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Enhanced ferromagnetism in CuO nanowires on the top of CuO nanograins
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CuO nanograins (NGs) and CuO nanowires (NWs) on the top of nanograins samples were produced
by the electrical resistive heating method. The NGs sample shows absence of long range magnetic
order and strong field-induced ferromagnetic behavior. In the sample comprised of NWs on the top of
NGs, a long-ranged antiferromagnetic ordering is induced by a magnetic field of 5 kOe and coexists
with an enhanced ferromagnetic-like contribution. The ferromagnetic behavior is observed below and
above the temperature-induced Ty suggesting that this behavior is not dependent on the original
magnetic state of the system, whether it is paramagnetic (PM) or antiferromagnetic. © 2013 AIP

Publishing LLC. [http://dx.doi.org/10.1063/1.4829284]

In the past few years, a considerable effort has been
devoted in order to grow magnetoelectric nanostructured
materials. Besides being of great importance to fundamental
science, they are very attractive in the electronic industry,
magnetic storage media, and solar energy conversion.'
Semiconducting along with ferromagnetic (FM) properties
have also attracted great attention from the material science
community due to not only fundamental science but also
technological application. Ferromagnetism at room tempera-
ture in the absence of any magnetic doping has been
observed in many oxides and in thin films with semiconduct-
ing and diamagnetic properties.” In this sense, careful experi-
ments must be performed in order to avoid impurity and
contamination.” As far as this point is concerned, it is
believed that all metal oxides (even those with zero effective
magnetic moment in nanostructured form) would exhibit
ferromagnetic-like properties at room temperature which is
absent in bulk samples.* The size and shape of the nanostruc-
tures are important parameters related to the occurrence or
not of this kind of ferromagnetism. The general understand-
ing is that the origin of ferromagnetism in these materials is
the magnetic exchange interactions between localized elec-
tron spin moments resulting from uncompensated charges
and/or intrinsic defects.

Among metal oxides, CuO occupies a special place in
the semiconducting 3d systems due to its unique physical
properties.” It is believed that CuO is a magnetoelectric sys-
tem where a ferroelectric order is induced by the onset of a
magnetic coupling at low temperatures.® More recently,
other works have shown that the morphology of CuO nano-
structured materials plays an important role in the gas sens-
ing performance.”® Within this context, the characterization
of nanostructures unraveling the coexisting magnetic contri-
butions assumes fundamental importance for those applica-
tions. In this work, we report the structural, morphological,
and magnetization characterizations obtained on nanostruc-
tured samples of CuO produced by the electrical resistive
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thermal method. We have observed that CuO nanograins
(NGs) sample shows absence of magnetic ordering, but a
magnetic field-induced ferromagnetic behavior shows up in
the entire studied temperature range. The samples of CuO
nanowires (NWs) on NGs show a temperature-induced bulk
like antiferromagnetic (AFM) ordering only when magnetic
fields of 5 kOe are applied. A robust FM contribution was
observed to coexist with AFM ordering.

X-ray powder diffraction (XRD) data were collected at
room temperature on a D8 Discover diffractometer. Scanning
electron microscopy (SEM) images were obtained using a
JEOL FEG-SEM in the UFABC multiuser facility, while
Transmission Electron Microscopy (TEM) images were
obtained using a JEOL 2100F FEG-TEM operated at 200kV
in the Brazilian Nanotechnology National Laboratory,
Campinas. Magnetization measurements were performed in a
superconducting quantum interference device (SQUID)
magnetometer.

The synthesis of CuO nanowires was carried out in ambi-
ent laboratory conditions by the electrical resistive heating
method.” The as-received pure copper metal wire (99.9%) of
0.5 mm in diameter and 150 mm in length, suspended between
two electric contacts, was heated by the application of a direct
electric current. After this process, the oxidized copper in a
layered structure released from the metal core. Fig. 1 shows a
SEM image of nanostructured oxidized copper produced by
the application of an electrical current of 15A. The image
reveals the formation of few nanosheets that coexist with NGs
of CuO. It is worth mentioning that underneath the CuO NGs
there is a thick Cu,O layer. X-ray powder diffraction measure-
ments along with Rietveld refinement indicate the presence of
two crystal phases: CuO and Cu,O. The analysis also indi-
cates that Cu,O is the dominant phase with a cubic structure,
space group Pn-3m, and that CuO nanostructures crystallize in
a monoclinic setting—space group C2/c. The main Cu,O
phase reaches a volume fraction close to 86% and the CuO
phase ~14%. The unit cell parameters in agreement with
literature'® are: a=4.2584(1)A and V=77.22(1)A> for
Cu,0 and a=4.6673)A, b=3.4192)A, c=5.1144)A,
f=99.38(2)°, and V =80.53(3) A3 for CuO.

