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ABSTRACT

Contributions of different magnetic subsystems formed in the systems of synthetic ferrihydrite nanoparticles (characterized previously) with an average size of <
d> ~ 2.7 nm coated with polysaccharide arabinogalactan in different degrees have been separated by measuring the dependences of their magnetization M on
magnetic field H of up to 250 kOe on vibrating sample and pulsed magnetometers. The use of a wide measuring magnetic field range has been dictated by the
ambiguity in identifying a linear M(H) portion for such antiferromagnetic nanoparticle systems within the conventional field range of 60-90 kOe. The thorough
analysis of the magnetization curves in the temperature range of 100-250 K has allowed the verification of the contributions of (i) uncompensated magnetic moments
Mun in the superparamagnetic subsystem, (ii) the subsystem of surface spins with the paramagnetic behavior, and (iii) the antiferromagnetic susceptibility of the
antiferromagnetically ordered ferrihydrite particle core. As a result, a model of the magnetic state of ferrihydrite nanoparticles has been proposed and the numbers of
spins corresponding to magnetic subsystems (i)-(iii) have been estimated. An average magnetic moment p,, of ~ 145 pg (pp is the Bohr magneton) per particle
corresponds approximately to 30 decompensated spins of iron atoms in a particle (about 3 % of all iron atoms), which, according to the Néel's hypothesis
Hun ~ <d>2, are localized both on the surface and in the bulk of an antiferromagnetically ordered particle. The fraction of free (paramagnetic) spins is minimal in
the sample without arabinogalactan coating of the nanoparticle surface (7 %) and is attained 20 % of all iron atoms in the sample with the highest degree of spatial
separation of particles. According to this estimation, paramagnetic spins are located mainly on the edges and protruding areas of particles. Most magnetic moments of
iron atoms are ordered antiferromagnetically and the corresponding magnetic susceptibility of this subsystem behaves as in an antiferromagnet with the randomly

distributed crystallographic axes, i.e., increases with temperature.

1. Introduction

A fundamental problem of the change in the magnetic properties of
magnetically ordered substances with decreasing particle sizes has been
studied for quite a long time [1-8]. The seemingly most striking and
earliest discovered manifestation of this change was the transition from
the multi-domain to single-domain magnetic state with a decrease in the
size of ferro- and ferrimagnetic particles. The next most significant effect
emerging with a decrease in the particle size is apparently the so-called
superparamagnetic (SPM) limit, i.e., the particle size at which, at a
certain temperature, thermal fluctuations prevail over the magnetic
anisotropy energy. The aforesaid can be considered to be size effects,
although these effects have other manifestations, for example, the
modification of the relevant magnon dispersion law due to the finite
boundary conditions and, as a consequence, the modification of Bloch’s
law [9,10]. To date, the critical sizes corresponding to these states have
been determined for many magnetically ordered substances and the size-
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related features of changes in the magnetic properties of nanoparticle
systems have been found [11-16].

In addition to the size effects, the effects related to the developed
surface can also be distinguished. They manifest themselves most
brightly when a number of atoms belonging to the particle surface is
comparable with a number of atoms inside a particle. Here, concerning
the magnetic properties, it should be mentioned that an additional
contribution to the magnetic anisotropy energy, specifically, the surface
magnetic anisotropy, arises, which is inversely proportional to the par-
ticle size [17-25]. Magnetically active atoms of the surface already have
alocal environment that differs from that of atoms in the bulk; therefore,
an additional magnetic subsystem can form on the surface, which will
affect the magnetic properties.

To succeed in the creation of new magnetic nanomaterials with
desired properties for various applications, it is important to understand
the above-mentioned surface and size effects. Therefore, it is urgent to
establish the mechanisms responsible for imparting new (magnetic)
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properties with decreasing particle sizes by studying the surface and size
effects of various magnetically ordered substances. The discussed effects
can lead to the formation of magnetic subsystems, in addition to the
initial one, in a chemically homogeneous nanoparticle. Here, an issue of
the correct identification of new magnetic subsystems arises.

Object of this study ferrihydrite is a hydrated ferric oxide with the
nominal formula 5Fe;03-9H,0, which only exists on the nanoscale (the
maximal particle size is no more than 10 nm). The magnetic moments of
iron atoms in ferrihydrite are ordered antiferromagnetically [26]. It
would seem that the magnetic ordering of this type causes a very weak
response to an external magnetic field. However, as was shown by Néel
[5], structural defects in a fine antiferromagnetic (AFM) particle can
lead to the new property: the uncompensated magnetic moment . The
Néel’s hypothesis was confirmed in quite a few studies on various AFM
nanoparticle systems [20,26-53]. Among such systems, CuO [27], NiO
[20,28-34], Crp03 [54], and B-FeOOH [55,56] can also be mentioned.
According to the data reported in several studies, the magnetic moment
Pun per particle can attain hundreds of Bohr magnetons.

