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The static magnetic properties of a system of NiFe2O4 nanoparticles (average size 4.5 nm) coated with polyvinyl

alcohol (PVA) were studied. The analysis of the magnetization curves allowed us to conclude that the small particle

size causes a pronounced
”
core/shell“ structure with structural and magnetic order in the core and, accordingly,

disorder in the particle shell. The thickness of the disordered surface layer is ≈ 1 nm, and the ferrimagnetic core

can only be formed in particles of about 4 nm or more in size. The coating of the particles leads to their spatial

separation and a decrease in the intensity of magnetic interparticle interactions, which follows from a comparison

with the data for a reference sample with identical particle sizes without PVA coating. The weakening of magnetic

interparticle interactions is manifested in a decrease in the superparamagnetic blocking temperature of the magnetic

moments of the particles caused by the ferrimagnetically ordered core. Another important consequence of the spatial

separation of particles is the collapse of the common integrated surface for a cluster of particles, which is realized

in the reference sample. This is manifested in a smaller value of the coercive force of the magnetic hysteresis

loop (at T = 4.2K) of the studied system of particles coated with PVA. Also, the paper discusses the processes of

freezing of atomic magnetic moments located in disordered areas of particles.
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1. Introduction

Interest to magnetic nanoparticles is caused by capabilities

of their practical application in various science-intensive

technologies in biomedicine [1], chemical industry [2,3],
microelectronics [4], instrumentation engineering [5] and

other fields [6]. At the same time, at least two aspects

are important: a small size of individual particles and

new properties that appear in nanoscale particles. It

is obvious that the new properties are a result of sur-

face and dimension effects that are manifested in the

nanoscale. However, there is another important effect,

which in some cases crucially affects magnetic properties of

nanoparticle systems. It is magnetic interparticle interactions

(MII) [7–16]. In each specific practical application, it is

important to understand which role is played by MIIs in

the used material and, then, to optimize MII intensity for

the required integral magnetic characteristics of the used

system.

It is obvious that powder systems have MIIs, since the

nanoparticles directly contact each other. MII intensity is

determined not only by a value of magnetic moments of

the particles and a distance between them, but properties

of a nanoparticle surface as well [9,17–24]. It is possible to

adjust MIIs by coating the particle surface with a weakly

magnetic substance, thereby providing spatial separation of

the particles [14,16,17,19–27].

The subject of the present study is a system of ultra-

small (4−5 nm) nanoparticles of nickel ferrite NiFe2O4,

which are coated by polyvinyl alcohol (PVA). The said small

size for the oxide particles usually induces a pronounced

structure of the particles of the
”
core/shell“ type [28] due to

a large influence of a structure- and magnetically-disordered

surface layer of the particles. That is why it is interesting

to change magnetic characteristics of an ensemble of

the nanoparticles of such ultra-small sizes during spatial

separation of the particles. Results of characterization

and detail study of the magnetic properties of the initial

sample of the NiFe2O4 nanoparticles (uncoated) are given

in the study [28], while it is shown in the study [23]
that a value of the superparamagnetic (SPM) blocking

temperature is significantly affected by the MIIs. We also

note that the initial powder of nickel ferrite (with similar

sizes of the particles) with uncoated particles exhibits

effective heating in a mode of ferromagnetic resonance [29]
(the so-called magnetic resonance hyperthermia [29–33]).
The present study is aimed and revealing the effect of

a coating of the NiFe2O4 nanoparticles on modification

of the static magnetic properties of the system of such

particles.
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2. Experiment

The initial sample of the powder system of the NiFe2O4

nanoparticles was produced by chemical deposition after

mixing initial components in water [28,29], without sub-

sequent annealing. For comparison, the present study will

provide temperature and field dependences of magnetization

of this initial sample that is designated in accordance with

the formula NiFe2O4.

The sample of the NiFe2O4 nanoparticles with addition of

PVA was similarly produced with mixing the components

in a 0.1% solution of polyvinyl alcohol [33]. The described

procedure of preparation means particles sizes that are

identical with the NiFe2O4 initial sample. Hereinafter this

sample is designated as NiFe2O4/PVA.

