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Abstract—The composition and the magnetic structure of Fe3O4/γ-Fe2O3 nanoparticles placed into external
magnetic field with a strength of 1.8 kOe are studied with Mössbauer spectroscopy. We showed that the thick-
ness of the maghemite (γ-Fe2O3) shell can be changed by the synthesis conditions. We found that there is a
layer, in which the magnetic moments are not oriented collinearly to those located in the depth of the shell,
on the surface of maghemite (γ-Fe2O3) shell in the Fe3O4/γ-Fe2O3 nanocomposites; in other words, there is
a canted spin structure. An intermediate layer in the spin-glass state is formed between the core and the shell.
The data on structure of core/shell particles are important to understand the properties of nanocomposites,
which are of great interest to apply in various fields, including biomedicine.
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1. INTRODUCTION
The use of magnetic nanoparticles in biomedicine

[1, 2] requires the creation of new nanocomposites
(NCs), for example, of a core/shell (C/S) type. The
C/S NCs are more effective for cancer therapy with
magnetic hyperthermia (MHT) [3, 4]. When MHT is
used, the malignant cells die and the healthy one are
not damaged under temperatures of 42–44°C [4–6].
The possibilities of using MNPs in theranostics, which
combines the diagnostic and therapeutic methods, are
being intensively studied [7, 8].

The magnetite (Fe3O4) is the most widely used in
biomedicine among any other magnetic materials [4,
5]. Significant disadvantages of magnetite in biomed-
icine applications, however, are weak magnetic
response and chemical instability. The magnetite par-
ticles may be covered with a protective surface layer to
avoid these disadvantages of magnetite. It is known
that natural oxidation of magnetite leads to the forma-
tion of a maghemite (γ-Fe2O3) layer on the surface of
its particles Fe3O4 [9].

Maghemite as a protective layer not only enhances
the chemical stability and the magnetic response of
the Fe3O4/γ-Fe2O3 C/S NCs [10], but also does not

worsen the biological compatibility [11–16]. In addi-
tion, high efficiency of heating the Fe3O4/γ-Fe2O3
C/S NCs with an external alternating magnetic field
makes these materials much more attractive for hyper-
thermal treatment [15, 16]. Comprehensive studies of
the magnetic structure of C/S NCs, however, are
required, because the properties of such composites
are mainly due to their magnetic structure.

Various techniques are used to study Fe3O4/γ-
Fe2O3 C/S NCs to identify the phases of magnetite
(Fe3O4) and maghemite (γ-Fe2O3) and to study the
crystal and magnetic structures, phase states, distribu-
tion of NCs in size, and the degree of iron oxidation in
them. An effective method to study NCs consisting of
iron oxides is Mössbauer spectroscopy, which has a
unique sensitivity to the local environment of Fe atoms
in the crystal lattice and makes it possible to reliably
distinguish the phases of iron oxides and hydroxides
[17, 18], which is inaccessible to other methods.

The aim of this work is to continue the Mössbauer
studies begun in [19] and to study the magnetic struc-
ture of Fe3O4/γ-Fe2O3 C/S NCs under external mag-
netic field of 1.8 kOe. Systematic studies of such C/S
NCs are important from both fundamental and prac-
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tical points of view, especially for biomedical applica-
tions.

2. EXPERIMENTAL
Fe3O4/γ-Fe2O3 NCs were synthesized via co-pre-

cipitation of Fe2+ and Fe3+ salts in aqueous media
under strict control of a pH value and the ionic envi-
ronment to control the size of particles and their size
distribution as described in [16, 20]. The temperature
was 80°C and the pressure was atmospheric during the
synthesis. The Fe3O4/γ-Fe2O3 NCs, which had the
same core diameter but different shell thicknesses,
were obtained under these conditions.

The Fe3O4/γ-Fe2O3 NCs synthesized were charac-
terized with various techniques [16, 20]. The structure
of NCs being as C/S particles and consisting of Fe3O4
and γ-Fe2O3 was confirmed with a selected area elec-
tron diffraction (SAED) in our works [16, 20]. High-
resolution transmission electron microscopy
(HRTEM) data showed that the resulting NCs have an
almost spherical shape. The histograms of particle size
obtained with TEM indicated that the size distribu-
tions are narrow. The images obtained with HRTEM
and SAED showed that the structure of NC particles
is assigned to the C/S type [16, 20]. The studies [16,
20] showed that the thickness of NC shell depends on
oxidation time of magnetite particles.

The Mössbauer measurements of Fe3O4/γ-Fe2O3
NCs were performed with the registration of gamma
quanta from a Co57(Rd) source in the geometry of
transmission through the sample. The rate of Doppler
displacement of the source relative to the sample was
maintained in a constant acceleration mode and was
calibrated with an α-Fe foil with 6 μm in thickness at
room temperature. The Mössbauer measurements
were performed for powders placed into a special plas-
tic container to avoid additional oxidation of the NCs
studied.

Experimental MS of Fe3O4/γ-Fe2O3 NCs were
processed mathematically and the parameters of
hyperfine interactions (HFIs) were calculated with a
specialized program [21]. The discrepancy between
the theoretical values of HFI parameters are found
from statistical deviations [21]. The minimization pro-
cedure of a chi-square (χ2) functional implies the
search of optimal values of HFI parameters: the δ-iso-
meric shift of a Mössbauer line, the QS-quadrupole
splitting, and the Heff effective magnetic field.

3. RESULTS AND DISCUSSION
3.1. Mössbauer Spectra of Fe3O4/γ-Fe2O3 NCs at 300 K 

under External Magnetic Field and Their Analysis
The lines of Zeeman sextuplets on MS of Fe3O4/γ-

Fe2O3 NCs acquired at room temperature [19] are
broadened towards the center of the spectrum; as a
PHY
result, it is difficult to separate dynamic effects result-
ing from relaxation phenomena from static ones,
which are formed due to the particle size distribution.
The Mössbauer spectra of Fe3O4/γ-Fe2O3 NCs were
acquired under external magnetic field (EMF) of
1.8 kOe applied parallel to the direction of gamma
radiation to distinguish these effects. Figure 1a shows
the resulting MS. The designations 1H, 2H, and 3H in
it are assigned to the Fe3O4/γ-Fe2O3 NCs synthesized
for 1, 2, and 3 h, respectively.

The experimental MS show only the Zeeman split-
ting lines, which indicate the magnetically ordered
state of the particles studied. The fact that there are no
broad Zeeman lines in MS, against the background of
which there are no lines in the region of zero velocity
indicating the presence of a paramagnetic phase in the
samples, means that there is a rather narrow size dis-
tribution of the particles studied. In the case of relax-
ation behavior, the superposition of EMF of even a
low strength should stabilize the relaxation processes,
and the MS should contain the sufficiently well
resolved Zeeman sextuplets. In the case of even low
size distribution of the particles studied, the magnetic
moments of iron ions should be oriented parallel to the
direction of EMF, which leads to a decrease in inten-
sities of the lines 2 and 5 (Fig. 1a). This evolution of
the MS under EMF indicates that there are no relax-
ation effects in the Fe3O4/γ-Fe2O3 NCs and there is an
insignificant particle size distribution.

Considering that magnetite and maghemite have a
spinel structure, in which iron ions occupy two non-
equivalent A and B crystallographic positions, the
Mössbauer spectra should be a superposition of Zee-
man sextuplets assigned to iron ions occupying these
different crystallographic positions (A and B). Only
two sextuplets in the MS of Fe3O4/γ-Fe2O3 NCs
(Fig. 1a), however, were processed mathematically to
simplify their analysis: one was assigned to magnetite
Fe3O4 and the other one to maghemite. Such a model
was in good agreement with the experimental data for
NCs with the thinnest shell (Fig. 1a, 1H). A third sex-
tuplet was introduced to describe the Mössbauer spec-
tra of NCs with thicker shells (Fig. 1a, 2H and 3H), so
that this made it possible to obtain the best agreement
between the models and experimental data. The
model spectra obtained during the mathematical pro-
cessing of the MS (Fig. 1a) with a specialized program
[21] are shown as solid lines, and the experimental val-
ues are shown as dots. A good agreement between the
models and the experimental spectra of Fe3O4/γ-
Fe2O3 NCs is confirmed by the minimum differences
between the model and experimental values shown
above each spectrum (Fig. 1a) and the χ2 values,
which are within 1.0–1.2. Figure 1b shows the distri-
bution functions of EMFs (P(Heff)) obtained from the
MS of Fe3O4/γ-Fe2O3 NCs (Fig. 1a). Table 1 shows
the HFI parameters calculated from the positions of
Zeeman lines in the MS of Fe3O4/γ-Fe2O3 NCs.
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Fig. 1. Mössbauer spectra of Fe3O4/γ-Fe2O3 C/S NCs: (a) at 300 K under external magnetic field of 1.8 kOe applied parallel to
the gamma-ray beam and (b) from distribution functions of effective magnetic fields P(Heff). The difference between experimen-
tal and model values is shown above each spectrum. The designations 1H, 2H, and 3H are assigned to samples synthesized for 1,
2, and 3 h, respectively. A sextuplet is assigned to: (1) Fe3O4, (2) γ-Fe2O3 shell in the case of 1H sample and to the inner part of
the shell in the case of 2H and 3H samples, and (3) the surface layer of the shell.

(a) (b)
Table 1 shows that the fields Heff for the compo-
nents of the Fe3O4/γ-Fe2O3 NCs are lower than those
for bulk crystals or for magnetite and maghemite
nanoparticles [13, 22], which is due to the low sizes of
the components of the NCs studied. The isomeric
shifts (δ) and Heff (Table 1) are characteristic of iron
ions in the high-spin state (Fe3+) and agree with the
data for magnetite nanoparticles with sizes from 10 to
20 nm [22, 23]. The resulting δ and Heff values are in
good agreement with those for γ-Fe2O3 nanoparticles
with sizes from 10 to 20 nm: δ = 0.42–0.44 mm/s and
Heff = 50–51 T [24–29].

It is known that the EMFs (Heff) on nuclei of iron
ions in magnetite are lower than those in maghemite
[17], but Table 1 shows that the Heff value in magnetite
under EMF is higher than that in maghemite. This is
probably due to the different dependences of magneti-
zation of a core and a shell on external field. In addi-
tion, the relationships between the blocking tempera-
ture and the external field for magnetite and
maghemite are also different. We assume that both of
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these factors have an impact on Heff values in the core
and the shell.

The line intensities of Zeeman sextuplets in the
Mössbauer spectra of magnets are as 3 : X : 1 : 1 : X : 3
depending on orientation of the magnetic moments
and the direction of EMF, where X is the intensities of
the second or fifth lines. The β angle between the ori-
entation of EMF and the direction of a gamma-ray
beam parallel to the applied magnetic field is as fol-
lows [22, 30]:

(1)

where I is the intensity ratios of the second and first
(A2/A1) or fifth and sixth (A5/A6) lines of the sextu-
plet.

The deviation angles from the EMF direction of
the magnetic moments of iron ions located in the core
(Fe3O4) of the Fe3O4/γ-Fe2O3 NCs calculated from
Eqs. (1) are ~32°. The deviation angles of the
moments located in the Fe3O4/γ-Fe2O3 NCs in the
surface layer of the shell (γ-Fe2O3) are ~48°, whereas

β = +2sin 6 /(4 3 ),I I
0
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Table 1. HFI parameters calculated from Mössbauer spectra of Fe3O4/γ-Fe2O3 C/S NCs obtained at 300 K under external
magnetic field of 1.8 kOe applied parallel to the gamma-ray beam. Surf. s. is surface layer of shell in NCs, Compon. is com-
ponents of NCs, G the widths of the first and sixth lines of sextuplets, δ the isomer shift, QS the quadrupole splitting, Heff
the effective magnetic field, and S the line area of each sextuplet in % of total area of spectrum. Isomeric shifts are given
relative to α-Fe

Sample Compon. G, mm/s δ, mm/s QS, mm/s Heff, kOe S, %

1H
Fe3O4 0.459 ± 0.090 0.384 ± 0.019 −0.040 ± 0.016 463.8 ± 1.6 71 ± 8
γ-Fe2O3 0.325 ± 0.070 0.176 ± 0.029 0.118 ± 0.030 458.4 ± 2.1 29 ± 8

2H

Fe3O4 0.319 ± 0.080 0.262 ± 0.032 0.001 ± 0.032 461.2 ± 2.3 43 ± 3
γ-Fe2O3 0.330 ± 0.150 0.505 ± 0.050 −0.111 ± 0.040 466.7 ± 5.0
Surf. s. 0.312 ± 0.160 0.120 ± 0.070 0.287 ± 0.070 476.1 ± 4.0 57 ± 2

