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a b s t r a c t   

Samples of synthetic ferrihydrite with an average nanoparticle size of 2.7 nm have been examined by 
magnetometry and Mössbauer spectroscopy. Ferrihydrite is characterized by the antiferromagnetic inter
actions between the magnetic moments of iron atoms. In ferrihydrite nanoparticles, as in any other anti
ferromagnetic ones, structural defects induce the formation of an uncompensated magnetic moment, which 
determines the magnetic properties typical of single-domain ferro- and ferrimagnetic particles. The man
ifestation of the magnetic interactions between ferrihydrite nanoparticles in the magnetic properties of the 
material and in the temperature evolution of Mössbauer spectra has been in focus. The results obtained on 
synthetic ferrihydrite have been compared with the data for the biogenic ferrihydrite sample with a similar 
average size of particles surrounded by a polysaccharide shell, which weakens and screens the interparticle 
magnetic interactions. A clear manifestation of the effect of the interparticle magnetic interactions on the 
transition to the blocked state is the presence of a significant contribution of the relaxation component in 
the Mössbauer spectra at temperatures of the transition from the superparamagnetic to blocked state. The 
temperature dependence of the particle relaxation time obtained from the Mössbauer spectra points out 
the collective effect of freezing of the magnetic moments of particles due to the magnetic interactions 
between them. 

© 2021 Elsevier B.V. All rights reserved.    

1. Introduction 

Ferrihydrite is a hydrated ferric oxide with the nominal formula 
Fe2O3·nH2O, where the water content can be different [1,2]. This 
mineral exists only on the nanoscale and is widespread in water 
systems on the Earth's surface. It plays an important role in the vital 
activity of microorganisms and higher animals, which can be seen on 
the example is ferritin. Ferritin is a ferrihydrite nanocrystal en
capsulated in a protein shell. It is responsible for storing iron in the 
living organism. Ferrihydrite is nontoxic to humans and animals  
[3,4] and currently used in anemia medicine. Due to the large frac
tion of the surface, which is characteristic of all nanoparticles, fer
rihydrite is a good sorbent [5]. It can be obtained by chemical 

methods (synthetic (chemical) ferrihydrite) [6] or produced by mi
croorganisms during the vital activity (bacterial (biogenic) ferrihy
drite [7,8]). 

The magnetic moments of iron atoms in ferrihydrite are ordered 
antiferromagnetically [9]. Seemingly, this type of ordering should 
classify ferrihydrite as a weak magnetic substance. Meanwhile, due 
to structural defects, fine antiferromagnetic (AFM) particles can ac
quire a fundamentally new property: uncompensated magnetic 
moment μun [10,11]. Obviously, this moment depends on a relative 
number of defects, or, to be exact, on their type. As was shown by 
Néel [12] using the statistical considerations, different μun values can 
be expected for three different types of defects: (i) μun ~ μat·N1/3 (μat 

is the magnetic moment of an atom and N is the number of mag
netically active atoms in a particle) when defects only exist on the 
particle surface; (ii) μun ~ μat·N1/2 when there are defects distributed 
fairly uniformly both on the surface and in the bulk of a particle; and 
(iii) μun ~ μat·N2/3 for a prefect (defect-free) AFM particle with an odd 
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number of ferromagnetically ordered planes [12]. A simple estima
tion, even in intermediate case (ii) with μun ~ μat·N1/2, yields fairly 
large (hundreds of Bohr magnetons μB) μun values at N ~ 103 and μat 

≈ 5 μB. Such values were determined when studying the magnetic 
properties of ferrihydrite and ferritin in [13–21]; in most cases, the 
ratio μun ~ μat·N1/2 was valid [13–19]. 

The above-mentioned values of the uncompensated magnetic 
moment of ferrihydrite nanoparticles already allow us to assign 
ferrihydrite to a class of magnetic nanoparticles, which makes it 
promising for application in various fields. The nontoxicity of ferri
hydrite and its antibacterial properties [3] provide great opportu
nities for use of the magnetic properties of ferrihydrite nanoparticles 
in biomedicine; the first successful results have already been re
ported [22,23]. 

