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We report the results of comparative analysis of magnetic properties of the systems based on
&-Fe,0s, nanoparticles with different average sizes (from ~3 to 9nm) and dispersions. The
experimental data for nanoparticles higher than 68 nm in size are consistent with the available
data, specifically, the transition to the magnetically ordered state occurs at a temperature of
~500K and the anomalies of magnetic properties observed in the range of 80—150 K correspond to
the magnetic transition. At the same time, Mossbauer and ferromagnetic resonance spectroscopy
data as well as the results of static magnetic measurements show that at room temperature all the
investigated samples contain ¢-Fe,O5 particles that exhibit the superparamagnetic behavior. It was
established that the magnetic properties of nanoparticles significantly change with a decrease in
their size to ~6 nm. According to high-resolution electron microscopy and Mossbauer spectroscopy
data, the particle structure can be attributed to the e—modification of trivalent iron oxide; mean-
while, the temperature of the magnetic order onset in these particles is increased, the well-known
magnetic transition in the range of 80—150 K does not occur, the crystallographic magnetic anisot-
ropy constant is significantly reduced, and the surface magnetic anisotropy plays a decisive role.
This is apparently due to redistribution of cations over crystallographic positions with decreasing
particle size, which was established using Mossbauer spectra. As the particle size is decreased and
the fraction of surface atoms is increased, the contribution of an additional magnetic subsystem
formed in a shell of particles smaller than ~4 nm becomes significant, which manifests itself in the
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static magnetic measurements as paramagnetic contribution. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4936838]

I. INTRODUCTION

Trivalent iron oxide &-Fe,O5 characterized for the first
time in 1998 (Ref. 1) has unique properties and can find
wide applications.”* This oxide exists in the form of nano-
particles up to 25-100nm in size with a significant
(~20kOe) room-temperature coercivity,”> which makes
these particles promising for application in magnetic record-
ing. In addition, this material exhibits the magnetoelectric
effect.® It was demonstrated that e-Fe,O5 nanoparticles effec-
tively absorb microwave radiation in the millimeter range.”®
By now, there has been a lack of a commonly held opinion
concerning the ¢-Fe,O3 magnetic structure around room tem-
perature.”” Judging by the magnetic properties, it can be a
collinear ferrimagnet or a canted antiferromagnet. According
to the data of magnetic measurements and neutron study, the
effective magnetic moment per Fe>" atom is ~0.3 up (Refs.
4,5,9, and 10) and the transition to the magnetically ordered
state occurs near ~500K.>'* In the temperature range of
80-150K, the ¢-Fe,O3 oxide undergoes a magnetic transition
accompanied by anomalies in the magnetic properties and
leading to a significant decrease in the coercivity. The nature
of this transition is still argued.*”
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The magnetic properties and resonance behavior of
¢-Fe,05 are modified upon partial substitution of Al,'* Ga,’
or In®*'>!® for Fe. On the other hand, the properties can
change with decreasing particle size and increasing fraction
of surface atoms. A decrease in the particle size can lead to
(i) redistribution of cations over ¢-Fe,Oscrystallographic
positions, (ii) the related variation in the bulk magnetic ani-
sotropy of &-Fe,Oj particles and the influence of surface
magnetic anisotropy, and (iii) the superparamagnetic (SP)
state, in which magnetic moments of particles are unblocked
in a wide temperature range.

In Refs. 17 and 18, it was proposed to synthesize
&-Fe,O5; nanoparticles on silica gel by incipient wetness
impregnation with the Fe(II) sulphate solutions. This tech-
nique allowed obtaining for the first time the systems of
e-Fe,O5 particles with an average size of few nanometers
without any other iron oxide polymorphic phases, which is
much smaller than in the above-cited studies. Study of the
magnetic properties of the synthesized samples showed that
they exhibit the SP behavior'*~" and the magnetic properties
of small (<6nm) particles reveal no anomalies typical
of coarser &-Fe,O5 particles.”’ Meanwhile, study of the
dynamic magnetization reversal (magnetic hysteresis in a
pulsed magnetic field) of e-Fe,Oj3 particles with the size
d~10nm showed that the effective coercivity grows with

© 2015 AIP Publishing LLC
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the field variation rate.”' This effect originates from relaxa-
tion of SP particles’*** and the surface anisotropy signifi-
cantly contributes to these processes.

Critical volume V (at a specified temperature) or block-
ing temperature Ty (for this volume) at which the SP state is
established can be estimated using the Néel-Brown formula

TB = KeffV/ln(‘C/‘C())k. (1)

Here, K¢ is the effective magnetic anisotropy constant, which
involves bulk magnetic anisotropy Kv and the surface contri-
bution to the magnetic anisotropy; k is the Boltzmann con-
stant; 7 is the characteristic observation (measuring) time; and
Tq is the time of SP relaxation of a particle. The t values usu-
ally lie within 10~"°~107? s and measuring time 7 depends on
the experimental technique used; e.g., Tgn~ 10'-10%s for
static magnetic measurements and Ty~ 10"°-10"%s for
Méssbauer spectroscopy.”* As particle size D is decreased,
the increasing role is played by the surface magnetic anisot-
ropy, which, in the simplest case, is taken into account as?

Ket = Kv + 6Ks /D, ()

where Ky is the surface magnetic anisotropy constant.

In this study, we compare the data obtained using static
magnetization measurements and Mossbauer and ferromag-
netic resonance (FMR) spectroscopy for samples with differ-
ent average particle sizes and dispersions of the size
distribution of particles in order to establish the size at which
particles exhibit the SP behavior at different experimental
techniques and to estimate the bulk and surface magnetic an-
isotropy in small e-Fe,Os5 particles.

