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Paramagnetism found in Mn-doped CuO nanofibers at room
temperature explained by XPS, XAS, and Rietveld method
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?e-mail: josealberto.duarte@unison.mx

cUniversidad Aut́onoma de Nuevo León, Fac. de Ingenierı́a Mećanica y Eĺectrica,
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CuO and 3% Mn-doped CuO nanofibers were synthesized employing the electrospinning method. X-ray diffraction (XRD) verified a mono-
clinic phase with a C 2/c space group. An electronic density analysis, obtained using Fullprof software, was projected on the (110) and (001)
planes for both materials, showing modifications in the Cu positions. This fact generated vacancies involved in the paramagnetism formation
in the Mn-doped CuO nanofibers, in contrast to the mixed magnetic phase composed by both ferromagnetic and paramagnetic behaviors
found in the undoped CuO. The vacancy amount was quantified by X-ray absorption spectroscopy (XAS) applying CASTEP software. In
addition, an analysis from Cu 2p XPS peaks supports the predicted Cu-Cu rearrangement by the Fullprof software study, while the presence
of Cu1+ confirms the substitution of Mn for Cu in the doped sample.
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1. Introduction

CuO is a well-known p-type semiconductor with a narrow
band-gap ranging from 1.27 to 2.1eV. It has a tenorite phase
(C6

2h (C2/c) space group) that includes octahedral sites, aris-
ing from the coordination of Cu atom with four atoms of O
[1,2]. In addition to its large surface area-to-volume ratio,
nanometric CuO is known for its excellent electronic, opto-
electronic, magnetic, catalytic, electrochemical, and photo-
voltaic properties. These qualities facilitate its use in various
applications, including semiconductor oxide sensors, opto-
electronic devices, catalysis, and superconductors [3].

The 1D CuO structures have been synthesized and stud-
ied especially in different nanostructures such as nanowires,
nanobelts, nanotubes, nanoribbons, nanorods, nanoflakes,
nanoflowers and nanofibers [6]. In particular, CuO nanofibers
have been analyzed in several studies, because their proper-
ties related to its nanodimension [1-7]. The nanofiber syn-
thesis has been performed by several methods: wet chem-
ical, thermal oxidation, electrochemical deposition, electro-
spinning. The last one stands out due to the easy preparation
method, efficiency and low-cost fabrication [2,3].

The magnetic properties of Doped CuO can differ from
those observed in the un-doped CuO material, as can be
shown through the detected magnetic phases, at room tem-
perature: a superparamagnetism in CuO nanoparticles [9-14]
or paramagnetism in Mn doped CuO nanoparticles [12,15].

The Full-prof suite allows to predict properties such as:

particle shape and size, de-formation, magnetic structure,
crystalline structure, XRD refinement, among others. The
crystalline structure calculation is very relevant because will
allow us to get the electron density, useful to know the posi-
tion evolution of the atoms due to the Mn doping. This re-
sults support that the position modifications predicted agree
with the paramagnetic be-havior in exhibited in the Mn doped
fibers.

We reported [6,7] information contained in Cu 2p and O
1s orbitals of CuO, analyzed and quantified by XPS tech-
nique. Specially, these pikes displayed a magnetic behavior,
through their deformation. These results agrees with those
reported by [9]. In addition, in Refs. [6,7,12] was shown
the presence of vacancies and hole (shake-up), whose effects
generate a structural deformation (Jahn-Teller effect) [4-8].

Paramagnetism is characterized by the orientation of
spins in relation to an applied magnetic field, both of which
are small and positive in magnitude. These magnetic prop-
erties have been investigated in CuO, which exhibits a ferro-
magnetic behavior of approx-imately2 × 10−2 emu/g [5-7]
and an antiferromagnetic phase between 230 K and 215 K
[5-7]. Furthermore, the susceptibility studies cited in refer-
ences [5-7] indicate that with a de-crease in particle size, the
antiferromagnetic (AFM) phase is absent. This phenomenon
is associated with the ellipsoidal shape of the particles, as de-
scribed by the author in their study [6].

