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Abstract: Iron niobates, pure and substituted with copper (Fe;_,CuxNbO,4 with x = 0-0.15), were
prepared by the solid-state method and characterized by X-ray diffraction, Raman spectroscopy, and
magnetic measurements. The results of the structural characterizations revealed the high solubility of
Cu ions in the structure and better structural stability compared to the pure sample. The analysis
of the magnetic properties showed that the antiferromagnetic-ferromagnetic transition was caused
by the insertion of Cu?* ions into the FeNbO, structure. The pure FeNbOy structure presented an
antiferromagnetic ordering state, with a Néel temperature of approximately 36.81K. The increase
in substitution promoted a change in the magnetic ordering, with the state passing to a weak
ferromagnetic order with a transition temperature (T¢) higher than the ambient temperature. The
origin of the ferromagnetic ordering could be attributed to the increase in super-exchange interactions
between Fe/Cu ions in the Cu?*-O-Fe3* chains and the formation of bound magnetic polarons in the

oxygen vacancies.

Keywords: structure properties; magnetic transition; antiferromagnetic—ferromagnetic

1. Introduction

FeNDbOj is a polymorphic compound that crystallizes in three different crystalline
phases depending on the annealing temperature [1].Considered an n-type semiconductor,
it has a narrow bandgap of 1.81-2.25 eV [2,3], making it attractive for multipleapplications,
e.g., as a photocatalyst [4,5], due to its excellent visible light activity attributed to the
higher energy levels of the Nb 4d orbital;in gas sensors [3], capacitors [6], and lithium-ion
batteries [7,8]; and as an anode material in solid oxide fuel cells (SOFCs) [9].The most stable
phase, under ambient conditions, has monoclinic symmetry (m-FeNbOy, space group P2/c)
and is obtained at temperatures below 1085 °C [10]. Its structure has ordered cations, with
both Fe** and Nb>* forming regular octahedra, coordinated by six oxygen ions, forming zig-
zag chains of FeOg4 and NbOg (see Figure 1a) [10,11]. A crystal structure with orthorhombic
symmetry (o-FeNbOy, Pbcn space group) is formed in the temperature range of 1085 to
1380 °C [12].Unlike the m-FeNbO, phase, above 1100 °C, the distribution of cations in
this structure becomes disordered. Above 1380 °C, it crystallizes in the tetragonal phase
(t-FeNbOy, space group P42/mnm) [12,13].

The order/disorder of the cations and the super-exchange interactions via oxygen
are significant for the magnetic properties of these compounds, and the degree of the
order depends on the specific conditions of synthesis [14]. m-FeNbOy is isostructural to
FeWQy,, with the sharing of the edges of the Fe-O-Fe octahedral chains resulting in magnetic
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ordering, forming infinite ferromagnetic (FM) sheets along the [1 0 0] direction [1]. Cross-
chains of Fe-O-Nb-O-Fe result in antiferromagnetic (AFM) arrangements and, therefore,
in net antiferromagnetism [15]. Recently, Wang et al., through theoretical calculations of
functional density (DFT), hypothesized the existence of three distinct and stable magnetic
ordering configurations, which can be explained as the possible formation of magnetic
domains in the material [10].
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Figure 1. (a) Structural representation of FeNbOy; (b) XRD standard for CuyFe;_,NbO4 samples
(x = 0-0.15); (c,d) adjustment profiles for x = 0 and 0.15, respectively (Rietveld refinement).

The o-FeNbOy phase presents different magnetic behavior to the monoclinic phase.
Cationic disorder disrupts the super-exchange, intra-chain, and inter-chain pathways,
resulting in the absence of any magnetic ordering up to 4.2 K [1]. Lakshminarasimhan
et al. compared the magnetic properties of both phases (m- and o-FeNbOy) and observed
that cationic disorder in the orthorhombic structure could lead to magnetic frustration
and thus induce spin-glass behavior, as well as spin-glass characteristics, such as memory
effects [15].

The antiferromagnetic—ferromagnetic transition is a phenomenon that has been re-
ported for several structures, such as FeRh [16], CeFe; [17], ZnO [18,19], LaFeOs perovskite-
like structures [20], LaMnOs [21,22], LaMng 5Nig 503 [23], YTiO3 [24], and LaCoO3 [25].
Several mechanisms have been suggested to explain the nature of the ferromagnetic state
of these compounds: super-exchange, based on localized electronic interactions through
an oxygen ion; double exchange via charge transfer; and itinerant electronic ferromag-
netism [25].

Replacement at the lattice site by ions with different ionic radii is an effective way
to modulate the crystal structure and magnetic ordering, which results in a reduction in



Materials 2022, 15, 7424

30f12

the AFM and an increase in the FM of La;_,AxFeOs (A = Bi, Al, Zn, Ce, etc.) [20]. An-
other way to modulate the magnetic ordering is substitution with non-magnetic acceptor
ions, whereby the magnetic transition arises from super-exchange interactions between
mixed-valence magnetic ions, as reported for the compound La;_,SryMng 5Nip 503 [23].
Oxygen-mediated super-exchange interactions also play an essential role in magnetic
ordering properties. Oxygen deficiency can change the magnetic ordering in structures
such as LaCoOj [25] and LaMnOjs [22]. One of the most efficient methods for chang-
ing the magnetic ordering is magnetic ion doping. Co-doping with the magnetic ions
Cu and Fe is reported to be the main cause of the emergence of ferromagnetism in
Zn0O [18,19].

