameters of sample FH-coated in the temperature range of 4-300 K. IS is the chemical shift
relative to o-Fe, Hyris the hyperfine field on iron nuclei, QS is the quadrupole splitting, W is the Mdssbauer line
FWHM, 7 is the calculated magnetic moment relaxation time, and A is the relative site occupancy

IS, £0.005 mm/s Hhnt, £3 kOe QS, mm/s +0.01 W, £0.01 mm/s T, NS A £0.03a. u.
300K
0.341 -- 0.47 0.36 -- 0.43
0.348 -- 0.76 0.32 -- 0.36
0.351 -- 1.09 0.33 -- 0.21
1 0.456 -- 0.51 0.43 -- 0.47
2 0.467 -- 0.80 0.37 -- 0.32
3 0.464 -- 1.18 0.37 -- 0.21
1 0.476 -- 0.42 0.39 -- 0.15
2 0.469 - 0.75 0.37 - 0.28
3 0.470 - 1.18 0.43 -- 0.23
4 0.460 130 0.74 0.040 0.34
1 0.470 373 0.00 - 0.32 0.85
2 0.453 -- 1.04 -- -- 0.15
0.505 412 0.01 - 10.0 0.54
0.496 258 0.65 - 12.0 0.29
0.469 152 1.05 -- 7.30 0.17
0.471 443 0.00 -- 23.0 0.46
0.478 368 -0.05 - 26.0 0.30
0.492 256 0.00 -- 20.0 0.24
0.486 491 -0.02 - 52.0 0.37
0.474 461 -0.07 - 50.0 0.36
0.499 421 -0.05 -- 34.0 0.27
0.485 499 -0.04 - 48.0 0.51
0.466 471 -0.07 - 58.0 0.28
0.497 441 -0.02 -- 53.0 0.21

is several times higher than the blocking temperature of the
samples with the thicker coating. Below this temperature,
the FC magnetization of synthetic sample FH-chem has a
weak minimum, which is also related to the collective
effects caused by the interparticle interactions (Knyazev et
.al 2022). A similar regularity can be followed in the
dependence for annealed bacterial sample FH-annealed.
Synthetic sample FH-coated with arabinogalactan on its
surface has no such a characteristic minimum in its FC-
magnetization curve, which means that the collective effects
vanish. Note that this M(T) behavior qualitatively
corresponds to the temperature dependence of the
magnetization of bacterial sample FH-bact.

3.3 Moéssbauer spectroscopy

Fig. 4 presents the Mdssbauer spectra of ferrihydrite
samples FH-coated and FH-annealed. According to the
mathematical processing data (Tables 1-2), at 300 K, the
spectral parameters correspond to the previously obtained
data for ferrihydrite, both biogenic and chemical (Zhao et
al. 1996, Papaefthymiou et al. 2009, Stolyar et al. 2018,
Knyazev et al. 2021, 2022). The results of mathematical
processing of the spectra for all the samples are consistent
(Tables 1 and 2). According to the spectral processing data,
iron cations are only in the 3* charge state, which does not
change with decreasing temperature. The spectra reveal
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Table 2 Mossbauer parameters of sample FH-annealed in the temperature range of 4-300 K. IS is the chemical shift
relative to a-Fe, Hpeis the hyperfine field on iron nuclei, QS is the quadrupole splitting, W is the Mdssbauer line FWHM,

1 is the calculated magnetic moment relaxation time, and A is the relative site occupancy

IS, £0.005 mm/s Hhnt, £3 kOe QS, mm/s +0.01 W, £0.01 mm/s T, NS A, £0.03a. u.

