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Features of the spin dynamics in ensembles of interacting (FH-chem) and weakly interacting (FH-coated)
magnetic ultrasmall ({d) ~ 2 nm) ferrihydrite nanoparticles have been explored. The dc and ac magnetic
susceptibilities [x'(T) and x”(T)] of the investigated samples have been thoroughly measured in a weak
magnetic field (2 Oe) around the temperatures of superparamagnetic blocking of the nanoparticle magnetic
moments (19 and 50.4 K for FH-coated and FH-chem, respectively, according to the dc magnetization data).
It has been shown that the magnetic interactions between nanoparticles induce the formation of the cluster
spin-glass state below the superparamagnetic blocking temperature (7, = 18 and 49.5 K for FH-coated and
FH-chem, respectively). It has been found that coating of nanoparticles increases the critical scaling index from
zv = 5.9 (FH-chem) to zv = 8.0 (FH-coated). This indicates a general slowdown of the dynamics of correlated
spins, which is also expressed as an increase in relaxation time 7, after switching on the interparticle interactions.
We attribute this phenomenon to a consequence of a change in the volume of correlated spins with the increasing
size of a cluster of interacting nanoparticles. It has been demonstrated using the simulated x”(7") dependence
that the dissipation of the magnetic energy occurs in two independent stages. The first stage is directly related
to the blocking of the nanoparticle magnetic moments, while the second stage reflects the spin-glass behavior of

surface spins and depends strongly on the intensity of the interparticle interactions.

DOI: 10.1103/PhysRevB.107.115413

I. INTRODUCTION

The temperature behavior of the nonergodic magnetic sys-
tems depends strongly on the initial conditions [1,2], since
such systems can be in a great number of different states with
the low energy close to the energy of the ground state, even
in the low-temperature limit [3]. Examples of the nonergodic
magnetic systems are both highly diluted and concentrated
alloys of magnetic metals [4,5] and magnetic dielectrics with
the strongly frustrated magnetic interactions [6,7], in which
the spin-glass state is established. The real part of the ac
magnetic susceptibility of these materials has a peak and
its imaginary part increases sharply around the magnetic
transition. However, the temperature dependence of the heat
capacity often contains no singularities that would be indica-
tive of the occurrence of phase transitions [8]. Therefore, both
theoretical and experimental studies of such systems seem to
be a nontrivial task.

According to the theory, in the magnetically ordered struc-
tural region of the discussed materials, weakly interacting
areas (droplets) of bound spins surrounded by an energy
wall are formed. The droplets should have the minimum en-
ergy. This representation of spin glasses is called the droplet
model [9]. Within the droplet model, a single spin-glass do-
main can be considered as a droplet or a cluster with the
volume changing in time or with a decrease in temperature due

“yuk @iph.krasn.ru

2469-9950/2023/107(11)/115413(9)