Ferromagnetic semiconductor materials have attracted much interest due to their
potential application as spin-polarized carriers and their easy integration in semiconductor
devices [19].

In this work, we evaluated the influence of the substitution of Fe3* ions with Cu?* ions
on the structural and magnetic properties of ordered-structure FeNbO,. Our results showed
that copper insertion induced an antiferromagnetic—ferromagnetic transition, which may
have been associated with the increase in ferromagnetic interactions caused by the rise in
super/exchange interactions between Cu?*-O-Fe®* ions and the contribution of defects
such as oxygen vacancies.

2. Materials and Methods

Fe;_xCuxNbO4 samples (x = 0-0.15) were prepared by the modified solid-state reaction
method. The compounds iron III nitrate (Fe(NOj3)3-9H,0), copper oxide (CuO), and
niobium pentoxide (NbyOs) were calculated stoichiometrically and dissolved in ethanol.
The product was dried at 80 °C for 1 h in a mini-muffle furnace and sintered at 1050 °C for
16 h in an ambient atmosphere.

Structural characterization was carried out by X-ray diffraction (XRD) performed on a
Miniflex instrument (Rigaku, Tokyo, Japan) using Cu-Ke radiation (A = 1.54 A) in the range
of 10-80° with a 0.01° step and a counting time step of 2 s. The lattice parameters of the
crystal structures were refined using the Rietveld method with GSAS software.

Raman spectroscopy was carried out with a T64000 spectrometer (HORIBA-Jobin
Yvon, Kyoto, Japan) using a 100 nW laser (A = 514.5 nm) as an excitation source, with
2 cm™! of spectral resolution. The temperature-dependent magnetization (field-cooled
(FC) and zero-field-cooled (ZFC)) and magnetization (M) versus applied magnetic field
(H) curves were obtained at a low temperature and ambient temperature using a physical
property measurement system (PPMS) (Quantum Design, Les Ulis, France).

3. Results and Discussion
3.1. Structural Analysis

The samples were first characterized by XRD at room temperature. The resulting
patterns are shown in Figure 1b. The analysis revealed that the samples presented a
monoclinic phase, belonging to the P2/c space group (No. 13), indexed through the ICDD
standard (00-070-2275), with the reflection planes (001) and (110) observed at 19.30° and
23.6° being characteristic of this type of structure [15]. Impurities were also observed, which
were indexed with the following phases: Nb,Os5 (ICSD-017027), NbO, (ISCD-035181), and
Fe;O3 (ICSD-082903). In Figure 1c,d, the patterns fitted by Rietveld refinement to x = 0 and
0.15 are presented, respectively.

The values obtained for the refinement quality factors Ryp, Rp, and x2 indicated that
the refined results were reliable. The results obtained for all samples are listed in Table 1.
The insertion of Cu?* ions did not promote significant changes in the lattice parameters of
the structure (see Table 1). However, it did cause local changes in the octahedral sites FeOg
and NbOg (see Figure 1a) regarding the bond length and angle at each site.
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Table 1. Structural parameters and quality factors obtained by refinement.
Samples 0.00 0.05 0.10 0.15
a(A) 4.650(3) 4.651(6) 4.651(5) 4.652(9)
Lattice b (A) 5.616(8) 5.619(0) 5.620(2) 5.623(7)
parameters c (z(;\) 4.996(3) 4.99(0) 4.997(5) 4.999(5)
a(”) 90 90 90 90
B(©) 90.181(4) 90.130(4) 90.120(9) 90.079(4)
v(© 90 90 90 90
V(A3) 130.5 130.42 130.64 130.81
Fe-O1 x 2(A) 1.93 1.95 2.03 1.9
Fe-O2 x 2(A) 2.04 212 218 2.1
Fe-02 x 2(A) 2.07 2.02 2.04 2.11
Bond leneth Nb-O1 x 2(A) 2.02 1.87 1.96 1.84
ond lengt Nb-O1 x 2(A) 22 2.16 2.05 1.98
Nb-02 x 2(A) 1.86 1.87 1.83 1.84
Bond anele Fe-O-Fe(%) 98.84 99.09 97.5 96.94
& Nb-O-Fe(?) 125.19 127.95 12343 129.03
x> 7.034 2.61 6.95 4.50
Quality factors Ruwp (%) 3.21 2.29 3.82 3.13
Rp (%) 2.20 5.5 3.13 8.00

The term x? in Table 1 indicates that this bond was repeated in the octahedron (see
Figure 2b). A reduction in the Nb-O bond length was observed, while the Fe-O bond length
increased because of the substitution. This was expected due to the small difference in
the ionic radius of the substituent (Fe3‘r =0.064 nm and Cu?* = 0.073 nm), since the lattice
parameters did not undergo significant changes with doping, providing overall structural
stability. The absence of the CuO phase may indicate that Cu®* ions replaced Fe>* ions at
site A, which was confirmed by Rietveld refinement with the respective occupancy fractions
4,8.5 and 14% (x = 0.05, 0.10, and 0.15). In addition, the majority phase of m-FeNbO,4 was
quantified as 96, 97, 98, and 100% for x = 0, 0.05, 0.10, and 0.15, respectively.