300 K
1 0.336 -- 0.52 0.37 -- 0.51
0.338 -- 0.87 0.35 -- 0.37
0.347 -- 1.27 0.33 -- 0.13

100K
1 0.435 -- 0.53 0.48 -- 0.56
0.439 -- 0.92 0.38 -- 0.31
0.421 -- 1.35 0.33 - 0.13

70 K
1 0.380 133 0.00 - 1.00 0.56
0.433 230 0.00 - 7.20 0.18
0.451 - 0.83 0.88 0.26

60 K
1 0.567 218 0.00 - 3.10 0.85
2 0.572 368 0.00 - 19.0 0.13

40 K
1 0.479 463 0.00 - 35.0 0.40
0.459 417 -0.11 - 31.0 0.35
0.542 343 -0.01 - 16.0 0.23

30K
1 0.478 485 0.01 -- 44.0 0.43
0.457 451 -0.03 - 42.0 0.34
0.473 404 0.00 - 30.0 0.21

20 K
1 0.468 499 0.01 - 52.0 0.44
0.454 471 -0.05 - 52.0 0.33
0.482 433 0.00 - 39.0 0.21

15K
1 0.484 505 0.01 - 53.0 0.46
0.454 478 -0.08 - 54.0 0.34
0.481 442 0.00 - 46.0 0.19

10K
1 0.482 511 0.05 -- 51.0 0.45
0.466 486 -0.04 - 57.0 0.31
0.474 455 0.00 - 42.0 0.23

4K

1 0.489 515 0.01 -- 51.0 0.461
0.464 491 -0.01 - 60.0 0.306
0.474 459 0.01 -- 45.0 0.219

three characteristic iron sites in the octahedral environment,
which is typical of ferrihydrite (Berqud et al. 2009, Stolyar
et al. 2018). The occupancy of these sites decreases with an
increase in the quadrupole splitting (local distortions) and
the ratio between the occupancies of these sites remains

invariable over the entire temperature range, except for the
region around the blocking temperature, where the iron sites
cannot be separated because of the relaxation shape of the
spectra.

Since the blocking temperature of nanoparticles strongly
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depends on their size, it is conventionally determined at the
equal areas of the magnetically split (sextet) and quadrupole
(doublet) parts of the spectrum (Mgrup 1987). Then, it
corresponds to blocking of the particles corresponding to
the maximum in the particle size distribution. This method,
however, is not always applicable. It can be limited by a
broad distribution of hyperfine fields (Guyodo et al. 2006).
This phenomenon is directly related to the relaxation
character of the spectra in this region, which is observed for
strongly interacting particles (Kuhn et al. 2006, Marup et
al. 2007). This complexity is typical of both samples FH-
coated and FH-annealed and was observed previously in the
FH-chem system (Knyazev et al. 2021). Such a behavior is
induced by the interparticle interactions in a nanoparticle
ensemble.

According to the Mdossbauer spectroscopy data, the
blocking temperature of sample FH-coated is 7z ~ 45 K.
This is twice as low as in initial artificially synthesized
uncoated sample FH-chem (7 ~ 90 K) (Knyazev et al.
2021). Moreover, a value of Tg ~ 45 K is similar to that
observed in biogenic sample FH-bact (7& ~ 30 K) (Knyazev
et al. 2022). In this case, annealing of the bacterial sample
strongly increases the blocking temperature: this parameter
for sample FH-annealed is 7z ~ 85 K. Thus, the
enhancement of the interparticle interactions leads to a
significant increase in the blocking temperature (Knyazev et
al. 2022).

Furthermore, it can be noted that weakening of the
interparticle interactions causes a significant narrowing of
the temperature range of existence of the relaxation region
in sample FH-coated, which is fairly narrow (20-40 K). In
addition, we should note a narrow (3040 K) region of
existence of the doublet and sextet. However, for the
biogenic sample, this behavior is observed during the entire
magnetic moment blocking process (Knyazev et al. 2022).
We attribute the residual relaxation behavior of the spectra
to the possible formation of coarser nanoparticles or coated
agglomerates of fine particles, which was noted in the TEM
data. Such particles can induce much stronger magnetic
fields around themselves due to an increase in the
uncompensated magnetic moment.

The opposite situation is observed upon annealing of
bacterial ferrihydrite. For sample FH-annealed, the
relaxation region existing in the range of 40-80 K
significantly expands (Fig. 4). This is comparable with our
results for sample FH-chem reported in Knyazev et al.
2022. In addition, note a strong change in the relaxation
time 1o for the samples with different degrees of coating.
Since no crucial changes in the particle size distribution
were observed, this is just the manifestation of the
interparticle interactions.