The X-ray diffraction pattern of the produced samples

exhibits only peaks that correspond to the NiFe2O4 struc-

ture. The average size of the particles 〈d〉, which is obtained

by analysis of images of transmission electron microscopy

(TEM) is ≈ 4 nm; the maximum size does not exceed

6 nm [28]. The obtained value of 〈d〉 agrees with the size of

a coherent scattering region estimated from X-ray diffraction

data using the Debye-Scherrer formula (≈ 3.5 nm) [28,29].
The temperature M(T ) (in the external fields 1−10 kOe)

and field M(H) dependences of magnetization are measured

on vibration sample magnetometer [34]. The dependences

M(T ) in the fields 2, 100 and 500Oe are measured on

SQUID magnetometer [35]. For the temperature depen-

dences, we have used regimes of zero field cooling (ZFC)
and cooling in the external field (FC) from the temperature

that significantly exceeds the value of the SPM blocking

temperature.

3. Results and discussion

3.1. Dependences M(T). Manifestation
of the processes of SPM blocking
and freezing magnetic subsystems

The dependences M(T ) in the ZFC and FC conditions

in the field H = 2Oe for the samples NiFe2O4 and

NiFe2O4/PVA are shown in Figure 1, a and b, respectively.

The following specific features of these dependences are

worth noting. For the NiFe2O4 sample, the pronounced

maxima of the dependence M(T ) in the ZFC conditions

are observed at the temperatures ≈ 38K and ≈ 7.6K.

The influence of a thermomagnetic history is manifested

around the high-temperature maximum (a difference in

magnetization for the ZFC and FC regimes appears). It

is proven in the study [28] that the maximum of the

dependence M(T )ZFC at the temperature of 38K corre-

sponds to SPM blocking of magnetic moments of the

particles (hereinafter TB is the SPM blocking temperature),
while the low-temperature maximum reflects a transition of

atomic (Fe3+, Ni2+) magnetic moments in the structurally-

disordered small particles into a state of the spin glass type.

Hereinafter, the temperature of this maximum is referred

T, K
0 10 20 30 40 50 60

0.005

0.015

0
M

, 
em

u
/g

FC

ZFC

TS

TB

Tirr

bNiFe O /PVA2 4

H = 2 Oe

0.010

0.002

0.006

0

M
, 
em

u
/g

FC

ZFC

TS

TB

Tirr

aNiFe O2 4

H = 2 Oe

0.004

Figure 1. Temperature dependences of magnetization M(T ) in

the ZFC and FC conditions in the external field H = 2Oe for

the samples NiFe2O4 (a) and NiFe2O4/PVA (b). They include

temperatures that correspond to maximums of the dependences

M(T )ZFC: SPM blocking TB, the temperature of freezing the

subsystem of atomic magnetic moments TS and the temperature

of start of an irreversible behavior of magnetization Tirr .

to as TS. For the NiFe2O4/PVA sample, see Figure 1, b,

the low-temperature maximum (the value of TS is ≈ 9K)
became more pronounced, while the second maximum of

the dependence M(T )ZFC was shifted to the temperature

≈ 19K and became weakly pronounced. The influence

of the thermomagnetic prehistory for the NiFe2O4/PVA

sample starts from the temperature Tirr ≈ 24K, thereby

making it possible to identify the temperature of ≈ 19K

as the SPM blocking temperature TB, which reduced

by ≈ 20K as compared to the NiFe2O4 sample. It is

natural to relate the observed decrease of the blocking

temperature after spatial separation to attenuation of the

MII influence, which was observed for various systems of

magnetic nanoparticles [10,13–16,19–22,24–26].
The SPM blocking temperature usually decreases with

the increase of the external field [10,13,19,21,23]. For

the NiFe2O4 sample, the dependence TB(H) was analyzed

within the framework of the model taking into account MIIs

in the nanoparticle system [23]. At the same time, the

resultant dependence M(T ) within the low temperatures is

made up of contributions by (1) the particle blocking pro-

cesses and (2) freezing the atomic magnetic moments (the
maximum at the temperature TS). For the NiFe2O4/PVA

sample, the maximum at TB becomes much less pronounced

with the increase of the external field. It can be seen from

data of Figure 2, which shows the dependences M(T )/H

in the ZFC conditions. In the fields that exceed the value

of ∼ 0.5 kOe, the dependences M(T )ZFC already do not
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Figure 2. Temperature dependences of magnetization M(T )/H in

the ZFC conditions for the NiFe2O4/PVA in the different external

fields (they are specified in the legend). An (oval-)selected area on

the dependences M(T ) exhibits specific features that correspond

to the SPM blocking processes.
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Figure 3. Temperature dependences of magnetization M(T ) in

the ZFC and FC conditions for the NiFe2O4/PVA sample in the

external fields H = 1, 5 and 10 kOe. It shows the temperatures of

start of the irreversible behavior of magnetization Tirr .