115413-1

to the nonequilibrium spin dynamics [10]. The droplet size is
determined by the correlation length, which is an important
characteristic of such systems and can attain tens of nanome-
ters. A record correlation length of ~150 nm has recently been
reported for a single-crystal CuMn (6 at. %) sample [11,12].
Such scales of the interaction between the magnetic mo-
ments in bulk materials are comparable with nanoparticle
sizes in powder systems and can therefore be implemented
not only in bulk spin glass. An obvious analog is ensembles
of single-domain nanoparticles, in which the volume of in-
teracting spins is physically limited by a nanoparticle size.
It is known well that nanoparticle ensembles can behave as
bulk spin glass [13,14]. This behavior is called superspin
glass (SSG) [15], meaning superspin to be related to the to-
tal magnetic moment of a particle. Recently, the relaxation
and memory effects in the magnetization of ferromagnetic
nanoparticles have been in focus [16-19]. In general, the
transition from the superparamagnetic (SPM) to the SSG state
is pronounced in the temperature dependence of the magne-
tization of nanoparticle systems and determined by a set of
certain critical indices, similar to the case of spin glasses [20].
We note that single-domain particles can be of the greatest
interest because the single-domain threshold for nanoparticles
will often be no larger than the correlation length of interact-
ing spins in spin glass [21]. This allows one to consider each
nanoparticle as a separate droplet. Many authors [19,22-25]
demonstrated the possibility of tuning the magnetic interac-
tions upon forming a coating of required thickness on the
nanoparticle surface, which makes it possible to control the
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temperature of the transition to the SSG state. This fine tuning
of the properties of ensembles of interacting nanoparticles
can be used to implement the nonergodic magnetic systems
with desired characteristics. In this paper, we explored the
dynamics of the correlated magnetic moments depending on
the existence of interparticle interactions by the example of
ferrihydrite (Fe,Os x n - H,O) nanoparticles. The magnetic
moments of iron atoms in ferrihydrite are ordered antifer-
romagnetically and the Néel temperature of the material is
~350 K [26]. Since ferrihydrite only exists on the nanoscale,
its nanoparticles are a good model for studying the spin
dynamics of the SSG state. As applied to antiferromagnetic
nanoparticles, the superspin (the full magnetic moment of a
particle) is an uncompensated moment caused by partial de-
compensation of the ferromagnetically ordered planes, which
attains hundreds of Bohr magnetons for particles several
nanometers in size [27-31]. To explore features of the spin
dynamics in such systems, the dc and ac [x'(T') and x"(T)]
magnetic susceptibilities were measured in a weak magnetic
field in the region of the SPM blocking for ensembles of inter-
acting and noninteracting magnetic ferrihydrite nanoparticles.
In addition, the behavior of the susceptibility was simulated at
different frequencies of an ac magnetic field with allowance
for the established size distribution of nanoparticles.

II. EXPERIMENTAL METHODS

The synthesis of a chemical sample (FH-chem) and the
method for forming a controlled organic coating (FH-coated)
on the nanoparticle surface were described in detail in
Refs. [23,32]. The two samples under study were ensembles
of ferrihydrite nanoparticles with fairly strong (sample FH-
chem) and weak (sample FH-coated) magnetic interactions.
Here, we only note that FH-chem is the synthetic ferrihydrite
sample prepared by hydrolysis of iron (III) nitrate. Droplets of
the 1M NaOH solution were added to the 100-ml Fe(NOs); -
9H, 0 solution (0.2M) at a rate of 20 ml/min at room tem-
perature under constant stirring until neutral pH. Then the
precipitate was washed with de-ionized water to remove the
remaining ions and dried at room temperature. The FH-coated
sample was synthesized by arabinogalactan coating of the
sample FH-chem, by additive of 1.0 g of arabinogalactan and
sonication for 10 min (22 kHz, 50 W/ cmz).

The microdiffraction and size distribution of the samples
were studied by transmission electron microscopy (TEM).
Specimens for the microscopy investigations were prepared
by shaking the synthesized powder with alcohol in an ul-
trasonic bath and depositing the obtained suspension onto
support meshes with perforated carbon. The TEM study was
carried out on a Hitachi HT7700 transmission electron micro-
scope at an accelerating voltage of 100 k'V.

The microdiffraction analysis revealed two diffusion re-
flections corresponding to interplanar spacings of 1.5 and 2.6
A for both samples. The average particle size was calculated
using the Scherrer formula. A half width of the first brightest
diffraction ring was taken into account when estimating the
average particle diameter. According to the electron microd-
iffraction data, the average particle diameters were (d) ~ 2.7
and 2.6 nm for samples FH-chem and FH-coated, respectively.
In addition, the size distribution histograms were built using

FIG. 1. TEM images of samples (a) FH-chem and (b) FH-coated.
The upper insets show the calculated particle size; the solid line
corresponds to the log-normal distribution law processing. The lower
insets present microdiffraction patterns of the samples.

conventional computer tools (see the insets in Fig. 1). The
average particle diameters found using the lognormal distribu-
tion approximation of the obtained histograms are (d) ~ 2.7
and 3.0 nm for samples FH-chem and FH-coated, respectively,
which is consistent with the Scherrer estimation.

