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Abstract  Taking into account the practical signifi-
cance of magnetite nanoparticles, several nanostruc-
tured magnetite samples with doping of 2.5% Sm, Dy, 
La, and Lu rare earth ions were synthesized using the 
co-precipitation method. The structural and magnetic 
properties of the obtained doped nanoparticles were 
investigated in detail using transmission electron 
microscopy, X-ray diffraction, small-angle X-ray scat-
tering, and magnetic measurements. All the doped 
nanostructured magnetite samples have a cubic phase 
with spinel crystal structure Fd 3 m; a nanoparticle 
size is ranging from 20 to 32 nm. Changes in the char-
acteristic Fe–O bond lengths indicated that the doping 

rare earth ions mainly occupy octahedral sites in the 
oxygen unit. The size of the nanoparticles depends on 
the type of doped rare earth due to difference in ionic 
radius. Neutron diffraction data indicated that the 
magnetic structure of doped magnetite nanoparticles 
is ferrimagnetic. The magnetic measurements showed 
a superparamagnetic state in all the doped magnetite 
nanoparticles. It is assumed that noticeable changes 
in the structural and magnetic properties of magnetite 
nanoparticles compared to bulk matter are primarily 
associated with a defect-rich structure on the surface 
of those nanoparticles and the effect of rare earth ions 
doping on it.

Keywords  Magnetite nanoparticles · Rare earth 
ions · Magnetic resonance imaging

Introduction

Magnetite Fe3O4 is the oldest known magnetic min-
eral and has played a significant role in both natural 
processes and technological advances [22],de Jesus 
Andrade Fidelis et al. [9]). The evolution of its appli-
cations has a long historical path from ancient com-
passes used for navigation three thousand years ago 
to modern developments in nanotechnology such as 
spin valves, magnetoresistive memory [11], medi-
cal diagnostics and treatment [43, 59, 66], as well 
as contrast agents [20] for enhancing data in mag-
netic resonance imaging [8]. Due to its outstanding 
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magnetic properties, biocompatible magnetite nano-
particles have great potential for use in hyperther-
mia therapy [53, 66, 68], where an external magnetic 
field causes cancer cells to become so hot that they 
are destroyed while the surrounding healthy tissues 
remain unaffected.

In recent years, various methods have been pro-
posed for controlling the properties of magnetite 
nanoparticles [41]. These methods include the nano-
particle synthesis approach and the chemical doping 
of magnetite with rare earth (RE) elements [48],de 
Jesús Ibarra–Sánchez et  al. [10]; [31, 69]. The sub-
stitution by a RE ion in a magnetite nanoparticle 
significantly affects their physical properties and 
improves their magnetic characteristics. And first 
of all, it is related to a decrease in the concentration 
of Fe3⁺ ions in octahedral or tetrahedral crystallo-
graphic sites in the spinel crystal lattice and a partial 
suppression of the interaction between the iron mag-
netic moments (Li et al. [48]). It should be noted that 
the orbital contributions to the magnetic moment are 
more significant for RE ions, due to smaller crystal-
field effects and stronger spin-orbital coupling for the 
f-electrons of rare earth ions compared to the d-elec-
trons for transition metals (Li et  al. [21]). From a 
structural standpoint, the addition of RE elements to 
the cubic spinel structure of magnetite modifies the 
Fe–Fe interactions and creates new magnetic interac-
tions between RE and Fe. This leads to changes in 
the saturation magnetization of nanostructured mag-
netite materials [26, 28, 51, 52]. In addition, the 4f 
orbitals of RE elements are vacant and can be filled 
with electrons, providing additional opportunities 
for novel phenomena in magnetism (Li et  al. [40]) 
and optical properties. It is assumed that the degree 
of impact on the magnetic properties of magnetite 
nanoparticles is related not only to the distribution of 
rare earth ions in the spinel-type crystal structure but 
also to the type of dopant element [58]. For exam-
ple, substitution of Fe3+ ions with La3⁺ ions with a 
larger ion radius leads to a more significant reduc-
tion in saturation magnetization than for the smaller 
dysprosium Dy3⁺ ions [31]. Doping with rare earth 
elements leads to changes in the optical properties 
of magnetite nanoparticles. Thus, the doping process 
causes absorption peak shifting and an increase in 
the optical band gap. Therefore, the doped magnetite 
nanoparticles become more suitable for use in photo-
catalytic applications [30].