By now, there have been certain unsolved problems, both prac
tical and fundamental, concerning the use of AFM nanoparticles, 
including ferrihydrite ones. Among these problems is the effect of 
the interparticle magnetic interactions on the behavior of a system 
of particles. In some fields of applications, when particles, for ex
ample, are immersed in a liquid in an external field, such interac
tions will inevitably lead to the undesirable coalescence of particles. 
For ferromagnetic (FM) and ferrimagnetic nanoparticles, the mani
festation of interparticle interactions in different characteristics of a 
material were thoroughly investigated [24–40]. Although the mag
netic moment of AFM nanoparticles is smaller (μun ~ 102 μB) than 
that of single-domain FM particles (~103 μB), some studies showed 
the effect of interparticle interactions on the magnetic properties of 
AFM nanoparticle systems [10,41–48]. 

The aim of this study was to examine synthetic ferrihydrite na
noparticles by magnetometry (the quasi-static magnetic properties) 
and Mössbauer spectroscopy (MS) in other to elucidate the impact of 
the interparticle magnetic interactions on the transition to the su
perparamagnetic (SPM), or unblocked, state of such systems. The 
focus of this work is on a chemical ferrihydrite sample. For com
parison, the data on a reference sample of biogenic ferrihydrite 
produced by the vital activity of bacteria [7,8,18,49] are reported. The 
conditions for the cultivation of bacteria determine the presence of a 

polysaccharide shell on the ferrihydrite particle surface [50]. This 
ensures the spatial separation of particles and screening of their 
magnetic interactions. 

2. Experimental 

Chemical ferrihydrite (hereinafter, FH-chem) was synthesized at 
room temperature by slowly adding a sodium hydroxide (NaOH) 
solution (1 M) to a ferric chloride (FeCl3) solution (0.02 M) until the 
neutral pH value under constant stirring. The alkali addition rate 
varied from 0.01 to 0.001 mol/min. The forming precipitate was 
collected on a filter, washed, and dried at room temperature. 

A ferrihydrite biogenic sample was isolated from bacterial sedi
ments after cultivation of Klebsiella oxytoca bacteria under anaerobic 
conditions [7,8,18]. The obtained dried sol is an aggregated system of 
ferrihydrite nanoparticles coated with an organic shell [50] with an 
average size of 2–3 nm. The samples from different series obtained 
by this technique have the identical particle sizes and, according to 
the static magnetic measurements, their characteristic SPM blocking 
temperatures are 15–25 K. The investigated biogenic ferrihydrite 
sample are hereinafter referred to as FH-bact. 

The electron microscopy and microdiffraction investigations 
were carried out on a Hitachi HT7700 transmission electron mi
croscope at an accelerating voltage of 100 kV. Specimens were 
prepared by shaking the nanoparticle powder in alcohol in an ul
trasonic bath and depositing the obtained suspension onto support 
meshes with a perforated carbon coating. 

The temperature dependences of the magnetization M(T) were 
measured on a SQUID magnetometer in external fields of 1–100 Oe  
[51] and a vibrating sample magnetometer [52] in fields of 1e50 kOe 
in the zero-field cooling (ZFC) and field cooling (FC) modes. The field 
dependences of magnetization M(H) were measured up to maximal 
magnetic field of 60 kOe. 

The Mössbauer spectra of the sample were obtained on an MS- 
1104Em spectrometer (Research Institute of Physics, Southern 
Federal University) in the transmission geometry with a Co57(Rh) 
radioactive source in the temperature range of 4–300 K using a 

Fig. 1. (a, d) TEM images of chemical and biogenic ferrihydrite nanoparticles. Inset in (a, d): microdiffraction patterns. (b, e) Dark-field images of chemical and biogenic ferri
hydrite nanoparticles. (c, f) Particle size distributions for the chemical and biogenic samples. 
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CFSG-311-MESS cryostat with a sample in the exchange gas based on 
a closed-cycle GiffordeMcMahon cryocooler (Cryotrade 
Engineering). The spectra were processed by varying the entire set of 
hyperfine parameters using the least squares method in the linear 
approximation. The Mössbauer relaxation spectra were fitted using a 
two-stage relaxation model [53,54]. 