3H

Fe3O4 0.234 ± 0.050 0.310 ± 0.034 −0.009 ± 0.032 471.9 ± 1.7 31 ± 12
γ-Fe2O3 0.348 ± 0.090 0.478 ± 0.040 −0.140 ± 0.040 477.5 ± 2.2
Surf. s. 0.233 ± 0.090 0.188 ± 0.060 0.134 ± 0.060 472.3 ± 2.1 69 ± 16
the magnetic moments of Fe ions located far from the
shell surface (γ-Fe2O3) are ~30°. As a result, there is a
layer on the surface of the shell of Fe3O4/γ-Fe2O3
NCs, in which the magnetic moments form a certain
angle with those located in the depth of the shell. In
other words, the magnetic moments in the surface
layer and in the depth of the shell are oriented noncol-
linear to each other. Figure 2 shows a schematic repre-
sentation of the structure of the core and the shell of
the Fe3O4/γ-Fe2O3 NCs.

The fact that there was no complete ordering of the
magnetic moments in γ-Fe2O3 nanoparticles along the
direction even under strong external magnetic field
(up to 5 T) was described earlier [32] with Mössbauer
spectroscopy. This noncollinearity of the spin struc-
ture of the surface layer and the volume of nanoparti-
cles is due to the competing antiferromagnetic
exchange interactions, which are most possible on the
particle surface. The magnetic ions located on the sur-
face of particles have fewer magnetic ions in their
nearest neighbors than the nanoparticles located in
the bulk. This can lead to a weakening of magnetic
PHY

Fig. 2. Schematic representation of Fe3O4/γ-Fe2O3 NCs.
(1) Fe3O4 core, (2) the inner part of γ-Fe2O3 shell, (3) the
surface layer of shell with a canted spin structure, and
(4) the layer intermediate between core and shell in spin-
glass phase.
interactions and to a skew of magnetic moments in the
surface layer of the particle relative to the orientation
of the moments in the volume of the particle. Low
local symmetry near the surface can lead to a large
contribution to the local magnetic anisotropy, which
can also affect the orientation of spin moments. The
results in [31] also explain why the saturation magne-
tization in the systems of nanoparticles is lower than
that in a bulk crystal. A skewed structure of spin
moments was observed in the surface layer of other
oxides [32–35].

The maximum observed within ~340–460 kOe on
the P(Heff) distribution functions for an additional sex-
tuplet (Fig. 1b) obtained from experimental MS of
Fe3O4/γ-Fe2O3 NCs at 300 K under external magnetic
field (Fig. 1a) is due to iron ions located in the depth
from the shell surface (440 kOe) and having the total
number of magnetic neighbors. It is also due to iron
ions occupying the positions on the shell surface and
not having half of the nearest magnetic neighbors,
which leads to a decrease in Heff up to 360 kOe.

The maximum observed within ~120–160 kOe on
the function P(Heff) (Fig. 1b) is probably due to the
fact that a spin-glass state appears in the intermediate
layer between the core and the shell [36, 37], in which
the effective magnetic fields significantly lower than
that in a material with a crystalline structure.

4. CONCLUSIONS

The composition and the magnetic structure
of Fe3O4/γ-Fe2O3 nanocomposites (NCs) were stu-
died systematically. Monodisperse Fe3O4/γ-Fe2O3
core/shell (C/S) NCs were synthesized via co-precip-
itation by controlling the temperature and the time of
oxidation of the core. We found that three types of C/S
NCs formed from the core of the same size from mag-
netite (Fe3O4) and covered with a shell of different
SICS OF THE SOLID STATE  Vol. 62  No. 11  2020
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thickness from maghemite (γ-Fe2O3) were synthe-
sized. No any other phases were found.

We found that there is a thin layer on the shell sur-
face, in which the magnetic moments of Fe ions are
oriented at an angle relative to the direction of the
moments in the inner part of the shell. In other words,
a thin layer with a spin structure skewed relative to the
moments in the depth of the shell appears on the shell
surface. This leads to a high magnetic anisotropy of the
γ-Fe2O3 shell and, probably, to the exchange bias in
the M(H) curves. An intermediate layer being in the
spin-glass phase was found between the shell and the
core.

Important data were obtained for the first time
from Mössbauer studies for magnetic structure of
Fe3O4/γ-Fe2O3 C/S NCs, for the differences in the
magnetic structure of the surface and inner layers of
the shell, and the structure of the layer intermediate
between the core and the shell. The data obtained will
make it possible to explain the magnetic properties
and effects of exchange bias in nanostructures of a
core/shell type, which is important to develop and to
obtain magnetic NCs for various applications, includ-
ing biomedicine.
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