3.2. Raman Spectroscopy

According to group theory, the calculations for the space group P2/c (No. 13), with
point symmetry Cyy,, showed that the 3N degrees of freedom for the 12 atoms in each
primitive cell were divided into 36 modes of vibrations, as follows:

T'Vibration = 8Ag + 10Bg +8Au + 10Bu, 1)

where all even vibrations (g) are Raman active and all odd vibrations (u) are IR active [26-29].
Of the 18 possible active Raman vibration modes, at least 16 distinct vibration bands were

identified in the spectra shown in Figure 2a. Prominent vibration frequencies were located

at 110, 135, 150, 175, 213, 226, 274, 303, 321, 362, 392, 416, 467, 498, 597, and 818 cm 1. The

622 cm~! band observed for x = 0 was attributed to the vibration modes associated with

the secondary phases of NbO, and Nb,Os [30], previously confirmed by XRD (Figure 1b).
Based on the calculations of structures belonging to the same point group, it was possible

to identify the attributions of each vibration mode [27,31] (see Table 2).



Materials 2022, 15, 7424

50f12

a)

Raman Intensity (arb. units)

Raman Intensity(arb. units)

b)

f A_ Nb-O1(2) Fe-02(2)

750 800 850 900

5 Wavenumber(cm™) Nb-O1 ( 1 )

Raman Int. (a.u

Fe-Ol Fe-02(1)

150

300

450
Wavenumber (cm™)

600 750 900

r 1400
o x=0.10 60 I
Lorentz fitting a i o
oS o 52" ~} 12005
" N U _ L822 " g | =
S 351 Y. T - e--FWHM = 1000 5
. . -1 — ’/ ~ E . - " - i ::‘: L 'D
B 2 S i a N - -™- - Raman Shift | - 5; L E
% i = N - -@- - Intensity c - B
2 T L <+ =
=50 F i J/ % i 820 E E
i - r{j o
Lg19  Feo0 S
asr =1 Vibration mode - 818 cm™ "2 s Lo
L 1 1 1 i L i L i . | ,
150 300 450 600 750 900 0.00 0.05 0.10 0.15

Wavenumber(cm)

Concentration, Cu (x)

Figure 2. Raman Fe;_,CuyxNbOy spectroscopy (x = 0.0-0.15). (a) inset shows the peak magnification
at 818 cm~! evidencing the Raman shift as a function of the Cu insertion; (b) schematic representation
of NbOg and FeOg octahedral symmetry and their respective connections; (c) fit profile calculated for
x = 0.10, the colored lines show the deconvolution of peaks; (d) FWHM, intensity, and Raman shift
due to Cu substitution.

All 16 bands detected were attributed to the vibrations of the FeNbO4 monoclinic
phase base units [4,8,32]. Low-frequency modes below 303 cm ™! are vibration modes that
originate from network vibrations [32]. The most intense peaks identified in the regions
of higher frequencies, 362, 597, and 818 cm !, were associated with the frequencies of the
internal vibration modes of the NbOg octahedrons corresponding to the balance symmetries
and stretching of the Nb-O bonds [32].

The strong interactions between ions caused sharper and more intense Raman modes [33].
Therefore, the most intense modes at 818, 597, and 362 cm ™! suggested the existence of
strong interactions in the NbOg octahedron.

The Raman spectra were fitted using the peak profile of the Lorentz distribution
to confirm the effect of Cu?* substitution on the vibrational characteristics of the Nb-O
bonds; the results are shown in Figure 2c. The broad peak near 600 cm~! was indicative
of overlapping vibration modes, so we set it to three modes. The mode at 597 cm~! was
attributed to the m-FeNbOj phase, that at 615 cm ™! was associated with the contribution
of oxygen vacancies (Vo) [34], and that at 662 cm ! corresponded with the vibration modes
of Nb,Os impurities. The Raman shift, width at half height, and the intensity of the Nb-O
symmetric stretching modes at 818 cm ™! are shown in Figure 2d.
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Table 2. Active Raman modes and assignments.

Wobs (cm™1)

Band No. Symmetry 0 0.05 010 015 Assignments
1 Bg 110 Rotational mode of NbOg around an axis perpendicular to the b-axis
2 Ag 135 137 137 137 Rotational mode of NbOz_ around the b-axis
3 Bg 150 151 150 150  Rotational mode of NbOif around an axis perpendicular to the b-axis
4 Bg 175 176 175 175 Translational mode parallel to the ac-plane
5 Ag 213 212 212 212 Translational mode along the b-axis
6 Bg 226 227 226 225 Translational mode parallel to the ac-plane
7 Ag 274 277 276 276 Translational mode along the b-axis
8 Bg 303 304 303 303 Translational mode parallel to the ac-plane
9 Ag 322 322 321 321 Scissors mode of NbO3 ™
10 Ag 362 366 364 364 Scissors mode of NbO%f
11 Bg 392 394 391 392 Translational mode parallel to the ac-plane
12 Bg 416 415 415 415 Rocking mode of NbO3 -
13 Bg 467 468 468 468 Rocking mode of NbO; ™~
14 Ag 498 500 498 500 Twist mode of NbO?[ around the b-axis
15 Bg 597 598 597 601 Stretching mode of NbO3
16 Ag 818 821 822 823 Stretching mode of NbO; ™~

The increase in the Raman shift due to the rise in doping was attributed to the shrink-
age of the Nb-O bonds [4]. The reduction in the NbOg octahedron could be attributed to
the insertion of ions with a smaller ionic radius in the A site, resulting in a smaller bond
length (see Table 1). Additionally, a decrease in intensity and an increase in FWHM values
were observed in the main vibration modes at 362, 597, and 818 cm !, which implied that
the degradation of the ordered structure and the disordered arrangement of the A-site ions
were the causes of the Raman spectrum broadening [33]. Thus, the increase in the substi-
tution of Fe®* ions by Cu?*ions in the ordered structure increased the cationic disorder,
which was directly reflected in the magnetic ordering of the structure.

