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ABSTRACT: Ferromagnetic-like properties of cuprous oxide (Cu2O) are
induced through its interaction with chemisorbed surfactant poly(N-vinyl-2-
pyrrolidone) (PVP), which alters the intrinsic d10 configuration of Cu ions.
Structural and magnetism-related properties of intact Cu2O crystals (i-Cu2O) and
those capped with PVP (c-Cu2O) were examined using various analytical
instruments. SEM, TEM (corresponding selected area electron diffraction
(SAED)), and XRD of i-Cu2O and c-Cu2O showed cubic and hexagonal shapes
of single crystallinity with facets of {200} and {111}, respectively, resulting from
the differential growth rates of the original identical crystals along the facets over
time. Bulk magnetic susceptibility (χ) of i-Cu2O and c-Cu2O at room
temperature in field-dependent magnetization and the difference in their
magnetic moment in temperature-dependent magnetization showed diamagnetic
and ferromagnetic properties, respectively. The difference in the fluorescence
mode of X-ray absorption near edge structure (XANES) spectra between i-Cu2O and c-Cu2O, showing no quadruple pre-edge
peak for the transition 1s → 3d in Cu(II) ions with d9 electronic configuration, indicates an orbital alteration on the surface of c-
Cu2O caused by an interaction with PVP. Two peaks for c-Cu2O at higher binding energies in O 1s X-ray photoelectron
spectroscopy may be indicative of the ligand-to-metal charge transfer (LMCT) from O atoms of PVP to Cu ions of Cu2O,
generating a chemical interaction through coordination bonding. Large hyperfine splitting constants in electron paramagnetic
resonance (EPR) spectra of c-Cu2O support this interpretation, with septet hyperfine splitting suggestive of Cu−Cu interactions
on the surface of c-Cu2O via the interaction with O atoms of PVP. These results demonstrate that PVP capping of Cu2O crystal
(c-Cu2O) induces ferromagnetism of Cu(I) ions through coordination with O atoms of chemically adsorbed PVP. This may
induce LMCT and Cu−Cu interactions that lead to changes in electronic configurations, deriving the ferromagnetic moments of
c-Cu2O.

■ INTRODUCTION

Cuprous oxide, Cu2O, is one of the most intensively studied
semiconductors. It has recently been highlighted because of its
large exciton binding energy of 140 meV and charge (minority)
carrier properties with a mobility of ∼100 cm2 V−1 s−1.1,2 These
intrinsic properties make Cu2O a promising material in the field
of spintronics and optoelectronics.3 However, it is a
diamagnetic material with no intrinsic electron magnetic
moments, restricting its usability in fabricating spintronic
devices that rely on magnetic force rather than electrical
currents.
Magnetism can be induced in diamagnetic materials by

doping transition metal ions, resulting in a diluted magnetic
semiconductor (DMS).4−6 Cu2O powders and films doped
with Mn, Ni, or Co ions show ferromagnetism at room
temperature (RT).7−9 In addition, Cu2O films co-doped with
Al or Co ions show ferromagnetism at RT.10 The Ruderman−

Kittel−Kasuya−Yosida (RKKY) interaction11−13 in the DMS
system is believed to explain the coupling exchange with the
doped magnetic ions, and this interaction induces ferromag-
netism.14−16 However, undoped Cu2O crystals exhibit a wide
range of magnetism, from diamagnetism through paramagnet-
ism to even ferromagnetism, which is generally derived from
the existence of cationic vacancies in the lattice resulting from
excess oxygen atoms generated during synthesis and manipu-
lation of the Cu2O samples.17 An ab initio density functional
theory (DFT) calculation suggests that the ferromagnetism can
be observed with an increasing density of cationic vacancies in
the intrinsic lattice of Cu2O.