exhibit a maximum at TB; the maximum of the curve is

shifted into the low-temperature area, which is dominated

by a contribution by the process of freezing the atomic

magnetic moments. It is indirectly supported by the fact

that within the range of the fields 1−10 kOe the temperature

of start of the irreversible behavior of magnetization Tirr is

noticeably shifted into the low temperatures — from ≈ 13K

(H = 1 kOe) to ≈ 8K (H = 10 kOe) (Figure 3).

Thus, the following conclusions can be made based on

analysis of the behavior of the temperature dependences of

magnetization and their comparison with similar data for

the sample with the uncoated particles. Both the samples

exhibit magnetic contributions from at least two magnetic

subsystems, one of them is magnetic moments of the

particles (it transits into the SPM state at the temperature

TB), while the other is a subsystem of the atomic magnetic

moments, which is frozen (or transits into the state of

the spin glass type) when T = TS. The SPM blocking

temperature for the NiFe2O4/PVA sample decreased in

two times and is ≈ 19K, which is a manifestation of the

decrease of MII intensity. At the same time, the value

of the temperature TS is slightly changed (≈ 7.6K for the

NiFe2O4 sample and ≈ 9K for the NiFe2O4/PVA sample).
It additionally supports the previous conclusions [28] that at
the low temperature the atomic magnetic moments in the

structurally-disordered small particles transit into the state of

the spin glass type; and the additional coating of the particles

does not result in significant changes in these processes.

3.2. Analysis of the magnetization curves,
selection of contributions
by the magnetic subsystems

The magnetization curves of the NiFe2O4/PVA sample,

which are measured within the temperatures 100−250K,

within which the magnetic moments of the particles are in

the SPM state, are shown in Figure 4, a. The SPM behavior

of magnetization is usually modelled by the Langevin func-

tion L(µP, H) = coth(µP · H/kT ) − 1/(µP · H/kT ), where

µP is the magnetic moment of the particle, k is the

Boltzmann’s constant. It is clear from the shape of the

dependences M(H) that the quite high fields have a notice-

ably contribution by a field-linear response of magnetiza-

tion. Consequently, describing the curves of magnetization

requires to use a superposition of the Langevin function

and the field-linear function, which is hereinafter referred

to as χPMH , where χPM = const. Taking into account a

distribution along the magnetic moments of the particles

f (µP) results in the following expression for processing

experimental dependences M(H):

M(H) = NP

∞
∫

0

L(µP,H) f (µP)µPdµP + χPMH. (1)

In this expression, NP is a number of the particles in

a unit mass of the sample, the lognormal distribution

f (µP) = (µP · s · (2π)1/2)−1 exp
{

−[ln(µP/n)]2/2s2
}

is used

as f (µP), in which 〈µP〉 is an average magnetic moment

per the particle
(

〈µP〉 = n · exp(s2)
)

, s2 is dispersion of the

magnitude ln(µP). During the procedure of the experimental

dependences M(H), the values of NP and s were fixed

(were not changed for the various temperatures), and only

the parameters n (actually, this is the value of 〈µP〉) and

χPM varied with the temperature. The results of the best

fitting of the dependences M(H) are shown in Figure 4, a

by solid lines. The values of NP and s are given in

Table. Partial components of the fitting curves, i. e. the

first and second terms of the expression (1): MSPM(H) are

MPM(H) = χPM · H shown in Figure 4, b.

Evolution of the distribution function f (µP) at the various
temperatures is shown in Figure 5. The temperature
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Figure 4. a — experimental (symbols) dependences M(H) at the
legend-specified temperatures and results of the best fitting as per

the expression (1); b — partial components (the first — MFM(H)
and second — MPM(H) terms of the expression (1)) of the fitting

curves M(H).