The aim of this work is to support our previous study of
paramagnetism [12] with new information on the 3% Mn-
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doped CuO nanofibers using the results predicted by the Full-
prof here, about the modifications of the interatomic dis-
tances in the structure, obtained from the determined atom
density. In addition, from XPS results of Borciet al [9], cor-
roborated by us [6,7], the paramagnetic phase observed in
these references, can be explained too through the informa-
tion obtained from the VO quantification taken from CuO O
1s pike analysis and completed with the chemical coordina-
tion obtained from XPS Cu 2p orbital.

2. Materials and methods

2.1. Nanofiber synthesis

Preparation of solutions

The reagents employed for the CuO nanofiber synthesis were:
copper (II) acetate monohydrate (Merk, 99.99 trace metal ba-
sis), distilled water, Polyvinyl Alcohol (PVA, Sigma Aldrich,
180,000 W) and Manganese (II) acetate tetrahydrate (Merk,
ACS> 98%).

The polymeric undoped CuO nanofibers (A-NFs) were
prepared by adding a solution containing 1 g of copper ac-
etate, previously diluted in distilled water, to other containing
20 g of an aqueous 8% PVA solution (after 24 h of 100 rpm
of agitation at 100◦C).

The 3% Mn-doped CuO nanofibers (B-NFs) were ob-
tained, by adding 0.003 g to the previously prepared solution.
The final solutions required an agitation of 100 rpm for 24 h
at 50◦C.

Electrospinning method

Ten ml of the undoped solution were loaded in a syringe with
a # 22 needle. It was placed in the electrospinning standard
equipment (Tong Li Tech) at 20 cm from an aluminum plate,
used as the fiber collector, applying an electric field of 8 kV,
at a flow rate of 0.3 ml/h.

The BNFs were synthesized with the same method only
exchanging the solution for the 3% Mn-doped solution.

TGA-DSC technique

Through TGA-DSC technique, using the SDT-TGA Q600
(TA Instruments) equipment, the burn temperature was mea-
sured for both polymeric A-NFs and B-NFs samples.

The experimental conditions were 10◦C/min rate, with a
25− 1000◦C temperature range.

Semiconductor nanofiber synthesis

After the DSC-TGA test, the chosen muffle temperature to
synthesize the CuO and Mn-doped nanofibers, was 700◦C,
during 4 hours, with a ramp of 3◦C per minute.

2.2. Characterization

2.2.1. XRD, Fullprof and VESTA

The structural characterization was performed on the X’Pert
Pro diffractometer equipped with a X’Celetator detector, us-
ing Cu Kα radiation (1.5418̊A). The XRD patterns were
taken from2θ = 30◦ to 65◦ with an 0.05 s−1 step.

The XRD spectra were determined considering the mul-
tivalent states, reported for the Rietveld method, in previous
publications [1,12].

The lattice parameters obtained from the experimental
XRD spectra were used for the refinement process by apply-
ing the Fullprof [22] with a Pseudo-Voight peak (least squares
method) assigned. A CIF structure was obtained and com-
bined with the VESTA software results [23]. Then, the 2-
D and 3-D electron density was calculated. The crystalline
structure thermal factor determined by S Arbrik,et al, 1970
was considered to model the structures of the synthesized ma-
terials [24].

2.2.2. SEM

To confirm the polymeric nature of the electrospun
nanofibers, morphology images for both A-NFs and B-NFs
samples were acquired using Hitachi SU3500 SEM equip-
ment. A 1 cm2 square-shaped aluminum fragment, collected
from the fiber collector, was utilized for imaging.

2.2.3. TEM, EDS, JImage

Through dispersion method, TEM samples of A-NFs and B-
NFs were prepared on 3 mm diameter grids to observe their
morphology with a Hitachi 7700 TEM. Additionally, to con-
firm the presence of Cu, O, and Mn, an EDS analysis was
conducted.