3.3. Magnetic Properties

The compound FeNbQy, in the monoclinic phase, is reported in the literature to have
a structure with a liquid antiferromagnetic order due to the FM and AFM competitions
associated with the interactions between the octahedral Fe-O-Fe chains and the crossed
Fe-O-chains. Nb-O-Fe [1,14,15]. The results obtained through magnetic characterizations,
the magnetization measurements as a function of temperature (FC and ZFC), and the
field-dependent magnetization are shown in Figure 3a, which confirmed the antiferromag-
netic nature with a Néel temperature of approximately 36.81K. The magnetic transition
temperature (TN) was defined by the derivative of the product of susceptibility with tem-
perature (d(xT)/dT) and the derivative of susceptibility concerning temperature (dx/dT),
see Figure 3b. Generally, a peak in dx/dT represents a PM (paramagnetic) to FM (ferro-
magnetic) transition region. For PM to AFM transitions, it has been shown theoretically
and experimentally that the peak accurately determines TN in d(xT)/dT since xT is propor-
tional to the magnetic energy near TN in an antiferromagnet. Thus, the peak in d(xT)/dT
corresponds to the peak in specific heat [35]. In our case, the peaks of both derivatives were
in the same region (36.81K), confirming the magnetic transition region.

The ZFC and FC curves showed similar behavior, with a smooth drop below TN, which
may have been associated with weak AFM interactions in the structure [15] (Figure 3a). We
also observed an increase in magnetization below 29K, which could be attributed to short-
range spin interactions with a small fraction of Fe** in the niobium chains [15], as well as
the contribution of x-Fe,Os secondary-phase ferromagnetic interactions. Figure 3c provides
the M x H curves measured for x = 0 at 5 and 300K, respectively. In the insert of Figure 3c,
one can observe a small gap in the hysteresis curve for the M vs. H curve measured
at 300K, with respective coercive field (Hc) and remanent magnetization (Mr) values of
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Hc = 201.5 Oe and Mr = 0.156 emu/ g, which could be attributed to the contributions of the
impurities present in the sample.
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Figure 3. (a) Magnetization as a function of temperature (FC and ZFC) with an applied field of 250 Oe
(FC)—inset shows the inverse of susceptibility as a function of temperature x~1/7) adjusted by the
Curie-Weiss law; (b) derivative of the product of susceptibility with temperature (d(xT)/dT) and
derivative of magnetic susceptibility (dx/dT) as a function of temperature for x = 0.0, showing the
Néel transition temperature; (c) magnetization curves as a function of applied field (M-H) measured
at 5 and 300 K for x = 0.0; (d) M-H curves measured at 5 and 300 K for x = 0.05.

The inverse magnetic susceptibility data, obtained from the curve in ZFC mode,
were fitted, as shown in the inset of Figure 3a. Above 60K, they displayed paramagnetic
behavior according to the Curie-Weiss law (x = C/(T — 0)), where C is the Curie-Weiss
constant, By is the Curie-Weiss temperature, and T is the absolute temperature. The
values obtained were C = 2.56 emu-K/g Oe and 6 = —122 K, respectively. The negative
Bcw value confirmed the antiferromagnetic nature. The effective magnetic moment was
calculated using the Curie constant according tothe following relationship:

WP = V/&Ch, @

where p is the Bohr magneton [15]. The effective magnetic moment obtained was 4.53 pp
for Fe3*, which agreed with the values reported in previous works [11,15].

The influence of Cu?* insertion on the magnetic properties of FeNbO,4 was evaluated
as follows. Figure 3d shows the magnetization versus temperature curves (M-H) measured
at 5 and 300K for x = 0.05. The insertion of 5% Cu?* promoted a significant increase
in magnetization and changed the behavior of the curves for low fields (see the inset in
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Figure 3d). This result indicated that the change in magnetic ordering in the structure began
as a result of replacement. Figure 4a shows the M—H curves as a function of the increase in
Cu?* insertion, where one can observe a significant change in the curve’s behavior as a result
of substitution, i.e., the magnetic transition induced by the insertion of Cu?* ions into the
FeNbOj structure. The curves for x = 0.10 and 0.15 showed weak ferromagnetic behavior,
with respective values of Hc = 85 Oe, Mr = 0.25 emu/g and Hc = 41 Oe, Mr = 0.19 emu/g
(inset in Figure 4a). The M-H curves measured at 5K are shown in Figure 4b, where an
increase in magnetization and the coercive field and remanent magnetization values can be
observed: Hc = 140 Oe, Mr = 0.54 emu/g and Hc = 73.3 Oe, Mr = 0.39emu/g for x = 0.10
and 0.15, respectively (inset in Figure 4b).
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Figure 4. (a) Hysteresis curves (M-H) at room temperature for x = 0-0.15; (b) M-H curves measured
at 5 K for x = 0.10 and 0.15; (c) adjustments of the M-H curves at 300K for the BMP model for x = 0.05,
0.10, and 0.15; (d) initial saturation magnetization (M) as a function of Cu?* substitution extracted
from the fitted model.