© 2013 AIP Publishing LLC
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FIG. 1. (a) SEM micrograph and (b)
Rietveld refinement of the XRD pat-
tern of the nanostructured sample. Tick
marks below the pattern indicate the
expected Bragg reflection positions for
cubic and monoclinic crystal phases.

The electrical current magnitude and exposed time play
an important role regarding the morphology and number of
nanowires.” Increasing the applied electrical current would
result in an increase of the number of nanowires. A detailed
synthesis study showing the role of current and time will be
published elsewhere. Therefore, another sample was pre-
pared in order to increase the number of nanowires, now by
using an electrical current of 16 A. Fig. 2 shows the forma-
tion of CuO NWs on top of CuO NGs, both on top of a thick
Cu,0 layer. The SEM images clearly show a very high den-
sity of well-defined CuO NWs growing from a thin layer of
CuO nanograins on Cu,O layer. The images also reveal that
the CuO nanowires grow homogeneously on a ~170nm
layer of CuO nanograins on the top of Cu,0 layer. The mean
diameter of the CuO nanowires is comprehended between 50
and 90 nm and the length up to 1.2 um. The inset in Fig. 2(a)
shows a TEM micrograph of an individual nanowire with its
corresponding electron diffraction pattern. The nanowire is
crystalline in nature, and its electron diffraction pattern was
indexed as monoclinic with space group C2/c near a [011]
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zone axis revealing that this nanostructure is the minority
CuO phase in agreement with literature.” The CuO nanograins
are close to 120nm in diameter. The bulk Cu,O layer has
thickness of ~4.4 yum and a width of several micrometers. The
XRD measurement along with Rietveld refinement indicated
that the ratio of monoclinic CuO and cubic Cu,O cubic phases
has been increased significantly when compared to the first
one. The analysis reveals 77% of Cu,O and 23% of CuO, the
cell parameters are: a =4.2529(1) and ‘/:76.92(1)A3 for
Cu0 and a=4.664Q2)A, b=3411(HA, c=5.115Q2)A,
£ =99.41(2)°, and V =280.28(3) A3 for CuO. Energy disper-
sive spectroscopy (EDS) analyses further confirmed that the
CuO and Cu,0O nanostructures are free of impurities (down to
the detector sensitivity, i.e., 0.1 at. %).

A well established understanding of CuO NWs growth
when using thermal oxidation process, which may be similar
to resistive heating method, is that the formation of NWs
from Cu metal oxidation requires a sequent growth of paral-
lel oxide layers.11 In this case, a Cu,O layer is formed first
followed by the formation of a CuO thin layer of NGs and

FIG. 2. (a)-(c) SEM images of the
nanostructured sample with higher
CuO/Cu,O ratio. The inset of (a)
shows a TEM image of a nanowire
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FIG. 3. (a)~(c) SEM micrographs and
(d) XRD pattern with Rietveld refine-

ment of the sample after a heat treat-
Observed ment at 900 °C.
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subsequent growth of CuO NWs. CuO nanowires are then
formed as a result of the competition between grain bound-
ary and lattice diffusion of Cu ions across the Cu,O layer.'?