4. Discussion

The data obtained for ferrihydrite sample FH-coated are
in qualitative agreement with the results reported by Berquo
et al. 2009, where the change in the shape of the Méssbauer
spectra after coating of ferrihydrite nanoparticles with
organic substances was also discussed. The SPM relaxation
times given in Tables 1-2 clearly demonstrate that the

nanoparticle coating thickness directly affects the magnetic
moment rotation speed, which has prospects for application.

Let us turn to the temperature dependence of the average
hyperfine field <Hnw>(7) shown in Fig. 5 for ensembles of
ferrihydrite particles with different degrees of interparticle
interactions. One can clearly see the qualitative change in
the <Hw>(7) dependence at the modification of the
nanoparticle surface. For ensembles of ferrihydrite particles
with the natural (FH-bact) and artificial (FH-coated)
coatings, the hyperfine fields behave almost identically. A
slight discrepancy can be attributed to a certain fraction of
the residual interparticle interactions in sample FH-coated.
A similar situation is observed for the second pair of
nanoparticle systems. Here, we can note that the annealing
of the bacterial sample caused even stronger interactions
than in sample FH-chem.

In the case of samples FH-chem and FH-annealed, there
is a linear portion in the <Hw>(T) dependence in the range
of 4-40 K, which is especially pronounced for the annealed
sample. Above 40 K, the Mdssbauer spectra have a
relaxation form. This behavior of the temperature
dependence of the hyperfine field is typical of interacting
particles and can be mathematically described, taking into
account the interparticle interaction energy Ein, as
(Frandsen et al. 2005, Kuhn et al. 2006, Mgrup et al. 2007)

ke T
<Hm>(T):<tho>[l—m] (2)

Here, Hnio is the hyperfine field at the minimum
temperature. Since the FH-chem and FH-annealed particle
sizes are very similar, it can be assumed that the anisotropy
constants Kess in these nanoparticle ensembles are also
similar. After linearizing the low-temperature portions in
Fig. 5, we determined the numerical values of the
interparticle interaction energy with allowance for the
inclination angle. The Eiy values for samples FH-chem and
FH-annealed are 121ks and 259kg, respectively. It is
noteworthy that these values are smaller than those for
hematite particles with an average size of 8 nm (according
to the data reported by Mgrup et al. 2007) by almost an
order of magnitude. We attribute the large difference to the
ultra-small particle size in the ensembles under study.

If in Eq. (2) we omit the term E;n, then the temperature
dependence of the hyperfine field for noninteracting
particles will be obtained, which is shown in Fig. 5 by the
dashed line. This line can be taken as an approximation of
the low-temperature behavior of the hyperfine field for
samples FH-bact and FH-coated. The best agreement is
observed for sample FH-bact; the minor discrepancy for
sample FH-coated can be caused by the residual
interparticle interactions.

The calculated relaxation times t for FH-annealed and
FH-chem nanoparticles as a function of temperature are
shown by symbols in Fig. 6. Since the time window for the
Maossbauer spectroscopy resolution lies within 108-10-%s,
the t values beyond this range are not analyzed. According
to the Wickman model (Wickman et al. 1966), at t > 108 s,
the shape of the spectrum remains invariable and only the
spectral linewidth changes, which becomes smaller than the
natural linewidth of nuclear transitions in 5’Fe in this range
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Fig. 5 Temperature dependence of the average hyperfine
field for the ferrinydrite samples; The data for samples
FH-chem and FH-bact are borrowed from (Knyazev et al.
2021) and (Knyazev et al. 2022), respectively; The solid
lines show linearization by Eq. (2); The dashed line
shows the <Hn>(T) dependence with disregard of the
interparticle interactions
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Fig. 6 Temperature dependence of the SPM relaxation
time of the magnetic moment for samples FH-annealed
and FH-chem obtained from the Mdssbauer and dc-
magnetization measurement data; Arrows show the
temperatures below which the interparticle interactions
occur. Dotted and dashed lines show the result of fitting
by Egs. (1) and (3), respectively

and 7t loses its physical meaning. In addition, taking into
account the characteristic time of the magnetic
measurement (1-10 s), the relaxation time at Tmax (Fig. 3)
was taken to be 1 s.