To try to understand the main mechanisms responsible for the origin of magnetism in
the doped FeNbOy structure, the bound magnetic polaron (BMP) model was proposed:

M= MOL(X) + xmH, 3)

where the first term represents the contribution of the BMP, and the second term represents
the contribution of the paramagnetic matrix. The value of My is equal to Npxms, where
Ny is the density number of BMPs involved per cm?, and my is the effective spontaneous
magnetic moment per BMP. L(x) is the Langevin function defined as L(x) = coth(x)—1/x,
where x = e H/KpT. pegf is the true spontaneous moment per BMP at room temperature
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approximated by peg~ms [36]. Hegr can be expressed in Bohr magneton units, see Table 3.
Figure 4c shows the fit of the M—H curves for the BMP model, where one can see that
the experimental data perfectly fit the proposed model, and the theoretical parameters
extracted can be seen in Table 3.

Table 3. Parameters obtained by fitting to the BMP model.

Samples (x) M, (emu/g) Xm (emu/g Oe) mg (emu) Np (cm—3) Hett (UB)
0.05 0.01139 (0.00005)  0.00204 (+0.00008) 1.32 x 10-23 8.62 x 1020 1.42
0.10 4.166 (4-0.03) 0.0196 (0.0009) 1.11 x 10~ 3.74 x 108 1.20
0.15 6.40 (£0.05) 0.0233 (4-0.001) 1.14 x 10-23 5.61 x 102 1.23

The theoretical BMP model affirmed that the presence of magnetic carriers and defects
such as oxygen vacancies were the main factors responsible for the magnetism of defects
induced by carriers, which formed magnetic polarons. Therefore, substitution with a lower
oxidation state could increase the generation of oxygen vacancies that behave like polarons,
altering the material’s magnetic properties [36].

The increased insertion of Cu?* ions caused a magnetic transition from antiferromag-
netic to weak ferromagnetic. The increase in the initial saturation magnetization as a result
of substitution can be seen in Figure 4d. Our results showed that the origin of magnetism
in the Fej_4CuxNbO, may have been associated with the contribution of super-exchange
interactions between Cu?*-O-Fe>* as well as induced defects such as oxygen vacancies that
behaved as bound magnetic polarons. Figure 5 shows an illustrative scheme that helps elu-
cidate the change in magnetic ordering and the contribution of each interaction. Figure 5a
shows a net AFM configuration in the structure as already reported in the literature for
m-FeNbO; [10]. This configuration contains FM interactions associated with Fe-O-Fe in-
teractions and AFM interactions associated with Fe chains mediated by Nb, resulting in a
liquid AFM order. In Figure 5b, an FM configuration for x = 0.10 is provided as an example.
The yellow underlined circle shows a possible FM interaction for Cu?*-O-Nb-O-Fe>*. The
theoretical magnetic moment of copper (pcy = 1.73up) is much smaller than that of iron
(1pe = 5.9up), so the substitution could promote this configuration state. However, these
interactions alone may not be enough to encourage the transition or explain our results. In
this way, the polaron model was proposed and helped us to understand the contribution of
defects to the magnetic properties of our samples.

Figure 5. Representative illustration of the magnetic ordering configurations: (a) AFM and (b) FM.

In Figure 5b, the area highlighted in red shows the regions of possible magnetic
polaron formation due to oxygen vacancies. The center of a polaron is occupied by a defect,
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such as an oxygen vacancy, which would be responsible for aligning the spins of the closest
elements. Atoms that are not close enough to an oxygen vacancy do not align and may
even form an AFM configuration [37].

The fit data can show us the density of polarons (Np) formed, which was in the order of
10%0-10%3 and increased as more polarons formed (see Table 3); this order of magnitude was
sufficient to make significant contributions to the magnetic properties [38]. Each polaron
formed could contribute an effective polaron magnetic moment (j,) of approximately
1.2 pg. Thus, we could determine that the AFM/FM transition was the origin of FM
interactions between CuZ*-O-Fe3* ions, with a contribution from defects.

4. Conclusions

We prepared samples of Fe;_,CuxNbO;, (x = 0-0.15) by the conventional solid-state
reaction method. Structure analysis by XRD and Raman spectroscopy confirmed the
monoclinic phase of FeNbO, and the presence of impurities (Fe;O3, NbOy, and Nb,Os).
The refinement experiments confirmed the substitution of Cu* in the Fe site and quantified
the obtained phase fractions. The increase in the insertion of Cu?* did not cause significant
changes in the network parameters. However, it promoted local changes in each network
site. The Raman spectroscopy results complemented and confirmed the XRD results. The
results confirmed the monoclinic phase and the local changes promoted by the insertion of
Cu?* (oxygen vacancies). Studies of the magnetic properties confirmed the AFM nature
of the pure sample, as well as evidence of a magnetic transition caused by the insertion
of Cu?" into the structure. The insertion of ions in the lower oxidation state induced the
generation of oxygen vacancies that behaved like magnetic polarons and contributed to
the change in magnetic ordering. Adjustments to the bound magnetic polaron model
confirmed the contribution of structural defects to the magnetic properties. The AFM to
FM transition could be associated with exchange interactions between Cu?*-O-Fe3* ions
and the contribution of defects such as oxygen vacancies.