As we shall see, in order to interpret the magnetic
susceptibility results it is important to characterize the
same sample without nanograins/nanowires. Therefore, a
heat treatment at high temperature (900 °C in air for 2 h) was
performed in the sample after the magnetization measure-
ments. Fig. 3 shows that layers with grains of few pm remain
in the sample, but the nanowires and nanograins have
completely disappeared. Surprisingly, XRD revealed that
the cubic Cu,O composition has turned into a bulk mono-
clinic CuO phase after the heat treatment. The cell parame-
ters are a=4.6842(1)A, b=3.4202(1) A, ¢=5.1279(1) A,
B=99.44(1)°, and V =81.04(1) A>.
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CuO bulk samples has an unpaired electron in the
d-shell exhibiting two AFM phase transitions—a commensu-
rate collinear state at Ty~ 213K and an incommensurate
spiral state at Ty ~ 230 K. On the other hand, Cu,O has com-
pletely filled electronic d-shell leading to diamagnetic prop-
erties—the effective spin magnetic moment is zero.
Magnetization measurements under zero field cooling (ZFC)
and field cooling (FC) processes as a function of temperature
with applied magnetic fields have been done on the three
samples. First, we show in Fig. 4 results for the first sample
which has less volume fraction of CuO phase and predomi-
nant presence of CuO nanograins. Fig. 4 indicates a linear
change with temperature down to 50 K suggesting that the
spins are freezed (Curie-like behavior is absent). The data
also reveal the presence of a subtle kink in both ZFC and FC
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—+—T=300K
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e -60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60
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FIG. 4. (a) Magnetization measured at H=15 kOe versus temperature for CuO nanograins on Cu,O. The inset shows hysteresis measurement at two tempera-
tures and diamagnetic contributions—the theoretically expected (black) and observed (red) taking into account the data at high magnetic field extrapolated to
low field. (b) Magnetization versus magnetic field measured at different temperatures.
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FIG. 5. (a) Magnetic susceptibility (y = M/H) measured at H=0.5, 1, and 5 kOe for CuO nanowires/grains on the Cu,O layer. (b) Magnetization as a function
of magnetic field measured at different temperatures. The dashed line is the observed diamagnetic contribution. The inset shows an expanded view of the data

at low magnetic field.

curves at Ty =110K which may suggest short range AFM
order. Punnoose e al.'® have suggested the presence of an
antiferromagnetic transition at Ty =40K in CuO nanopar-
ticles of 6.6nm. The long-ranged magnetic order of spins
may be inhibited due to the occurrence of broken magnetic
bonds that change the total exchange energy. At low temper-
ature around 20K, the magnetization increases indicating a
paramagnetic (PM)-like contribution.

The inset of Fig. 4 shows hysteresis loops measured at
2K and 350K. A ferromagnetic-like behavior is observed at
both temperatures, the coercive field is 300 Oe and 40 Oe at
T =2 and T=350K, respectively. Even though this FM con-
tribution is present at high temperatures, a superimposed
negative contribution becomes dominant at T =350 K. This
diamagnetic temperature-independent contribution®® comes
from filled electronic d-shell of the Cu,O layer in agreement
with SEM and XRD results. The expected value of the dia-
magnetic contribution for our specimen can be calculated
theoretically14 which is 3.3 x 107> emu/mol Oe, as plotted in
the inset of Fig. 4(a). At high magnetic fields, the diamag-
netic contribution to the total magnetization becomes domi-
nant; therefore, an experimental value can be estimated by
extrapolating the magnetization at high fields to low fields.
Interestingly, by doing this extrapolation we have obtained
1.8 x 10~*emu/mol Oe (see inset of the Fig. 4(a)) which is
one order of magnitude higher than that expected theoreti-
cally. In order to confirm this result, another nanostructured
sample with lower amount of CuO on Cu,O was measured
and the observed value of the diamagnetic contribution was
very close to the first measurement, 1.6 x 10~*emu/mol. Oe.
In Fig. 4(b), we show the hysteresis curves measured at sev-
eral temperatures between 2 and 350 K. One can see that at
high magnetic field and intermediate temperature the compe-
tition between FM from CuO nanostructures and diamag-
netic from Cu,O layer becomes severe, most pronounced
above 20 kOe.

Fig. 5 displays the magnetic susceptibility as a function
of temperature measured at three different magnetic fields
for the sample with homogeneous dispersion of nanowires
on the top of nanograins. The magnetization (ZFC and FC