Il. EXPERIMENT

A. Sample preparation and size distribution
of particles

The ¢-Fe,O5 particles were synthesized on the surface of
the silica gel using wet chemical pore filling impregnation
method with Fe>" sulphate solutions and subsequent drying
at the temperature 7=110°C and tempering at 900 °C for
4h.'"'® A Khromanalyt KSKG silica gel matrix with a spe-
cific surface area of 287m?/g, an average pore radius of
~141 A, and a pore volume of ~0.35cm’/g was used. The
silica gel grain size was from 0.25 to 0.5 mm. As was shown
in Ref. 26, the ¢-Fe,O3 phase starts forming at temperatures
around 600 °C; at 900 °C, the content of this phase attains its
maximum. We investigated three types of the samples with
iron ion concentrations of about 0.74, 3.4, and 7.4 wt. %,
hereinafter referred to as OSFS, 3FS, and 7FS, respectively.

Analysis of X-ray diffraction data (XRD) proves the
&-Fe,O3 phase in of 3FS and 7FS samples without any impur-
ities (within the XRD accuracy of ~5%) of foreign poly-
morphs of iron oxide.'"® To check the purity of the samples
(especially the OSFS sample), we made additional analysis
using Mossbauer spectroscopy. The detection of tetrahedral
and octahedral positions of cations in superparamagnetic
phase and forming of the e-oxide-type Mossbauer spectra
gives us possibility to regard the superparamagnetic phase as
the precursor of ¢-oxide. The absence of the sextets, which are
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equivalent to y-Fe,O3 (~500kOe) and o-Fe,O5 (~517 kOe)
proves negligible quantity of them, see p.p.3.1 for details.
High-resolution transmission electron microscopy
(HRTEM) investigations were performed on a JEOL JEM-
2010 microscope operating at 200kV accelerating voltage
and ensuring resolution of up to 1.4 A. The particle size dis-
tribution was estimated by a statistical count of particles
from several frames taken from different sample parts.
According to HRTEM, all the samples contain near
spherical iron oxide particles on the silica support.'®!
Figure 1 presents HRTEM histograms of particle size distri-
bution for samples 7FS, 3FS, and 05FS. It can be seen that
sample 7FS has rather a broad particle size distribution:
along with fine (below ~6nm) particles, it contains coarse
particles ~25 nm in size. Sample 3FS also contains a signifi-
cantly large amount of particles smaller than ~6nm, along

o .
7FS (7.4% £-Fe,0,/Si0.)
0.10 |-
)
E
<
el
(=]
-
& 0.05 |
0.00
0 5 10 15 20 25 30
03 |
3FS (3.4% ¢-Fe,0,/5i0,)
>
£ 02t
=
<
Ke)
2
[=9
0.1 |
0.0 T
0 5
0.3
>
=
-g 02
O
=}
-
o
0.1 —

0.0

0 5 10 15 20 25 30
D, nm
FIG. 1. Particle size distribution histograms with HRTEM images for the

investigated samples. The average particle sizes are ~3.1 = 1.0, 3.7 = 2.3,
and (D) ~8.6 = 6.2 nm for samples 05FS, 3FS, and 7FS, respectively.
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with larger particles up to 15nm in size. In sample O5FS,
most of particles are smaller than 6 nm, so the size distribu-
tion is rather narrow. Thus, the comparative analysis of the
properties of these samples makes it possible to study size
effects characteristic of small (below ~6nm) ¢-Fe,O3 par-
ticles, while the presence of particles ~20 nm in size in sam-
ple 7FS allows comparing the magnetic properties with the
available literature data.

B. Techniques for studying the magnetic properties

The static magnetic properties were investigated using a
vibrating sample magnetometer with the temperature range
of 4.2-300K (Ref. 27) a Quantum Design PPMS-6000 sys-
tem with the temperature range from 300 to 850K.
Temperature dependences of magnetic moment M(T) were
obtained in the zero field cooled (ZFC) and field cooled (FC)
regimes. Experimental magnetic moments were normalized
to the Fe,O5 mass.

Mossbauer measurements were performed on an MC-
1104Em spectrometer with a Co°’(Cr) source at room tem-
perature (300 K) and liquid helium temperature (4.2 K).

Ferromagnetic resonance spectra were recorded on a
Bruker ELEXSYS 500 spectrometer operating in the
X-range with a characteristic microwave radiation frequency
of ~10 GHz using a high-temperature attachment for opera-
tion at temperatures of 100-500 K.

lll. RESULTS AND DISCUSSION
A. Mossbauer spectroscopy

Mossbauer spectra for samples 7FS, 3FS, and 05FS
(Fig. 2) represent a sum of overlapping quadrupole doublets
and Zeeman sextets. The parameters of sextets for the
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samples 7FS and 3FS are typical of Fe’" ions in the ¢-Fe,0;
phase. Small peaks on the spectrum wings for sample 7FS
(Fig. 2(a)) correspond to the hematite impurity (~1% of the
total iron amount). The quadrupole doublets correspond to
the sample part, which is in the SP state at this temperature.
The Zeeman sextets belong to the magnetically ordered sam-
ple part. It can be seen in Fig. 2(b) that upon cooling to 4.2 K
all iron in samples 7FS and 3FS passes to the magnetically
ordered state. A part of sample O5FS remains in the SP state
up to the lowest temperatures.