The dc and ac magnetic properties of the samples were
studied in a magnetic field of 2 Oe. The dc magnetiza-
tion was measured with an original magnetometer [33]. The
ac measurements of the dynamic susceptibilities x'(7) and
x”(T) were performed on a Quantum Design physical prop-
erty measurement system (PPMS-9) in a frequency range of
10-10 000 Hz.

II1. RESULTS

Previously [23,32,34], we reported on the SPM behavior
of ferrihydrite nanoparticles with and without coating. This
is obviously due to the ultrafine nanoparticle size confirmed
by the TEM study (Fig. 1). At such a particle size, the defect
structure induces the uncompensated magnetic moment of a
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FIG. 2. Real part of the ac magnetic susceptibility of samples (a) FH-coated and (b) FH-chem. Temperature dependence of the field-cooled
(FC) and zero-field-cooled (ZFC) static magnetization is also shown. The arrow and oval show the area of the susceptibility bending for sample

FH-chem.

particle, which is blocked at a certain temperature called the
SPM blocking temperature (7g). The SPM blocking tempera-
ture for a system of noninteracting particles can be obtained
from the Néel-Brown equation

_ KoV
In(tm/70)kp

Here, K. is the effective magnetic anisotropy constant, which
accounts for both the bulk and surface magnetic anisotropys;
V is the particle volume; t, is the characteristic measuring
time, which depends on the experimental technique used; and
Ty is the characteristic relaxation time (in the unblocked state,
7o can lie within the interval of 107°-10"13 s) [31]. In the
measurements of the real part of the ac magnetic susceptibility
or in the static magnetization measurements in sufficiently
weak magnetic fields, the SPM blocking temperature can be
determined as a maximum point in the x'(T") or M(T) depen-
dence obtained under the zero-field-cooling (ZFC) conditions.

In Fig. 2, the static M(T) data obtained in the ZFC mea-
surement protocol are presented together with the real x'(T)
data. It can be seen that, for both samples, the x'(7") behavior
above the maximum point is independent of the frequency of
the applied field and tends to the M (T ), thereby indicating
the equilibrium state of the magnetic system, which is no
longer reached below the blocking temperature. In addition,
one can see the shift of the peak position with the increasing
measuring frequency, which is related to a decrease in the
characteristic measuring time: According to Eq. (1), t, =
1/w, where o is the cyclic frequency of an ac magnetic field.
The numerical values of the blocking temperatures for the dc
susceptibility are 19.0 and 50.4 K for samples FH-coated and
FH-chem, respectively (Fig. 2).

The blocking temperature of the sample with interact-
ing particles (FH-chem) is significantly higher than that of
sample FH-coated. As we showed previously [32,35], the
static magnetization of sample FH-chem exhibits features of
strong interparticle interactions [the M (T ) FC dependence
below the blocking temperature is nonmonotonic]. Instead
of Eq. (1), the SPM blocking behavior should be described
by the Vogel-Fulcher dependence, which takes into account

ey

1y

the interparticle interactions as a shift of 7z toward higher
temperatures [31,36],

Keffv
In(7m/70)ks

Here, parameter 7 determines the degree of interparticle
interactions, which are noticeably stronger at 7 than at
Ts [37-40]. In addition to the above-mentioned 7y shift,
the interparticle interactions cause the formation of the spin-
glass-like state, which has been observed in various systems
of magnetic nanoparticles [10,41-45]. The organic coating of
nanoparticles leads, at first glance, to the complete disappear-
ance of this state; however, as was mentioned above, there
are signs of the absence of thermodynamic equilibrium in the
system below Tg for both samples.