dependences of the main fitting parameters 〈µP〉 and χPM
are shown in Figure 6. The obtained values of 〈µP〉 at

the various temperatures are quite well described by the

expression

〈µP〉 = 〈µP〉(T = 0) · (1− AT α), (2)

where α and A are constants. The best agreement is

achieved when the value α = 1.5± 0.1 and the value

〈µP〉(T = 0) ≈ 236 · µB (µB — is a Bohr magneton). The

distribution of f (µP) when T = 0 in Figure 5 is obtained

for the said extrapolated magnitude 〈µP〉(T = 0) and the

unchanged parameters NP and s (Table). In turn, the values

of χPM(T ) vary with the temperature as 1/T (Figure 6),
i. e. the following relationship is fulfilled in the temperature

interval above 100K

χPM(T ) = CPM · (1/T ), (3)

in which CPM ≈ 0.011 (emu ·K)/(g ·Oe).
Let us compare the obtained values of the fitting

parameters with similar parameters for the NiFe2O4 initial

sample [28] (see Table). The parameters s of the lognormal

distribution turned out to be the same and values of the

average magnetic moment of the particles 〈µP〉(T = 0)

turned out to be close. The number of the particles NP

per gram of the NiFe2O4/PVA sample is less than in the

NiFe2O4 sample by a multiplier m ≈ 0.73 and the values

of CPM differ by the same multiplier. It is estimated in the

first approximation that the weight percentage of PVA in the

NiFe2O4/PVA sample is about 27wt.% or its volume content

exceeds 50%. The listed facts indirectly indicate that the

distributions f (µP) are similar in the samples NiFe2O4/PVA

and NiFe2O4.

The value of MSPM, which is specified in Table, is

actually saturation magnetization of the SPM contribution

when T = 0. The magnitude MSPM is related to the

average magnetic moment of the particle by a relationship

MSPM = NP〈µP〉. The value of MSPM(T = 0) for the

NiFe2O4/PVA sample, which is reduced to the weight of

nickel ferrite (taking into account the multiplier m ≈ 0.73),
is ≈ 5.5 emu/g. It is somewhat lower, but quite close to the

value of MSPM(T = 0) of the NiFe2O4 sample. However, for
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Figure 5. Distribution function f (µP) at the various tempera-

tures, which is used for fitting the magnetization curves M(H)
(Figure 4, a). For f (µP) when T = 0, we used the extrapolated

value of 〈µP〉(T = 0) and the parameters NP and s , which are

given in Table.
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Parameter s of the lognormal distribution f (µP), the values of NP, 〈µP(T = 0)〉, MSPM(T = 0) and CPM, which are reduced with the

sample weight and obtained for the fitting dependences M(H) (Figure 4)

Sample s
NP, 〈µP〉(T = 0), MSPM(T = 0), CPM,

particle/g µB emu/g (emu ·K)/(g ·Oe)

NiFe2O4/PVA 0.27± 0.02 1.81 · 1018 236 4.0 0.011

NiFe2O4 [28] 0.27± 0.02 2.48 · 1018 296 6.8 0.015

both the samples, MSPM(T = 0) is significantly less than the

respective value of bulk NiFe2O4 (MSbulk ≈ 51 emu/g [36]).
A decrease of saturation magnetization for the nanoscale

ferro- and ferri-magnetic particles is related to presence

of a structurally-disordered layer on the particle surface,

which has not magnetic ordering [28,37–43]. This sub-

surface layer is termed as a
”
magnetic-dead“ layer. The

thickness dmd of this layer can be evaluated from simple

geometrical considerations. The particle of the volume

V has a ferrimagnetically-ordered
”
core“ of the volume

VCORE and a disordered surface of the volume VSHELL,

V = VCORE + VSHELL. It follows from the obvious relation-

ship MSPM/MSbulk = VCORE/V that

MSPM = MSbulk · (1− 2 · dmd/d)3, (4)

from which, when d = 〈d〉 ≈ 4.0 nm, we obtain that

dmd ≈ 1 nm. For this value of dmd, the particle of the size

of 2 nm will be fully
”
non-magnetic“, while at the higher

sizes the ferrimagnetically-ordered core can be formed only

when it has a volume of several lattice cells of NiFe2O4.

Actually, the ferrimagnetically-ordered core is formed only

in the particles of the size of at least 4 nm.

The above said is confirmed by recalculation of the

distribution function f (µP) (determined from the condition

of the best fitting, with the value of 〈µP〉 extrapolated to

T = 0) into a size distribution and its comparison with the

distribution f (d) that is obtained from TEM data. For ide-

ally ordered particles of nickel ferrite µP ≈ NFU · 2.3µB [44],
where NFU is a number of formula units in the particle.