The room-temperature spectra are developed against the
background of a wide open trough containing nearly continu-
ous assembly of the hyperfine fields. The probabilities of
ultrafine fields P(H) in the experimental spectra (Fig. 3) are
widely distributed in a wide field range. The through is appa-
rently related to the part of particles in which the magnetic
moment relaxation time is comparable with the relaxation
time for a nuclear spin, and to surface cations with different
degrees of exchange coupling with inner cations of particles.
The Mossbauer parameters for the investigated samples are
given in Table I, where the through is approximated by a
wide singlet, Fel-Fe3 are the octahedral positions of iron,
Fe4 is the tetrahedral position of iron, and SP(B) and SP(A)
are the octahedral and tetrahedral components of the SP
phase. At the temperature 7=4.2 K, it is difficult to distin-
guish crystallographic positions in the spectra because of
overlap of neighboring sextets; therefore, the spectra are
approximated by a sum of two sextets corresponding to the
octahedral (Fe(B)) and tetrahedral (Fe(A)) iron positions.

The &-Fe,05 unit cell* contains 24 octahedral positions,
only 12 of which are occupied by iron, and 36 tetrahedral
positions, only 4 of which are occupied. Tronc ez al.' consid-
ered the possibility of different distributions of iron over
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FIG. 2. Mossbauer spectra for samples
7ES, 3FS, and OSFS at temperatures of
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P(H)

FIG. 3. Hyperfine field probability distribution on iron nuclei for samples
05FS, 3FS, and 7FS at room temperature.

crystallographic positions and mentioned the two limit cases:
the ordered distribution, when the ratio between the numbers
of occupied octahedral Fe(B) and tetrahedral Fe(A) positions
is 3:1, and the disordered distribution, when this ratio is 3:2.
The degree of ordering can probably depend on the oxide
crystallization (synthesis) conditions and on the size of syn-
thesized particles. We established that in the investigated
samples the degree of ordering, i.e., the ratio Prep)/Prea)
between occupied positions, significantly depends on the
iron content.

The average Prem)/Preca) Values are 2.85 (Prepy=0.74
and PFe(A) :026), 2.57 (PFe(B) =0.72 and PFe(A) 2028),
and 1.50 (Pgey=10.60 and Pgea)=0.40) for samples 7FS,
3FS, and OSFS, respectively. Taking into account the
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identical sample preparation conditions and the histograms
in Fig. 1, we may conclude that with decreasing particle size
the &-Fe,O; oxide becomes increasingly disordered. The
larger population of the tetrahedral positions in sample 05FS
can result in changing of magnetic sublattices content, the
exchange coupling between them, and in the observed
enhancement of the effective magnetic moment per iron
atom in this sample: ~0.76 ug (Ref. 20) instead of 0.3 ug for
coarse particles.*>10

As the relation of populations of octahedral cations to
population of tetrahedral cations must be 3:1 in ¢-Fe,O3; we
can guess the 75% "trough" is related to the octahedral cati-
ons, as 25% are related to the tetrahedral ones. The same
approximation was used for SP-phase of the O5FS sample at
the liquid helium temperature. Consequently as the popula-
tion, obtained from Mossbauer spectra, in all the iron cations
in the sample is the same as in the e-Fe,Oj; structure, this is
justified to determine the structure of the nanoparticles as
8-F€203.

Let us consider a relative amount of iron atoms, which
can be observed in the Mossbauer spectra in the form of
quadrupole doublets characteristic of the SP state. At liquid
helium temperature, the SP phase is observed only in sample
05FS in the amount of about 12%, which can correspond to
particles smaller than 1.5nm or to the surface iron atoms
(see Section IIIF). At room temperature, the SP phase frac-
tion in samples 7FS, 3FS, and 05FS increases to 11%, 24%,
and 50% of the total iron amount, respectively.

B. FMR spectroscopy

Ferromagnetic resonance spectra detected at different
temperatures are shown in Fig. 4. The spectra contain a

TABLE 1. Mossbauer parameters for samples 0.5FS, 3FS, and 7FS. IS is the isomer chemical shift relative to o-Fe, H is the hyperfine field, OS is the quadru-
pole splitting, W is the linewidth, and P is the population of a position (area under partial spectrum).

T=300K T=42K
ISmm/s HkOe OS mm/s W mm/s ISmm/s HkOe QSmm/s W mm/s
sample = 0.005 +5 +0.02 +0.02 P *=0.05 Position +0.005 *5 +0.02 +0.02 P £0.05 Position
TES 0.381 449 —0.44 0.37 0.28 Fel 0.494 512 —0.13 0.46 0.70 Fe(B)
0.384 400 —0.08 0.45 0.16 Fe2
0.354 378 —0.11 0.92 0.16 Fe3
0.347 . 0.73 0.49 0.09 SP(B)
0.210 265 —0.31 0.55 0.16 Fed 0.353 459 —-0.09 0.64 0.30 Fe(A)
0.268 1.53 0.42 0.02 SP(A)
0.335 4.32 0.12 trough
0.402 512 —0.41 0.07 0.01 o-Fe,03
3FS 0.385 439 —0.49 0.45 0.17 Fel 0.487 511 —0.10 0.51 0.69 Fe(B)
0.393 393 —0.20 0.60 0.16 Fe2
0.390 352 —0.14 0.74 0.09 Fe3
0.359 0.71 0.50 0.18 SP(B)
0.215 256 —0.44 0.80 0.15 FeT 0.364 463 —0.12 0.68 0.31 Fe(A)
0.294 1.36 0.62 0.06 SP(A)
0.221 6.44 0.19 trough
0.5FS 0.466 378 —0.67 2.09 0.17 Fel+Fe2+Fe3 0.468 514 —0.02 0.53 0.52 Fe(B)
0.319 0.84 0.93 0.38 SP(B)
0.325 201 —0.36 3.57 0.29 Fe4 0.401 486 —0.11 0.88 0.36 Fe(A)
0.368 1.22 1.31 0.12 SP(A)
0.154 1.98 0.04 trough 0.406 1.33 1.20 0.12 SP(A+B)
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narrow high-intensity absorption line corresponding to par-
ticles in the SP state. The linewidth decreases in the series
7FS, 3FS, and O5FS, which is consistent with the well-
known dependence of the magnetic resonance line width on
the average particle size in the SP ensemble.”® The ferromag-
netic resonance spectra for the ensemble of magnetic par-
ticles with a specified size distribution were simulated using
the model proposed by Berger ef al. in Ref. 29. The approach
used is based on temperature and size dependences of the
FMR absorption linewidth of SP particles. Thermal fluctua-
tions in the ensemble of SP particles lead to an effective
decrease in the absorption linewidth by the expense of the
local field anisotropy averaging. In the first approximation,
after averaging over the SP particle ensemble, the absorption
linewidth is described as AH = AHyy - LIMgHV/KT) - L(K oV max/
kT), where AH, is the linewidth of an individual non-SP parti-
cle, L(x) is the Langevin function, My is the specific saturation
magnetization of particles, V' is the particle volume, K4 is the
effective magnetic anisotropy constant, and V.. is the volume
of the largest particle in a sample. In the most general case, the
absorption line can be written as