3. Results 

3.1. Microstructural and Magnetic Characterization 

Fig. 1 presents the results of the microstructural study of the 
ferrihydrite samples, including typical micrographs, microdiffraction 
patterns, and size distributions of particles. The microdiffraction 
patterns contain two diffusion reflections corresponding to inter
planar spacings of 1.5 and 2.6 Å. We used the Scherrer's formula to 
determine the average particle size in the two samples. This method 
takes into account the broadening of diffraction reflections due to 
the size effects. To obtain the average particle size, a half-width of 
the first brightest diffraction ring was examined. Our estimation 
yielded < d >  values of 2.8 and 2.4 nm for samples FH-chem and FH- 
bact, respectively. Then, a set of particles was treated to obtain the 
particle size histograms. We evaluated the particle size distributions 
by the micrographs using conventional computer tools. The histo
grams shown in Fig. 1c,f for the two samples are similar. The mea
sured average particle sizes < d >  were 2.7 and 2.2 nm for samples 
FH-chem and FH-bact, respectively, which is consistent with the 
Scherrer's formula estimation. 

Fig. 2 shows temperature dependences of the magnetization for 
the samples measured in an external field of H = 100 Oe in the ZFC 
and FC modes. These dependences can be considered, in the first 
approximation, typical of systems of magnetic nanoparticles: at high 
temperatures, particles are in the SPM state (the thermomagnetic 
prehistory does not affect the magnetization) and, at low tempera
tures, the magnetic moments of particles are blocked, which is ac
companied by the effect of the magnetic prehistory. The investigated 
samples exhibit a difference between the temperatures of the M 
(T)ZFC maxima and between the behaviors of the M(T)FC de
pendences. This will be is discussed in detail in Section 3.2. 

At low temperatures, the M(H) curves exhibit a hysteresis, which 
can be seen in Fig. 3a for sample FH-chem. The M(H) isotherms in 
the region of the SPM state are also shown. As is known, the M(H) 
dependence for AFM nanoparticles can be described, in the first 
approximation, by the equation [10,13,16–21,55–67].  

M(H) = MFM(H) + χ·H·                                                            (1)  

Here, MFM(H) is the contribution of uncompensated magnetic 
moments μun of particles and χ is the AFM susceptibility of a material 
and other contributions [10,15–17,55–62]. In the SPM state, the first 
term in Eq. (1) is conventionally simulated by the Langevin function 
L(μun, H) = coth(μun ×H / kT) – 1/(μun×H/kT) (k is the Boltzmann 
constant); in addition, it is necessary to take into account the dis
tribution of the μun values (the f(μun) function) [14,17,19,21,63–66]. 
Therefore, Eq. (1) is rewritten in the following form 

µ µ µ µ= +L H f d HM(H) N ( , ) ( )un un un unP
0 (2)  

In processing the M(H) dependences, f(μun) is conventionally the 
lognormal distribution f(μun) = (μun·s·(2π)1/2)e1 exp{e[ln(μun/n)]2/ 
2s2} with the average particle magnetic moment < μun >  = n·exp(s2), 
where s2 is the ln(μun) dispersion. Assuming that the parameters NP 

(the number of particles per unit sample mass) and s (the best 
agreement was obtained at s2 = 0.1) do not change with temperature  
[17–19,66] and the fitting parameters are only the n values (the n 
value determines < μun >) and χ, we fitted the experimental M(H) 
dependences in Fig. 3a by Eq. (2). The partial components MFM(H) 
and χ·H of this fitting are shown in the inset in Fig. 3a. 

Fig. 3b presents the temperature evolution of the uncompensated 
magnetic moment < μun > (T). It satisfactorily obeys the law < 
μun > (T) =  < μun > (T = 0)·(1–b·T1.5), which allows us to obtain, with 
good accuracy, the value < μun > (T = 0) ≈ 174 μB. The observed < 
μun >  (T) dependence and the obtained < μun > (T = 0) value are char
acteristic of ferrihydrite [16–19,37,66]. Therefore, the investigated 
chemical ferrihydrite sample has the magnetic characteristics typical 
of such systems and the results obtained below can be confidently 
considered inherent in these materials. The quantity <  
μun > (T = 0) ≈ 174 μB corresponds to ~35 uncompensated moments of 
Fe3+ atoms (at μat = μFe = 5 μB) in a particle, which is consistent with 

Fig. 2. FC and ZFC temperature dependences of the magnetization obtained in a field 
of H = 100 Oe for the biogenic (FH-bact) and chemical (FH-chem) ferrihydrite samples. 