17 The experimental results also
indicate that ferromagnetic properties of Cu2O arise from the
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existence of defects identical to cationic vacancies in the
materials,18−20 but the crystal structure of the semiconductor is
distorted by the vacancies or implanted particles because of
doping with other elements, possibly altering the semi-
conductive properties, although it is possible that the
subsequent thermal annealing process eliminates such dis-
tortions produced in the crystal structure. However, this
attempt to fabricate magnetic semiconductors by distorting its
intrinsic network structure results in poor optoelectronics and
spintronic devices that account for the decrease in long-range
ordering, which decreases its own electron conductivity.21

Recently, it was found that the ferromagnetic behavior can be
induced without doping of magnetic ions or native lattice
defects (cationic vacancies) in single-crystalline semiconduc-
tors. Garcia et al. reported that nanoparticles of ZnO capped
with organic molecules exhibit ferromagnetic behavior at RT
despite the diamagnetic characteristic of the bulk metal. It was
suggested that the surface defect induced by capping with
organic materials strongly contributes to the alteration of
intrinsic electronic configuration of d orbitals in ZnO
nanoparticles.22 Similar results on the ferromagnetic behavior
were already reported with CdSe nanoparticles capped with
thiols.23

Magnetism induced in semiconductors by capping with
organic materials has great potential for spintronic and
optoelectronic devices. However, there are few reports on the
fabrication of ferromagnetic Cu2O particles, the magnetic
properties of which are induced by capping with organic
material. Therefore, the purpose of this study was to induce
ferromagnetic properties of Cu2O single-crystalline particles
capped with organic material, PVP, which functions as a ligand
to bind through coordination bonding.

■ EXPERIMENTAL METHODS
Synthesis of Cu2O Nanocrystals with and without PVP

Capping. Cu2O nanocrystals were synthesized following the
modified precipitation method reported by Zhang et al.24 For
the synthesis of uncapped crystals, 50 mL of 0.01 M cupric
chloride (CuCl2, 97%, Aldrich) was supplemented with 5 mL of
2.0 M sodium hydroxide (NaOH, 97%, Daejung) with vigorous
agitation at 900 rpm. When blackish-brown precipitation was
produced within 30 min after incubation, 5 mL of 0.60 M
ascorbic acid (C6H8O6, 99.5%, Kanto Chemical, aqueous
solution) was injected dropwise into the cupric chloride
solution for the formation of i-Cu2O nanocrystals with cubic
shapes for less than 10 s. The color of the solution changed
from blackish-brown to brick red in 3 h. Throughout the
preparation process, the thermal condition was maintained at
55 °C. For the synthesis of c-Cu2O, 2.7 g of poly(N-vinyl-2-
pyrrolidone) (PVP, Mw = ∼29,000, Aldrich) was dissolved in
50 mL of 0.01 M CuCl2 solution at 55 °C. The solution was
stirred for 1 h to ensure that it was homogeneous. Then, 5 mL
of 2.0 M NaOH was added to the CuCl2 solution with vigorous
stirring. The color of the solution changed from blue to dark
brown. After stirring for another 30 min, 5 mL of 0.6 M
ascorbic acid aqueous solution was added to the solution, and
the color turned from dark-brown to brick red within 3 h,
forming c-Cu2O with a octahedral shape. All products with and
without PVP capping were centrifuged at 5000 rpm for 5 min
and washed several times with deionized water and ethanol,
then dried at room temperature for 24 h in a vacuum oven.
Characterization. SEM with a cold field-emission scanning

electron microscope (Hitachi S-4300, Tokyo, Japan) and X-ray

diffractometer (XRD) with Cu Kα radiation (λ = 1.54056 Å) of
a Rigaku X-ray diffractometer operating at 40 kV and 150 mA
at a scanning rate of 0.02° per step in the 2θ range of 20° ≤ 2θ
≤ 70° were used to characterize the size and morphology of as-
prepared Cu2O nanocrystals. TEM, with a JEM-2010 trans-
mission electron microscope (JEOL, Japan) operated at 200
kV, was used to determine the crystallinity and morphology of
the prepared nanocrystals. A superconducting quantum-
interference device with vibrating sample magnetometer
(SQUID-VSM) was used to determine the magnetic
susceptibilities of Cu2O crystals. X-ray absorption near edge
structure (XANES) spectra were collected on BL10C (multi-
pole-wiggler source) beamline in the Pohang Light Source
(PLS-II) with operation of top-up mode at 3.0 GeV under a
ring current of 200 mA. The X-ray absorption spectroscopy
data were registered for the powder samples with uniform and
proper thickness on the polyimide film in fluorescence mode
with N2-gas-filled ionization chambers for photon detectors.
Higher-order harmonic contaminations were removed by
detuning of the incident X-ray to reduce its intensity by
∼40%. Energy calibration was performed for each measurement
using reference materials placed in front of the third ion
chamber. To normalize experimental XANES spectra, data
reductions were performed through the standard XAFS
procedure. X-ray photoelectron spectroscopy (XPS) measure-
ments were performed with a Sigma Probe (VG Scientific)
using monochromatic Al Kα radiation (1486.6 eV). The shifts
in binding energy of the XPS spectrum were corrected using
the C 1s peak at 284.6 eV as a reference peak. EPR spectra were
registered at 4 K using X-band CW-EPR (Bruker), operating in
the high-frequency 9.5 GHz modulation mode of the magnetic
field. The parameters of registered EPR spectra were obtained
using computer analysis of the obtained experimental spectra.