The greatest differences are observed between the tem-
perature dependences of the imaginary (out-of-phase) sus-
ceptibility of the two samples (Fig. 3). The contribution of
the interparticle interactions manifests itself in the growth
of the imaginary susceptibility signal x”(7) with increasing
frequency for sample FH-chem, while sample FH-coated with
weakly interacting particles yields the opposite picture. For
sample FH-coated, one can see a single broad maximum,
while in the case of FH-chem, a secondary local x”(T)
extremum is pronounced. The main peak with the higher in-
tensity for sample FH-chem corresponds to the temperature of
blocking of the nanoparticle magnetic moments obtained from
the x'(T) data, whereas the local maximum on a “shoulder”
results from the complex process of relaxation of the mag-
netic moments of strongly interacting nanoparticles in this
sample [42-46]. The observed local x”(T) maximum has a
much smaller value, which depends strongly on frequency.
Thus, the freezing of the magnetic moments triggers a com-
plex mechanism of the magnetic energy dissipation in sample
FH-chem, which consists of at least two stages corresponding
apparently to two independent magnetic processes. A similar
behavior was reported for core-shell Fe/y-Fe, O3 particles in
Refs. [10,41], where the dissipative process was explained by
the independent freezing of the core and surface spins, which
is indicative of decoupling of the core and shell magnetic

Is —Th = @)
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FIG. 3. Imaginary part of the ac magnetic susceptibility of samples (a) FH-coated and (b) FH-chem. The arrow shows the frequency growth

direction.

systems in particles at certain frequencies of the magnetic
field. The additional shoulder in the temperature dependence
of the imaginary part of the susceptibility is characteristic also
of spin-glass bulk materials [4,47,48], which evidences for its
general origin.

IV. DISCUSSION

The analysis of the low-temperature behavior of the x'(T')
dependence for sample FH-chem revealed an inflection in the
curve (oval in Fig. 2). The temperature range of this singu-
larity is consistent with the temperature range of the shoulder
in the out-of-phase susceptibility (Fig. 3). At the same time,
the sample with the weak interactions between particles (FH-
coated) does not exhibit such a behavior and yields no local
x”(T) maximum. Hence, the additional shoulder in the x”(T")
dependence can be interpreted as a manifestation of the col-
lective effect of freezing of the magnetic moments (spins of
iron atoms) on the nanoparticle surface. Taking into account
the strong interparticle interactions in sample FH-chem, it is
reasonable to assume that the observed freezing of the surface
spins is related precisely to the interparticle interactions.

A similar behavior was reported in Ref. [42], where the
effect of aging of ferrihydrite nanoparticles on the shape of
the x'(T) and x”(T) dependences was explored. Strongly
interacting nanoparticles yielded a secondary susceptibil-
ity maximum, which disappeared as nanoparticles grew in
size and transformed into hematite. The magnetic interac-
tions between nanoparticles can be implemented through the
dipole-dipole interactions of the particle’s own spins (super-
spins) or through the indirect exchange coupling between the
atomic magnetic moments mediated by the matrix material,
which slows down the spin dynamics (see the last column in
Table I) as compared with the case of a canonical spin glass,
for which this time is close to the microscopic atomic spin flip
time (~107!3 s) [49]. The dipole interaction energy for two
interacting nanoparticles is no higher than ~1 K [42,50,51];
therefore, the observed addition to the blocking temperature
cannot be made by only the dipole interactions. Obviously, the

main contribution is provided by the exchange coupling. The
exchange coupling can easily occur in the uncoated sample
(FH-chem), taking into account the low ¢ potential of ferri-
hydrite nanoparticles, which manifests itself in their strong
aggregation [52]. Thus, ferrihydrite nanoparticles can form
strongly coupled clusters, which is reflected in a fairly high
blocking temperature of sample FH-chem, in contrast to the
sample of coated nanoparticles. In the latter, the coating weak-
ens the aggregation of nanoparticles, which obviously affects
the cluster size and, consequently, lowers the interparticle
interaction energy, although, as we show below, the complete
destruction of nanoparticle clusters does not occur.