Fig. 3. (a) M(H) dependences for sample FH-chem at different temperatures. For the 
data obtained at T = 100 K and higher, symbols correspond to the experiment and 
solid lines are the results of the best fitting by Eq. (2). Inset in (a): partial components 
of the fitting curves. (b) Temperature dependence of the average magnetic moment of 
particles according to the fitting results (symbols). 
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the N é el hypothesis for case (ii), i.e., at μun ~ μat·N1/2 (there are 
defects on the surface and in the bulk of a particle); at < d >  ≈ 2.7 nm, 
we obtain N ≈ 103 and N1/2 ≈ 30. 

A similar analysis of the magnetization curves in the SPM state 
for the biogenic ferrihydrite samples was performed in [18,19,66]. 
The <  μun >  (T = 0) values for the samples from different series lied in 
the range of (160−200)μB with an average particle size of 2–3 nm, 
which, taking into account the polysaccharide shell on the particle 
surface [50], allows us to compare the data on biogenic ferrihydrite 
with the results obtained for the synthetic ferrihydrite sample, 
considering sample FH-bact to be reference, with the very weak 
effect of the interparticle magnetic interactions. 

3.2. Evolution of the M(T) dependences in different external fields 

Figs. 4 and 5 show the M(T) dependences obtained in different 
fields under the FC and ZFC conditions for samples FH-chem and FH- 
bact. Comparing the data in Figs. 4 and 5, we can distinguish two 
features indicative of a difference between the chemical and bio
genic ferrihydrite samples. 

The first feature is related to the effect of an external field on 
temperature Tmax corresponding to the M(T)ZFC maximum. In sample 
FH-chem, the temperature Tmax does not change with an increase in 
the magnetic field from 1 Oe to 1 kOe (Tmax ≈ 44 K). Only in external 
fields of H = 10, 30, and 50 kOe, the characteristic temperature Tmax 

shifts toward lower temperatures. In sample FH-bact (Fig. 5), the 
Tmax value monotonically decreases from 13.7 to 9.5 K with an 

Fig. 4. FC and ZFC M(T) dependences for sample FH-chem in different fields H. Vertical dashed lines correspond to temperatures Tmax in the M(T)ZFC dependences. (b, c) 
Dependences f(TB) ~ d(M(T)ZFC – M(T)FC/dT) (arbitrary units). 
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increase in the external field from 1 Oe to 1 kOe, i.e., in contrast to 
synthetic ferrihydrite, decreases by ~40% from the value at H = 1 Oe. 

The other striking difference is observed between the M(T)FC 

dependences. For sample FH-chem, the M(T)FC dependences ob
tained in fields of 1, 10, 100, and 1000 Oe have maxima at the same 
temperatures Tmax as the M(T)ZFC dependences in Fig. 5; conse
quently, the M(T)FC dependences in the range of T  <  Tmax are non
monotonic. At the same time, the M(T)FC dependences of sample FH- 
bact (Fig. 5) monotonically increase with decreasing temperature. 
Qualitatively, the above-described behavior of the M(T)ZFC and M 
(T)FC dependences of sample FH-bact is typical of SPM blocking of 
the systems of noninteracting particles. 

The above-mentioned difference between the behaviors of the M 
(T) dependences of the chemical and biogenic ferrihydrite samples 
and the great difference between the Tmax values (44 K for FH-chem 
and 13.7 K for FH-bact-1) in a weak (1 Oe) field cannot be explained 
by the small difference between the medium (< d >  ≈ 2.7 and 2.2 nm) 
or maximum (~3 and 3.3 nm) particle sizes (Fig. 1). Obviously, the 
behavior observed for sample FH-chem is caused by the presence of 
magnetic interactions. 