Author Contributions: D.S.E. and M.A.M.—conceptualization, methodology, original draft prepa-
ration, and data analysis; R.EJ., J]M.S., R.B.S. and G.D.S.—data collection; N.S.F., R.S.M. and
M.S.—writing (review and editing). All authors have read and agreed to the published version
of the manuscript.

Funding: This research was partially funded by the Brazilian funding agencies Conselho Nacional
de Desenvolvimento Cientifico e Tecnolégico (CNPq), grants number 147782 /2019-8, 309054/2019-
2, 309054 /2019-2 and 141486/2021-0, and Coordenacao de Aperfeicoamento de Pessoal de Nivel
Superior (CAPES), finance code 001.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: G.D. Saraiva acknowledges the support from FUNCAP/Edital N 03/2019 (pro-
cess DEP-0164- 00350.01.00/19); MCTI/CNPQ/ Universal 28/2018 (grant number 426995/2018-0);
and MCTI/CNPQ PQ—09/2020 (grant number 311898/2020-3).

Conflicts of Interest: The authors declare no conflict of interest.

1. Harrison, W.; Cheetham, A. Structural and Magnetic Properties of FeNbOy-II. Mater. Res. Bull. 1989, 24, 523-527. [CrossRef]

2. Ahmed, S.H.; Bakiro, M.; Alzamly, A. Effect of PH and Surfactant on Band Gap Properties of Monoclinic FeNbOy Prepared via
Different Routes. Nano-Struct. Nano-Objects 2019, 20, 100400. [CrossRef]

3. Balamurugan, C.; Maheswari, A.R.; Lee, D.W.; Subramania, A. Selective Ethanol Gas Sensing Behavior of Mesoporous N-Type
Semiconducting FeNbO,; Nanopowder Obtained by Niobium-Citrate Process. Curr. Appl. Phys. 2014, 14, 439-446. [CrossRef]

4. Cho, I.-S,; Lee, S.; Noh, J.H.; Choi, G.K; Jung, H.S.; Kim, D.W.; Hong, K.S. Visible-Light-Induced Photocatalytic Activity in
FeNbOy4 Nanoparticles. J. Phys. Chem. C 2008, 112, 18393-18398. [CrossRef]


http://doi.org/10.1016/0025-5408(89)90098-6
http://doi.org/10.1016/j.nanoso.2019.100400
http://doi.org/10.1016/j.cap.2013.11.052
http://doi.org/10.1021/jp807006g

Materials 2022, 15, 7424 11 of 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Jones, BM.E; Maruthamani, D.; Muthuraj, V. Construction of Novel N-Type Semiconductor Anchor on 2D Honey Comb
like FeNbO, /RGO for Visible Light Drive Photocatalytic Degradation of Norfloxacin. J. Photochem. Photobiol. A Chem. 2020,
400, 112712. [CrossRef]

Devesa, S.; Graga, M.P,; Henry, F,; Costa, L.C. Dielectric Properties of FeNbO, Ceramics Prepared by the Sol-Gel Method. Solid
State Sci. 2016, 61, 44-50. [CrossRef]

Wang, T.; Shi, S.; Kong, F; Yang, G.; Qian, B.; Yin, F. The Role of Stable Interface in Nano-Sized FeNbOy as Anode Electrode for
Lithium-Ion Batteries. Electrochim. Acta. 2016, 203, 206-212. [CrossRef]

Sri Devi Kumari, T.; Vinith Gandhi, R.; Rahul, G.; Kamalanathan, G.; Prem Kumar, T.; Jeyakumar, D.; Lakshminarasimhan, N.
Electrochemical Lithium Insertion Behavior of FeNbOy: Structural Relations and in Situ Conversion into FeNb,Og during Carbon
Coating. Mater. Chem. Phys. 2014, 145, 425-433. [CrossRef]

Liu, X,; Xie, D.; Irvine, ].T.S.; Ni, J.; Ni, C. An FeNbO4-Based Oxide Anode for a Solid Oxide Fuel Cell (SOFC). Electrochim. Acta.
2020, 335, 135692. [CrossRef]

Wang, X.; Santos-Carballal, D.; de Leeuw, N.H. Density Functional Theory Study of Monoclinic FeNbOy: Bulk Properties and
Water Dissociation at the (010), (011), (110), and (111) Surfaces. J. Phys. Chem. C. 2021, 125, 27566-27577. [CrossRef]

Liu, C.B.; Chen, R;; Yue, X.Y,; Liu, Y.J.; Shi, M.M.; Zhu, H.P;; Dong, C.; Liu, Y.; Han, Y.B.; Wang, J.F; et al. Crystal Growth,
Magnetic Property and Phase Transition of the Zigzag-Chain Antiferromagnet FeNbOy. |. Magn. Magn. Mater. 2018, 464, 108-111.
[CrossRef]

Roth, R.S.; Waring, J.L. Ixiolite and Other Polymorphic Types of FeNbOy. Am. Mineral. 1964, 49, 242-246.