As was established empirically, the frequency shift of
the maximum temperature 7g in the x'(T) dependence is
determined by Eq. (3) and represents a good criterion for
distinguishing reliably the spin-glass states from the SPM
behavior of nanoparticles [53]:

ATy
"~ TgA(logw)’

Here, ATy is the frequency shift of the susceptibility peak, Tp
is the maximum temperature of the real part of the suscepti-
bility, and w is the cyclic frequency of the ac magnetic field.
This characteristic provides quantitative information about
the degree of collective effects in the magnetic behavior of
nanoparticles. The I values for the samples under study are
given in Table I. As was mentioned in Ref. [15], this parameter
for the SPM ensembles is I' > 0.10, while for canonical spin
glasses it is much lower: I' = 0.002-0.004. The intermedi-
ate values (I' < 0.06) are characteristic of SSG or cluster
spin glasses [10,46,54]. Thus, the formation of a spin-glass
magnetic structure in a nanoparticle ensemble below Tj is a
manifestation of the interparticle magnetic interactions, which
lead to the occurrence of a cluster of interacting nanoparticles,
similar to that described within the Fisher droplet model [9].
The I' values obtained for the two samples are no higher
than 0.06, which is indicative of the effect of interparticle
interactions in them [10,15,41]; however, a three times higher
I" value for nanoparticles with the organic coating shows that

3
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TABLEI. Data analysis of the relaxation dynamics in the two samples of ferryhidrite nanoparticles ensembles on the basis of the power-law

spin dynamics.

Sample I" (arb. units) T, (K) zv (arb. units) Eiy [23] 7o (S)
FH-chem 0.019 49.5 5.9 121 2.0x10712
FH-coated 0.057 18 8.0 27 1.0x10712

sample FH-coated approaches an ensemble of noninteracting
particles [55]. Recently [23], we observed a partial effect of
the interparticle interactions in sample FH-coated when study-
ing the SPM relaxation in detail by Mossbauer spectroscopy.
The organic coating naturally reduces the size of a cluster
of interacting nanoparticles, which causes a change in the
spin dynamics. As shown in Ref. [46], this change is related
primarily to the magnetic moments on the surface of nanopar-
ticles inside a cluster. According to the droplet model [9], the
magnetic correlation length £ is the length scale above which
the field destroys the equilibrium state of a zero-field spin
glass. In the case of nanoparticles, this parameter is physically
limited by the size of a cluster of aggregated particles, which
governs the behavior of the entire system.

The measured ac susceptibility values, together with the
Mossbauer data obtained previously, allowed us to get a com-
plete picture of the relaxation behavior of the nanoparticle
magnetic moments presented in Fig. 4, which shows the data
on the temperature maxima of the dependence of x/'(T) on
relaxation time 7 (t = 1/w) obtained by different techniques.
The frequency dependence of the freezing temperature 7, in
the scaling theories of spin glasses is modeled by a power-law
functional dependence, which predicts a critical slowdown of
the spin dynamics and divergence of the 7(7) dependence
during the spin-glass transition:
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FIG. 4. Critical slowing down of the time of SPM relaxation of
the magnetic moment in samples FH-coated and FH-chem obtained
by Mdossbauer spectroscopy and ac and dc magnetization measure-
ments. Straight solid lines show the result of fitting by Eq. (4).