3.3. Character of the transition from the blocked to SPM state according 
to the Mössbauer spectra 

Fig. 6 shows Mössbauer spectra of the synthetic ferrihydrite 
sample in the temperature range of 4e300 K. At room temperature, 
the spectrum represents a paramagnetic doublet consisting of three 
components corresponding to the three nonequivalent iron positions 
found earlier [7,66–69]. This doublet is indicative of the SPM state of 
the magnetic moments of iron cations. The latter are in the high-spin 

trivalent state in all the positions. The ratio between the relative 
areas of these components in the spectrum is approximately 3: 2: 1 
and almost does not change over the entire temperature range (see  
Table 1). A decrease in temperature leads to the appearance of a 
hyperfine structure of the spectrum. When the magnetic state of 
nanoparticles is established, the relaxation behavior occurs and the 
shape of the spectra becomes typical of systems of interacting par
ticles [10,70,71]. The Mössbauer spectra show the complete Zeeman 
splitting (sextets) only below 40 K. The fully unblocked (SPM) state 
of particles (doublet) is observed at 90 K and above. 

In the temperature range of 40–90 K, the Mössbauer spectra of 
sample FH-chem exhibit the characteristic non-Lorentzian broad
ening of the sextet lines. Here, it is useful to compare the data ob
tained with the spectra for sample FH-bact from [49] (See Fig. S.1). 
For this sample, which has a similar particle size distribution, the 
spectra were separated, with good accuracy, into partial components 
e doublet and sextet e with the relative fractions mutually redis
tributed from 100% to zero, respectively, with a decrease in tem
perature from 40 to 4 K [49]. The mentioned temperature evolution 
of the Mössbauer spectra is typical for separated particles, as shown 
in numerous papers [10,25,42,71]. Furthermore, such a case allows 
the estimation of the particle size distribution, as it was carried out 
for a biogenic sample [49]. At the same time, isolated particles in this 
sample provide a huge surface contribution that does not permit the 
distinction of nonequivalent iron states, unlike FH-chem. 

We note that polysaccharide-coated particles in FH-bact show a 
narrower blocking process of magnetic moments, that occurs in the 
range of 10–30 K. In contrast, the sample FH-chem in the tempera
ture range of 40–90 K (Fig. 6) demonstrates a relaxation component 
and nonuniform broadening of the sextet lines. The relaxation 

Fig. 5. FC and ZFC M(T) dependences for sample FH-bact in different fields H. Vertical dashed lines correspond to temperatures Tmax in the M(T)ZFC dependences. (b, c) 
Dependences f(TB) ~ d(M(T)ZFC –M(T)FC/dT) (arbitrary units). 
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Fig. 6. Mössbauer spectra of sample FH-chem obtained in the temperature range of 4e300 K. Spectral components are painted by colors according to the legends. The relaxation 
spectra were processed using the model from [53,54] (solid lines). 

Table 1 
Mössbauer parameters of chemical ferrihydrite nanoparticles in the temperature range of 4–300 K. Chemical shifts are given relative to α-Fe.          

IS, ±  0.005 mm/s Hhf, ±  3 kOe QS, ±  0.01 mm/s W, ±  0.01 mm/s τ·10-8, s A, ±  0.03%  

4 K 
1 0.512 512 0 – 4.0 0.47 
2 0.498 485 0 – 4.9 0.34 
3 0.47 452 0 – 4.8 0.18 

20 K 
1 0.507 493 0 – 3.5 0.45 
2 0.482 463 0 – 4.3 0.32 
3 0.466 423 0 – 3.4 0.24 

25 K 
1 0.506 480 0 – 2.9 0.47 
2 0.485 445 0 – 3.7 0.31 
3 0.479 397 0 – 3.0 0.21 

– – – – – – – 
40 K 

1 0.506 430 0 – 2.0 0.48 
2 0.5 368 0 – 2.2 0.30 
3 0.506 255 0 – 1.9 0.23 

50 K 
1 0.452 368 0.008 – 1.2 0.46 
2 0.462 269 0 – 1.4 0.34 
3 0.511 186 0 – 1.8 0.20 

65 K 
1 0.482 253 0.067 – 0.19 0.99 

250 К 
1 0.388 – 0.47 0.31 – 0.48 
2 0.391 – 0.92 0.28 – 0.30 
3 0.399 – 1.47 0.29 – 0.20 

300 К 
1 0.358 – 0.47 0.37 – 0.45 
2 0.361 – 0.82 0.30 – 0.38 
3 0.373 – 1.17 0.32 – 0.17    
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behavior and much higher blocking temperature coincide with the 
previous Mössbauer observation of the interacting nanoparticles  
[10,42,71]. Thus, we relate the appearance of a distinct relaxation 
FH-chem spectra with the interparticle interactions. 