curves) measured at low magnetic field H=0.5 kOe also
reveals the absence of AFM ordering. It shows features that
look like superparamagnetic behavior with irreversibility
and a broad blocking temperature.'”” The magnetization
measured at H=1 kOe is nearly temperature independent
down to 30K. Interestingly, the antiferromagnetic phase
transition expected in the bulk sample around T=230K
shows up when measured at H=15 kQOe, as clearly seen in
Fig. 5(a). This result reveals that the more homogeneous
sample with nanowires of 50-90nm in diameter on NGs
shows long range order—characteristic of bulk properties.
We have performed hysteresis loop at several tempera-
tures, displayed in Fig. 5(b), but only up to 20 kOe to prevent
the induced competition between diamagnetic and ferromag-
netic contributions. One can see a very distinct ferromagnetic-
like behavior even below Tn=230K where the magnetic
state is AFM as revealed by magnetization versus temperature
measured at 5 kOe. However, at low field range, the magnetic
moment increases and tends to saturate around 15 kOe. When
the magnetic field is brought to zero a remanent magnetization
with coercivity is observed, which is a signature of ferromag-
netic behavior. As the ferromagnetic-like behavior is observed
along with the AFM state, one could conclude the presence of
an antiferromagnetically ordered core and a ferromagnetic-
like contribution coming from uncompensated spins at the
surface. Another possibility involving coexistence of AFM
ordered region along with uncompensated spins region pro-
ducing FM behavior would be the presence of defects
throughout the sample. For example, lattice mismatch, crystal-
line boundary, and formation of a twin boundary along the
longitudinal axis of the CuO nanowires.”’° Interestingly, the
ferromagnetic-like behavior is observed even at 350 K, which
is much higher temperature than the AFM transition at 230K,
suggesting that this behavior is not dependent on the original
magnetic state of the sample, whether it is paramagnetic or
AFM. 1t is interesting that Punnoose ef al.'® have shown that
the magnetic behavior of particles with size greater than
10nm already belongs to bulk properties with the absence of
ferromagnetism. It is important to mention that the size reduc-
tion of bulk suppresses long range magnetic ordering due to
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FIG. 6. (a) Magnetization as a function of temperature (FC) measured at H=35 kOe for the sample after the heat treatment. The FC and ZFC measurements of
CuO NWs on NGs + Cu,O shown in Fig. 5(a) are plotted again for comparison. (b) Magnetization versus magnetic field measured at different temperatures
for AFM CuO bulk sample. The upper inset shows an expanded view of the data at low magnetic field and the lower inset is the coercive field versus tempera-

ture for CuO bulk and CuO NWs/NGs.

finite size effect—the order parameter does not diverge due to
domain or superparamagnetic limit. Therefore, at one hand,
nanostructured materials shows ferromagnetism features and,
at the other hand, there is a limit in size where molecular field
breaks down inhibiting long range ferromagnetic ordering.
Here, we observed enhanced FM features in samples with
dimensions of 50-90nm in diameter (~170nm in thickness)
and 1.2 ym in length. Another evident difference is the behav-
ior of the magnetization versus magnetic field—the nanopar-
ticles of 6.6nm and 32 nm exhibit a linear dependence of the
magnetization instead saturating when the magnetic field is
increased.”®> Regarding other magnetic property studies in
CuO, there is only a few works on nanostructured'®'® sam-
ples which were prepared by different methods and most of
them are concentrated on nanoparticles.'”' By doing a care-
ful analysis of these published data, one realizes that a reason-
able agreement among them is absent. This is evident from
the behavior of the magnetization against temperature and
magnetic field. We believe that these differences are very sen-
sitive to shape, size of the nanostructure, and mainly to the
synthesis preparation.

In Fig. 6, we show the magnetization measurements for
the same sample, but after a heat treatment as characterized
by SEM and XRD, shown in Fig. 3. The magnetic moment
for CuO + Cu,O nanostructures is lower than for CuO bulk
which is in agreement with the fact that Cu,O has a negative
temperature-independent diamagnetic contribution. The anti-
ferromagnetic phase transition is observed at Ty =230K.
Above Ty, the magnetic susceptibility rises continuously due
to one dimensional short range order.? Interestingly, this 1D
short range order is suppressed in the nanostructured sample.
At low temperature, the same robust paramagnetic-like
behavior is observed in the bulk sample as observed in the
nanostructured one. Since it is observed in the bulk sample,
one can rule out size or surface effects due to nanometer
scale which is usually suggested in the literature. This robust
paramagnetic-like effect may be caused by the presence of
few random isolated Cu™? ions near the oxygen defects in
the sample. A similar behavior is also observed in CoO

nanoparticles® which also come from few isolated ions due
to defects.