Here, v is the critical exponent of correlation length & and
z is the dynamic index: t ~ &% [54]. The numerical result
of the processing is given in Table I and Fig. 4 shows the
temperature dependence of the relaxation time with allowance
for our results from Refs. [23,35]. The figure presents the
extended picture of the relaxation dynamics of the magnetic
moments, compared to previous papers [10,41], and its change
under the action of the interparticle interactions (time t from
1071% to 100 s). The linearization of these sets of points in
double logarithmic coordinates allows us to obtain the critical
indices for both samples. The obtained values are common
for nanoparticles’ systems [10,41,46]. It should be mentioned
that the range of zv is quite wide. Nevertheless, we may
argue that coating process leads to the rise of zv parameter.
Figure 4 demonstrates the evident slope change, which in-
dicates a more rapid relaxation rate in FH-coated compared
with the FH-chem sample. It may be understood as a lowering
of the effective volume of the magnetic clusters in the FH-
coated with the decrease of the contribution of interactions
and, consequently, the faster relaxation rate.

In Ref. [56], it was noted that an isotropic Heisenberg spin
glass is characterized by a value of zv ~ 6-8, while this pa-
rameter for an Ising-type spin glass is zv ~ 10-12. Therefore,
taking into account the results obtained, we can say that the
ferrihydrite samples behave similarly to the Heisenberg spin
glass, which is natural for nanoparticle ensembles. There exist
nanoparticle ensembles with the critical indices similar to that
of ferrihydrite [10,41,46,57]. Thus, with a decrease in the
interparticle interaction energy, the critical index zv grows.
(Meanwhile, as reported in Refs. [13,43], some materials can
exhibit the Ising-type spin-glass behavior at fairly small zv
values.)

The partial preservation of the interactions after coating
ensures the validity of the scaling dependence for sample
FH-coated. Generally, we can state that the interactions give
rise to the spin-glass-like behavior of the samples. Based on
the current data and on the series of previously published
papers [10,41,43,46], we may argue a strong interparticle
interactions is a primary cause for the spin-glass-like state
formation in ferrihydrite ensembles.

Besides, such a behavior takes place in the appropriate
form of the temperature dependence of the out-of-phase sus-
ceptibility. Usually, the most attention is paid to the real part
of the magnetic susceptibility (x’), when analyzing data on
ac-magnetic susceptibility behavior, and, commonly, only the
position of the maximum of the dependence x'(T') is used to
show the frequency shift. Such an analysis was carried out in
the first part of this section. As for the out-of-phase magnetic
susceptibility, it is admittedly that it describes the energy
dissipation for any system, including the magnetic nanopar-
ticle systems. The energy dissipation process is closely
related to the applied features of magnetic nanoparticles, for
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example, the specific absorption rate (SAR), which is the
power released by the particles in the form of heat in mag-
netic hyperthermia [58,59]. Therefore, we suggest to pay more
attention to the analysis of the out-of-phase magnetic suscep-
tibility.

The analysis of the temperature dependences of the ac
magnetization can yield the quantitative magnetic character-
istics of nanoparticle ensembles. The Monte Carlo simulation
of the magnetic behavior of ultrafine (~2 nm) MnFe,04
nanoparticles with regard to both the intra- and interparticle
interactions showed good agreement with the experimental
static magnetization data [60]. In Refs. [14,61], the possibility
of modeling of the imaginary part (out of phase) of the ac
susceptibility with allowance for the magnetic field frequency
was demonstrated for magnetic nanoparticles with a certain
size distribution and interparticle interactions. Taking these
results into account, here we processed the experimental data
presented in Fig. 3. Since we have

o* In%(0* /62
x"=6~¢(f,y)9—zeXp(—M), s)
0

262

where 0*=0*T=—T In(2n f 1), c=\/§N %‘Q/gjz, 90=f—2,
and ¥ (f, y) is the function determined by Landi et al. [59,61]
by the mean-field approximation and taking into account in-
terparticle interactions, M is the particle magnetic moment
taken to be 170up, [34], and & is the width of the particle
size distribution, which was used as a fitting parameter. The
anisotropy energy E4 = K.V was used as E,4 for nanoparti-
cles.