1061 = | | | #(t1.000, 0.0). At (D)

J @D
X fy (D) sin¥didpdD, 3)

where F(H, Hy, AH) is the line shape for an individual parti-
cle, fy(D) is the fraction of particles of a specified size in the
sample, H, is the resonance field of an individual particle
depending on the external magnetic field direction and parti-
cle size, and AH(D) is the linewidth of the SP ensemble of
particles of a specified size.

The best agreement between the calculated and experi-
mental spectra (Fig. 4) was obtained at Mg =20 *+ 5emu/g,'°
the effective magnetic anisotropy constant K. =2 x 10%erg/
cm®, and the absorption linewidth for an individual particle
AH, =700 Oe (the shape anisotropy was ignored). The log-
normal particle size distributions were used, which describe
well the experimental histograms (Fig. 1).' Tt should be

3000 4000 3000 4000
H, Oe H, Oe

FIG. 4. Experimental (solid lines) and model (dotted lines, see Section III B,
Eq. (3)) FMR spectra for the investigated samples at different temperatures.
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noted that in the simulation we ignored temperature depend-
ence of the magnetic anisotropy constant, the dependence
of line shape from the particle shape distribution, and inter-
particle interactions. All the effects are difficult to account,
and for the particular samples are supposed to be of the
same order of magnitude. These simplifications can lead to
deviations of the model spectra from real ones,*® that in
particular, case is especially noticeable for the sample
05FS. Another important circumstance is a significant FMR
linewidth broadening at a temperature of 110K in sample
7EFS as compared with samples 3FS and O5FS. It means that
at this temperature almost all particles in sample 7FS are
blocked and do not exhibit the SP behavior in the FMR
technique. This effect is considered in more detail in
Section III D.

C. Temperature dependences of magnetization

1. Temperature of the transition to the magnetically
ordered state

Temperature dependences of the magnetic moment
M(T) measured on samples 7FS and 3FS under the ZFC
and FC conditions are shown in Fig. 5 (the M(T) depend-
ences for sample O5FS are shown in the inset of Fig. 5).
In these measurements, the filed cooling was performed at
H=1 kOe from 300K to 4.2K, and the high-temperature
data were obtained in the ZFC regimes in the range of
300-600 K.

Now, let us consider the high-temperature data. The
temperature of the transition of sample 7FS to the magneti-
cally ordered state can be exactly established and amounts to
~510K; i.e., at this temperature the curvature of the M(T)
dependence changes its sign. In addition, one can see a local
maximum in the M(T) dependence for this sample near
450K, which was observed in Ref. 13 for rather coarse
&-Fe,O5 particles.

For sample 3FS, the temperature at which the curvature
of the M(T) dependence changes its sign in the high-
temperature region is somewhat lower (470 K). In the wide

M, emu/g

0 100 200 300 400 500 600

T,K

FIG. 5. Temperature dependences of the magnetic moment in the field
H =1 kOe at temperatures 4.2-600K for samples 7FS and 3FS. ZFC and
FC from 300 to 4.2 K. Inset: data for sample OSFS at temperatures of up to
850K.



213901-6 Dubrovskiy et al.
temperature range, the magnetic moment of this sample in
the relatively weak external field H =1 kOe is much higher
than in sample 7FS. This indicates the presence of unblocked
SP particles in sample 3FS. The functional M(T) dependence
of an unblocked particle is, as a rule, proportional to 1/7, and
the resulting temperature dependence of the magnetic
moment for the entire ensemble of particles is more com-
plex. This can cause the apparent reduction of the magnetic
ordering temperature for sample 3FS. Sample 05FS contain-
ing the smallest particles exhibits the SP behavior up to tem-
peratures of 800-850 K (inset of Fig. 5), which is confirmed
by the temperature dependences of the integral intensity of
FMR spectra.”’

Thus, we may state that at least in particles larger than
6 nm (the maximum size of most particles in sample 05FS),
the magnetic ordering temperature is ~500 K, which agrees
well with the data reported in Refs. 2 and 3. The observed
increase in the magnetic ordering temperature for sample
O5FS can result from the magnetic order conservation up to
high temperatures in small-particle fragments®° and is appa-
rently related to redistribution of iron atoms over crystallo-
graphic positions (see Section III A).

2. Magnetic transition in the temperature range
80-150K

Let us consider the M(T) dependences below room temper-
ature. It can be seen in Fig. 5 that the M(T) dependences of sam-
ples 7FS and 3FS behave differently under the FC and ZFC
conditions at temperatures up to 300 K and contain maxima at
110-120K. In sample O5FS, the effect of the thermomagnetic
prehistory at H = 1 kOe manifests itself below ~35 K.