Fig. 6(b) displays the hysteresis loops measured at
several temperatures revealing an antiferromagnetic
behavior—the magnetization has linear dependence with
magnetic field. It is important to reveal that even an AFM
state shows hysteresis behavior with coercive field at low
fields. The values of Hc for both samples are displayed in
inset of Fig. 6(b). Interestingly, the coercive field value in
the AFM bulk sample is higher than in the FM nanostruc-
tures. Vila et al.>> have shown magnetic property measure-
ments of CuO nanowires produced by thermal oxidation.
The diameter of nanowires is in the range of 50-120 nm and
lengths between 3 and 10um. The hysteresis behavior
obtained by them (see Fig. 6 of Ref. 23) is very similar to the
results of our bulk sample shown in Fig. 6(b). We believe
that they observed only an AFM contribution in despite of
the presence of a coercive field. It is important to emphasize
that the presence of remanent magnetization and the coercive
field is not enough to guarantee the presence of ferromagnet-
ism coming from nanostructures which is usually suggested
in the literature.

A careful inspection in Fig. 4(b) of the first nanostructured
sample NGs reveals that the values of the saturation magnetic
moment (Mgat) is higher than that of the NWs on the top of
NGs sample as shown in Fig. 5(b). Fig. 7(a) shows Mgar for
both samples as a function of temperature. For NGs sample,
the higher value of Mgt decreases monotonically as the tem-
perature increases confirming the absence of long range mag-
netic ordering in this temperature interval. Therefore, as the
spins are not aligned with each other a field-induced FM
behavior will bring about a robust magnetic moment. On the
other hand, the nanostructured sample that undergoes AFM
phase transition displays a jump in Mgt around 200 K when
the system becomes paramagnetic revealing that part of the
spins aligns and starts to contribute to the FM counterpart.

We have obtained the volume fraction of CuO phase on
the top of Cu,O layer to quantify the magnitude of the meas-
ured magnetic moment. For example, by using the SEM
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FIG. 7. (a) The saturation magnetization as a function of temperature for both CuO NGs and CuO NWs on NGs and (b) Bohr magneton versus magnetic field

for the CuO NGs and CuO NWs on NGs.

images and the density of each crystal phase, we have found
a relative mass of 5.7% of CuO and 94.3% of Cu,0O for NWs
on the top of NGs sample and 3.0% of CuO and 97.0% of
Cu,0 for NGs sample. Therefore, one can recalculate the
value of magnetization measured at 2K taking into account
that all magnetic moment come from CuO. It is in agreement
with the fact that Cu,O is diamagnetic, which was sub-
tracted. The magnetic moment in Bohr magneton unit per
CuO formula is displayed in Fig. 7(b) for both samples. The
magnetic-field-induced FM behavior for the sample with
nanograins reaches ~3 x 102 ug/f.u. As one can see a value
of ~1 x 1072 ug/f.u. is obtained for the sample with nano-
wires on the top of nanograins. As the spins of ions in the or-
dered part of the nanostructure are antiparallel to each other,
the magnetization will vanish, while at the surface and
twinned boundary (and/or defects throughout the sample)
spins are uncompensated resulting in a FM-like behavior.
Straumal et al.** have shown that FM only appears if the ra-
tio of grain-boundary area to grain volume (sgg) exceeds a
certain threshold value. Taking into account the dimensions
of nanograins and nanowires of our samples, we have
observed that ferromagnetism in nanograins should have the
same magnitude as in nanowires. The magnetic moment
measured by them in a set of ZnO thin film samples is in the
range of 0.5 to 2 x 107 ug/f.u. Hong er al.* have also cal-
culated the magnetic moment as a function of thickness for
ZnO nanoplatelet and obtained values between 1 and
5%1073 ug. Unfortunately, there is no theoretical calcula-
tion of FM contribution value when part of the sample is
AFM ordered. We hope these experimental results will call
attention of theoreticians.

In summary, we have produced CuO NGs and CuO
NWs on the top of NGs samples by using electrical resistive
heating method. The NGs sample shows absence of long
range magnetic order and stronger field-induced FM behav-
ior. In the sample comprised of NWs on NGs, the magnetiza-
tion versus temperature (at low magnetic fields) resembles
superparamagnetic behavior. However, a long range antifer-
romagnetic ordering is induced by a magnetic field of 5 kOe.
A ferromagnetic-like contribution displaying remanent

magnetization and coercivity was found to coexist in this
system. Our results reveal clear experimental evidence that
ferromagnetic-like behavior appears along with the presence
of AFM ordering. The ferromagnetic-like behavior is also
observed above the induced Ty, suggesting that this behavior
is not dependent on the original magnetic state of system,
whether it is PM or AFM. The effective magnetic moment
was estimated to be 3 x 1072 and 1 x 1072 ug/f.u. for CuO
NGs and CuO NWs on NGs, respectively.
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