The classical consideration of the relationship between the thermal
energy and magnetic anisotropy energy, which leads to the well-known
Néel-Brown equation for the SPM blocking temperature, is also valid for
AFM nanoparticles. Any magnetically ordered material is characterized
by the magnetic anisotropy constant and, if the thermal energy signifi-
cantly exceeds the magnetic anisotropy energy of the AFM particle, the
antiferromagnetism vector in the AFM nanocrystal randomly changes its
direction. Simultaneously, the uncompensated magnetic moment of the
AFM nanoparticle exhibits the same SPM behavior. As the temperature
decreases, both the antiferromagnetism vector and , are blocked. The
described behavior of AFM nanoparticles is consistent with the proper-
ties of ferro- and ferrimagnetic nanoparticles.

It is noteworthy that ferrihydrite is a component of ferritin, a com-
plex that serves as an iron donor for living organisms and is, in fact,
ferrihydrite in a protein shell. The magnetic properties of ferritin were
discussed in numerous works (see, for example, [47-53]). Thus, ferri-
hydrite (and ferritin) can be attributed to the class of magnetic nano-
particles with the high application potential. The nontoxicity of
ferrihydrite and, moreover, its antibacterial properties [44] make its
nanoparticles promising for biomedicine [57-59]. As for the mecha-
nisms of formation of the magnetic properties in ferrihydrite systems,
they still remain not well understood, despite a great number of relevant
works. Sometimes, different authors report the p,, values differing by
almost an order of magnitude for the systems with identical parameters
of the particle size distribution. Moreover, different approaches to the
interpretation of the experimental M(H) curves were proposed
[47,48,50,39-42,60-63].

The M(H) dependence for a system of AFM nanoparticles in the SPM
state is conventionally described by two or more components [50,64].
The first component is the Langevin function, which determines the SPM
behavior of the moments i, with allowance for the f(j,) distribution
function related to the particle size. The second component is the field-
linear contribution determined by the canting of ferromagnetically or-
dered sublattices of AFM particles (the AFM susceptibility) and other
possible contributions. In most studies on ferrihydrite, it was observed
that the AFM susceptibility decreases with temperature, which is atyp-
ical of an antiferromagnet with the random distribution of the crystal-
lographic axes. A problem of interpreting the M(H) dependences is that,
in the conventional external field range of 50-90 kOe, the Langevin
function does not saturate yet and the linear M(H) portion might be
determined incorrectly. In this work, it is proposed to interpret the
magnetization curves using a wider external field range, in which this
field-linear contribution could be correctly identified and the experi-
mental M(H) dependences could be interpreted. This will make it
possible to determine the contributions of different magnetic subsystems
formed in ferrihydrite nanoparticles. A similar approach was used in
[31-33], where the M(H) dependences for the systems of NiO nano-
particles were studied in pulsed fields of up to 250 kOe.
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The aim of this study was to determine the contributions corre-
sponding to the uncompensated magnetic moments, surface spins, and
the AFM subsystem (the AFM particle core) by analyzing the magneti-
zation curves of the ferrihydrite nanoparticle systems in fields of up to
250 kOe. For the sake of clarity, we limit the consideration to the tem-
perature range of the SPM state of the particle magnetic moments, in
which the irreversible behavior of the magnetization is not observed. An
additional problem was to identify possible differences between the
contributions of the magnetic subsystems in a series of samples in which
ferrihydrite particles have identical sizes, but different degrees of spatial
separation. In this regard, a series of samples of ferrihydrite nano-
particles coated with polysaccharide arabinogalactan (AG) in different
degrees was examined. In this sample series, the intensity of the mag-
netic interactions between ferrihydrite particles decreases with an in-
crease in the degree of particle coating (in the amount of AG) [65].

2. Experimental
2.1. Preparation and characterization of the samples

The technique for obtaining the synthetic ferrihydrite samples added
with AG in different degrees was described in detail in [65]. At a certain
stage of the ferrihydrite synthesis, AG in different relative concentra-
tions was added. The three investigated samples were initial ferrihydrite
without AG (sample FH-0) and ferrihydrite with two AG concentrations
(samples FH-2 and FH-3, where the numbers correspond to the relative
degrees of AG coating). The synthesis guideline suggested the identical
sizes of individual ferrihydrite nanoparticles in the initial (FH-0) and
coated (FH-2, FH-3) samples.