■ RESULTS AND DISCUSSION

Structural Properties. Figure 1 shows SEM images, TEM
images (corresponding selected area electron diffraction
(SAED) patterns), and XRD patterns of the i-Cu2O and c-
Cu2O crystals with facets of {200} and {111}, which were
synthesized with and without PVP, respectively. Initial
formation of the copper products is identical between Cu2O
crystals with and without PVP capping, which is processed by

Figure 1. SEM, TEM images (with corresponding selected area
electron diffraction (SAED) patterns), and XRD patterns of (a) cubic
i-Cu2O and (b) octahedral c-Cu2O crystals. The black column
indicates standard XRD patterns of Cu2O (PDF 78-2076, ICDD,
1986).
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the reduction of Cu(OH)2 (product of CuCl2 + NaOH) to
Cu2O in the presence of ascorbic acid. However, the different
growth mechanisms of Cu2O crystals with and without PVP
capping were due to the different growth rates of various crystal
facets caused by the selective suppression of PVP molecule
adsorption of the crystal surface. Without PVP, the growth rate
of the {111} facet was higher than that of the {100} facet
because of the higher surface energy of the {111} facet relative
to the {100} facet, resulting from exposure of the
corresponding atoms on the surface (both O and Cu on
{111} facet and only O on {100} facet).24−26 As a result, crystal
growth along the ⟨111⟩ direction occurs dominantly, leading to
the final formation of the i-Cu2O particles with the six
surrounding {100} facets (Figure 1). With PVP, crystal growth
along the ⟨111⟩ direction of the crystal surface was suppressed
by the adsorbed polymer, PVP with −CO residue in each
monomer N-vinylpyrrolidone, which functions as a ligand to
facilitate coordination bonding with Cu2+ ions. Thus, O atoms
with lone pairs of electrons and negative dipoles could interact
more favorably with an {111} facet because of Cu ions exposed
on the surface. The {111} facet capped with PVP is stabilized
and the surface reactivity of the {111} facet is also reduced. As a
result of this stabilization, growth along the ⟨111⟩ direction is
suppressed by adsorbed PVP, allowing dominant growth along
the ⟨100⟩ direction.24 As can be seen in the SEM images in
Figure S1, the increasing concentration of PVP makes the
Cu2O crystal shape gradually undergo deformation from a cubic
to octahedral shape. Cubes that are thermodynamically more
stable form Cu2O crystals more readily than octahedrons in the
reaction solution in the absence of PVP. This was caused by the
dominant growth of the {100} facet. When we used 1.68 g of
PVP, truncated octahedral particles were produced. This may
be derived from the partial adsorption of PVP on the {111}
facet, resulting in the same growth ratio of the {111} and {100}
facets. Finally, by increasing the amount of PVP to 2.7 g, c-
Cu2O crystals with six {111} facets were produced because of
the predominant growth along the ⟨100⟩ direction.
XRD and TEM were used to characterize the single

crystallinity of i-Cu2O and c-Cu2O. As can be seen from the
XRD patterns of Figure 1, all specimens were matched with
their Cu2O standard (Powder Diffraction File (PDF) 78-2076,
International Centre for Diffraction Data (ICDD), 1986). XRD
patterns also clearly indicated that each {100} and {111} facet
of cubic shaped i-Cu2O and octahedral shaped c-Cu2O,
respectively, appeared on the surface of each particle.
TEM and corresponding SAED patterns (including FFT