The diameter of the nanofibers was averaged using JIm-
age software [26] for both A-NFs and B-NFs samples. The
results were displayed in histograms, fitted with a log-normal
function, using Origin Pro8.6 software [16].

2.2.4. XPS

Previous XPS studies performed by our team [6, 7], em-
ployed a Thermoscience Fisher Escalab Xi equipment. The
process conditions and analysis methods used are detailed in
the referenced studies.

2.2.5. Magnetic susceptibility analysis

0.02 g of A-NFs and B-NFs were placed in a sample holder
of the magnetometer. The diamagnetic susceptibility value
of the sample holder, measured as (−2.30 × 10−8 emu/Oe).
Magnetic measurements were conducted using a commercial
superconducting quan-tum inference device (SQUID) mag-
netometer at a temperature of 300 K. Hysteresis loops were
obtained by applying a magnetic fieldH within the range of
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−80 kOe≤ H ≥ 80 kOe. Magnetic susceptibility was calcu-
lated from 2 K to 300 K using the Curie-Weiss equation.

M = C

(
B

T

)
. (1)

In this equation,M represents the magnetization,B the
applied magnetic field in kiloOersteds (kOe),T the tempera-
ture in Kelvin K, andC the Curie constant. Consequently, the
graph depicting the inverse of the susceptibility is expressed
as1/C.

2.2.6. Computational methods: CASTEP, XAS

For both A-NFs and B-NFs superlattice samples, a com-
plementary ab initio XAS analysis was conducted using
the Cambridge Sequential Total Energy Package (CASTEP).
This involved applying density functional theory (DFT) and
the ultrasoft pseudopotential plane-wave (PP-PW) methodol-
ogy.

As CuO is an antiferromagnetic (AFM) oxide, a Hubbard
potential of 7.5 eV was chosen for constructing three crystal
structures: a CuO lattice, a 3% Mn-doped CuO superlattice,
and a CuO superlattice containing onlyVO. These were mod-
eled within a2 × 2 × 1 supercell, occupying the octahedral
(Oh) coordination sites.

The chemical coordination between the oxygen and cop-
per atoms was calculated from these structures, optimizing
them, by applying the next conditions: a convergence toler-
ance of fine quality, energy of1 × 10−5 Ha, Max, force of
0.002 Ha/̊A, a Max., displacement of 0.005Å, a maximum of
50 iterations and Max. Step size of 0.3Å. Moreover, their en-
ergy was calculated to obtain only the O 1 s orbital spectrum
of both CuO structures. In addition, a separation of 1 nm
was maintained between core-hole atoms. Finally, the sup-
plementary conditions, a cutoff energy of 550 eV, pseudopo-
tentials on the fly, an energy range of 0-50 eV and a k-point
set:10× 10× 10, were considered.

To research the presence ofVO into the supercell with
2 × 2 × 1 size and octahedral (Oh) arrangement configura-
tion was built. We proceeded to optimize these structures
using a convergence tolerance of fine quality, an energy of
1×10−5Ha, Max, force of 0.002 Ha/̊A and a Max. Displace-
ment of 0.005̊A, maximum iterations of 50 and a step size
of 0.3Å. After the structures were optimized obtaining their
energies to calculate the spectroscopic properties of the O 1 s
spectra, maintaining a separation of 1 nm between core-hole
atoms.

To correlate the energy of the XAS spectra correspond-
ing to the experimental XPS spectra (6,7), theorical transi-
tion energy (ETE), was applied. This energy the result of
the valence state energy difference (∆Evalence) plus the con-
tribution for the core orbitals (∆Ecore(atom)). In addition, the
excited states of all orbitals and the core hole correction were
considered. The resultant data were introduced in the Eqs. (1)
and (2) to the determine the final energy of the spectra [17].
The origin of these data is CASTEP calculation sheets.

The O 1 s experimental spectra fitting was performed in
agree (6,7) reference. The deconvolution of XAS spectra was
calculated by Origin Pro8.6 software [16].