According to the transmission electron microscopy (TEM) data, the
average particle size < d > in ferrihydrite without an organic coating
was 2.7 nm, which agrees well with the estimate obtained from the half-
width of the first (brightest) diffraction ring in the microdiffraction
pattern using the Scherrer formula [65-67].

The changes observed in the X-ray photoelectron spectra of Fe 2p, O
1 s, and C 1 s for the samples in the series FH-0, FH-2, and FH-3 are
indicative of the formation of an organic coating of ferrihydrite nano-
particles, the thickness of which partially increases with the amount of
added AG; in this case, no significant changes in the state of particles
were detected [65].

The identity of ferrihydrite particles in all the three samples was also
revealed by the analysis of Mossbauer spectra, which had the same pa-
rameters corresponding to the three nonequivalent iron positions typical
of ferrihydrite (with a quadrupole splitting characteristic of each posi-
tion) for all the samples [65].

2.2. Measurements of the magnetic properties

The M(H) curves were measured in pulsed magnetic fields on an
original setup at the Kirensky Institute of Physics, Siberian Branch of the
Russian Academy of Sciences (Krasnoyarsk) [68] using the discharge of
a capacitor battery through a solenoid. The investigated sample was
securely fixed in an induction sensor of a pulse magnetometer. The pulse
length was 16 ms. The magnetization was measured using an induction
sensor, which is a system of compensated coils where the sample was
placed. The signal induced in the coils was recorded by a digital storage
oscilloscope. The M(H) isotherms were obtained in the temperature
range of 100-250 K at a magnetic field pulse amplitude of up to 250 kOe.

The data obtained with the pulse magnetometer were compared with
the data of the quasi-static magnetic measurements carried out on a
vibrating sample magnetometer [69] in fields of up to 60 kOe. The M(H)
dependences presented in this work contain the data of both the pulse
magnetometer (0-250 kOe) and vibrating sample magnetometer.
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3. Results and discussion

3.1. Processing of the M(H) dependences and the fitting parameters
obtained

The temperature dependences of the magnetization for samples FH-
0, FH-2, and FH-3 measured in weak external fields reveal distinct
maxima at temperatures of 49, 22.3, and 18.3 K, respectively, upon zero-
field cooling [65]. At low temperatures, the magnetization behavior is
irreversible (there are the M(H) hysteresis and the effect of the ther-
momagnetic prehistory on the M(H) dependence); in the vicinity of the
indicated temperatures, the irreversible behavior vanishes. The
described behavior is unambiguously related to the transition of the
uncompensated particle moments from the SPM state (at high temper-
atures) to the blocked state (at low temperatures). A decrease in the SPM
blocking temperature in the sample series FH-0, FH-2, and FH-3 is
consistent with the growing degree of arabinogalactan coating of ferri-
hydrite particles and is caused by weakening of the effect of the mag-
netic interparticle interactions on the SPM blocking processes [65,67].

Fig. 1 shows the M(H) dependences for the samples under study at T
= 100, 150, 200, and 250 K (symbols). The general view of these de-
pendences is typical of AFM nanoparticle systems: in weak and moderate
fields, the magnetization increases quite rapidly and, then, the M(H)
dependence gradually reaches a field-linear portion. The linear course of
the magnetization curves begins in fields above 100 kOe. In the first
approximation, the M(H) dependence for a system of AFM particles with
the same uncompensated magnetic moment p; (in the SPM state) can
be written as

M(H) =M, 'L(/“uan) + Xioa * H @
where L(pyn, H) = coth(pun-H/kT) — 1/(punH/kT) is the Langevin func-
tion describing the alignment of particle magnetic moments p, in the
applied magnetic field direction and M is the saturation magnetization
of the particle magnetic moment subsystem related to p,, via number Np
of particles per unit sample mass (or volume): My = pyn - Np. The
temperature-dependent quantity yota] determines the slope of the M(H)
curve in strong fields; this quantity was often identified with the mag-
netic susceptibility of an antiferromagnet [35-48]. Eq. (1) was used in
[35-38,47] to describe the M(H) dependences of AFM particles. Taking
into account the distribution of the particle magnetic moments in the p,
value, one can rewrite Eq. (1) as [50]

M(H) = MSPM(H) + Xota * H, 2

where the SPM behavior of the magnetic moments corresponds to the
Mspyi(H) function:
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Mo (H) = No [ Ll HY Gt it ®
0

Here, f(jlyn) is the magnetic moment distribution function (its relation to
the size distribution is shown below). Usually, the log-normal
distribution
_ 12\ 7! 2 /na

F) = (sas-)?) exp{ = linlu,, ) /257 }, @
is used as f(pun), in which the average particle magnetic moment is <
Pun>=n- exp(sz) and s? is the In(pyn) dispersion. In both approaches
(Egs. (1) and (2)), there are several fitting parameters, but it is logical
that only the < pu, > value (py, in Eq. (1)) and the yiora value can
change with temperature.