Theissmann, R.; Ehrenberg, H.; Weitzel, H.; Fuess, H. Domain Structure and Lattice Strains in FeNbOj. Solid State Sci. 2005, 7,
791-795. [CrossRef]

Ehrenberg, H.; Wltschek, G.; Theissmann, R.; Weitzel, H.; Fuess, H.; Trouw, F. The Magnetic Structure of FeNbOy. J. Magn. Magn.
Mater. 2000, 218, 261-265. [CrossRef]

Lakshminarasimhan, N.; Kumar, A.K.N.; Chandrasekaran, S.S.; Murugan, P. Structure-Magnetic Property Relations in FeNbOy,
Polymorphs: A Spin Glass Perspective. Prog. Solid State Chem. 2019, 54, 20-30. [CrossRef]

Li, G.; Medapalli, R.; Mentink, ].H.; Mikhaylovskiy, R.V.; Blank, T.G.H,; Patel, S. K K.; Zvezdin, A K.; Rasing, T.; Fullerton, E.E.;
Kimel, A.V. Ultrafast Kinetics of the Antiferromagnetic-Ferromagnetic Phase Transition in FeRh. Nat. Commun. 2022, 13, 2998.
[CrossRef]

Sokhey, K.J.S.; Chattopadhyay, M.K.; Nigam, A K.; Roy, S.B.; Chaddah, P. Signatures of Phase Separation across the Disorder
Broadened First Order Ferromagnetic to Antiferromagnetic Transition in Doped-CeFe, Alloys. Solid State Commun. 2004, 129,
19-23. [CrossRef]

Han, S.-J.; Song, J.W.; Yang, C.-H.; Park, S.H.; Park, J.-H.; Jeong, Y.H.; Rhie, K.W. A Key to Room-Temperature Ferromagnetism in
Fe-Doped ZnO: Cu. Appl. Phys. Lett. 2002, 81, 4212-4214. [CrossRef]

Shim, ]. H.; Hwang, T,; Lee, S.; Park, ].H.; Han, S.-J.; Jeong, Y.H. Origin of Ferromagnetism in Fe- and Cu-Codoped ZnO. Appl.
Phys. Lett. 2005, 86, 082503. [CrossRef]

Yao, Q.; Tian, C.; Lu, Z.; Wang, ]J.; Zhou, H.; Rao, G. Antiferromagnetic-Ferromagnetic Transition in Bi-Doped LaFeO3 Nanocrys-
talline Ceramics. Ceram. Int. 2020, 46, 20472-20476. [CrossRef]

Pavlov, V.I; Bychkov, G.L.; Bogush, A.K. Concentration Magnetic Phase Transitions in the (La;_CaxMnO3 System. Cryst. Res.
Technol. 1986, 21, 487-494. [CrossRef]

Trukhanov, S.V.; Lobanovski, L.S.; Bushinsky, M.V.; Troyanchuk, 1.O.; Szymczak, H. Magnetic Phase Transitions in the Anion-
Deficient Laj_yBaxMnO3_, /» (0 <x <0.50) Manganites. |. Phys. Condens. Matter. 2003, 15, 1783-1795. [CrossRef]

Troyanchuk, I.O.; Karpinsky, D.V.; Bushinsky, M.V.; Sirenko, V.A.; Sikolenko, V.V.; Franz, A. Antiferromagnet-Ferromagnet
Transition in Laj_,SrxMng5Nig 503 (0 < x < 0.2) Ceramics. Low Temp. Phys. 2017, 43, 982-985. [CrossRef]

Hameed, S.; El-Khatib, S.; Olson, K.P;; Yu, B.; Williams, T.J.; Hong, T.; Sheng, Q.; Yamakawa, K.; Zang, J.; Uemura, Y.J.; et al.
Nature of the Ferromagnetic-Antiferromagnetic Transition in Y;_yLaxTiOs. Phys. Rev. B. 2021, 104, 024410. [CrossRef]
Troyanchuk, 1.O.; Bushinsky, M.V.; Karpinsky, D.V,; Sirenko, V.A. Antiferromagnet-Ferromagnet Transitions in Cobaltites. Low
Temp. Phys. 2012, 38, 662-668. [CrossRef]

Liu, Y,; Wang, H.; Chen, G.; Zhou, Y.D.; Gu, B.Y,; Hu, B.Q. Analysis of Raman Spectra of ZnWO, Single Crystals. ]. Appl. Phys.
1988, 64, 4651-4653. [CrossRef]

Ishii, K.; Morita, N.; Nakayama, H.; Tsunekawa, S.; Fukuda, T. Raman Spectra of LaNbOy in the Ferroelastic Phase and the
Relaxation after the State Shift. Phys. Status Solidi. 1989, 112, 207-214. [CrossRef]

Basiev, T.T.; Karasik, A.Y.; Sobol, A.A.; Chunaev, D.S.; Shukshin, V.E. Spontaneous and Stimulated Raman Scattering in ZnWOy
Crystals. Quantum Electron. 2011, 41, 370-372. [CrossRef]