3. Results and discussions

3.1. XRD analysis by Fullprof

Experimental XRD of A-NFs and B-NFs are displayed in
Fig. 1a)-1b) (black dots), showing the presence of Tenorite
structure, for both samples, corroborated by the PDF 80-
1268 (Power Diffraction File), in Fig.1c). The Fig. 1a),
1b) includes the calculated XRD from Rietveld refinement
(red line) for both samples, that agrees with the experimental
XRD. The displacements on 2θ axis to the left in B-NFs XRD
spectrum with respect to that of the A-NFs were observed, in-
dicating deformations due to generated compressions by the
doping.

Microdeformations of13.0125 × 10−4 in size for A-
NFs and15.8862 × 10−4 in size for B-NFs were predicted
by Fullprof fit, and the dislocation density calculated as
2.5× 10−3 nm−2 for the A-NFs and4.526× 10−4 nm−2 for
the B-NFs. The respective particle size averages were 22 nm
for the A-NFs sample and 43 nm for B-NFs, which in agree
with those previously reported [14].

FIGURE 1. a) Experimental (black dots) and calculated by Fullprof
suite XRD (red line) for A-NFs, b) experimental (black dots) and
calculated by software XRD (red line) for B-NFs and c) Tenorite
phase PDF chart 80-1268 (Power Diffraction File).
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TABLE I. Lattice parameters of the study NFs compared to bulk CuO (Sigma Aldrich, 99.9% purity). Additionally, the table displays the
variation of theO2 ion β, cell volumeV and the standard deviation of the experimental-calculated fit (χ2).

Structure
Lattice parameters

Y β(Â◦) V(Å3) χ2

a(̊A) b(̊A) c(̊A)

Bulk 4.6837 3.4226 5.1288 0.4188 99.54 81.19 -

A-NFs 4.6807 3.4227 5.1274 0.4158 99.409 81.039 1.44

B-NFs 4.68715 3.4245 5.1327 0.4467 99.461 81.265 1.33

The Table I shows the relative shifts due to the Rietveld
refinement fittings for each XRD spectrum. A greater varia-
tion of lattice parameters can be detected in the B-NFs, while
the A-NFs variation is similar to that observed in the bulk
material. This variation allows elucidating changes in their
crystal structure with respect to the average crystallite size,
defects in their structure related to doping and changes in the
O2− “y” anion position. The variation of the oxygen “y”
positions in the synthesized materials show shrinkage shifts,
whichs affect the chemical coordination [1,20,21]. Likewise,
theβ (◦) parameter exhibits angular distortion in the structure
(Jahn-Teller effect).

According to S. Asbrink,et al., 1970, J. Ghijsen,et al.,
1988 and J. I. Langford,et al., 1991, the variations obtained
for the lattice parameters are mainly due to the oxide non-
stoichiometry expressed as Cu1−xO, where “x” that depends
on the physicochemical conditions of oxide preparation. This
condition would mean variations of interatomic distances and
nearest-neighbor distances [16,25,26]. The parameter “y”
(atomic position of the O2- anion) shows variability in the
NFs being it higher for the Mn-doped material.

We can see that the volume in the A-NFs was contracted
and in the B-NFs was expanded with respect to the bulk
sample, due to the substitution of Mn2+ (0.66Å) for Cu2+

(0.54Å) into the structure. In conjunction with the variations
of the lattice parameters and the “y” parameter a lattice defor-
mation was generated due to the decrease in crystallite size,
in this respect A. Khorsand Zak,et al., 2011 reported that the
2θ shift is a consequence of presence of dislocations in the
crystallite. Finally, the obtained values of the standard de-
viation χ2 > 1 corroborated the crystallite size decrease in
nanometer materials reported in Refs. [31-35].

TABLE II. Cation and anion behavior into the Tenorite structure of
the A-NFs and B-NFs.

