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Abstract: The results of a study of heavy implantation of a LiNbO3 crystal with iron ions are
reported for the first time. The X-cut LiNbO3 substrate was implanted with 40-keV Fe+ ions to the
fluence of 1.5·1017 ions/cm2. The sample reveals pronounced ferromagnetic properties at room
temperature. However, the ferromagnetic response observed in the iron-implanted LiNbO3 differs
from the magnetic behavior of other oxides implanted with iron ions under the same conditions. This
difference occurs from the unusual magnetic phase composition of the implanted surface layer of the
LiNbO3 in which the iron implant precipitates in the form of the nanoscale alloy of metallic iron with
niobium. Based on Mössbauer spectroscopy data, we estimated the Nb content in the ion-synthesized
nanosized alloy as ~12 at.%, which is much higher than the solid solubility limit of Nb in bulk Fe.

Keywords: magnetic properties; lithium niobate; ion implantation; iron; Fe-Nb precipitates;
nanocomposite; Mössbauer spectroscopy

1. Introduction

LiNbO3 is a well-known ferroelectric oxide compound with a high Curie temperature
of 1483 K. The ferroelectric properties are defined by the polar trigonal crystal structure
of this material [1,2]. Due to excellent optical and piezoelectric characteristics, nowadays,
lithium niobate finds a wide usage in various applications [3].

At the same time, fundamental studies on this material continue [4,5]. The major issue
in this field is the addition of new properties to lithium niobate which are not characteristic
for the virgin state of this compound. The introduction of ferromagnetic properties is one
of the most promising among them. It is related to the long-standing search for materials
possessing notable magnetoelectric coupling [6,7]. Such kinds of compounds are often
called multiferroics [8,9]. The key feature of magnetoelectric materials is the possibility to
drive magnetization via the external electric field and vice versa, i.e., electric polarization
via the applied magnetic field. Based on magnetoelectric materials, new multifunctional
devices may be developed [10]. However, only a limited number of single-phase materials
possessing such properties are known today [11]. Furthermore, most multiferroic materials
have antiferromagnetic ordering which makes them difficult to use.

One way to establish magnetoelectric properties is the growth ferromagnetic structures
inside the ferroelectric materials [12,13]. Magnetoelectric coupling in such composite mate-
rials is possible via strain transfer through the interface between the ferroelectric host matrix
and the ferromagnetic inclusion pieces. The strain induced in the ferroelectric host by the
applied electric field places pressure on the ferromagnetic phase and compresses/stretches
it. The deformation of the ferromagnetic part produces magnetization due to the inverse
magnetostrictive effect [14].

For the synthesis of such ferroelectric–ferromagnetic composites, it is necessary to
use methods that allow obtaining materials under certain conditions. These conditions
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are dictated by specific physical requirements. So, for example, the interface between the
two phases mentioned above should be at the maximum to enhance the magnetoelectric
effect. That requires a sufficiently high concentration of ferromagnetic nanoparticles inside
the ferroelectric material. In addition, the composites must be nanosized, at least in
thickness, to be used in nanoelectronic devices. Moreover, the synthesis methods must be
manufacturable so that they can be easily integrated into electronic production.

The ion implantation technique is very promising for obtaining such nanocomposite
materials [15]. The typical penetration depths of the relatively low-energy ions (<50 keV)
implanted into oxide materials do not exceed 100 nm, except just a small part of the
impurity diffused or channeled into the bulk [16]. The latter, however, usually form single
paramagnetic centers and, consequently, do not significantly affect the magnetic properties
of the materials. Under ion implantation, a high concentration of the implant can be
achieved in the near-to-surface layer of a sample. If this concentration exceeds the solubility
limit in the matrix, implanted ions precipitate, in certain cases magnetic nanoparticles in
certain cases [17,18]. Composite multiferroics can be obtained following this route. Indeed,
magnetoelectric coupling was observed in a cobalt-implanted BaTiO3 crystal where the
metallic cobalt nanoparticles precipitated in the ferroelectric host [19].