patterns and HRTEM of Figure S2) confirmed that both i-
Cu2O and c-Cu2O crystals have single crystallinities. As shown
in the XRD patterns of i-Cu2O, the diffraction is indexed as
[100] zone axis diffraction, which indicates that the surface of
the top and bottom facets of single crystal are {100} facets;
therefore the surrounding four vertical surfaces are also {100}
facets. In contrast, the SAED pattern of single-standing c-Cu2O
is indexed as the [111] zone axis diffraction, which indicates
that the both facets that are perpendicular to the zone axis are
{111} facets.
Magnetic Properties. Field-dependent magnetic measure-

ments were performed at T = 300 K with scanning fields from
−70 to 70 kOe, and the data show the magnetization (M/H)
curves corresponding to the diamagnetic properties of i-Cu2O
particles and ferromagnetic behavior of c-Cu2O particles,
respectively (Figure 2). In Figure 2a, the bulk magnetic
susceptibility of i-Cu2O (χI) was determined as χI = −0.858,

indicating that the diamagnetic susceptibility of i-Cu2O powder
was similar to the intrinsic diamagnetic properties of pure
Cu2O. For the c-Cu2O powder, the ferromagnetic susceptibility
was determined to be χC = 1.053 and the diamagnetic
background appeared with magnetic susceptibility of χC,BKGD
= −1.002. In temperature-dependent magnetization (M/T)
curves in Figure 2b, the increasing magnetization value of both
particles at low temperature (∼50 K) represents the chance of
having extrinsic impurities or cationic vacancies (intrinsic
impurities) in the crystal lattice, resulting in the positive value
of relative permeability (μI = 0.142) of the diamagnetic M/H
curve of i-Cu2O. In the present study, we used exactly the same
precursors to prepare i-Cu2O and c-Cu2O particles in the
absence and presence of PVP. The magnetic property of pure
PVP results in diamagnetic properties in the electron
paramagnetic resonance (EPR) spectra (Figure 5c, blue line).
This indicates that both i-Cu2O and c-Cu2O particles should
have ferromagnetic properties if the ferromagnetism originated
from extrinsic impurities in Cu2O precursors. In fact, there is no
ferromagnetism in i-Cu2O crystals; therefore, the ferromagnet-
ism behavior of c-Cu2O is not derived from extrinsic impurities,
such as transition ions.
In addition, the thermal dependence of the magnetization

suggests that intrinsic impurities are not the origin of the
ferromagnetic properties of c-Cu2O. It is known that the
cationic vacancies (intrinsic impurities) in an inner lattice
behave as paramagnetic, showing a gradual increase in

Figure 2. (a) Field-dependent magnetization curves of i-Cu2O (black
line with square dots) and c-Cu2O (red line with round dots) at 300 K.
(b) Temperature-dependent magnetization curves (340−10 K) under
an applied field of 300 Oe in a zero-field-cooled (ZFC) and field-
cooled (FC) i-Cu2O (black line) and c-Cu2O (red line).
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magnetization with decreasing temperature.18 The degree of
magnetization increases with the concentration of cationic
vacancies with an increasing number of magnetic exchange
interactions. For an increased magnetization value, from 50 to
10 K, the magnetic moment per gram resulted in 5.840 × 10−4

and 1.208 × 10−4 μB for i-Cu2O and c-Cu2O, respectively.
Because the kinetics of crystal growth for two particles are
different, the concentration of cationic vacancies (intrinsic
impurities) in the two systems differed significantly. As a result
of the lower increase in c-Cu2O, cationic vacancies do not
contribute to the ferromagnetism of c-Cu2O compared with the
diamagnetic properties of i-Cu2O, which may have a higher
concentration of cationic vacancies in its matrix. In addition, the
diamagnetic background of c-Cu2O supports this hypothesis.
Moreover, structural analyses with TEM and XRD showed both
i-Cu2O and c-Cu2O have single crystallinities, suggesting that
the ferromagnetic behavior of the c-Cu2O particles does not
originate from the inner lattice defect. On the basis of these
results, we conclude the magnetism is not due to magnetic or
extrinsic impurities as well as intrinsic impurities.
Surface Interaction. Various analytical methods, such as