4. Discussion 

4.1. Estimating characteristic parameters of the magnetic interactions 
and SPM blocking temperature 

We can make the estimation that will disclose the presence of 
magnetic interactions in magnetic nanoparticle systems. The 
average uncompensated magnetic moment of particles in the syn
thetic ferrihydrite sample is ≈ 174 μB and the corresponding mag
netization MFM is ~ 6 emu/g (Fig. 3b). Taking the physical density to 
be ≈ 4 g/cm3, we find 4πM ≈ 300 Gs. This, in fact, is the field induced 
by each particle on its surface ("magnetic pole") with disregard of 
the external field (the uncompensated magnetic moment of a par
ticle exists even without applied field). Under the conditions of 
contacts between neighboring particles, each particle is already in a 
certain spatially nonuniform field, which is a superposition of the 
external and induced fields. Certainly, this cannot but affect the 
behavior of the M(T) dependences, especially if the external field is 
of the same order of magnitude as the value 4πM (considering al
ready several nearest neighboring particles). The aforesaid qualita
tively explains the invariability of temperature Tmax with an increase 
in the external field from 1 Oe to 1 kOe for sample FH-chem, which is 
atypical of the SPM blocking. 

The presence of a maximum at the same temperature Tmax as the 
M(T)ZFC maximum or the appearance of characteristic bends in the 
M(T)FC dependences is usually attributed to the effect of the inter
particle magnetic interactions [28,72–78]. This behavior is observed 
in sample FH-chem. 

The energy kTip of magnetic interactions between nanoparticles 
with magnetic moment μP is conventionally estimated using the 
classical equation of electrostatics [10].  

Tip ≈ Nn μP
2/dp-p

3 k                                                                (3)  

At μP =  < μun >  = 170 μB, dp-p =  < d >  , and the number Nn = 6 of 
the nearest neighbors, Eq. (3) yields a Tip value of about 7 K. This is 
multiplied lower than the energy of interparticle interactions in 
ferrimagnetic nanoparticles with typical parameters of dp-p ≈ 6 nm 
and μP ~ 103 μB (see, for example, [10,74,79]), but significantly ex
ceeds this quantity for ferritin (Tip ≈ 0.3 K at dp-p ≈ 8 nm and < μun > = 
200 μB). Concerning sample FH-bact, the presence of an organic shell 
of particles with a thickness of only 1 nm and, correspondingly, an 
increase in dp-p to 4 nm, will lead to a decrease in Tip, already down 
to 1.7 K. Therefore, the interparticle magnetic interactions in syn
thetic ferrihydrite can significantly affect the behavior of its mag
netic properties. 

Let us turn to the processes of SPM blocking/unblocking of the 
magnetic moments of particles for different experimental techni
ques. These processes are described in the N é eleBrown con
sideration and the SPM blocking temperature is determined as.  

TB = KeffV/ln(τm/τ0) k·                                                             (4)  

Here, Keff is the effective magnetic anisotropy constant, which 
includes the bulk magnetic anisotropy, shape anisotropy and surface 
effects; V is the particle volume; τm is the characteristic measuring 
time, which depends on the experimental technique used; and τ0 is 
the characteristic relaxation time (in the unblocked state, τ0 can lie 
within 10e9–10e13 s) [10]. Eq. (4) is applicable to the systems of 
noninteracting particles. In such systems, the particle blocking 
processes are only determined by the magnetic anisotropy and 
particle size and, in fact, the magnetic moment of particles under the 

FC conditions is frozen along the selected spatial direction (along the 
easy magnetization axis in a nanocrystal) corresponding to the 
minimum energy. 