Since the experimental dependences contain local maxima,

along with the true extremum (see Fig. 3), the computer fitting

was performed for the function

ng 9* 1 2 9* 62.
v (f,v)- E quTeXp (—%) (6)
0,i o

i=1

Here, ng is generally the number of magnetic subsystems
(in our fitting, ng = 2) and g¢; is their weight factor, which
was varied during the simulation. In our case, the fitting was
performed for two independent magnetic subsystems. The
result of fitting of the x”(T) dependences for the two samples
is shown in Fig. 5 and the numerical results are given in
Table II.

Fitting of the x”(T') dependences for both samples showed
that they contain at least two independent components. The
mathematical processing of the right-hand side of the x”(T)
dependences [the pronounced x”(T) maximum] agrees with
a fairly narrow distribution of nanoparticles with an average
diameter of 2.7 nm in an ensemble for both samples, which
is consistent with the TEM data. The widths of the obtained
distributions also correlate with the electron microscopy data.
Therefore, this component is responsible for blocking of the
particle magnetic moment. The left-hand side has a much
wider distribution, which is not reflected in the TEM data
and, consequently, cannot be a manifestation of blocking of
the magnetic moments of nanoparticles themselves, but refers
to the energy dissipation via the formation of a spin-glass
structure. The integral fractions of the discussed components
for samples FH-chem and FH-coated are drastically different
(see the last column in Table II). In sample FH-chem with
strong interparticle interactions, the energy dissipation occurs
mainly by means of the shell component [the left-hand side
of the x”(T) dependence], while in sample FH-coated the
shell subsystem is manifested much weaker. The frequency
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TABLE II. Results of the mathematical modeling of the out-of-phase ac susceptibility of samples FH-chem and FH-coated. E, is the
magnetic energy of nanoparticles, Esg is the energy of freezing of the magnetic moments, and .. and &, are the core and shell distribution
widths, respectively. The ratio between areas under the curves is given in the last column.

Sample f (Hz) E, (x107" ergs) Esg (1071 ergs) Score 8, Core/shell fraction
FH-chem 100 45+04 25+04 0.07 1.3 0.10 £+ 0.02
FH-coated 100 3.1+£0.3 1.1 £0.2 0.16 1.2 0.66 + 0.02
FH-chem 1000 45+04 254+04 0.07 1.1 0.14 +0.02
FH-coated 1000 3.1+03 1.1+0.2 0.16 0.95 0.67 +0.02
FH-chem 10000 45+04 254+04 0.07 1.1 0.21 £0.02
FH-coated 10000 3.1+03 1.1+0.2 0.16 0.95 0.65 +0.02

dependences of these fractions are also fundamentally dif-
ferent. In sample FH-chem, the core/shell area ratio depends
significantly on the field frequency. This is probably due to
the aforementioned decoupling of the core and shell magnetic
systems inside particles under the action of the interparticle
interactions [46]. This is confirmed by the almost complete
absence of a frequency dependence of the core and shell
fractions in the dissipative process for sample FH-coated.

At first sight, the above-described behavior seems unre-
alistic for a single-phase system. However, as was shown
previously, the ferrihydrite surface structure is strongly de-
pleted in iron and enriched in OH groups and differs
significantly from the structure of the particle core [62,63],
which was confirmed by the low fractal dimensionality of fer-
rihydrite [64,65]. Such rarefaction of the nanoparticle surface
with increasing distance from the core leads to the formation
of a denser crystalline core and a rarefied shell [34]. This
explains well the observed core-shell magnetic structure.