XANES, XPS, IR spectroscopy, thermogravimetric analysis
(TGA), and differential scanning calorimetry (DSC), have been
used to investigate chemical functions of PVP capping in the
alteration of electronic configurations.
X-ray absorption fine-structure measurement is a simple tool

for obtaining electronic configuration information as well as
direct evidence for lattice structure. No difference is observed in
the transmittance mode of XANES spectra (not shown) for
both i-Cu2O and c-Cu2O particles. This indicates that the
lattice structure in the core component of both Cu2O particles
is close to the intrinsic lattice structure of Cu2O. Figure 3 shows

the normalized Cu K-edge XANES spectra performed in
fluorescence mode. Edge energy (E0) can be determined from
the maximum point of the first derivative function of each
XANES spectra (Figure S3). Consequent results appear at the
same edge energy E0, 8980 eV. With the first and second
derivatives of each signal considered, no pre-edge peak of
quadruple transition 1s → 3d appears, which is usually shown
in Cu(II) ions with d9 electronic configuration. The absence of
the pre-edge peak indicates that the electronic configuration of

both Cu ions in i-Cu2O and c-Cu2O are close to the d10

configuration.
Peaks A and B of the spectrum are assigned to the 1s → 4px,y

and 1s → 4pz transitions, respectively.27−30 The linear
coordination of Cu(I) ion with two O atoms along the z axis
leads to ligand field-splitting of degenerated Cu 4p antiorbitals
to 4pz and 4px,y. This coordination along the z axis increases the
energy level of antibonding 4pz orbital to higher than 4px,y
orbitals. The intensity of the 1s → 4pz transition decreases
because of covalent overlap with ligands along the z axis. For
this reason, the peak for the 1s → 4px,y transition would appear
at a lower energy with higher intensity than the 1s → 4pz
transition.29,30 The spectra of i-Cu2O particles show a higher
intensity for peak A and lower intensity for peak B, indicating
that i-Cu2O particles have an ideal Cu2O crystal and linear
coordination of Cu ions compared with c-Cu2O particles. In
addition, we used fluorescence mode surface-dependent
analysis, suggestive of a surface interaction between Cu ions
and O atoms of PVP ligand on c-Cu2O particles, which could
induce alterations in the electronic configuration of Cu ions
exposed on the surface.
Elemental composition of the Cu2O crystal surface was

analyzed using XPS (Figure 4). In Cu 2p XPS spectra, i-Cu2O
and c-Cu2O particles showed a set of identical double peaks at
higher (∼950 eV) and lower (∼930 eV) binding energies,
indicative of minor changes in the elemental composition of
Cu2O on the crystal surface (Figure 4a). However, in O 1s XPS
of i-Cu2O and c-Cu2O crystals and pure PVP, absorption peaks
appeared at lower binding energies in a more or less broad
feature centered at several binding energies (Figure 4b). In the
O 1s XPS spectrum of c-Cu2O particles (Figure 4b, red line),
the two peaks at lower binding energies (528.11 and 529.54
eV) may coincide with two peaks of i-Cu2O particles (Figure
4b, black line). However, two peaks for c-Cu2O particles at
higher binding energies of 532.08 and 533.56 eV may be related
to O atoms of adsorbed PVP on the Cu2O surface, which
reveals that the O 1s binding energy of pure PVP (Figure 4b;
blue line, 531.18 eV) shifted to a higher binding energy,
indicating that ligand-to-metal charge transfer (LMCT) from
the O atom of PVP to the Cu2+ ion of c-Cu2O occurs through
the coordination bonding between O atoms of the capping PVP
molecule and Cu2O surface through chemisorption.31−34

This suggestion can be supported on the basis of IR
spectroscopy data. In our previous study on IR spectroscopy,35

the IR spectrum of c-Cu2O differentiated from that of pure
PVP, indicating that the CO stretch at 1647 cm−1 in the
spectra of the crystal is red-shifted compared with that of pure
PVP (1655 cm−1) because of the weakening of the CO bond
in the carbonyl group of PVP. This indicates that the O atoms
of capped PVP molecules are chemically coordinated with Cu
ions on the surface of c-Cu2O crystals.31

TGA and DSC provide supporting evidence for the
chemisorption of PVP to Cu2O crystal surface. As shown in
Figure S4, the c-Cu2O sample shows a wide range of
temperature curves during the oxidation process (Cu2O →
CuO) at higher temperature ranges of 447−561 °C than those
of the i-Cu2O sample (321−448 °C), indicative of the chance
for a chemical interaction via coordination bonding of PVP
with the surface of c-Cu2O crystals. Moreover, the weight ratios
of the final CuO product oxidized from c-Cu2O particles are
lower than those from i-Cu2O particles. This may be derived
from the blocking or suppression effect of PVP adsorbed on c-
Cu2O particles on the external oxygen diffusion into the core