In [49], the real particle size distribution for sample FH-bact was 
compared with the SPM blocking temperatures determined from the 
Mössbauer spectra and the M(T) dependences. In the first case, re
lative fractions of the doublet (unblocked state) and sextet (blocked 
state) at different temperatures (4–40 K) were analyzed, which al
lowed us to determine the blocking temperature distribution func
tion f(TB)MS. The magnetic properties were analyzed based on the 
well-known fact about the proportionality of the dependence d(M 
(T)ZFC–M(T)FC/dT) of the blocking temperature distribution function f 
(TB)MAGN [66,68,72,80,81]. Fig. 5b and c show the example of the 
dependences f(TB)MAGN ~ d(M(T)ZFC–M(T)FC/dT). The agreement be
tween the f(TB)MS and f(TB)MAGN functions and the f(d) distribution 
(Fig. 1) in the framework of Eq. (4) was obtained taking into account 
that the effective magnetic anisotropy depends on the particle size 
as.  

Keff = K1 + 6 KS/d·                                                                  (5)  

Here, K1 = KV(1 +KC/KV)2/4 accounts for both, the bulk (KV) and 
shape anisotropy (KC) of the material [84], and KS is the surface 
magnetic anisotropy. K1 and KS for the biogenic sample were ob
tained from experimental data in [49]. The following values are K1 

= 1.2·105 erg/cm3 and KS = 0.1 erg/cm2. Shape anisotropy of the par
ticles quite is possible and may give a huge contribution into the Keff 

value. However, rod-type particles are not observed in our micro
graphs. Nevertheless, the quasi-spherical shape of particles is not 
excluded, but according to the term KC/KV in expression for K1, the 
effect of shape is not dominating. 

A similar analysis for sample FH-chem is complicated due to the 
following points. First, according to the M(T)FC and M(T)ZFC data, the 
dependences d(M(T)ZFC – M(T)FC/dT) are complex nonmonotonic 
functions (Fig. 4b, c) and, second, the relaxation behavior of the MS 
spectra (Fig. 6) is observed, and this is due to the interparticle 
magnetic interactions. 

Moreover, if we attempt to estimate the τ0 parameter in the 
N é eleBrown approximation (Eq. (4)), using the obtained para
meters of the “blocking temperature” (TB = Tmax ≈ 44 (the magnetic 
measurements, Fig. 4) and TB ≈ 90 K (according to the MS data)), 
which correspond to the largest particles, then we obtain a non
physical short particle relaxation time of τ0 ≈ 4·10–18 s. This is in
dicative of the presence of the interparticle magnetic interactions in 
sample FH-chem [84]. Hence, a more complicated model should be 
used to consider interparticle interactions. Eq. (4) may be modified 
accounting the well-known VogeleFulcher law on the relaxation 
time (Eq. 6), which considers the interaction energy on the relaxa
tion time [84].  

(TB – T0) = KeffV/ln(τm/τ0) k·                                                    (6)  

Here, the parameter T0 determines the degree of interparticle 
interactions, which are fairly strong at T0 comparable with TB  

[72,75–79,36]. Our estimation of the relaxation time using Eq. (6) 
gives the reasonable value of τ0 = 4·10e11 s that corresponds to 
T0 = 35 K. 

4.2. Manifestation of collective effects in the temperature evolution of 
the Mössbauer spectra 

A manifestation of the interparticle magnetic interactions can be 
the fundamentally different character of the magnetic moments 
blocking of particles with decreasing temperature [82,83,72–79]. 
Here, instead of SPM blocking, it would be reasonable to speak about 
freezing of the magnetic moments of particles and the magnetic 
moment of a particle may tend to occupy a position that does not 
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necessarily correspond to the minimum magnetic anisotropy. For 
such a state of the system, the term spin-glass-like is also more 
appropriate; but, here, the glass state of the magnetic moments of 
particles is meant [72–79]. 

In view of the aforesaid, the Mössbauer spectra in Fig. 6 were 
processed using the model from [53,54], which allows us to extract 
the particle relaxation time τ at a fixed temperature. The fitting re
sults are shown by solid lines in Fig. 6. Fig. 7 shows the temperature 
dependence of the particle relaxation time (the average value was 
taken). Note the growth of the τ0 value by more than two orders of 
magnitude in the temperature range of 80–40 K, in which the 
Mössbauer spectrum is already represented by a single broad line. 
The dashed horizontal line in Fig. 7 shows the characteristic mea
suring time τm = τMS ≈ 2.5·108e s. In the range of 30–40 K, the average 
particle relaxation time is similar to the value νL of the Larmor 
precession of the iron nucleus. Note that, for the data in the tem
perature range of 4–20 K, the model from [53,54] only allows us to 
conclude that τ  >  1/νL and the τ values can be larger. Above 80 K, the 
model from [53,54] identifies the transition of the sample to the SPM 
state with the parameters typical of the room-temperature mea
surements (Table 1). 

The main conclusion following from the analysis of the 
Mössbauer spectra within the model from [53,54] is a significant 
increase in the particle relaxation time τ with a decrease in tem
perature in a certain range, which, in comparison with the data on 
the bacterial ferrihydrite sample [49], indicates the collective pro
cesses of freezing of the particle magnetic moments in synthetic 
ferrihydrite. 

Note that a decrease in the particle relaxation time does not 
drastically affect the estimation of T0 within the framework of ex
pression (6). If the value τ ~ 2·10e8 s (average value for the tem
perature range 40–50 K) is used in expression (6) instead of τ0, then 
for static magnetic measurements (τm = τМAGN = 102 s) the TB value 
will be 44 K (coincide with Tmax ≈ 44 K, Fig. 3aed) at T0 ≈ 22 K. 

5. Conclusions 

The main result of this study can be considered the distinguished 
effect of the interparticle magnetic interactions on the nature of the 
transition to the unblocked (superparamagnetic) state of the 

magnetic moments of synthetic ferrihydrite nanoparticles. This re
sult was obtained using the comparative analysis of the magnetic 
properties (the temperature dependence of the magnetization) and 
Mössbauer spectra for two samples with the similar particle size 
distributions: synthetic and biogenic ferrihydrite. In biogenic ferri
hydrite, the polysaccharide shell on the particle surface screens the 
interparticle magnetic interactions. For this sample, the behavior of 
the M(T) dependences at different thermomagnetic prehistories is 
typical of systems of noninteracting magnetic particles. The analysis 
of the M(T) dependences and Mössbauer spectra makes it possible to 
compare the SPM blocking temperature distribution functions with 
the particle size distribution and determine the parameters char
acterizing ferrihydrite (bulk and surface magnetic antitropy con
stants KV and KS). The M(T) dependences for the synthetic 
ferrihydrite sample have the features attributed to the interparticle 
magnetic interactions. These are (i) the independence of tempera
ture Tmax (the M(T)ZFC maximum) of the external field in fields from 
1 to ~103 Oe, (ii) the nonmonotonic behavior of the M(T)FC de
pendences, and (iii) somewhat overestimated SPM blocking tem
perature, under the assumption Tmax = TB. The latter is confirmed by 
the analysis of the temperatures of the transition to the unblocked 
state based on the magnetic and Mössbauer spectroscopy data using 
the N é eleBrown relation, which yields a nonphysically short par
ticle relaxation time τ0, which indirectly indicates the contribution 
of the interparticle interactions. In the Mössbauer spectra in the 
region of the transition from the SPM (doublet) to the blocked 
(sextet) state, the interparticle interactions are reflected in the large 
contribution of the relaxation component and nonuniform broad
ening of the sextet lines. This complicates the description of the 
spectra in a standard way, in which the partial components of the 
spectra (doublet and sextet) correspond to the relative number of 
unblocked and blocked particles. The processing of the Mössbauer 
spectra using the model from [53,54] allowed us to extract the 
particle relaxation time τ. The obtained temperature dependence of 
the relaxation time reveals freezing of the magnetic moments of 
particles with decreasing temperature (Fig. 7). These results are in
dicative of the predominantly collective processes of freezing of the 
magnetic moments of particles, which is caused by the interparticle 
magnetic interactions in synthetic ferrihydrite. 
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