On the other hand, the magnetic properties of 
magnetite nanoparticles are affected by nanostruc-
tural features, such as particle size, shape, or sur-
face-related characteristics [41, 65, 67]. When the 
size of magnetic nanoparticles decreases below ~ 60 
nm, magnetite nanoparticles become single-domain 
magnetic particles [41, 65]. With particle sizes less 
than 40–50 nm, magnetite nanostructured materials 
are in a superparamagnetic state at room tempera-
ture [65], which is associated with coherent spin 
reversal of individual nanoparticle moments [16]. 
The magnetite nanoparticles doped with rare-earth 
ions exhibit advanced properties due to enhanced 
magnetic relaxation caused by the presence of addi-
tional structural disorder on the particle surface 
[35]. This structural disorder corresponds to surface 
defects that can give rise to local spin-glass mag-
netic states [35].

Taking into account the practical use of magnet-
ite nanoparticles doped with rare earth elements, 
research teams are actively developing new meth-
ods or optimizing already known techniques for the 
synthesis of these magnetic nanoparticles. And here, 
it should be noted that doped magnetite nanoparti-
cles can aggregate due to strong interparticle inter-
action caused by magnetic forces [6, 55]. Efforts to 
improve the synthesis of magnetite nanoparticle are 
aimed at precisely preventing agglomeration of indi-
vidual particles, which can cause uniformity in the 
size distribution of nanoparticles and a decline in the 
magnetic properties of nanostructured system. In the 
sol–gel approach [3], nanoparticle size is controlled 
by selecting precursors, chousing hydrolysis and gela-
tion conditions, and adding surfactants or polymers 
to stabilize the particles and prevent agglomeration. 
Microemulsions [15] are a type of system that is ther-
modynamically stable and consists of two liquids that 
do not mix, with one liquid being dispersed as drop-
lets in the other. By adjusting the composition and 
conditions of microemulsions, the size of nanoparti-
cles can be controlled. In laser ablation method [57], 
a laser beam is employed to vaporize material from 
a surface, and by adjusting the energy and duration 
of the beam, we regulate the resulting nanoparticles 
size. Chemical vapor deposition method [39] allow us 
to control particle size by changing pressure, temper-
ature, gas composition, or gas flow rate. Electrochem-
ical synthesis [18] provide opportunities to control 
particle size through the choice of electrodes, current 
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density, electrolyte composition, and other process 
parameters.

Despite a wide range of methods for the syn-
thesizing of nanoparticles of doped magnetite, 
all of these approaches must meet the criteria for 
economic viability [60]. This means that the syn-
thesizing of doped magnetite nanoparticles can be 
relatively inexpensive, requiring cheap reagents, 
equipment, and reproducible chemical processes. 
From this perspective, the classical co-precipitation 
method [4] is attractive. This technique allows con-
trolling particle size by adjusting parameters such 
as reaction temperature, pH of the medium, concen-
tration of reagents, and mixing rate. Changing these 
parameters allows control over the size of formed 
nanoparticles. We synthesized several sets of mag-
netite nanoparticles with different types of intro-
duced RE ions: Sm3+, Lu3+, La3+, and Dy3+, under 
the same co-precipitation synthesis conditions and 
at the same concentration of rare earth elements. 
The structural and magnetic properties of the doped 
magnetite nanoparticles were investigated using 
transmission electron microscopy, X-ray small-
angle scattering, X-ray and neutron diffraction, and 
magnetic susceptibility measurements.