Figure 3. Cu K-edge XANES spectra of (a) i-Cu2O and (b) c-Cu2O
powder. Peaks A and B of the spectrum indicate the 1s → 4px,y and 1s
→ 4pz transitions, respectively.
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area of Cu2O particles accompanied by PVP decomposition.
These results suggest that adsorption of PVP on the c-Cu2O
crystal surface leads to chemical coordination between the
exposed Cu ions toward the surface of Cu2O crystals and O
atoms of PVP capping agent. This type of chemical
coordination alters 3d orbital electronic configurations of Cu
ions, thus resulting in its ferromagnetic properties.22,31

Electronic Configuration. EPR is powerful tool for
investigating electronic configurations at low temperatures (4
K). As can be seen on the signal of i-Cu2O particles in Figure
5a, there is no signal of unpaired electrons (electrons with
unpaired magnetic moments), indicative of the diamagnetic
properties of Cu(I) ions. For c-Cu2O particles (Figure 5b),

septet hyperfine splitting appeared with a g-value of 2.063
(Figure S6), which has little deviation in the range of g-value of
conventional isotropic Cu2+ (2D5/2, 3d9) ion signal and
hyperfine coupling constant of A = 24.051 mT, which appears
at a larger value than in previous reports.36−39 Cu has two
isotopes, 63Cu and 65Cu, that exist naturally at an abundance of
69.1 and 30.9%, respectively. Signals from these two isotopes
are not resolved because both have the same nuclear spin
momentum. The septet hyperfine structure in the EPR signal
readily indicates the presence of a nucleus with spin I = 3,

which would result from the Cu−Cu interaction (number of
hyperfine structure = 2NI + 1). In Cu2+ ionic compounds (for
which I = 3/2) such as Cu2O, septet hyperfine splitting can be
obtained through the Cu−Cu interaction, as reported in
previous studies.36−39 With regard to single-crystalline proper-
ties of c-Cu2O particles and chemical adsorption of PVP on
their surface, the Cu−Cu interaction would be derived from the
chemical coordination of O atoms of PVP on Cu ions of Cu2O
particles. In addition, single crystallinity of the particles
supports discarding the Jahn−Teller distortion as a cause for
the higher hyperfine coupling constant of Cu(I) ions, which
would increase electron density at Cu(I) ions because of the
decreased lattice spacing along the compressed axis. Meanwhile,
it can be explained by LMCT from PVP to Cu(I) ions of Cu2O
surface, which is possible because of the electron-rich
environment of PVP. The shift of O 1s XPS spectrum of
PVP and corresponding IR spectroscopy data strongly support
the LMCT from PVP to Cu2O surface. Cu(I) ions would have
higher electron density because of LMCT, additionally with an
increased density of unpaired valence electrons of Cu(I) ions,
causing the larger hyperfine-coupling constant.

■ CONCLUSIONS

Ferromagnetic behavior at RT in single-crystalline Cu2O
particles is induced by the d-orbital electronic configuration
alteration of Cu(I) ions interacting with O atoms of PVP
chemically coordinated with Cu ions on the crystal surface. As-
synthesized i-Cu2O particles have intrinsic properties of bulk
Cu2O. However, chemisorption of PVP on the c-Cu2O surface
could alter the electronic configuration of Cu(I) ions through
charge transfer from O atoms of PVP to Cu(I) ions. Especially,
orbital alteration would occur along the xy-orbital plane of
Cu(I) ions and form the Cu−Cu interaction through O atoms
of PVP, which appeared in the septet hyperfine splitting in the
EPR spectrum of c-Cu2O particles. As-prepared ferromagnetic
Cu2O was used for optoelectronic and spintronics devices with
its outstanding electron conductivity accompanied by single
crystallinity. In addition, the present study increases our
understanding of the ferromagnetic behavior of Cu2O particles
induced by PVP capping.

Figure 4. (a) Cu 2p XPS spectra of i-Cu2O (black line) and c-Cu2O (red line) particles. (b) O 1s XPS spectra of i-Cu2O (black line) and c-Cu2O
(red line) particles and pure PVP (blue line).

Figure 5. X-band electron paramagnetic resonance spectra of (a) i-
Cu2O, (b) c-Cu2O, and (c) pure PVP powder at 4 K.
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