The magnetic properties of such nanocomposite materials can be tuned by the im-
plantation conditions, thus controlling the size and concentration of the precipitates. An-
other possible way to modify the magnetism of these materials is the formation of mixed-
composition precipitates. Evident approaches to create alloyed precipitates are direct
implantation into metals [20] or sequential implantation of the required metal ions [21,22].
One can suppose that such precipitates can also be created in the course of ion implantation
to complex oxides, where some sorts of matrix cations may participate somehow in metallic
precipitate formation. For example, one sort of matrix cation may be preferably “knocked
out” from its sites, out-diffuse, and be sputtered from the irradiated near-to-surface layer,
while other sorts reside. These non-stoichiometric matrix cations may be reduced to the
metallic state and form solid solutions in precipitates based on the implanted impurity.
We believe that this kind of scenario can be realized in double (and higher complexity)
oxides containing light and heavy elements such as LiNbO3. Another peculiarity of ion
implantation is its pronounced non-equilibrium character which may lead to violation of
limits known for equilibrium-type syntheses.

There are only a limited number of works where the implantation of magnetic 3d-metal
ions to LiNbO3 has been studied (see, for instance, Refs. [23–29]). To our knowledge, in
these papers mostly the creation of substitution centers in the crystal structure of LiNbO3
was addressed, and the impurity concentration was insufficient for precipitation to nanopar-
ticles in the irradiated layer. The observed bulk magnetic properties of the samples were
analyzed in terms of electronic spin level splitting and the bound magnetic polarons
model [23,28].

We have recently shown that implantation of a MgO crystal with a high dose of iron
ions results in coherent growth of α-Fe nanoparticles in the matrix [30]. Here, we present
a study of the LiNbO3 crystal implanted in a high dose of iron ions. To the best of our
knowledge, heavy Fe-implantation to LiNbO3 has not been reported elsewhere. The results
of the sample characterization by magnetometry and the conversion electron Mössbauer
spectroscopy methods are presented. The peculiar magnetic properties of the sample are
discussed, and they are mainly due to the formation of nanosized precipitates of Fe-Nb
solid solution with unusually high Nb content of 12 at.%.

2. Experimental Part

A single-crystalline X-cut LiNbO3 substrate (epi-ready grade, MTI Corp., Richmond,
CA, USA) was implanted with 40 keV Fe+ ions (enriched with 57Fe isotope to 40% content)
to the fluence of 1.5·1017 ions/cm2 using an ILU-3 ion accelerator. The accelerated ions
were implanted almost at a normal along the LiNbO3 surface plane. The substrate was kept
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at room temperature. The ion current density was maintained at ~8 µA/cm2 to prevent the
sample surface from overheating. We will denote this sample as LiNbO3:Fe.

The morphology of the implanted surface was investigated by the scanning electron
microscopy (SEM) technique using a Merlin (Carl Zeiss) microscope.

The bulk magnetic properties of the sample were studied with the vibrating sample
magnetometry (VSM) option of the PPMS-9 system (Quantum Design).

The longitudinal magneto-optical Kerr effect (L-MOKE) measurements were per-
formed with the experimental setup where the single-mode He-Ne laser (632.8 nm, maximal
output power 0.5 W) was used. The emitted light was attenuated and focused on the inves-
tigated sample surface to the ~50 µm size spot. Then, the part of reflected from the sample
light was collimated and divided into two orthogonally polarized components using the
Wollaston prism that is oriented at π/4 angle relative to the polarization of the incident
laser light. The intensities of these two components were detected using Si-photodiodes,
and the difference signal which is proportional to the Kerr rotation angle was detected
at a laser modulation frequency using the Signal Recovery SR7270 lock-in amplifier. The
magnetic field was applied in the surface plane using the resistive electromagnet. The setup
sensitivity was about 1 µrad.

The conversion electron Mössbauer studies (CEMS) were carried out at room tem-
perature on the conventional spectrometer (WissEl Gmbh, Blieskastel, Germany) working
in the constant acceleration mode using the RiKon-5 detector (WissEl Gmbh, Blieskastel,
Germany). The 57Co(Rh) source (RITVERC, St Petersburg, Russia) with an activity of about
50 mCi was used. The velocity scale of the spectrometer was calibrated using the spectrum
of thin α-Fe foil. The center shift values are reported relative to the room temperature
α-Fe spectrum.

The grazing incidence X-ray diffraction study was performed using a Rigaku SmartLab
diffractometer equipped with the Cu Kα radiation tube. The X-ray incidence angle was
fixed at α = 0.5◦, and the data were recorded in the deflection angles (2θ) range of 40◦–70◦

with the step size of 0.2◦.