Experimental

Nanoparticles of undoped magnetite Fe3O4 and mag-
netite with Sm3+, Lu3+, La3+, and Dy3+ ions were 
synthesized using the co-precipitation method. For the 
synthesis of magnetite, the iron Fe(III) chloride hexa-
hydrate (FeCl3·6H2O) and Fe(II) sulfate heptahydrate 
(FeSO4·7H2O) were used as starting materials, which 
were mixed in stoichiometric ratios (Fe3+: Fe2+ = 2:1 
mol). Rare earth nitrate tetrahydrate (RE(NO3)3·4H2O) 
was used to prepare the substituted compounds. 
Aqueous solutions were mixed in a molar ratio of 
1.925:1.00:0.075 for 2.5 at.% of doped rare earth con-
tent. The reaction was carried out in an N2 atmos-
phere to avoid partial oxidation of Fe2+ to α-FeOOH. 
The 25% solution of ammonia NH4OH was used as a 
precipitating agent. As a result of synthesis, the black 
matter particles were obtained. A testing X-ray diffrac-
tion analysis provides a single phase with cubic spinel 
structure of Fd 3 m space group, which was confirmed 
by further diffraction experiments. For our research, we 
selected four doped magnetite compounds Fe3O4:Sm, 

Fe3O4:Lu, Fe3O4:La and Fe3O4:Dy with the same con-
centration of rare earth ion of 2.5 at.%.

For TEM sample preparation, the powder was dis-
persed in 10 mL of ethanol, sonicated in a Bandelin 
ultrasonic bath for 10 min, and further processed for 15 
min using an I10-840 disperser (22 kHz, 30% ampli-
tude, 10-s pulses with 2-s pauses). To optimize nano-
particle concentration, the suspension was centrifuged 
at 500 g for 5 min using an MPW-352 centrifuge. Sub-
sequently, 15 μL of the suspension was deposited onto 
carbon-coated TEM grids. The morphology and size of 
the obtained magnetite nanoparticles were studied using 
the transmission electron microscope (TEM) using a 
FEI Talos™ F200i S/TEM (Waltham, MA, USA) oper-
ated at 200 kV at the FLNR, JINR (Dubna, Russia).

Small-angle X-ray scattering (SAXS) is a valu-
able method for characterizing the structural features 
of nanoparticles [42]. X-ray small-angle scattering and 
X-ray diffraction experiments were performed using 
the Xeuss 3.0 instrument (located in the FLNP, JINR, 
Russia) manufactured by XENOCS (Grenoble, France). 
The radiation was emitted from the GeniX3D source 
(Mo-Kα edge, λ = 0.71078 Å). Small-angle X-ray scat-
tering spectra were acquired using an Eiger2 detector 
at various distances between the sample and detector, 
ranging from 1.0 to 4.0 m. The SAXS spectra were 
corrected for the data obtained from the empty con-
tainer. The analysis of the small-angle scattering data 
was performed using the SasView [2] and McSAS [50] 
software.

Neutron diffraction experiments were prepared using 
the DN-12 diffractometer [34] at the IBR-2 pulsed reac-
tor (FLNP, JINR, Russia). Typical experimental time 
for each sample was 4 h. The X-ray and neutron dif-
fraction experimental data were refined using Fullprof 
software [54].

A measurement of magnetic field dependences of 
magnetization was studied using the Cryogenic vibra-
tion magnetometer (Cryogenic Limited, UK) in the 
temperature range from 4 to 300 K, in a magnetic field 
up to 3 T.

Results

Transmission electron microscopy

The obtained TEM images of the studied nanostruc-
tured compounds are presented in Fig.  1. It can be 
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seen that all the nanoparticles are round-shaped 
grains with an average size of approximately 20–30 
nm. Even well-defined spherical nanoparticles are 
characteristic for undoped nanostructured Fe3O4 mag-
netite, while larger particles with a rougher surface 
are observed for RE doped ones. The size of stud-
ied nanoparticles was simple estimated by analyzing 

TEM images using the software ImageJ [56]. The cal-
culated size distribution histograms are presented in 
the inserts of Fig. 1.