Ruiz-Fuertes, J.; Errandonea, D.; Lopez-Moreno, S.; Gonzélez, J.; Gomis, O.; Vilaplana, R.; Manjon, FJ.; Mufioz, A.; Rodriguez-
Hernandez, P; Friedrich, A.; et al. High-Pressure Raman Spectroscopy and Lattice-Dynamics Calculations on Scintillating
MgWOy: Comparison with Isomorphic Compounds. Phys. Rev. B. 2011, 83, 214112. [CrossRef]

Carvalho, R.C.; Mendonga, M.E.V,; Tavares, M.S.; Moreira, E.; Azevedo, D.L. Optoelectronic and Thermodynamic Properties,
Infrared and Raman Spectra of NbO, and Nb,Os5 from DFT Formalism. J. Phys. Chem. Solids. 2022, 163, 110549. [CrossRef]
Blasse, G. Vibrational Spectra of Yttrium Niobate and Tantalate. ]. Solid State Chem. 1973, 7, 169-171. [CrossRef]


http://doi.org/10.1016/j.jphotochem.2020.112712
http://doi.org/10.1016/j.solidstatesciences.2016.09.005
http://doi.org/10.1016/j.electacta.2016.04.045
http://doi.org/10.1016/j.matchemphys.2014.02.031
http://doi.org/10.1016/j.electacta.2020.135692
http://doi.org/10.1021/acs.jpcc.1c05452
http://doi.org/10.1016/j.jmmm.2018.05.055
http://doi.org/10.1016/j.solidstatesciences.2004.11.027
http://doi.org/10.1016/S0304-8853(00)00395-4
http://doi.org/10.1016/j.progsolidstchem.2019.03.001
http://doi.org/10.1038/s41467-022-30591-2
http://doi.org/10.1016/j.ssc.2003.08.036
http://doi.org/10.1063/1.1525885
http://doi.org/10.1063/1.1868872
http://doi.org/10.1016/j.ceramint.2020.05.146
http://doi.org/10.1002/crat.2170210411
http://doi.org/10.1088/0953-8984/15/10/324
http://doi.org/10.1063/1.5001300
http://doi.org/10.1103/PhysRevB.104.024410
http://doi.org/10.1063/1.4736615
http://doi.org/10.1063/1.341245
http://doi.org/10.1002/pssa.2211120123
http://doi.org/10.1070/QE2011v041n04ABEH014527
http://doi.org/10.1103/PhysRevB.83.214112
http://doi.org/10.1016/j.jpcs.2021.110549
http://doi.org/10.1016/0022-4596(73)90151-5

Materials 2022, 15, 7424 12 of 12

32.

33.

34.

35.

36.

37.

38.

Babu, R.; Kelkar, S.; Kashid, V.; Achary, S.N.; Salunke, H.G.; Gupta, N.M. Photophysical, Bandstructural, and Textural Properties
of 0-FeNbOy in Relation to Its Cocatalyst-Assisted Photoactivity for Water Oxidation. RSC Adv. 2014, 4, 33435-33445. [CrossRef]
Zhang, Q.; Xu, L,; Tang, X.; Huang, F; Wu, X,; Li, Y;; Jing, Y.; Han, Z.-K.; Su, H. Electronic Structure, Raman Spectra, and
Microwave Dielectric Properties of Co-Substituted ZnWO, Ceramics. J. Alloys Compd. 2021, 874, 159928. [CrossRef]

Gois, M.M.; Valenga, E.; Machado, R.; Lopez, E.O.; Mello, A.; Rodrigues, C.L.; Macédo, M.A. Study of Filament Resistive
Switching in New Pt/Cog,TiO3 5 /ITO Devices for Application in Non-Volatile Memory. Phys. Status Solidi 2018, 215, 1800369.
[CrossRef]

Thota, S.; Ghosh, S.; Maruthi, R.; Joshi, D.C.; Medwal, R.; Rajdeep, S.; Rawat, R.S.; Seehra, M.S. Magnetic ground state and
exchange interactions in the Ising chain ferromagnet CoNb,Og. Phys. Rev. B. 2021, 103, 064415. [CrossRef]

Bhardwaj, P; Singh, J.; Kumar, R.; Kumar, R.; Verma, V. Structural, Optical and Magnetic Characterization of Ni%* Ions Doped
Chromium Oxide (Cr,O3) Nanoparticles. Solid State Sci. 2021, 115, 106581. [CrossRef]

Wolf, P.A.; Bhatt, R.N.; Durst, A. Polaron-polaron interactions in diluted magnetic semiconductors. |. Appl. Phys. 1966, 79,
5196-5198. [CrossRef]

Franco, A.; Pessoni, H.V.S.; Soares, M.P. Room Temperature Ferromagnetism in Eu-Doped ZnO Nanoparticulate Powders
Prepared by Combustion Reaction Method. J. Magn. Magn. Mater. 2014, 355, 325-330. [CrossRef]


http://doi.org/10.1039/C4RA06059H
http://doi.org/10.1016/j.jallcom.2021.159928
http://doi.org/10.1002/pssa.201800369
http://doi.org/10.1103/PhysRevB.103.064415
http://doi.org/10.1016/j.solidstatesciences.2021.106581
http://doi.org/10.1063/1.361338
http://doi.org/10.1016/j.jmmm.2013.12.028

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Structural Analysis 
	Raman Spectroscopy 
	Magnetic Properties 

	Conclusions 
	References