3. Results and Discussion

The depth profile of the implanted LiNbO3 iron ions was simulated using TRIM
code [31]. This profile is depicted by the red line in Figure 1. The shape of this profile
is Gaussian, and the projected range of the ions is Rp = 24 nm, while the straggling is
∆Rp = 11 nm.
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Figure 1. The calculated depth profiles of the implanted iron atoms in LiNbO3:Fe. The red curve is
the TRIM-simulated profile, and the green curve is the profile considering the surface sputtering. The
sputtered surface layer is depicted by the filled region.
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However, the surface sputtering processes are not considered within such simulations
which is especially essential in the case of high-dose implantation. The calculated value of
the surface sputtering coefficient was S = 1 at./ion, and the depth of the sputtered layer
was estimated as 16 nm. Using the value of S, the depth profile of the iron ions may be
recalculated using the equation where surface sputtering is considered [16]. The profile
calculated this way is shown in Figure 1 by the green curve. The integral over this profile is
1.35·1017 ion/cm2, and this value is used after calculations as the resulting fluence.

The SEM image of the implanted sample surface is shown in Figure 2. The formation
of a complex hole pattern was found as the result of implantation. The notable modification
of surface morphology is characteristic of heavy implantation conditions, and even sponge-
like structures could be observed [32,33]. The changes in the surface morphology are
related to the kinetics of the ion beam-induced defects in the surface layer [32], which is
especially pronounced under high-dose and high-energy ion implantation.
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Figure 2. The SEM image of the LiNbO3:Fe sample implanted surface.

The bulk in-plane magnetic hysteresis loops of the sample recorded at 10 K (blue curve)
and 300 K (red curve) are shown in Figure 3a. The sample shows a strong ferromagnetic
response even at room temperature. The saturation magnetization at room temperature
is 1.05 µB per implanted iron ion and the coercivity field is 580 Oe. Upon the decrease in
temperature, these magnetic characteristics increase and are in the order of 1.2 µB/Fe below
50 K and 710 Oe at 10 K for saturation magnetization and the coercivity field, respectively
(Figure 3b).

The room temperature L-MOKE hysteresis loops measured at multiple points of
the implanted LiNbO3:Fe sample are shown in Figure 4. The shapes of the loops are
near-identical and may be characterized by the coercivity value of ~680 Oe. The Kerr
rotation angles corresponding to the saturation magnetization are also nearly the same at
~1.13 mrad. This indicates that the magnetic properties are homogenous over the implanted
surface. The shapes of the VSM-measured hysteresis loop and the one obtained by the L-
MOKE are almost identical as well (see the inset to Figure 4). However, the coercivity value
obtained by the L-MOKE measurements is slightly larger than the value from the VSM.
The same result was earlier reported for a Ni-Mn-Ga alloy and was related to the branching
and pinning of fine magnetic domains at the surface [34]. A similar difference was reported
for Fe-implanted ZnO film and was related to the surface and bulk sensitivities of MOKE
and VSM techniques, respectively [35].
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Figure 3. The bulk in-plane magnetic properties of the LiNbO3:Fe sample: (a) the magnetic hysteresis
loops recorded at 10 K (black curve) and 300 K (red curve), (b) the temperature dependencies of
the coercivity field (blue curve) and the saturation magnetization (green curve). The magnetization
values are presented in units of Bohr magnetons per implanted iron ion.
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Figure 4. The magnetic hysteresis loops measured at room temperature by the L-MOKE at multiple
points of the implanted surface of the LiNbO3:Fe sample. In the inset, the comparison of the VSM-
and MOKE-measured hysteresis loops is presented.

The zero-field-cooled (ZFC) and field-cooled (FC) magnetization curves of the LiNbO3:Fe
sample are shown in Figure 5 with blue and red curves, respectively. During both these
measurements and cooling before recording the FC curve, the magnetic field of 200 Oe
was applied. Clearly, an anomaly at ~60 K is observed in these curves. This feature is
intrinsic to the studied sample. Its temperature is very close to the Curie temperature of
the Laves Fe2Nb phases with the Nb content of about 32 at.% [36]. Therefore, we relate
the M–T curve anomaly at ~60 K in Figure 5 to the magnetic ordering in some Laves
Fe2Nb precipitated phase(s). The observed transition looks complex since, on cooling, the
magnetization of the sample initially reduces and increases again afterward. Such non-
trivial behavior may also be associated with Fe2Nb-like phases. Indeed, the Fe2Nb can be
stabilized in a wide range of compositions, namely, with iron atoms content from 58 at.% to
78 at.% [37]. The magnetic phase diagram of this compound is rather complex and contains
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paramagnetic, ferromagnetic, antiferromagnetic, and even mixed magnetically ordered
states [38]. Therefore, the observed non-trivial behavior of the magnetization at ~60 K
originates most probably from various types of magnetic ordering in the off-stoichiometric
Fe2Nb precipitates.
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The magnetic properties of the LiNbO3:Fe sample differ from other oxides implanted
with Fe ions in the same conditions. For example, we earlier reported that a MgO single
crystal implanted with Fe ions under the same conditions also shows a ferromagnetic
response at room temperature [26]. However, lower values for the coercivity field (~170 Oe
at RT) and saturation magnetization (~0.8 µB/Fe at RT) were observed for the MgO:Fe films.