The size distribution histogram was fitted using 
the normal distribution function. Generalized 
envelopes of the size distributions for the magnet-
ite nanoparticles are shown in Fig.  2. The average 

Fig. 1   Transmission 
electron microscope images 
with the size distribu-
tion histogram of doped 
magnetite nanoparticles of 
Fe3O4, La:Fe3O4, Lu:Fe3O4, 
Sm:Fe3O4, and Dy:Fe3O4
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diameter of undoped Fe3O4 nanoparticles is esti-
mated as 19 ± 3 nm. Doped magnetite nanoparticle 
sizes are larger, with an average size 28 ± 5 nm for 
La:Fe3O4; 35 ± 5 nm for Lu:Fe3O4; 35 ± 5 nm for 
Sm:Fe3O4; 38 ± 12 nm for Dy:Fe3O4. Aggregates 
formed from individual nanoparticles show solder 
bonds between them, resulting in an increase in the 
average particle size.

Small‑angle X‑ray scattering

For a more in-depth analysis of the average size 
and size distribution of doped magnetite nanoparti-
cles, a small-angle X-ray scattering technique was 
employed. The SAXS spectra obtained for the nano-
structured doped magnetites are shown in Fig.  3. 
The SAXS data presents the scattered intensity as 
a function of the momentum transfer q, which is 
defined as (4π/λ)sinθ, where θ is the scattering angle 
and λ is the wavelength of incident X-rays [62]. 
The obtained SAXS curves for magnetite nanopar-
ticle samples are similar and have a typical shape, 
which is characteristic of scattering from typical 
fractal systems [63]. There are slight variations in 
the degree of slope of the SAXS curves and their 
shape, which may correspond to changes in frac-
tal dimensions of scattering objects. And as a first 

approximation, to obtain the average size of mag-
netite nanoparticles, we fit the SAXS data using the 
equation of the unified exponential-power law model 
of Beaucage [5, 19]:where the fitting coefficients G 
and B, the radius of gyration Rg, and the exponents 
of the power-law decrease P are fitting parameters 
in the scattering law I(q) for the magnetite nanopar-
ticles. The variable Q∗ is renormalized in the power 
law [5, 19]:

Equation (1) was used to estimate the radius of 
gtration Rg of the magnetite nanoparticles, which is 
the average radius r of a nanoparticle in a spherical 
approximation as Rg =

√

3

5
r [62].

The obtained radii of gyration and the sphere-
model radii of doped nanoparticles are listed in 
Table 1. The size values are close to those obtained 
earlier for nanoparticles synthesized using the hydro-
thermal method (Paula [49]). Also, the calculated 
values for the power-law exponents P in Eq. (1) are 
presented in Table 1. These parameters relate to the 
fractal dimension of the nanostructured system. The 
exponent P varies slightly between 3.4 and 3.8, which 
indicates surface fractals with smooth and sharp 
interface. These conclusions are confirmed by TEM 
data presented above.

It can be seen that the average size of nanoparti-
cles, according to the SAXS data (Table 1), is slightly 
larger than that the cristallite sizes obtained from the 
analysis of X-ray diffraction data (“X-ray diffrac-
tion” 3.3). This may be due to the aggregation of 
nanoparticles.

To further analyze the dimensional distribu-
tion of nanoparticles, we used the capabilities of 
the Martelli Monte Carlo method [13] for SAXS 
data processing. These methods based on random 
updates are suitable for retrieving form-free nano-
particle size distributions [50]. The resulting size 
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Fig. 2   The obtained normalized average particles size distri-
bution curves of doped magnetite nanoparticles
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distributions of the studied doped magnetite nano-
particles are shown in the Fig. 4. It can be seen that 
all the studied compounds have a fairly wide range 
of sizes, up to several tens of nanometers. However, 
when we look at the undoped magnetite data, we 
see a distribution that is closer to a Gaussian shape. 
For nanoparticles doped with rare earth elements, 
a bimodal distribution is more typical (Fig.  4). At 
the same time, there is a shape peak in the range of 
small sizes, and for all doped nanoparticles, a wide 
peak is observed for aggregates up to 100 nm in size. 
The bimodal size distribution can indicate the for-
mation of aggregates of the magnetite nanoparticles. 
It can be assumed that, when rare earth elements are 

embedded into magnetite nanoparticles, the surface 
of the nanoparticles is modified [31, 38]. This serves 
as an additional factor for chemical bonding between 
nanoparticles. In addition, magnetic interactions 
between nanoparticles takes place.