Figures 6(a)-6(c) show the behavior of the M(T)
dependences for the investigated samples in the low-
temperature region at different thermomagnetic prehistories
and external fields. In sample 7FS, the temperature of the
M(T) maximum (110-120K) is field-independent (Fig. 6(a))
and therefore is not a temperature of blocking (magnetic-
moment freezing) of the entire particle ensemble. The
observed behavior is in satisfactory agreement with the ex-
perimental data for the samples containing &-Fe,O3 par-
ticles 20-90nm in size.>'"!? As is known, in the range
80—-150 K, the ¢-Fe, 03 oxide undergoes the magnetic tran-
sition, which manifests itself as a sharp decrease in the
magnetic moment with decreasing temperature.>'!"!?
This behavior of the M(T) dependences is observed in the
FC and ZFC regimes for samples 7FS and 3FS at H=1
kOe, which should be attributed to the magnetic transition
in &-Fe,05.

In sample OSFS, most of &-Fe,O; particles are smaller
than ~6nm and, judging by the M(T) dependences, which
have no anomalies near 110-120K (Fig. 6(c)), the magnetic
transition does not occur in such particles. The authors of
Ref. 13 considered the magnetic transition in the temperature
range of 80—150K to be an analog of the Morin point for a
canted antiferromagnet. On the other hand, it is well-known
that the Morin point of «-Fe,O3 particles decreases starting
from a certain size*! and is missing at a particle diameter of
about 10nm.>* Probably, in our case we observed the
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FIG. 6. M(T) dependences at temperatures of up to 150 K under the ZFC and
FC conditions in different magnetic fields for samples 7FS (a), 3FS (b), and
05FS (c). Dotted curve in (b) corresponds to M(T) dependence upon FC con-
ditions from 60K at H=1 kOe. Inset in (c): M(T) dependences for sample
05FS upon ZFC and FC in the field H=1000e. The arrow indicates the
temperature of irreversible behavior of the M(T) dependence.

analogous behavior: in sample 05FS with ¢-Fe,O5 particles
smaller than ~6nm, the magnetic transition temperature
shifted at least below 4.2 K. Redistribution of cations over
crystallographic positions with decreasing particle size (see
Section III A) can also be caused by the absence of magnetic
transition in particles smaller than 6 nm.
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D. Blocking temperature in different techniques. The
role of surface anisotropy

The strong influence of an external field on the tem-
perature of the M(T) maximum in the ZFC regime and on
the temperature of irreversible magnetization behavior in
systems of small particles indicates blocking of magnetic
moments of these particles. This is especially pronounced
for sample OSFS, which can be seen in Fig. 6(c) presenting
the M(T) dependences under the ZFC and FC conditions at
different external fields. The inset to Fig. 6(c) shows
details of the M(T) dependences for sample OSFS upon
ZFC and FC in the field H=1000e. It is seen that the
temperature at which the ZFC and FC M(T) dependences
coincide is ~75K and, logically, it corresponds to the
temperature of blocking of the largest (~6nm) particles in
sample OSFS.

Samples 3FS and 7FS also contain a large fraction of
particles smaller than 6 nm (Figs. 1(a) and 1(b)). The block-
ing of such particles can be observed in the form of plateaus
in the M(T) dependences in the range 30-70K (Figs. 5(a)
and 5(b)). The behavior of the M(T) dependence at H=1
kOe under FC conditions starting from the intermediate tem-
perature T=60K (Fig. 5(b)), specifically, the growth of
magnetic moment with decreasing temperature confirms the
blocking of small particles at low temperatures.

The authors of study® reported a magnetic anisotropy
constant of ~5 x 10%erg/cm® at room temperature for e-
Fe,Oj3 particles ~25nm in size. Ignoring the surface anisot-
ropy contribution at this Ky value, we obtain from Eq. (1)
that the blocking temperature for particles with D~ 6nm
should be 280 K. This is much higher than the temperature
of irreversible behavior of magnetic moment at H =100 Oe
(~75K, inset of Fig. 6(c)). Moreover, according to the data
reported in Ref. 4, the bulk magnetic anisotropy near 80K is
only ~10°-10erg/cm® and such a sharp drop of Ky results
from the magnetic transition in e-Fe,O; at temperatures of
80-150K. However, the results presented in Section IIIC
allow us to conclude that in 6 nm particles the magnetic tran-
sition does not occur. Consequently, the values and tempera-
ture evolutions of the magnetocrystalline anisotropy constant
are strongly different for small and large ¢-Fe, O3 particles.

As was shown in Section IIT A, in &-Fe,O5 nanoparticles
smaller than 10 nm, one can observe the iron cation distribu-
tion over crystallographic positions different from the or-
dered distribution typical of relatively coarse (25nm)
nanoparticles. In addition, according to expression (2), in
such small particles the surface magnetic anisotropy will
make a significant contribution. Therefore, it is interesting to
determine the dependence of the effective anisotropy con-
stant on particle size from the data obtained using different
techniques and estimate the crystallographic and surface
magnetic anisotropy constants for the disordered state of the
e-Fe,O5 oxide phase. In the analysis presented below, we
consider in the first approximation that particles have a cubic
shape.

In the ferromagnetic resonance spectra for sample 05FS
and, to a lesser extent, for sample 3FS, at a temperature of
110K (Fig. 4) one can observe not only a wide nonuniformly
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broadened signal but also a narrow line corresponding to
unblocked particles that exhibit the SP behavior. The integral
intensity of this line amounts to 10% of the total intensity.