We performed Mössbauer effect studies to determine the features of the magnetic
phase composition of the studied sample. The conversion electron Mössbauer spectrum of
the LiNbO3:Fe sample recorded at room temperature is shown in Figure 6. The studied
depth during CEMS measurements is in order of 100 nm; therefore, it is sufficient to
investigate the iron-modified layer of the sample. The spectrum was fitted within the three
components, namely, two doublets corresponding to the paramagnetic iron ions and one
magnetically ordered component with a complex shape. The hyperfine parameters of these
components are listed in Table 1.
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Table 1. Parameters of the conversion electron Mössbauer spectrum model components of the
LiNbO3:Fe sample.

Components
Hyperfine Parameters 1

Linewidth,
mm/s

Relative
Area, %

Valence
Stateδ, mm/s 2ε, mm/s <HF>, kOe

Doublet-I 0.96(1) 2.28(2) - 0.62(2) 16(1) Fe2+

Doublet-II 0.42(1) 0.81(2) - 0.62(3) 17(1) Fe3+

Magnetically ordered component 0.03(1) 0.01(1) 303(1) 0.49(1) 2 67(1) Fe0

1 δ—center shift relative α-Fe at RT, 2ε—quadrupole splitting, and <HF>—average value of the hyperfine magnetic
field on the 57Fe nuclei. 2 the width of the outer lines.

According to the Fe-Nb phase diagram, these two metals may form two stoichiometric
compounds, namely Fe21Nb19 and Fe2Nb [39]. However, the components with hyperfine
parameters characteristic of these compounds [40] were not observed in our Mössbauer
spectrum. As was noted above, the traces of magnetic ordering inherent to the Laves Fe2Nb
compound were revealed in the magnetization curves. We suppose that the inhomogeneity
and low content of Fe2Nb-like phases may lead to the broadening of the corresponding
components in the Mössbauer spectrum and, consequently, to the vanishing spectral area
of them.

The hyperfine parameters of the doublets, denoted as “Doublet-I” and “Doublet-
II”, are characteristic of the high-spin ferrous and ferric ions in the octahedral oxygen
environment, respectively. We suppose that the Fe2+ ions substitute the Li+ cationic sites,
and the Fe3+ ions substitute the Nb5+ ones. Both sites have distorted octahedral oxygen
coordination with the C3 symmetry. Such assignment of the impurity ions to the sites
is based, first, on closeness of the ionic radii of the Li+ (0.76 Å)/Fe2+ (0.78 Å) and Nb5+

(0.64 Å)/Fe3+ (0.645 Å) ions in the 6-fold oxygen coordination [41]. Thus, the ionic radii
satisfy the classic 15% size rule of isomorphism. Second, such substitution results in a
minimal charge imbalance, and one oxygen vacancy is sufficient to compensate for an
excess negative charge of two impurity pairs.

This specification of iron ions by sites is also consistent with Ref. [42], where 57Co and
57Fe impurities in LiNbO3 were studied by means of Mössbauer spectroscopy. The authors
of the work [42] reveal two components in the spectra. The first component, the doublet
with the center shift of 1.054 mm/s and quadrupole splitting of 1.743 mm/s, was related to
the ferrous ions in the Li+ crystal sites. The second component had a complex line shape
due to the manifestation of the slow paramagnetic relaxation phenomenon. The center shift
of these components is at 0.37 mm/s, and it was associated with ferric ions in the Nb5+

cationic sites.
The hyperfine parameters revealed in our work differ somewhat from the data of

Ref. [42]. Moreover, we did not observe the slow Fe3+ relaxation in our spectrum. A large
concentration of radiation defects and, consequently, low crystallinity in the ion-damaged
region may be the possible reasons for these differences. In our case, the high concentration
of iron impurity was achieved in the implanted region. A high concentration of iron ions
may also be responsible for the differences in the Mössbauer hyperfine parameters.