Bond length Med Bond length Med

Sample (Cu-O) (Cu-O) (Cu-Cu) (Cu-Cu)

(Å) (e/̊A3) (Å) (e/̊A3)

A-NFs 2.8993 (3) 0.2174 1.9560 (4) 0.0994

B-NFs 2.4216 (16) 0.1918 1.8240 (18) 0.2559

Note: MED (Measure Electronic Density)

FIGURE 2. 3-D crystal structures obtained and configured for (110)
and (001) planes by VESTA, for. A-NFs shown in a) and c), and
for B-NFs in b) and d).

3.1.1. Electron density in the tenorite structure

The structures ANFs and BNFs in the (110) and (001)
planes were obtained by Rietveld refinement, are displayed
in Fig. 2a) and 2c) illustrate the A-NFs projections for both
planes, while Fig. 2b) and 2d) correspond to those of the B-
NFs.

Figure 3c), and 3d), depict the electron densities for A-
NFs and B-NFs on the (001) plane, highlighting the shorter
distances among Cu atoms in B-NFs compared to those in
A-NFs, on this plane (see Table II).

The Fig. 3a) and 3b) in the (110) plane exhibit the atomic
distribution in both samples, showing for the neighboring
atoms Cu and O, a charge transfer curve, characterized by
a strain of the electron density with a peanut shape, shown
in Fig. 3a) and 3c). The distance decreasing among the Cu
atoms observed in the B-NFs (001) plane, is a result of dop-
ing, associated to a paramagnetic behavior by Hongwei Qin,
et al., 2010, through Cu 2p XPS doublets [1,13,14], attributed
to the crystallographic orientation by R.A. Borzi,et al., 2001,
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FIGURE 3. 2-D electron density for the (001) y (110) planes, for a) and b) A-NFs, and c) and d) for B-NFs.

who supports the same idea about the presence of param-
agnetism, in base to energy difference measures between
CuO2p doublets, in the (001) plane [13,14]. From the Ta-
ble II, we can observe that the calculated Cu-O distances at
the (110) plane, by the Fullprof are smaller for the doped ma-
terial, discussed above for the A-NFs. The same decreasing
effect happens for the B-NFs in the (110) plane. Both results
agree with those of the other authors. The electron density is
different for each plane and for both samples, fact attributed
to different planes and doping.

A comparison between A-NFs and B-NFs chemical
bonding is shown the Fig. 4 that allows to distinguish the
interatomic distances between Cu2+ and O2− ions, corre-
sponding to the (110) and (001) planes. The binding energy
according to in the (110) plane for A-NFs has an electron
density of 0.2174 e/̊A3, and in the (001) plane 0.1050 e/Å3.
In the case of B-NFs, the (110) plane electron density shows
an energy of 0.1918 e/Å3, and in the (001) plane its electron
density is 0.2623 e/̊A3. These NFs parameters are shown in
Table II, compared with those of S. Asbrik and L.-J. Norrby,
1970 showed great similarity, between Cu-O distance for of
the B-NFs and for the Cu-Cu distance for the A-NFs [19]. G.
Herrera-Perez,et al., 2022 propose a generated covalent bond
from a hybridization, similar to Hanxing Cao,et al., 2017
[29] result in a theoretical study of CuO, a covalent bond be-
tween O and Cu, was measured: 1.947Å3. In the case of
Fig. 4b) we can see that distance between the atoms increases
and the covalence decreases, in the study of the cited author
the distance between the same atoms suggests that the charge
transfer increases−0.65 eV. These data suggest that there is

a combination of electrovalent bonding (ionic bonding) and
covalent bonding suggested by the authors [1,38].

3.2. SEM-TEM analysis

From the analysis of the Fig. 5a) and 5c) it can be observed
the pure and doped polymeric fibers, where a diameter com-
parison shows an increase for the B-NFs, shown by the JIm-
age Fig. 5b) and 5d). After the heat treatment applied at
700◦C, the nanofibers are obtained and some fragments dis-
played in the TEM micrographs Fig. 5e) and 5f), whose di-
ameter averages show a notable size increase for the B-NFs.
This result corroborates that the Mn doping increases the
fiber diameter, probably due to be bigger (0.80Å) than the
copper (0.73̊A) atom.