The changes of FMR spectra observed with the tempera-
ture decreasing in principle might be of different origin.***
In this particular case, the widening of the resonance line is
observed that is typical for the nanoparticles that transit from
the superparamagnetic regime. At the same time, the total in-
tegral intensity remains constant. The situation is appeared
to be complex due to the overlapping of different phenom-
ena. The magnetic transition is observed for e-Fe,O3; nano-
particles at T=80-150K (Refs. 3 and 4) that leads to the
changes of the magnetic properties resulting in the decrease
of the FMR spectra intensity.*> However, we do not see any
significant shift of the resonance field. It means that the alter-
ation of crystallographic anisotropy in this temperature range
along could not explain the spectra changes observed. At the
same time, the transition from the superparamagnetic regime
can increase the spectra intensity and the width.*® So the in-
terference of these two effects results in the preservation of
the total integral intensity and the widening of the spectra
observed.

Since the SP behavior is typical of the smallest particles
in a sample, we can calculate the particle size at which the
blocking temperature is ~110K by comparing the particle
size distributions. At the transition from samples O5SFS and
3FS to sample 7FS, the average particle size significantly
increases. We may conclude that this also leads to a decrease
in the fraction of the smallest particles in this sample. In ac-
cordance with the histograms in Fig. 1, a good estimate for
the size of the smallest of observed particles in the samples
under study is 1.5 nm. In other words, the particles 1.5 nm in
size and smaller exhibit the SP behavior in the FMR experi-
ment at 110 K and the blocking temperature of these particles
is ~110K. Indeed, if, according to Ref. 34, the estimate for
the FMR technique is 1o =7/(y - Hg) = 5 X 107! s, where Y
is the gyromagnetic ratio and H, is the resonance field, then
the effective anisotropy constant obtained from Eq. (1) for a
critical particle size of 1.5nm is 3 x 10° erg/cm”.

In addition, the magnetic measurements yield 7Tg ~ 75 K
for the size D ~ 6nm (irreversible behavior of the M(T)
dependences) and, if the M(T) maximum temperature in the
ZFC regime at H =100 Oe is assumed to be a blocking tem-
perature for particles of average size in sample O5FS, then
we have Tg ~ 15K for particles with D ~ 3.1 nm. In the
static magnetic measurements, the values Ty, ~ 10'-10%s
and 7, are strongly different and the 7, value is not critical
for determination of Ker from (1). At 1o ~ 5x 10~ s, we
obtain K. ~ 1.4 X 1O6erg/cm3 at D ~ 6nm and K.y =~
2 x 10° erg/cm® at D ~ 3.1 nm.

Figure 7 shows the K. values as a function of 1/D
obtained from the FMR data and magnetic measurement
data. It can be seen that this dependence is satisfactorily
described by a linear function in accordance with (2). In
addition, Fig. 7 presents the K. values obtained from the
Mossbauer spectra analysis.

As was mentioned in Section III A, the approximate ratios
between the sextet and doublet intensities in the Mossbauer
spectra at room temperature can be determined. These ratios
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FIG. 7. Effective magnetic anisotropy constant vs inverse particle size for
different experimental techniques (see Section III D). The straight line indi-
cates data processing by dependence (2).

are 11%, 24%, and 50%, i.e., approximately correspond to the
volume fractions of all particles with a size of less than
~4nm (see the histograms in Fig. 1). Thus, in Mossbauer
spectroscopy the size D ~4nm can be considered critical for
the SP state of ¢-Fe,O5 particles at T~ 300 K. However, deter-
mination of K ¢ with the use of the Mossbauer technique can
be critical to the values Ty~ 107°=10"% s and 7. In addition,
the temperature Tg ~ 300K for the obtained size D ~4nm is
much higher than in the previous cases and the obtained K.
value can be affected by the temperature dependence of the
magnetic anisotropy constants. The value K. ~ 1.35 x 10°
erg/em® for the size D~4nm (Fig. 7) was obtained at
™~ 10~? s and To 5 X 107 (the same value was used in
the FMR technique). It can be seen that the K. value for the
Mossbauer technique is also in satisfactory agreement with
the data obtained using the other methods.

It follows from the data illustrated in Fig. 7 that, accord-
ing to Eq. (2), the bulk and surface anisotropy constants are
Ky~7.8+0.2 x 10° erg/em® and K~ 0.06 + 0.01 erg/cm?,
respectively. Note that here we speak about ¢-Fe, O3 particles
smaller than ~6 nm. The bulk magnetic anisotropy constant
for such particles is much smaller than for coarse particles*
and there is apparently no strong temperature dependence of
K. Concerning the surface anisotropy constant, in this anal-
ysis we assumed the Kg value to be weakly dependent on
temperature. The obtained value Kg~ 0.06 erg/cm?® is con-
sistent with the results reported in Ref. 21, where Kg was
obtained from the analysis of dynamic hysteresis in sample
7FS. The surface magnetic anisotropy makes the main con-
tribution to K¢ for small particles; e.g., for particles 3—6 nm
in size, the K¢ value lies in the range (1-3) X 1O6erg/cm3,
which is close to the estimates made at the low (4.2 K) and
high (300 K) temperatures for a particle size of ~25nm.*

E. Estimation of the paramagnetic contribution

In the M(T) dependences presented in Figs. 6(a)-6(c),
one can see one more feature, specifically, an increase in the
magnetic moment with decreasing temperature in the low-
temperature range. This behavior is especially pronounced in
the field H=10kOe (see Fig. 8) and is approximately
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identical for the FC and ZFC regimes at the identical fields.
This indicates the contribution of either the paramagnetic
subsystem or the smallest SP particles with a blocking tem-
perature below 4.2 K. The contribution of this additional sub-
system can be observed in the M(H) dependences: at liquid
helium temperature in sufficiently strong fields, the magnetic
moment grows and saturates in a field of ~60kOe, but with
increasing temperature this behavior is not bright (Figs.
9(a)-9(c)). It can be seen that this contribution is especially
pronounced in sample O5FS (Fig. 6(c)).

The analysis of the described behavior of the M(T)
dependences (Figs. 6(a)-6(c) and 8) and M(H) dependences
(Figs. 9(a)-9(c)) showed that this additional contribution is
described in the best way by the presence of a paramagnetic
subsystem. The paramagnetic contribution for the investi-
gated sample series was estimated by subtracting the func-
tion Mpy; X B(H,T) from the experimental M(H,T) data
(Mpy, is the paramagnetic contribution in emu/g and B(H,T)
is the Brillouin function for the Fe*™ atom spin equal to 5/2
and g factor equal to 2). The criterion of validity of the esti-
mation was the assumption that for the SP system the FC
M(T) dependence at temperatures below the blocking tem-
perature (the M(T) maximum in the ZFC regime) weakly
changes and the ZFC M(T) dependence is an increasing
function. In addition, we took into account the M(H) depend-
ences in the low-temperature region (Figs. 9(a)-9(c)). Figure
8 presents the results of subtraction of the paramagnetic
component from the M(T) data for the samples under study.
Comparison with the initial data shows the modification of
the M(T) dependences with the paramagnetic contribution
involved. In addition, Fig. 8 shows the contribution of the
paramagnetic subsystem at H =10kOe for the investigated
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FIG. 8. Initial M(T) dependences for samples 7FS, 3FS, and OSFS in the
field H=10kOe under the ZFC (closed symbols) and FC (open symbols)
conditions and the results of subtraction of the paramagnetic contribution
(solid curves) from these dependences. The paramagnetic contribution in the
field H = 10kOe is shown by dotted curves (for samples 0SFS, 3FS, and 7FS
downwards).
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FIG. 9. M(H) dependences for samples
7TFS ((a), (d)), 3ES ((b), (e)), and O5FS
((c), (f)) at different temperatures.
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samples. The results of the analogous subtraction of the para-
magnetic contribution from the initial M(H) dependences
and the paramagnetic contribution in itself are illustrated in
Figs. 9(d)-9(f). Comparing the data presented in Figs.
9(d)-9(f) with the data in Figs. 9(a)-9(c) for samples 7FS,
3FS, and O5FS, one can see how the account for the para-
magnetic contribution modifies the M(H) dependences. Note
that the analogous processing of the initial data under the
assumption of SP behavior of the smallest (below 1.5nm)
particles, which can be unblocked at 4.2 K, does not yield
satisfactory agreement in neither the M(T,H) dependences
nor the contribution of the additional subsystem.

It was found that the Mpy; values are 65 =5, 13 =2,
and 3 = 2emu/g for samples O5FS, 3FS, and 7FS, respec-
tively. This corresponds to ~20% (05FS), ~4%(3FS), and
~1%(TES) of the total iron amount in particles and, taking
into account the histograms (Fig. 1), we may conclude that
the paramagnetic contribution is typical of the smallest par-
ticles. It would be reasonable to suggest that paramagnetism
is caused by surface iron atoms with unsaturated chemical
bonds. Taking the average distance between Fe’' atoms to
be ~3.1A,'% we obtain that under the assumption of the
cubic particle shape, the fractions of paramagnetic atoms are
~50% (05FS), ~18%(3FS), and ~8%(7FS) of the total
amount of surface iron atoms. The obtained values correspond

H,kOe

to the total surface of particles smaller than 3.5-4 nm for all
the investigated samples.

According to the Mossbauer spectra (Table I), at
T=4.2K the quadrupole doublets characteristic of the SP
state of particles or the paramagnetic behavior of separate
atoms (about 12% of the total amount of iron in the sample)
are observed only in sample O5FS (see Section IIIA). The
discrepancy between this value and the magnetic measure-
ment data (20%) is apparently related to the partial spin-
glass-like behavior of this paramagnetic subsystem. Indeed,
the spin-glass-like behavior of surface atoms in magneti-
cally ordered nanoparticles is met fairly often® * and is
usually observed in the form of anomalies in the M(T) de-
pendence under the FC conditions below the particle
blocking temperature. Sometimes, as in our case, the para-
magnetic behavior of surface atoms is observed.’”*" In
addition, the spin-glass-like state has a characteristic relaxa-
tion time determined by the local environment of a spin. In
the magnetic measurements of the investigated samples
with the characteristic time Ty, ~ 10'-10%s, the surface of
small particles behaves like a classical paramagnetic subsys-
tem. In Mossbauer spectroscopy (ty~ 107°=107% s), this
subsystem can partially exhibit the spin-glass-like behavior,
which is indicated by a wide hyperfine field distribution in
Fig. 3.
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Thus, the paramagnetic contribution observed in the
static magnetic measurements and increasing in the sample
series 7FS, 3FS, and OSFS is caused by the surface iron
atoms of the smallest particles.

F. Hysteresis M(H) dependences

The M(H) dependences for samples 3FS and 7FS show
the hysteresis over the entire temperature range from 4.2 to
300K (Figs. 9(a) and 9(b)). Taking into account the para-
magnetic contribution (Figs. 9(d) and 9(e)), we may state
that the M(H) dependences for samples 3FS and 7FS are sim-
ilar to the data for rather coarse (~25nm) &-Fe,O; par-
ticles.>™ The field of the irreversible behavior of the M(H)
dependence is more than 40kOe and the magnetic moment
in strong fields is ~15-20emu/g. Nevertheless, coercivity
Hc (~20kOe at room temperaturez_s) does not take large
values, as can be seen in Fig. 10 presenting portions of the
hysteresis M(H) dependences for samples 3FS and 7FS near
M ~ 0. In these samples, there is a significant fraction of par-
ticles smaller than 6 nm (Fig. 1), which are unblocked in a
wide temperature range (see Section III D). Magnetization
curves for these small particles are fully reversible in a wide
temperature range, which is confirmed by the experimental
M(H) data for sample OSFS, (Figs. 9(c) and 9(f) (in this sam-
ple, Hc=0 at temperatures above ~40K). If at some tem-
perature T the sample contains a mixture of blocked (K.gV/
25k>T) and unblocked (K.¢V/25 k < T) particles, then the
resulting M(H) dependence is a superposition of additive
contributions from the hysteresis dependences (for blocked
particles) and the Langevin function with regard to the size
distribution of magnetic moments (for SP particles). In this
case, coercivity Hc can significantly decrease depending on
the fraction of SP particles.

The Hc values for the investigated samples at different
temperatures are shown in Fig. 11. For comparison, Fig. 11
shows the data for coarse (~25nm) ¢-Fe,O3 particles from
study.” One can see the described difference in the H values
for the investigated samples at 7=300K. In particular, Hc
of sample 7FS at T=300K attains 5.6 kOe; in sample 3FS,
the fraction of SP particles is larger and Ho(T =300K) is
merely 1.7 kOe, whereas for coarse particles the coercivity is
Hc~20kOe.* In the vicinity of 80K, the Hc values notice-
ably decrease due to a decrease in the bulk magnetic

anisotropy constant of ¢-Fe,O3 after the magnetic transition.
In the low-temperature region, H- somewhat increases,
which can be related either to the growth of the bulk mag-
netic anisotropy constant or to the effect of surface anisot-
ropy. The temperature behavior of Hc for samples 7FS and
3FS is nonmonotonic, which is typical of coarse particles.
Sample O5FS reveals no features characteristic of the mag-
netic transition in &-Fe,Ojs; therefore, H- monotonically
decreases to zero with increasing temperature (Fig. 10(c)).
This sample exhibits the twice higher magnetic moment in
strong fields (~40emu/g at T=4.2K) and effective mag-
netic moment per iron atom (~0.76,uB),20 which is consistent
with the observed redistribution of cation positions with
decreasing particle size (see Section IIT A).

Note that at the temperature T =77 K the H¢ value for
sample 7FS (Hc~2.65 kOe) is somewhat higher than the
value for particles ~25 nm in size (Hc~ 1.5 kOe), which can
be related to the surface anisotropy contribution. Indeed, the
K+ value near ~80K is only ~10? erg/cm3 (Ref. 4) and even
for sufficiently large particles (D ~ 25 nm) the surface anisot-
ropy at the above-estimated value Kg~ 0.06 erg/cm? yields
the Ko value (~10° erg/cm3) that is higher by two orders of
magnitude, which results in a small yet nonzero H¢. Since in
the first approximation we have Hc ~ K¢ (Ref. 41), then for
particles ~10nm in size (about (D) for sample 7FS), we can
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FIG. 11. Temperature dependence of coercivity Hc for the investigated sam-
ples. Data for ¢-Fe,O5 particles ~25 nm in size from study® are also shown.
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expect at least a doubled Hc value (as compared with the
case D~25nm), which is observed in sample 7FS at
T ~ 80K as compared with the data from Ref. 4.

IV. CONCLUSIONS

Magnetic properties of e-Fe,O5; nanoparticles with dif-
ferent average sizes (3-9nm) and dispersions deposited on
silica gel were studied. According to the Mossbauer spec-
troscopy data, the samples, including those with particles
smaller than 6 nm, are characterized by the parameters of the
&-Fe,Oj5 structure.

The presence of particles ~10-25nm in size in samples
3FS and 7FS leads to the features in the magnetic properties
which are characteristic to of ¢-Fe,O3 phase, specifically, the
transition to the magnetically ordered state (~500K), non-
monotonic temperature behavior of coercivity, and anoma-
lies accompanying the magnetic transition at 80—150 K.

Meanwhile, the particles smaller than 6 nm behave dif-
ferently. The temperature of the transition to the magneti-
cally ordered state significantly increases (to ~800K) and
the magnetic transition does not occur. In addition, it was
found that the bulk magnetic anisotropy constant for small
particles is strongly different from the Ky values typical of
particles about 20 nm in size at T =300 K.

As the particle size decreases to the value D ~ 6 nm, the
Mossbauer spectra indicate redistribution of cation positions:
population of the tetrahedral positions significantly increases.
This is consistent with the observed modification of the mag-
netic properties with decreasing e-Fe,Oj3 particle size.

The Mossbauer and FMR spectroscopy data and the
results of the static magnetic measurements indicated the
superparamagnetic state of a certain fraction of particles at
given temperature in each sample. Using the obtained data,
we estimated the critical size of particles that behave super-
paramagnetically in different experimental techniques and
determined the corresponding effective magnetic anisotropy
constants.

This allowed us to extract the contributions of the bulk
and surface magnetic anisotropies in small particles. For par-
ticles smaller than D ~ 6 nm, the Ky, and Kg values were found
to be ~8 x 10°> and ~0.06 *+ 0.01 erg/cm?, respectively. Thus,
the surface magnetic anisotropy dominates in the effective
magnetic anisotropy of small particles.

It was found that surface atoms in small (<4 nm) particles
behave like a paramagnetic subsystem in static magnetic
measurements and its contribution increases in the series 7FS,
3FS, and 05FS. However, according to the Mossbauer spec-
troscopy data, we may speak about the partial spin-glass-like
behavior of this subsystem.
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