The synthesis method used suggests the identical particle size dis-
tributions in samples FH-0, FH-2, and FH-3. In the samples with AG, the
exact ferrihydrite content is unknown; some reasonable estimates were
made in [65]. If particles of all the samples are in the same magnetic
state, then their Mgy.o(H), Mpy.2(H), and Mgy 3(H) dependences ob-
tained at the same temperatures should coincide when divided by the
coefficients corresponding to the ferrihydrite mass concentration x in
the sample (x = mpygyp/(Mpuyp + Mag), where FHYD is ferrihydrite):
Mry.0(H)/xpH-0 = Mru-2(H)/xpH.2 = Mrpy.3(H)/xpn.3. Here, xpp.0 = 1 and
Xph-3 < Xpy-2; in this case, according to the data reported in [62], xpy.3
and xpy-2 can lie within 0.4-0.75. However, the experimental data from
Fig. 1 cannot be scaled by this method.

At the next stage of processing of the experimental magnetization
curves using Eq. (2), the fitting parameters were sought at which, along
with the agreement between the experimental and calculated M(H)
dependences, the f(ji,y) distribution function (Eq. (4)) would be iden-
tical for all the three samples (at the same temperatures). In this case, the
Np value can change from one sample to another, according to the
relationship NP,FH-I = NpipH_z/xFH_z = NpipH_g/xFH_g and the Xtotal value
can change as well. These parameters were found; the ferrihydrite
concentrations in samples FH-2 and FH-3 were xgy.o =~ 0.56 and xpy.
3~ 0.45, which is consistent with the data from [65]. The Langevin
terms in Eq. (2), i.e., the Mgpy(H) dependences are shown in Fig. 1. They
differ from one sample to another only by the determined coefficients
Xrh-2 and Xgy.3.

The values obtained by fitting the ytota1 value normalized to the
ferrihydrite mass in the sample ()ota1/X) are presented in Fig. 2a. It can
be seen that the yta1(T)/x dependences decrease with the increasing
temperature, as in the studies cited above. If we identify yota1(T) with
the AFM susceptibility of an antiferromagnet, the result obtained is
atypical of an antiferromagnet with the random distribution of the
crystallographic axes. In the latter case, the AFM susceptibility (here-
inafter, yapm(T)) increases from low temperatures to the Néel
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Fig. 1. Experimental magnetization curves (symbols) for samples (a) FH-0, (b) FH-2, and (c) FH-3 at different temperatures (indicated in (c)). The data include the
results of the quasi-static measurements on a vibrating sample magnetometer in fields of up to 60 kOe and the results obtained by the pulsed technique in fields of up
to 250 kOe. Solid curves show the best fitting by Eq. (2) with allowance for Egs. (3) and (4), see the text and Table 1. The solid Mspy(H) curves show the partial
contribution of the SPM subsystem of the uncompensated particle magnetic moments (the first term in Eq. (2)) to the total magnetization.



A.A. Krasikov et al.

T, K
0 50 100 150 200 250 300
T T T T
1.0 - .
o) (@)
E= —e— FH-3 T
"g‘ 0.8 - —w— FH-2 Xtotal( )_
= —A— FH-0
E 06 s
& A\‘\‘\‘
5 04 -
L0
E 02 -
g | | | | |
ﬁ_* 0.0 T T T T T
= (b)
TS 08 | —@— FH3 T
Z —¥— FH-2 . Xen(T)
= —A— FH-0 N
s 06 ° Yarm(T)
2
-~ 04 -
ﬁ
L
= 02t -
OO | | | | |
T T T T T
140 - i
) (©
3“. up(T)
o 120 i
N’
/\G
£ ® <, >(T) for FH-0, FH-2, FH-3
100 - -
v — <M~ (=T
80 | | | | |
0 50 100 150 200 250 300

T,K

Fig. 2. Temperature dependences of the parameters determined by the pro-
cessing of the experimental magnetization curves (Fig. 1) obtained for the
investigated samples. (a) Parameter ) (the second term in Eq. (2)). (b) PM
susceptibility ypm = Mpy - B(H = 10 kOe) derived from the data presented in (a)
and AFM susceptibility yapm. The data in (a, b) take into account the ferrihy-
drite mass fraction x in the samples, see Table 1 and the text. (c) Temperature
evolution of the uncompensated magnetic moment < pu,> (symbols) and
dependence (7) describing its behavior (solid curve).

temperature. Therefore, a source of the additional contribution to the
Ytotal Value should be sought.

If the yapm(T) dependence for the bulk analogue of nanoparticles is
known, it should be similar to the yapm(T) dependence obtained by
processing of the experimental M(H) dependences at different temper-
atures for the sample of nanoparticles of the same material. This was
previously demonstrated for NiO nanoparticles with average sizes of 23
and 8 nm [31-33,64]. The Néel temperature of ferrihydrite is ~ 350 K
[35,38]. However, ferrihydrite has no bulk analogue (a reference sample
with submicron particles). In [51], the yapm(T) dependence was calcu-
lated within the mean field approximation and the calculation showed
no fundamental difference from the generally accepted study of anti-
ferromagnets. At the same time, in some studies of ultrafine particles of
various materials with both the antiferro- and ferrimagnetic ordering
(see, for example, [31-33,70-78]), it was found that an additional
magnetic subsystem forms in particles, in which, at sufficiently high
temperatures, the magnetic moments can behave like a paramagnetic
(PM) gas. It is reasonable to identify this subsystem with the spins of
atoms on the particle surface. Then, in the descending yotal(T) depen-
dence (Fig. 2a), we can distinguish the susceptibility of the PM subsys-
tem (hereinafter, ypy), which decreases in inverse proportion to the
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temperature: ypy ~ 1/T. In the designations made, we have
Ko = Xem T Xaru- %)

According to this equation, after extracting the dependences ypm(T) ~
1/T from the data presented in Fig. 2a, it appeared that the yapm(T)
dependence is approximately the same for all the samples and increases
with temperature (Fig. 2b).

Since, at T = 100 and 150 K in fields of more than 150 kOe, the
Brillouin function (the M(H dependence) for spin 5/2 (with a g-factor of
2) deviates essentially (by up to 6 % in a field of 250 kOe) from the linear
dependence yarym - H, then, for the final fitting of the experimental M(H)
dependences, it would be more correct to use the Brillouin function B
(H). Finally, the magnetization curves were fitted by the equation

M(H) = Mspy(H) + Mpy+ B(H) + yupy - H. 6)

Here, Mpy is the PM contribution at T = 0 (or in the “infinite field”). The
results of the best fit using Eq.(6) are shown in Fig. 1 (solid lines). In the
processing of the experimental M(H) dependences, the variable
temperature-dependent fitting quantities were the parameter n of the f
(pun) distribution function and the yapy value. The dispersion s of the f
(pun) distribution function, the number of particles Np, and the Mpy
value remained constant for a specific sample at different temperatures.
The relative error of the obtained fitting parameters lies within 5 %. The
temperature-independent fitting parameters are given in Table 1.

The data presented in Fig. 1 are normalized to the sample mass. The
data in Fig. 2a and 2b are normalized to the ferrihydrite mass in the
samples at xpyg.1 = 1, Xpy.2 = 0.56, and xgy.3 = 0.45. Fig. 2b shows the
ypum values (in this case, ypy = Mpy - B(H = 10 kOe)) and the yapy values
at different temperatures. It can be seen that the yapy(T) dependences
are approximately the same and coincide well for all the samples; these
are the dependences that increase with temperature, as predicted for an
antiferromagnet with a random distribution of the crystallographic axes.

The temperature evolution of the average uncompensated magnetic
moment < Wy, > is presented in Fig. 2c. This dependence obeys the
power law

<Hip > (T) = <p, > (T = 0)-(1 — const-T*) ™

at a~ 1.6 and a similar power law is frequently observed in AFM
nanoparticle systems [10,11,32,33,42-44,49,50,53,64,79,80]. Using
functional dependence (7), one can obtain a quite accurate value of <
Hun>(T = 0) = 145 pg (pp is the Bohr magneton). The corresponding f
(pun) distribution function at s = 0.1 is shown in the inset to Fig. 3.

Let us compare the f(py,) function and particle size distribution.
According to Néel’s hypothesis [5], the py, value can be estimated as

Myy ~ mar'NSg- (8)

Here, Ny is the number of magnetically active atoms in a particle, ¢ is
the magnetic moment of the atom, and the exponent b is 1/3 if defects
emerge on the particle surface, 1/2 if they are present in the bulk of a
particle, and 2/3 if there is an odd number of planes with the parallel
spins in a particle. In several studies, it was established by comparing
the < pyn > and < d > values that the exponent b for ferrihydrite is close
to 1/2 [36,37,43,44,47-50,61,79,80].

At the average distance dpepe (—0.3 nm for ferrihydrite [37]) be-
tween iron atoms, the number Ng, of iron atoms in a particle is

Nre ~f{(d/dpere) + 1Y,

where the coefficient f is unity for a cubic particle and f = /6 for
spherical one and d is the particle size. Combining this equation with
Néel equation (8) at Nut = Nge and plat = ipe, We arrive at

Pun ) 1
d(p,,) = dye-Fe«{ (Q) bl } o
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Table 1
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Parameters used in fitting the magnetization curves (Fig. 1) that ensure the best agreement between the experiment and calculation using Eq. (6) at the identical f(j,n)

distributions for all the samples.

Sample  x, mass fraction of Mspy parameters Mpy parameters
ferrifydrite Np per g of the Np per g of s <pp(T = 0)>, Mpy, emu/(g of the Mpy, emu/(g of
sample ferrihydrite g sample) ferrihydrite)
FH-0 1.0 6.7 -10'® 6.7 - 1018 0.1 145 21 21
FH-2 0.56 3.75-10'8 6.7 -10'® 0.1 145 23.5 42
FH-3 0.45 3.02- 10 6.7 - 10'® 01 145 18.9 57
real particles have a shape intermediate between a cube (f = 1) and a
20 003 [ 0.03 sphere (f = n/6). In a particle of intermediate shape, the edge between
T faces should rather be understood as the outermost atoms of the atomic
| 0.02 - Z planes emerging on the surface or protruding areas of particles. The
15 - ~ number of such atoms in a particle with the shape intermediate between
0.01 - é 002 o a cube and a sphere is most likely expected to be somewhat larger than
L I 100 atoms mentioned for the cube edges. A number of the uncompen-
s 0.00 T w w T = - e
g 101 o 50 100 150 200 K; sated magnetic moments of atoms (30) is significantly smaller than the
° Hpr My < number of atoms on the surface and in the bulk and atoms on protruding
— L 0.01 % particle areas, which additionally evidences for the statistical distribu-
5L = tion of defects, both on the surface and in the bulk of particles (according
— count = to the Néel’s hypothesis).
£(d) from £ (u,.) <) Let us estimate atoms that form the PM subsystem from the obtained
1 S~ Mpy values (last column in Table 1). According to the nominal chemical
0 ! ' T ' ! 0.00 formula 5Fe;03-9H,0 of ferrihydrite, the mass fraction of iron is
0 1 2 3 4 5 6

d, nm

Fig. 3. Ferrihydrite nanoparticle size distribution histogram (the ordinate axis
on the left) and corresponding particle size distribution function f(d) (the y axis
on the right) obtained from the f(j1,,) function (at the parameters corresponding
to T = 0K, see Table 1 and the text in Subsection 3.1.) through Eq. (9). Inset: f
(Myn) function at T = 0 K.

The f(pyn) distribution function (at T = 0) reconstructed according to Eq.
(9) agrees well with the particle size distribution at b =~ 0.485 for f = 1
and b =~ 0.535 for f = n/6. This is illustrated in Fig. 3, where the particle
size distribution histogram is compared with the f(d) function (the y axis
on the right) obtained from the f(j,,) function. The exponent b in Eq. (8)
is very close to 1/2, which indicates that the uncompensated moment is
induced by defects both on the surface and in the bulk of particles. It can
be established from the value < py,>(T = 0) = 145 pp that the un-
compensated moment is formed by approximately 30 magnetic mo-
ments of iron (at pat = Pre3+ =~ 5 Hp)-

3.2. Quantitative estimation of the magnetic subsystems and model of the
magnetic state of ferrihydrite particles

Thus, the analysis of the M(H) dependences showed good agreement
of the uncompensated magnetic moment with the Néel’s model hy-
pothesis and, taking into account the PM contribution, made it possible
to extract the temperature behavior of the AFM susceptibility yapm(T)
consistent with the general approach from the temperature evolution of
the parameter yiora. Based on these facts, which allow us to state the
adequacy of the fitting parameters obtained, we make the quantitative
estimations for the magnetic subsystems forming in ferrihydrite
nanoparticles.

A ferrihydrite particle 2.7 nm size (this is the < d > value for the
investigated systems) contains, in the ideal cubic shape approximation,
~10° of iron atoms, half of which are located on the surface and half, in
the bulk of a particle; about 100 atoms are located on the edges of a
regular cube. In a spherical particle < d> = 2.7 nm in diameter, we have
Nge~ 700 and the number of surface iron atoms (~380) is somewhat
higher than the number of internal iron atoms (~320). A pronounced
habit can hardly be expected for such fine ferrihydrite particles, which
was confirmed by the TEM data [65,66]. It is reasonable to assume that

Xre =~ 0.58; we use this value to recalculate the PM magnetization of the
Mpy subsystem in emu units reduced to the iron mass (more precisely,
the iron ion mass) in the sample. A simple calculation shows that, in
sample FH-0, a value of Mpy; = 21 emu/g of ferrihydrite corresponds to
~ 7 % of the total number N, of iron atoms or corresponds to ~ 70 iron
atoms in a particle of ideal cubic shape (50 atoms for a spherical shape).
The similar estimations for samples FH-2 and FH-3 yield the following
results: the fraction of PM atoms is approximately 15 % and 20 % of the
Nge value and their number is approximately 150 and 200 for the cubic
shape and 100 and 140 for the spherical shape in samples FH —2 and FH-
3, respectively. A reasonable value of the possible deviation of the iron
mass fraction Xge from the nominal chemical formula of ferrihydrite can
be indicated as 10-15 %. This value determines the probable source of
error in determining the number of PM atoms in a particle. However,
due to the identity of the properties of particles in the samples (see
Subsection 2.1), this estimation error is the same for all the samples
under study.

The estimated numbers of PM atoms indicate that not all surface iron
atoms in a ferrihydrite nanoparticle are paramagnetic, even taking into
account an Xg, error of 10-15 %. It can be stated that the number of PM
atoms corresponds to the number of iron atoms in protruding areas
(“edges”) of particles, taking into account that, for the particle shape
intermediate between a cube and a sphere, a number of atoms on the
“edges” (protruding areas) is expected to be somewhat greater than a
calculated value of 100 atoms of the cube (see above). A similar result
was obtained when studying NiO nanoparticles in [31,64], where it was
concluded that paramagnetic nickel atoms are located mainly on the
edges or protruding areas of particles.

The largest part of the magnetic moments of iron in a particle, which
remained after taking into account the magnetic moments of iron atoms
forming the uncompensated particle moment and PM atoms, is ordered
antiferromagnetically. If we recalculate the yapy values (Fig. 2b) to the
mass fraction Xge of iron in ferrihydrite (Xge =~ 0.58), then, taking into
account the inevitable uncertainty in the determination of Xg., they are
in satisfactory agreement with the results reported in [51]. For example,
in our case, yapm ~ 0.26 - 107* emu/(Oe - gre) at 100 K and, in [51], at
the same temperature, yapy ~ 0.4 - 10™* emu/(Oe - gre) within the mean
field theory.

A surprising result was a significant increase in the fraction of PM
atoms with the increasing degree of coating of ferrihydrite particles (see
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Fig. 2b and the last column in Table 1), while the SPM response (un-
compensated moment) recalculated to the ferrihydrite mass was iden-
tical for all the samples and the AFM susceptibility was approximately
the same." In principle, an additional coating of a nanoparticle should
modify its initial surface and, in many cases, such modification also
changes the magnetic properties of particles (see, for example, [81-84]).
It can be assumed that, in initial sample FH-0, there are chemical bonds
(the wave function overlap) between (iron) atoms of neighboring par-
ticles and, in AG-coated ferrihydrite particles, these bonds are broken.
This fairly bold assumption is consistent with the results of the analysis
of the origin of the strong interparticle magnetic interactions in ferri-
hydrite powder systems. For example, the difference between the tem-
peratures of the transition to the SPM state in samples FH-0 and FH-3 is
more than 30 degrees (Tg = 18.3 K for sample FH-3 and T = 49 K for
sample FH-0) [65,67]. Taking into account the identity of the sizes and
uncompensated magnetic moments of particles, this growth of the SPM
blocking temperature is related to the interparticle magnetic in-
teractions. At the same time, the dipole-dipole interaction energy in
initial synthetic ferrihydrite (sample FH-0) is only a few degrees [65,67],
which cannot explain such a significant increase in the characteristic
temperature Tp. Then, it is natural to attribute the strong interparticle
magnetic interactions to the exchange or superexchange between atoms
of neighboring particles that are in close contact. In this case, the atoms
involved in the exchange will not exhibit the PM behavior. At the spatial
separation of particles, these bonds will be broken and the number of PM
atoms, which are located mainly in protruding areas, will increase. This
is qualitatively consistent with the obtained result on an increase in the
PM contribution in the FH-0, FH-2, and FH-3 sample series. It should be
noted that the exchange couplings between atoms of neighboring par-
ticles as a possible cause for the fairly strong interparticle magnetic in-
teractions in AFM nanoparticle systems were proposed in review [26].
The described picture is schematically shown in Fig. 4, which presents
two individual particles (Fig. 4a) and two particles in close contact with
each other (Fig. 4b). In the second case, some atoms on the protruding
parts of particles become associated with atoms of a neighboring particle
and their magnetic moments are no longer free (paramagnetic).

4. Conclusions

The analysis of the magnetization curves of the systems with
different degrees of AG coating of ferrihydrite nanoparticles in fields of
up to 250 kOe suggested a model of the magnetic state of AFM ferri-
hydrite nanoparticles with an average size of ~ 2.7 nm. Within this
model, the magnetic moment of particles is formed by decompensated
spins of iron atoms due to defects located partially on the surface of a
particle, as well as in the bulk of it; Néel’s relation (8) is satisfied at
b ~ 0.5 £ 0.03. The fraction of spins of all iron atoms in a particle in this
subsystem is ~ 3 % and their number is about 30, which determines an
average uncompensated particle moment of ~ 150 Bohr magnetons.

The field-linear contribution to the total magnetization is caused by
the response from the AFM particle core and the PM behavior of a part of

1" As the number of PM spins (for spatially separated particles) increases, one
can expect a slight decrease in the AFM susceptibility (and vice versa). The
rough estimate is approximately a 10% increase in the yapv value for sample
FH-3 as compared with sample FH-0. This is at the level of the yapy determi-
nation error and it should be noted that there can be another contribution to the
susceptibility of a nano-antiferromagnet that is known as the super-
antiferromagnetic susceptibility [6]. This contribution comes from the addi-
tional canting of the spin planes extreme to the particle surface in an external
field, if the number of these ferromagnetically ordered planes in an AFM par-
ticle is odd [6,49,51]. As was shown in [51], for ferrihydrite about 3-5 nm in
size, this contribution can be clearly distinguished only in strong fields
exceeding those used in this work. By yarm, the authors mean the ordinary
susceptibility of an antiferromagnet, including the possible contribution of the
described excess superantiferromagnetic susceptibility.
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Fig. 4. Schematic of magnetic subsystems in AFM nanoparticles of the inves-
tigated ferrihydrite systems. (a) Spatially separated particles (samples FH-2 and
FH-3) and (b) closely contacting particles (sample FH-0). Designations for the
magnetic moments g, of iron atoms, defects, uncompensated moments i, of
particles (the vectors i, can be parallel if a field is sufficiently strong), and free
(PM) magnetic moments are presented in (b). Red ovals in (b) correspond to the
possible exchange coupling between iron atoms of neighboring closely con-
tacting particles. The octagonal shape of particles is used to emphasize that
there are protruding areas on real particles, in which PM iron atoms are
mainly located.

the surface spins unrelated to the exchange coupling with the AFM core.
The fraction of these free (paramagnetic) spins depends on the degree of
spatial separation of ferrihydrite particles and increases from ~ 7 % for
the initial sample (FH-0) without nanoparticle coating to ~ 20 % for the
sample with the highest degree of AG coating (FH-3). These facts lead to
two conclusions. The number of PM spins in a particle is significantly
less than the number of spins on the particle surface, i.e., the free (PM)
magnetic moments of iron atoms are located mainly on the protruding
areas of particles. The growing fraction of PM spins in the sample series
FH-0, FH-2, and FH-3 is apparently related to the formation of exchange
couplings between the surface iron atoms of neighboring particles and
the destruction of these couplings upon AG coating of ferrihydrite par-
ticles. These couplings may cause the strong impact of the interparticle
magnetic interactions on the SPM blocking temperature in initial syn-
thetic ferrihydrite [62,64]. When particles are spatially separated, these
couplings are destroyed (the intensity of the interparticle interactions
decreases) and the number of free PM spins grows.

The AFM ordering is preserved over almost the entire particle vol-
ume; it is formed by about 90-75 % of the magnetic moments of iron
atoms. The use of a wide range of external fields made it possible to
correctly extract the contribution corresponding to the antiferromag-
netic susceptibility of ferrihydrite. A significant progression of this work
from the previous studies on the ferrihydrite and ferritin systems is that
the presented analysis yielded the yarm(T) dependence increasing with
temperature that is typical of an antiferromagnet.
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