The second column in Table II gives the fitting values of
the nanoparticle magnetic energy E,. This energy takes into
account the energy of the magnetic anisotropy (volume and
surface) of ferrihydrite nanoparticles in the two samples. In
the x”(T) simulation, the energy of the strong interparticle
interactions characteristic of sample FH-chem was taken into
account separately from E, in the ¥ (f, y ) function, according
to the formulas from Ref. [59], and corresponded to the tem-
perature shift of the susceptibility maximum [7j in Eq. (2)]. In
our case, the Ty values for samples FH-chem and FH-coated
were 24 and 7 K, respectively. Using the obtained E, val-
ues, we found the magnetic anisotropy constants Kcg to be
23 +2x10° and 17 £ 2x 103 ergs/cm? for samples FH-chem
and FH-coated, respectively. These values are in good agree-
ment with a value of 21x 10’ ergs/cm? obtained previously
in Ref. [35], which confirms the applicability of the approach
used to simulate the x”(T) dependences. It should be noted,
however, that the shift of the maximum susceptibility at the
temperature 7y (manifestation of the interparticle interactions)
and the magnetic energy dissipation during freezing of the
magnetic moments on the particle surface (parameter Esg,
second column in Table II) not only refer to two different
processes, but appear to be mutually independent. On the
other hand, the freezing of the magnetic moments on the
nanoparticle surface is a direct consequence of the inter-
particle interactions. Therefore, it can be assumed that the
left-hand side of the curves of the out-of-phase ac susceptibil-
ity (the wide green distribution in Fig. 5) corresponds to the

energy loss caused by the interparticle magnetic interactions
inside nanoparticle clusters, which form the spin-glass-like
state already below the blocking temperature. This process is
most pronounced in sample FH-chem and almost completely
reduced in sample FH-coated. In addition, it is noteworthy
that this effectively manifests itself in interacting ferrihydrite
nanoparticles, similar to the case of core-shell nanoparticles.

It is known well that the magnetic moment of each ion in a
spin glass below the freezing temperature is localized mainly
along the local easy magnetization axis determined by a local
crystal field. This is equivalent to a random change in the
crystal field under frustrations of the exchange coupling or
a strong dilution of magnetic ions in a bulk material. This is
how a noncollinear spin-glass structure is formed [9,53]. In
nanoscale systems, a similar effect is induced by a random
distribution of the anisotropy axes of separate but interacting
nanoparticles. Under the interparticle interactions, a certain
correlated structure of spins forms on the surface of different
particles

V. CONCLUSIONS

To sum up, we note that the unique morphology of
nanoparticles of ferrihydrite, which, on the one hand, is
hydrated iron oxide and, on the other hand, has a dense
well-crystallized core, gives rise to the intriguing phenomenon
of splitting of the nanoparticle magnetic structure into two
independent subsystems. It was shown by measuring the ac
magnetic susceptibility that the magnetic behavior of the
ensembles of ferrihydrite nanoparticles repeats largely the
observed behavior of core-shell systems [10,41]. This was
attributed to the interparticle magnetic interactions, which de-
termine, to a great extent, the shape of the x”(7') dependences
below the blocking temperature and form a spin-glass-like
structure. The organic coating of ferrihydrite particles weak-
ens significantly the energy of the interparticle interactions
(obviously, due to a decrease in the nanoparticle cluster size);
therefore, the spin-glass state does not form. At the same time,
a decrease in the density of nanoparticles themselves from
the core to the periphery is preserved [34], which is reflected
in an additional broad component of the energy dissipation
in the x”(T) simulation and the increasing parameter I of
the frequency shift of the magnetic susceptibility peak for
sample FH-coated. The calculated values of this parameter
(I' < 0.06) appeared to be similar to the I" values for the
SSG or cluster-type spin-glass state. It was established using
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the processing of the temperature dependence of the relax-
ation time for the ferrihydrite nanoparticle ensembles by the
scaling law that the obtained critical indices zv are charac-
teristic of this magnetic state. It was found that the coating
of nanoparticles increases this parameter from zv = 5.9 for
sample FH-chem to zv = 8.0 for sample FH-coated. Thus, via
increasing the nanoparticle blocking temperature, the surface
modification by an organic coating affects noticeably the spin
dynamics of the investigated nanoparticle ensembles below
the temperature of blocking of the magnetic moments.
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