Using a value of the averaged distance dam between

magnetically active ions in NiFe2O4 (dam ≈ 0.35 nm [45]),
the following relationship can be obtained:

µP ≈ (1/3) · [d∗/dam + 1]3 · 2.3µB. (5)

Here, d∗ is a size of the ordered core of the particle and

in our case d∗ = d − 2 · dmd. Along with a histogram of

the particle size distribution, Figure 7 also shows distri-

butions f (d = d∗ + 2 · dmd) of the samples NiFe2O4/PVA

and NiFe2O4, which are obtained by means of the expres-

sion (5). Hatched columns in the histogram correspond

to the particles that have ferrimagnetic ordering in the

particle
”
core“ and the magnetic moment µP. It is clear

that the dependences f (d) well agree with the histogram

of the size distribution within the range d > 4 nm, thereby

additionally confirming lack of the magnetic order in the

”
small“ (d < 4 nm) particles and presence of the magnetic-

dead layer in the
”
large“ (d > 4 nm) particles. The

”
small“
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Figure 7. Histogram of the nanoparticle size distribution and

the distribution f (d = d∗ + 2 · dmd), which are recalculated by

the expression (5) from the distributions f (µP) (obtained from

results of processing the dependences M(H) — Figure 4, a) of

the samples NiFe2O4/PVA and NiFe2O4. It also schematically

represents the areas of the structural and magnetic order and

disorder in the
”
small“ (d < 4 nm) and

”
large“ (d > 4 nm)

particles.

and
”
large“ particles are also schematically represented in a

field of Figure 7.

If the SPM behavior is determined by the magnetic

moment µP of the ferrimagnetically-ordered
”
core“ of the

particles, then it is logical to identify the magnetic response

from spins in the surface layer dmd and spins of the

small (< 4 nm) particles with the second summand of

the expression (1). The paramagnetic behavior of the

dependence χPM(T ) (the expression (3)) indicates that

within the high temperatures (above 100K) this magnetic

subsystem is not associated with the subsystem of the

ferrimagnetically-ordered
”
cores“ of the particles. With the

decrease of the temperature, when TS ≈ 9K, this subsystem

is frozen and transits into the state of the spin glass type

(Figure 2).

It was shown in the study [28] that for the NiFe2O4 initial

sample, in which the particles directly contact each other,

some surface spins are frozen somewhat earlier — within

the interval between the temperatures TS and TB. And we

are talking mainly about the magnetic moments of the atoms

on the surface of the particles, whose sizes exceed 4 nm.
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Actually, presence of three magnetic subsystems was stated

for the NiFe2O4 sample: (i) the ferrimagnetically-ordered

core of the
”
large“ (d > 4 nm) particles, (ii) spins of the

common (for the particle cluster) integrated surface of the

”
large“ (d > 4 nm) particles, and (iii) spins of the atoms in

the disordered
”
small“ (d < 4 nm) particles. The magnetic

moments µP of the subsystem (i) are blocked at the

temperature TB, the spins of the subsystem (ii) are frozen

within the interval TB−TS (without manifesting outstanding

specific features on the temperature dependences of static

magnetization), and the spins of the subsystem (iii) are

frozen around the temperature TS [28].
By comparing values of the magnetic response of the

samples NiFe2O4/PVA and NiFe2O4 within the area of the

low-temperature maximum (Figure 1), it can be seen that

MZFC in the point of the maximum, i. e. the value of

M(T = TS)ZFC, is noticeably higher for the NiFe2O4/PVA

sample. A relative change of magnetization around a

low-temperature
”
bell“ is also higher, when comparing,

for example, values of the difference 1M = M(T = TS)ZFC
− M(T = 4.2K)ZFC . It can be explained within the

framework of the following scenario. The NiFe2O4/PVA

sample already has not the common integrated surface

for the cluster of the
”
large“ (d > 4 nm) particles, and

the subsystems (ii) and (iii) are united into a single

subsystem, which is frozen at the temperature TS. Then,

for the NiFe2O4/PVA sample, with a decrease of the

temperature there will be an increase of magnetization by

this subsystem (ii+ iii) to the temperature TS as per a

functional dependence that is close to the expression (3).
In turn, the spins of the subsystem (ii) are frozen earlier