It is well-known that the relaxation time in ensembles of
interacting nanoparticles diverges as in the spin glass upon
cooling the sample to the phase transition temperature
(Fiorani et al. 1999, Lo6pez-Ruiz et al. 2010, Morup et al.
2010); therefore, to fit the ©(7) dependence, we used the
expression obtained from the scaling law (Morup et al.

2010)
T yA
T=1, =2 ®)
T-T,

Here, the exponent zv for systems of interacting particles
is 4-12 and Ty is the magnetic moment freezing point.
According to the above-obtained estimates of the magnetic

interparticle interaction energy, it can be assumed that, in
the high-temperature region, Eq. (3) will be in poor
agreement with the t values determined in the Mdssbauer
experiment. Therefore, to approximate the obtained
dependence, we also used Eq. (1), which describes the
change in the SPM relaxation time for the nanoparticle
magnetic moments in an ensemble without interactions.
Figure 6 shows the result of processing of the obtained data.
It can be seen that both samples follow the same regularity:
above the temperature T* (arrows in Fig. 6), Eq. (1) better
describes the ©(T) dependence. At the same time, below T*,
due to the interactions between nanoparticles, the t(7)
dependence exhibits a sharper and more pronounced growth
than Neel-Brown dependence (1) and obeys Eq. (3). The
latter is consistent with the previous results for
ferrimagnetic nanoparticles (L6pez-Ruiz et al. 2010, Morup
et al. 2010). Note that, for sample FH-annealed, the
exponent is zv = 6, which is significantly higher than for
sample FH-chem (zv = 4). The numerical T* values for
these nanoparticle ensembles are consistent with the
estimated interparticle interaction energies.

5. Conclusions

We note that the technological route for the synthesis of
artificial or biological ferrihydrite does not significantly
affect the manifestation of collective effects induced by the
interparticle interactions. In the nanomaterial obtained by
both methods, these interactions can be finely tuned by
modifying the nanoparticle surface. The surface
modification of ultrafine ferrihydrite nanoparticles
performed in this study showed that the surface coating
strongly affects their magnetic characteristics. This
phenomenon is directly related to tuning of the magnetic
interparticle interactions. Switching-on the interparticle
interactions upon annealing of the bacterial nanoparticle
ensemble (FH-annealed) increased the blocking temperature
to 85 K, according to the Mdéssbauer spectroscopy data (56
K, according to the magnetic measurement data). This value
corresponds to a Mdssbauer blocking temperature of 95 K
(Tmax= 44 K, according to the magnetization data) for initial
synthetic ferrihydrite sample FH-chem. On the other hand,
the artificial coating eliminates almost completely the
interactions between particles and reduces the blocking
temperature in sample FH-coated to 30 K, according to the
Mdssbauer spectroscopy data (16 K, according to the
magnetic measurement data).

The interparticle interaction energy Ein: for samples FH-
annealed and FH-chem was estimated from the <Huw>(7)
dependence; numerical values of 121 and 259 K,
respectively, were obtained. The Mdssbauer spectroscopy
data in the range of 4-300 K showed that a change in the
thickness of the coating of ultrafine ferrihydrite
nanoparticles significantly affects the SPM relaxation. The
obtained temperature dependences of the relaxation times
for the samples with the interparticle interactions (FH-
annealed and FH-chem) qualitatively confirmed the
estimated interparticle interaction energy. Thus, it was
shown that tuning of the interparticle interactions by
modifying the coating of antiferromagnetic ferrihydrite
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nanoparticles is a promising technique for obtaining the
required magnetic properties of nanoparticles.

To sum up, it is evident that the magnetic interparticle
interactions in ferrihydrite nanoparticle ensembles may be
easily tuned by modifying the nanoparticle surface.
Moreover, such phenomenon does not depend on the origin
of the matter (bio- or chemically synthesized). Furthermore,
we showed that magnetic interparticle interactions
drastically change magnetic behavior of the nanoparticle
ensembles.
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