X‑ray diffraction

The X-ray diffraction patterns of nanostructured 
magnetite are shown in Fig.  5a. All studied nano-
structured samples are characterized by similar dif-
fraction patterns. The analysis of the data showed 
that the diffraction peaks of the samples can be com-
pletely indexed in a cubic spinel structure with the 
Fd 3 m space group [14, 29]. No unindexed reflec-
tions were found in any of the XRD patterns for all 
studied compounds, indicating that the samples are 
single-phase with no noticeable secondary phases.

The lattice parameters of the cubic structure of 
doped magnetite were calculated from the XRD 
data (Table 2). With an increase in the ionic radius 
of the dopant from 0.55 Å for Fe3+ to 1.061 Å for 
La3+, a decrease in the lattice parameter is observed 
(Table  2), which may be attributed to the presence 
of a disordered and defect-rich structure on the 

Table 1   The calculated size parameters for doped magnet-
ite nanoparticles obtained by fitting the SAXS data using the 
function (2)

Sample Rg, nm r, nm P

Fe3O4 11.99(26) 15.47(26) 3.82(2)
Fe3O4:La 15.88(34) 20.50(34) 3.59(4)
Fe3O4:Lu 18.46(23) 18.46(23) 3.68(4)
Fe3O4:Sm 18.29(33) 18.29(33) 3.70(3)
Fe3O4:Dy 19.47(20) 19.47(20) 3.41(3)

Fig. 3   a The obtained SAXS curves of doped magnetite nano-
particles. The experimental points and fitting profiles based on 
Eq. (2) calculations are presented. The dotted line indicates 

the slope of the SAXS curve. b The size distributions for the 
undoped magnetite nanoparticles obtained from SAXS data 
analysis using the McSAS [50] software
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nanoparticle surfaces [12, 36]. Furthermore, this 
defect-rich structure leads to an increase in the aver-
age lattice parameter of the cubic magnetite struc-
ture. Surface defects, primarily composed of oxygen 
vacancies, lead to an increase in the lattice parameter 
of the spinel crystal structure, while the stabilization 
of these defects by RE dopants reduces the unit cell 
parameters, as previously reported [64].

Also, the average crystallite size of nanostruc-
tured magnetite was calculated using the modified 
Scherrer equation [45]. Taking the logarithm of 

both sides of the basic Scherrer formula, we can be 
express it as:

where L is the average crystallite size, k is the crystal-
lite shape factor is usually taken as 0.9 [37], and � is 
the X-ray wavelength ( � = 0.071078 nm), � is the dif-
fraction angle, as well as � =

√

FWHM2
exp

− FWHM2
inst

 is 
the full width at half maximum for the Gaussian 

(3)ln� = ln
k�

L
+ ln

1

cos�

Fig. 4   The size distribu-
tions for the studied doped 
magnetite nanoparticles 
obtained from SAXS data

Table 2   The obtained lattice parameters, crystallite size, 
and lattice strains for nanostructured magnetite and doped 
RE:Fe3O4 (RE = La, Lu, Dy, Sm) nanoparticles. The X-ray and 
neutron diffraction data was analyzed within the cubic phase 

with space group Fd 3 m with the atomic positions of A-site 
8a (1/8, 1/8, 1/8), B-site16d (½, ½, ½), and oxygen O 32e (xO, 
xO, xO). The calculated magnetic moments were obtained from 
neutron diffraction data for doped magnetite nanoparticles

Sample Lattice parameter 
(Å)

Crystallite size, L 
(nm)

Lattice strain, ε xO mA, μB mB, μB

Fe3O4 8.361(2) 14.7(2)  − 0.0051(1) 0.2460(3) 1.11(2) 0.91(3)
La:Fe3O4 8.341(2) 19.8(3) 0.00259(1) 0.2455(4) 1.39(1) 1.00(3)
Lu:Fe3O4 8.351(1) 16.4(3) 0.00310(2) 0.2401(2) 1.34(3) 1.50(2)
Dy:Fe3O4 8.335 (2) 17.9(2) 0.00415(1) 0.2437(4) 1.30(2) 1.28(2)
Sm:Fe3O4 8.328(1) 15.3(3) 0.00772(1) 0.2477(5) 1.22(1) 0.92(3)
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profile. The instrumental broadening FWHMinst con-
tribution was determined experimentally from the dif-
fraction spectrum of the fine-grained LaB6 standard. 
To calculate the crystallite size, we plotted the 
dependence of ln� on ln(1∕cos�) and obtained the 
intercept after a linear fit of the points (Fig. 5b).

The obtained values of the average crystallite size 
are listed in Table  1. The doping of rare earth ele-
ments into the magnetite crystal lattice leads to a 
shrinking of the lattice and a slight increase in the 
crystallite size. It should be noted that the calculated 
sizes of crystallites are somewhat smaller than the 
sizes of nanoparticles (see the “Transmission electron 
microscopy” section). Moreover, this observation is 
consistent with the intrinsic characteristics of nano-
structured particles, where the interior of the grains 
tends to be relatively free of defects, while defects are 
typically present at the grain surfaces [46].

Due to differences in the ion radii of iron and rare 
earth ions, local lattice distortions and strains can 
occur. It should be noted that lattice strains ε are 
inversely proportional to crystallite sizes in nano-
structured ferrites [44]. Instead, the local distortions 
and lattice strains are determined to a greater extent 

by the distribution of rare earth RE and iron cations at 
the A and B sites in the spinel structure [24].

Neutron powder diffraction

Neutron diffraction patterns of nanostructured mag-
netites RE:Fe3O4 (RE = La, Lu, Dy, Sm), measured at 
ambient conditions, are shown in Fig.  6. In accord-
ance with X-ray diffraction data, all the measured 
samples have the spinel-type crystal structure with 
Fd 3 m symmetry. The parameter xO describes the 
centrality of the oxygen atom within its coordination 
sphere, and its typical value falls between 0.240 and 
0.247 [47, 61]. The average value of xO ~ 0.24(2) does 
not practically change at RE doping (Table 2), which 
indicates the preservation of a normal spinel type 
with Fe2+ occupying the A site and Fe3+ occupying 
the B sites [17].

When doped with rare earth ions, we can expect 
significant influence on the magnetic exchange 
interactions within each of the A (JAA) and B (JBB) 
sublattices, as well as between the two sublattices 
JAB in the magnetite crystal lattice [33]. From neu-
tron diffraction data analysis, the values of iron 

Fig. 5   a The X-ray diffrac-
tion patterns of undoped 
and doped RE:Fe3O4 
(RE = La, Lu, Dy, Sm) 
nanostructured magnetites. 
The experimental data and 
calculated profiles using 
Rietveld method are shown. 
The ticks below represent 
the calculated positions 
of the diffraction peaks of 
the cubic phase Fd 3 m. b 
Linear plots of the modified 
Scherrer Eq. (3) for nano-
structured magnetite
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magnetic moments at different sites for studied 
nanostructured magnetite samples can be deter-
mined. The long range ferrimagnetic order pro-
vides the dominant contribution to the intensity 
of the diffraction peak (111) at dhkl ≈ 4.87 Å, and 
less pronounced contribution to the peaks (220) 
at dhkl ≈ 2.98 Å, (222) at dhkl ≈ 2.43 Å and (400) 
at dhkl ≈ 2.08 Å. The calculated values of ordered 
iron magnetic moments are listed in Table  2. The 
RE doping stabilizes the ferrimagnetic ordering in 
nanostructured magnetites, even slightly increasing 
the magnetic moment of iron ions in both tetrago-
nal and octahedral oxygen coordination sites. We 
assumed this is primarily due to a reduction in oxy-
gen defects on the nanoparticle surfaces when RE 
elements are embeddled in the crystal lattice of 
magnetite nanoparticles [16, 23, 25].

Magnetic susceptibility measurements

Neutron diffraction data indicate the local ferrimagnetic 
structure of RE doped magnetite nanoparticles. How-
ever, when the nanoparticle size decreases to a criti-
cal size [7], the multidomain ferrimagnetism changes 
to a single-domain state, which is the the essence of 
the superparamagnetic phenomenon in nanostruc-
tured magnetites. To study magnetic properties in 
more detail, we have studied the magnetic properties 
of the magnetite nanaparticles through magnetic-field-
dependent magnetization M(H) measurements. The 
magnetization curves of doped magnetite nanoparticles 
at room temperature with a maximum applied field of 3 
T are shown in Fig. 7a. These curves indicate the weak 
magnetic hysteresis loops for all the nanostructured 
samples, and the superparamagnetic nature of the stud-
ied magnetite nanoparticles is evident. For doped rare 
earth magnetite, the loop begins to close, suggesting 
a reduction in coercive force. This can be observed in 
enlarged section of magnetization curves (Fig. 7b). In 
case of magnetic measurements on powders, consider-
ing the possible interaction between nanoparticles, it 
is more accurate to analyze the magnetization curves 
using the Frohlich–Kennelly equation [27]:

where �i is the initial susceptibility, Ms is saturation 
magnetization, and H is applied magnetic field. The 
resulting Frohliche-Kennelly fit for the studied mag-
netite nanoparticles is shown in Fig. 7c. The values of 
the initial susceptibility �i , coercivity Hc, remanence 
Mr and saturation Ms magnetization were calculated 
and are listed in the Table 3.

It can be seen that the magnetization Ms of mag-
netite nanoparticles doped with rare earth ions 
decreases by about 20% compared to undoped 

(4)M(H) =
�iHMs

(�iH +Ms)

Fig. 6   The neutron diffraction patterns of magnetite nanopar-
ticles doped with rare earth elements. The experimental points 
and calculated profiles by the Rietveld method are shown. The 
ticks mark the calculated positions of nuclear peaks for the 
cubic spinel crystal structure. The “M” signs the diffraction 
peak (111) with strongest magnetic contribution

Table 3   Calculated magnetic parameters of studied magnetite 
nanoparticles

Sample χi Ms (kA/m) Mr (kA/m) Hc (kA/m)

Fe3O4 15.1(1) 382(3) 48(2) 4.7(2)
La:Fe3O4 9.0(2) 314(2) 2(3) 0.3(2)
Lu:Fe3O4 12.8(3) 291(2) 16(2) 1.9(3)
Dy:Fe3O4 14.9(2) 293(1) 20(1) 2.1(1)
Sm:Fe3O4 7.1(2) 305(1) 1(2) 0.2(2)
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magnetite. While Mr decreases by about three 
times for the Lu:Fe3O4 and Dy:Fe3O4 samples, it 
decreases by 20-times for the La:Fe3O4 sample and 
by 40-times for the Sm:Fe3O4 sample. In the case of 
nanoparticles, their extremely small size less than 
50 nm, and defect-rich surface are the main reasons 
for this decrease in Ms. This reduction in satura-
tion magnetization can be explained by the lack of 
oxygen-related superexchange magnetic interaction 
between surface iron ions. This leads to a decrease 
in exchange coupling and the tilting of the spin 
orientation on the surface layer, resulting in the 
formation of an inactive or “dead” magnetic layer 
on the nanoparticle surface [1, 23]. As previously 
reported, the surface-related structural features are 
the main factor in determining the magnetic prop-
erties of ferrite nanoparticles [16, 32]. The coer-
civity Hc of the doped magnetite nanoparticles is 
very small, at the level of experimental error, which 
highlights the superparamagnetic nature of magnet-
ite nanoparticles and their doped samples.

Conclusions

In our work, we prepared a systematic study of the 
structural and magnetic properties of magnetite nano-
particles doped with rare-earth ions such as Sm, Dy, 

La, and Lu. These doped nanoparticles were produced 
by the co-precipitation method, resulting in a series of 
particles with an average size of not more than 30 nm. 
The doping process had a dual effect. First, rare-earth 
ion embedded into the crystal structure of the magnetite 
caused changes not only in the bond lengths of oxygen 
units in octahedra but also in the average nanoparticle 
sizes. As a result, ferromagnetic order state and the 
average magnetic moments of iron ions of the magnetite 
phase were partially suppressed. Secondly, doping with 
rare earth ions is thought to affect disordered structural 
defects on the nanoparticle surface, reducing interac-
tions between particles and enhancing superparamag-
netism phenomena in small magnetite nanoparticles.
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