for the NiFe2O4 sample — within the interval between TB

and TS, and only the spins of the subsystem (iii) are frozen

around the temperature TS, thereby resulting in a smaller

value of magnetization M(T = TS)ZFC and of the magnitude

of the difference M(T = TS)ZFC − M(T = 4.2K)ZFC.
The framework of the described scenario is used to

explain the smaller value of the coercive force HC of the

NiFe2O4/PVA sample as compared to the NiFe2O4 initial

sample. It is clear from data of Figure 8 (the full loops of

magnetic hysteresis) and its lower insert (the dependences

M(H) around the origin of coordinates). The values of

HC when T = 4.2K are ≈ 1.5 and ≈ 2.6 kOe for the

NiFe2O4/PVA sample and the NiFe2O4 sample, respec-

tively. Hysteresis of the magnetization curve is a typical

specific feature of single-domain magnetic nanoparticles,

whose magnetic moments are in a blocked state. The

magnitude HC is determined by a ratio of magnitudes of

a magnetic anisotropy constant and saturation magnetiza-

tion, and these characteristics are approximately the same

for individual particles of the samples NiFe2O4/PVA and

NiFe2O4. Then, the higher value of HC for the NiFe2O4

sample can be explained by the influence of the common

integrated surface of the particle cluster, more exactly, by

the influence of a relation of the magnetic subsystems (i)
and (ii). Actually, it is required to remagnetize the two

related magnetic subsystems in the NiFe2O4 sample, while

H, kOe

0–40 –20 20 40 60

–20

10

0

M
, 
em

u
/g

–10

20

NiFe O /PVA2 4

NiFe O2 4

–60

T = 4.2 K

H, kOe

0 2

4

0

M
, 
em

u
/g 2

–2 0

–2

–4

–4 4

H, kOe
50

22

18

M
, 
em

u
/g

20

30 40

16

14
60

Figure 8. Loops of magnetic hysteresis M(H) of the samples

NiFe2O4/PVA and NiFe2O4 at T = 4.2K. The insert includes the

same around the origin of coordinates. The upper insert includes

portions of the dependence M(H) within the fields of above

30 kOe.

magnetic moments of separate particles are remagnetized

in the NiFe2O4/PVA sample. It results in a higher value

of the coercive force of the NiFe2O4 initial sample. The

above said is additionally confirmed by a difference in values

of the field of the irreversible behavior of magnetization

of the samples (Figure 8, the upper insert). If for the

NiFe2O4/PVA sample hysteresis of magnetization becomes

vanishingly small in the external field of ∼ 40 kOe, then for

the NiFe2O4 sample at the maximum used field of 60 kOe

the loop of hysteresis is still open.

4. Concluding remarks

The static magnetic properties of the NiFe2O4/PVA

sample are studied and compared with the properties of the

NiFe2O4 initial sample to make the following conclusions.

Addition of PVA at one of stages of synthesis of the

ferrite powder results in spatial separation of the particles

and reduction of MII intensity. The latter is manifested

in reduction of the temperature of SPM blocking of the

magnetic moments of the particles from 38 to 19K.

Both the powder systems are characterized by the

structure of the particles of the
”
core/shell“ type, which

includes structural and magnetic ordering in the
”
core“ of

the particles, while the surface layer of the thickness of

about 1 nm is disordered. However, here, we are talking

about the quite
”
large“ particles, whose size d exceeds

4 nm. The particles of the size of less than 4 nm are fully

disordered.

Besides, both the ferrite powder systems have identical

size distributions of the magnetic moments of the particles

and values of the SPM contribution. The magnetic moment

of the particles, which induces the SPM behavior at the
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high temperatures, is determined by the ferrimagnetically-

ordered
”
core“ of the particles.

For the NiFe2O4/PVA sample, the atomic magnetic

moments of the
”
small“ (d < 4 nm) particles and the

disordered surface layer of the
”
large“ (d > 4 nm) particles

are frozen within the low temperatures when TS ≈ 9K.

At the same time, for the NiFe2O4 initial sample we

have recorded the difference of the magnetic properties of

the common integrated surface for the
”
large“ (d > 4 nm)

particles, in which the atomic magnetic moments are

frozen within the temperature interval TS−TB, and of the

magnetic subsystem in the
”
small“ (d < 4 nm) particles

with the freezing temperature of ≈ 7.6K. It is obvious that

spatial separation of the particles, which is realized in the

NiFe2O4/PVA sample, results in a collapse of the common

integrated surface, which is manifested in reduction of the

coercive force.
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