3.3. XPS Analysis

An oxidative evolution was detected from the XPS analysis
of Cu 2p orbitals for A-NFs and B-NFs in their formation
derived from the heat treatment and the presence of surface
phenomena shown in reference [1,20]. In addition, in their
multiplet structure it can be noted a crystalline symmetric dis-
tortion derived from size effects, microtensions and defects
associated with the Cu2+ and O2− vacancies [14]. From the
multiplet structure calculations, the shape of Cu 2p primary
peaks, after doping, is modified to characteristic shape linked
with shifts in the spin-orbit coupling and with the chemical
coordination.

The Cu 2p pike changes in the energy indicated [6,7] both
the spin-orbit coupling and the chemical coordination
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FIGURE 4. Electron density for A-NFs and B-NFs, in their respective (110) and (001) planes.

FIGURE 5. Electrospun and polymeric fibers: SEM images from a) A-NFs and c) B-NFs; b) and d) show the A-NFs and B-NFs diameter
averages graphed by JImage software. In addition, e) and f) exhibit TEM micrographs of A-NFs and B-NFs fragments, respectively.

changes, in the Mn-doped material, mentioned above. A
transformation from a structure with Oh sites to a one with
tetrahedral sites is shown by the Cu 2p pike new shape, due
to Jahn-Teller effect. In addition, The O-Cu-O in the A-NFs
shows a high-spin (3d9), generating a CuO more susceptible

to present magnetic phenomena, shown by the charge trans-
ference calculation, performed by CTM4XAS [14], in con-
trast to B-NFs, O-Cu-O in Mn has an intrinsic property, 3d4

low spin generating less sensibility to magnetic behavior il-
lustrated in Fig. 6 of Ref. [14].
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FIGURE 6. Comparative study on O 1s orbital, a) and b) experimental and c) reference. d), e) and f) panels show the O 1s orbitals calculated
by CASTEP. Panels g), h), i) correspond to the Oh structures of: CuO, 3.0% Mn-doped CuO and CuO with VO, respectively.

FIGURE 7. a)-b) and c)-d) displayed the magnetization~M versus magnetic field (~H) response for A-NFs and B-NFs, respectively. The right
panel presents two graphs; e) describes the AFM behavior of the studied NFs and panel f) illustrates the inverse of the susceptibility for both
materials.

The Fig. 6a), 6b) and 6c) exhibits the XPS peaks of the
O 1s orbitals for the A-NFs, B-NFs, and for the commercial
sample, respectively and are compared with those of the the-
oretical reference structures Figs. 6g), 6h) and 6i). The mod-
eled structure by CASTEP (XAS) of: CuO, 3 wt % Mn-doped
CuO and CuO with 3% of VOare exhibited in Fig. 6d), 6e)
and 6f), respectively. In addition, in all these figures the LO1

and LO2 pikes corresponding to covalent interactions with
Cu2+ and Cu1+, respectively [1,2], are shown. These spectra
are related to the multivalent states of CuxO (x = 1, 2, 3) to
determine the stoichiometry. The calculated data here rep-

resent a new associated contribution to crystallographic de-
fects, although there is no experimental evidence ofVO in
the crystal structure.

Reported Ab initio calculations for the oxygen, from an
octahedral site coordination (Oh) [15,17,18], in this work, the
A-NFs sample has the same coordination, in agree with the
CTM4XAS study showed in Refs. [1,2,17]. In contrast, the
B-NFS displayed a tetrahedral sites coordination and a more
distorted lattice. We think that this distortion and the cal-
culated distance shifts between the Cu and O in the struc-
ture by the Fullprof software, suggest a final state derives
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as 2p63d9 →2p53d10 Ref. [20,21]. This result agrees with
those of both J. Coey, 2005 and F. De Groot,et al., 2016 who
concluded that in the system there is a high- spin, suggest-
ing magnetic effects, as we deduced too from our outcomes
[20,21].