The third component revealed in our Mössbauer spectrum has a complex line shape
due to the distribution of hyperfine magnetic fields on the 57Fe nuclei. This component
has a center shift close to zero relative to α-Fe at room temperature (Table 1). Therefore,
we suppose that one is associated with iron atoms in the metallic state. The quadrupole
splitting is also negligible. This indicates the absence of an electric field gradient on the
57Fe nuclei and, consequently, a high symmetry of the local environment of iron atoms. For
this component, the magnitude of the magnetic hyperfine splitting is close to the value
characteristic for the bcc-Fe (330 kOe at RT). However, for this component, absorption
is observed also in the regions corresponding to iron nuclei with reduced values of the
hyperfine magnetic field. The reduction in the hyperfine magnetic fields may be associated
with the introduction of niobium impurity into the metallic iron phase. Indeed, in Ref. [43]
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it was reported that the appearance of one Nb atom in the local environment of iron ions
reduces the hyperfine magnetic field at the 57Fe nucleus by 35.5 kOe, and by 23 kOe in
the case of the appearance of a niobium atom in the next nearest neighboring position. It
has also been noted that the influence of several impurity atoms may be considered as the
algebraic sum of each Nb atom’s effects by itself. Niobium atoms in the more distant sites
have no significant effect on the hyperfine magnetic field. Almost the same results were
obtained during the calculation of magnetic moments of Nb impurity and the neighboring
iron atoms in bcc-Fe [44]. It was calculated that Nb impurity atoms in bcc-Fe have a
negative magnetic moment (−0.46 µB), and the impurity reduces magnetic moments of
iron atoms in the first coordination shell on 0.21 µB. The effect of Nb on the more distant
iron atoms (the second coordination shell and beyond) was reported to be significantly less.
The alloy formation was also observed at the interfaces of Fe-Nb multilayers [45].

The magnetically ordered part of the Mössbauer spectrum was processed considering
the stochastic distribution of the niobium impurity in the bcc-structured iron [46]. It was
suggested that the Nb impurities additively affect the iron atoms. The influence on the
hyperfine magnetic fields of the 57Fe nuclei in the second shell was neglected. In this case,
the magnetically ordered part is the sum of the nine sextets corresponding to the various
number of Nb atoms in the first coordination shell of the iron atom (the coordination
number for the bcc structure is 8). The hyperfine field of the sextets linearly decreases with
the increase in the number of Nb atoms, and the relative areas of these sextets are defined
by the binomial coefficients:

p = Cn
CN f n(1− f )CN−n =

CN!
n!(CN − n)!

f n(1− f )CN−n. (1)

where n—number of Nb atoms in the first shell around the iron atom, CN—coordination
number, and f —the probability of the substitution of the Fe site by Nb. The latter equals
the Nb concentration. The center shifts and quadrupole splitting values of these sextets
were bonded to each other. The experimental spectrum was reliably fitted using this model.
The resulting shape of the magnetically ordered component is depicted in Figure 6 by the
light green curve. The estimated value of probability f is 0.119(2), i.e., the niobium impurity
concentration in the bcc-Fe is ~12%. The hyperfine magnetic field corresponding to the
subcomponent with the maximal splitting was found as 332.9(4) kOe. The effect of the Nb
atom in the first shell on the hyperfine magnetic field was found to be −31.4(4) kOe, which
corresponds to the decrease in the iron magnetic moment on ~0.21 µB. Thus, the obtained
result is consistent with the data in Refs. [35,36].

The hyperfine magnetic field distribution may be also mathematically reconstructed
during spectrum processing using the SpectrRelax 2.1 software [47]. This reconstructed
distribution (green curve) as well as the relative intensities of the sextets in the used
binomial distribution (red bars) are plotted in Figure 7. It is seen that the positions of the
red bars corresponding to the hyperfine field magnitudes of the sextets in the binomial
distribution match the maximums in the reconstructed distribution well except just the
lowest intensity bars associated with four and more Nb atoms in the first shell around the
Fe atom. This fact also supports the right choice of the used fitting model.

It is known that the relative areas of sextets’ lines in Mössbauer spectra depend on
the angle between the incident γ-ray and the magnetization directions [48]. In our case,
the areas are related as 3:4:1:1:4:3. Since in the experimental conditions γ-photons were
incident by the normal to the implanted plane, this relation shows that the magnetization
lies in the surface plane. Consequently, the studied sample shows easy-plane magnetic
anisotropy, which is characteristic of thin magnetic films.

The estimated value of Nb concentration, 12 at.%, is markedly higher than the bulk
solubility limit of the Nb in Fe, which is less than 1 at.% according to the Fe-Nb phase
diagram [39], and is not higher than the experimental solid solution saturation value,
2.3 at.%, obtained for an arc-melted material [43]. We suppose that the stabilization of
such a high Nb content in the iron in our sample is related, first, to the small size of the
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precipitated particles. Enhancement of the solid solubility in binary alloy particles with
a decrease in their size was reported in Refs. [49–54]. Indeed, high-dose implantation
leads to the formation of nanoparticles/nanoclusters of secondary phases in the damaged
region [15]. Typically, these particles have a near-spherical shape. A decrease in size
leads to an increase in the surface-to-volume ratio. Consequently, for finely dispersed
nanoparticles, surface-free energy has a significant influence on some characteristics of
materials, including solid solubility limits [51]. The second possible reason for such an
unexpectedly high niobium content is associated with the synthesis method. In fact, ion
implantation is a strongly non-equilibrium process. Therefore, even supersaturated solid
solutions may form, and precipitation of Fe-Nb nanoparticles with high Nb content is
also possible.

Magnetochemistry 2023, 9, x FOR PEER REVIEW 9 of 13 
 

 

for an arc-melted material [43]. We suppose that the stabilization of such a high Nb content in 
the iron in our sample is related, first, to the small size of the precipitated particles. Enhance-
ment of the solid solubility in binary alloy particles with a decrease in their size was re-
ported in Refs. [49–54]. Indeed, high-dose implantation leads to the formation of nanopar-
ticles/nanoclusters of secondary phases in the damaged region [15]. Typically, these parti-
cles have a near-spherical shape. A decrease in size leads to an increase in the surface-to-
volume ratio. Consequently, for finely dispersed nanoparticles, surface-free energy has a 
significant influence on some characteristics of materials, including solid solubility limits 
[51]. The second possible reason for such an unexpectedly high niobium content is associ-
ated with the synthesis method. In fact, ion implantation is a strongly non-equilibrium pro-
cess. Therefore, even supersaturated solid solutions may form, and precipitation of Fe-Nb 
nanoparticles with high Nb content is also possible. 

 
Figure 7. Distribution of the hyperfine magnetic field on the 57Fe nuclei reconstructed using Spec-
trRelax software (green curve) and the relative areas of the individual sextets in the binomial distri-
bution (red bars). The designation of the bars shows the number of Nb atoms in the first shell around 
the Fe. 

The formation of the Fe-Nb precipitates was also detected in the grazing incidence X-
ray diffraction pattern (Figure 8). There are two reflexes in the pattern that are attributed to 
the Bragg reflections from the crystallites with the body-centered cubic structure and the 
lattice parameter of a = 0.2894(6) nm. This value is similar but notably larger than that of the 
bcc-Fe (a = 0.28664 nm). Such an expansion of the iron crystal lattice should be related to the 
incorporation of the niobium atoms into the iron host. Thus, the collected XRD results sup-
port our finding of the Fe-Nb precipitates formation from the Mössbauer spectroscopy. 
Moreover, the broadening of the reflexes is, most likely, due to the formation of solid solu-
tion precipitates with the random distribution of solute atom (Nb) in the solvent (Fe) matrix 
and the small size of the precipitate phase crystallites. Observation of both the (110) and 
(002) diffraction maxima with the intensities well-fitting the predictions of the powder XRD 
pattern indicate the random orientation of the precipitate’s crystal axes inside the LiNbO3 
host. 

We consider the following mechanism of the Fe-Nb nanoparticle precipitation. It was 
reported that ion implantation to LiNbO3 leads to the formation of Li-depleted regions at 
the surface [52]. Therefore, the stoichiometry of lithium niobate is violated in this region. We 
suppose that a part of the excess niobium may dynamically diffuse into the iron precipitates 
under intense irradiation conditions. As we have learned from the Mössabuer spectra, some 
of the implanted Fe+ ions are oxidized to the Fe2+ and Fe3+ states. This provides a route for 

Figure 7. Distribution of the hyperfine magnetic field on the 57Fe nuclei reconstructed using SpectrRe-
lax software (green curve) and the relative areas of the individual sextets in the binomial distribution
(red bars). The designation of the bars shows the number of Nb atoms in the first shell around the Fe.

The formation of the Fe-Nb precipitates was also detected in the grazing incidence
X-ray diffraction pattern (Figure 8). There are two reflexes in the pattern that are attributed
to the Bragg reflections from the crystallites with the body-centered cubic structure and the
lattice parameter of a = 0.2894(6) nm. This value is similar but notably larger than that of
the bcc-Fe (a = 0.28664 nm). Such an expansion of the iron crystal lattice should be related to
the incorporation of the niobium atoms into the iron host. Thus, the collected XRD results
support our finding of the Fe-Nb precipitates formation from the Mössbauer spectroscopy.
Moreover, the broadening of the reflexes is, most likely, due to the formation of solid
solution precipitates with the random distribution of solute atom (Nb) in the solvent (Fe)
matrix and the small size of the precipitate phase crystallites. Observation of both the (110)
and (002) diffraction maxima with the intensities well-fitting the predictions of the powder
XRD pattern indicate the random orientation of the precipitate’s crystal axes inside the
LiNbO3 host.

We consider the following mechanism of the Fe-Nb nanoparticle precipitation. It was
reported that ion implantation to LiNbO3 leads to the formation of Li-depleted regions
at the surface [52]. Therefore, the stoichiometry of lithium niobate is violated in this
region. We suppose that a part of the excess niobium may dynamically diffuse into the iron
precipitates under intense irradiation conditions. As we have learned from the Mössabuer
spectra, some of the implanted Fe+ ions are oxidized to the Fe2+ and Fe3+ states. This
provides a route for the reduction of the nominal Nb5+ ions to the metallic state in the
LiNbO3 crystal in the course of Fe implantation.
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Figure 8. Grazing incidence X-ray diffraction pattern of the LiNbO3:Fe sample. The reflexes corre-
sponding to the Fe-Nb precipitates are indexed. The unidentified reflex is marked by the asterisk.
The reflexes’ positions corresponding to the bcc-Fe lattice are shown by the red bars. The amplitudes
of the bars correspond to the intensities of the reflexes in the powder bcc-Fe XRD pattern.

The Nb impurity in iron may explain the other features of the sample under study
as well. The value of the hyperfine magnetic field for the maximally split component
(333 kOe), which is associated with iron atoms without the niobium atoms in the first shell,
is somewhat higher than for the α-Fe (330 kOe). Previously, in Ref. [44] it was reported
that Nb impurity has a slight positive effect on the magnetic moments of iron atoms in its
third coordination sphere and beyond. Thus, some parts of the iron may be perturbed by
distant niobium atoms leading to an increase in the magnetic moment and, consequently, a
hyperfine magnetic field at the nuclei. Moreover, the introduction of larger niobium atoms
should lead to an expansion of the bcc-Fe lattice. The lattice expansion also increases the
magnetic moment [55].

Since the precipitates in the implanted region may be considered as essentially single-
domain particles, the magnetization reversal process in them is not defined by the domain
wall dynamics but is governed by the magnetocrystalline anisotropy. For single-domain
α-Fe particles, the maximum value of the coercive field is ~540 Oe [56]. The observed
coercivity of the LiNbO3:Fe sample exceeds this value. For cubic crystals, the coercive field
may be considered as:

HC ∼ K1

/
MS

(2)

where K1—the first order magnetocrystalline anisotropy and MS—saturation magnetization.
Thus, there are two ways to increase the coercive field, namely a reduction in MS and an
increase in K1.

As was shown above, the magnetic moments of iron atoms in the vicinity of the
niobium impurities are decreased, and, consequently, the magnetization of the whole
magnetic system is also reduced. The mean value of the hyperfine magnetic field of the
magnetically ordered component was estimated as 303 kOe and, consequently, the mean
magnetic moment is 2.02 µB/Fe instead of 2.2 µB/Fe for α-Fe. Such a decrease in the
magnetization can little increase the coercivity but may not be sufficient for interpretation.
Furthermore, magnetization typically raises under crystal lattice expansion which is driven
by the introduction of larger Nb atoms in bcc-Fe in our case.
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Niobium content can affect magnetocrystalline anisotropy as well. Indeed, the mag-
netocrystalline anisotropy is determined by spin-orbit coupling, which is raised with the
atomic number and, consequently, it is not so high in cubic 3d metals. One is the reason
for the relatively low magnitude of the coercive fields of these materials [57]. The addition
of heavier niobium atoms may enhance the spin-orbit coupling in the system. Moreover,
lattice expansion also leads to some increase in magnetocrystalline anisotropy.

4. Conclusions

We have investigated a LiNbO3 single crystal implanted with 40 keV iron ions to the
fluence of 1.5·1017 ions/cm2. The magnetic properties of the sample were characterized
by both the bulk (magnetometry) and microscopic (conversion electron Mössbauer spec-
troscopy) methods. The formation of unusual nanosized Fe-Nb solid solution precipitates
and traces of Fe2Nb phases were revealed. The Fe-Nb precipitates are responsible for the
bulk ferromagnetic properties of the studied sample at room temperature. In our sample,
the concentration of niobium impurity reaches 12 at.% which is notably higher than its bulk
solid solubility limit. We show that this impurity, on the one hand, reduces the saturation
magnetization of the sample, and, on the other hand, increases the coercive field of the
magnetic system.
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Magnetic Phases and High Curie Temperature Ferromagnetism in Fe57-Implanted ZnO Film. J. Magn. Magn. Mater. 2015, 373,
83–85. [CrossRef]

36. Read, D.A.; Hallam, G.C.; Sahota, M.S.; Mustaffa, A. The Magnetic Properties of Fe-Nb Alloys. Phys. B+C 1977, 86–88, 66–68. [CrossRef]
37. Paduani, C.; Schaf, J.; Persiano, A.I.C.; Raposo, M.T.; Ardisson, J.D.; Takeuchi, A.Y. Observation of Weak Ferromagnetism in the

C14 Laves Phase of the (Fe1−xNix)2Nb System. Phys. Status Solidi 2009, 246, 1362–1365. [CrossRef]
38. Crook, M.R.; Cywinski, R. Magnetic Transition in Nb1−yFe2+y. J. Magn. Magn. Mater. 1995, 140–144, 71–72. [CrossRef]
39. Massalski, T.B.; Murray, J.L.; Bennett, L.H.; Baker, H. Binary Alloy Phase Diagrams, 1st ed.; American Society for Metals: Metals

Park, OH, USA, 1986; Volume 1, 1100p.

https://doi.org/10.1016/j.jallcom.2018.07.302
https://doi.org/10.1002/9781118935743
https://doi.org/10.1103/Physics.2.20
https://doi.org/10.1201/9781315372532
https://doi.org/10.1021/jp000114x
https://doi.org/10.1038/s41563-018-0275-2
https://doi.org/10.1016/b978-0-12-811180-2.00022-0
https://doi.org/10.1038/asiamat.2010.32
https://doi.org/10.1007/978-981-15-4607-5
https://doi.org/10.1103/PhysRevB.82.054402
https://doi.org/10.1080/14786436908217771
https://doi.org/10.1016/j.jallcom.2012.09.099
https://doi.org/10.1016/j.jallcom.2018.11.182
https://doi.org/10.1103/PhysRevB.73.172412
https://doi.org/10.1007/s10948-022-06341-2
https://doi.org/10.1063/1.4745053
https://doi.org/10.1016/S0920-2307(89)80005-2
https://doi.org/10.1016/j.jmmm.2021.167775
https://doi.org/10.1016/j.matchemphys.2012.07.058
https://doi.org/10.1016/j.tsf.2011.01.230
https://doi.org/10.3390/cryst12081095
https://doi.org/10.1016/j.nimb.2010.02.091
https://doi.org/10.1007/s00339-013-7911-0
https://doi.org/10.1016/j.vacuum.2021.110060
https://doi.org/10.1063/1.4867754
https://doi.org/10.1016/j.jmmm.2014.04.052
https://doi.org/10.1016/0378-4363(77)90228-5
https://doi.org/10.1002/pssb.200844462
https://doi.org/10.1016/0304-8853(94)00837-X


Magnetochemistry 2023, 9, 121 13 of 13

40. Raposo, M.T.; Ardisson, J.D.; Persiano, A.I.C.; Mansur, R.A. Characterization of Phases in the Fe-Nb System. Hyperfine Interact.
1994, 83, 235–238. [CrossRef]

41. Shannon, R.D. Revised Effective Ionic Radii and Systematic Studies of Interatomic Distances in Halides and Chalcogenides. Acta
Crystallogr. Sect. A 1976, 32, 751–767. [CrossRef]

42. Keune, W.; Date, S.K.; Dézsi, I.; Gonser, U. Mössbauer-effect Study of Co57 and Fe57 Impurities in Ferroelectric LiNbO3. J. Appl.
Phys. 1975, 46, 3914–3924. [CrossRef]
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