3.4. Magnetic analysis

Figures 7a to 7d) presents the study of magnetization versus
field, displaying hysteresis loops at 300 K indicative of ferro-
magnetic behavior. This behavior aligns with that observed
in both pure CuO and Mn-doped CuO nanowires as reported
by D. Hanet al., 2016 [34]. The ferromagnetic properties are
attributed to crystallite sizes and doping levels: 117 nm (8.0%
Mn) as noted in reference [34], and 22 nm and 42 nm (3.0%
Mn) [7]. Hysteresis loops for nanofibers at 300 K reveal coer-
cive fieldsHC of 0.24 kOe (A-NFs) and 0.006 kOe (B-NFs).
Studies by R. Narsinga Raoet al., in 2009 and 2005, and R.
Borzi et al., identified anHC of 0.20 kOe in nanoparticles.
D. Hanet al., in 2016, also observed similar behavior at low
temperatures (60 K) in CuO nanowires doped with 15.0% and
8.0% Mn, reportingHC values of 0.50 kOe. In Fig. 7e) il-
lustrates magnetic susceptibility with respect to temperature,
reflecting a paramagnetic behavior, which suggests, accord-
ing to Ref. [7], that the area-volume relationship is dominant
and indicative of structural disorder. Furthermore, the inverse
of the susceptibility [Fig. 7f)] is plotted to confirm the anti-
ferromagnetic (AFM) nature of these materials. G. Narsinga
Raoet al., in studies conducted in 2005 and 2009, examined
the AFM phase of commercial CuO (500 nm) [5,6] compared
to nanoparticles ranging from 13 nm to 33 nm, demonstrating
such a phase at approximately 230 K.

4. Conclusions

CuO, and 3% Mn doped CuO nanofibers were successfully
synthetized by of electrospinning method. The doped mate-
rial showed an increase of diameter and a decrease of mi-
crodeformations. The XRD experimental spectra allowed
verify the presence of Tenorite phase for both materials.

From the calculated results by VESTA software for the
B-NFs, mainly in the electron density calculation exhibited
the existence of a bond of covalent nature, as well as ap-
proaching displacements between Cu-Cu in the (001) plane
and Cu-O in the (110) plane, in the doped nanofibers, with
respect to A-NFs. These displacements have been linked to
paramagnetism behavior [27, 32] in agree with our result [7].

An interesting structural result for the chemical coordi-
nation modification refers to a notable shift between the oc-
tahedral site coordination for A-NFs and the tetrahedral site
coordination for B-NFs. We attributed this phenomenon to
Jahn-Teller effect. These results agree with those predicted
by VESTA, about charge transference between Cu and O that
deforms the structure, generating the Jahn-Teller effect too.

The binding energy shifts between the Cu 2p3/2 and Cu
2p1/2, in the B-NFs spectrum, suggest a paramagnetic con-
tribution, due to a charge decompensation.

The magnetic study in the NFs revealed paramagnetic be-
havior at low temperatures and ferromagnetism at room tem-
perature, attributable to the area-volume relationship. More-
over, the observed ferromagnetic behavior is linked to the size
and shape of the materials. In this case of the Mn doped ma-
terials, the behavior is further associated with the superex-
change interaction between the Cu d orbital and the Mn2p
and Cu2p orbitals, facilitated by the latter being half-filled.
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33. A. Sabirin Zoolfakar, R. A. Rani, A. J. Morfa, A. P. O’mullane,
and K. Kalantar-Zadeh, Nanostructured Copper Oxide Semi-
conductors: a Perspective on Materials, Synthesis methods and

Applications,J. Name,00 (2013) 1-3,https://doi.org/
10.1039/x0xx00000x .

Rev. Mex. Fis.70051002

https://doi.org/10.1039/x0xx00000x�
https://doi.org/10.1039/x0xx00000x�

