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Abstract: 11 nm diameter quasi-spherical and single phase CuO/Cu.O nanocomposites, with
varying CuO:Cu2O ratio, were synthesized using solvothermal process. X-ray diffraction patterns
refined with the Rietveld method show an evolution of the CuO:Cu20 ratio (%) for the three
samples (100:0, 66:34, and 9:91), along with an increased lattice deformation of the CuO unit cell
as the amount of Cuz0 increased: a = 4.653(2) A, b = 3.411(1) A, and ¢ = 5.131(1) A for the
single phase CuO nanoparticles, similar to bulk, while a = 4.727(2) A, b = 3.457(3) A, and ¢ =
5.247(2) A for the 9/91 % CuO/Cu0 nanocomposites. Magnetic measurements as a function of
the temperature (M vs T) and as a function of the magnetic field (M vs H) nanoparticles indicated
the presence of a ferromagnetic phase in the whole range of temperatures for the single phase CuO
nanoparticles, as revealed by the persistent hysteresis observed in the M vs H loops. In addition,
an enhanced antiferromagnetic contribution, denoted by the increase in the antiferromagnetic
susceptibility, yar~ 4.8 10° emu-gl-Oe? is also observed for these single phase CuO
nanoparticles, while for bulk CuO, yar ~ 0.6 10° emu-g?-Oe™. With increasing CuO content (>
34 % Cu20), the ferromagnetic phase is drastically suppressed for all temperatures, whereas the
antiferromagnetic contribution at low temperatures (2-5 K) first increases (yar ~ 5.1 10° emu-g’
L.0e for34 % Cu,0), but then, it gets reduced (yar~ 1.46 10 emu-g*-Oe™ for 91 % Cu.0). These
magnetic changes showcase the relevance of the interface effects introduced by the Cu20 phase in

CuO/Cu20 nanocomposites.
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Introduction

The study of the magnetic properties of antiferromagnetic (AF) nanoparticles compared to their
bulk form has become an active area of research due to the novel phenomena arising at the
nanoscale [1-6]. Most of the works in this field have been focused on transition metal mono oxides
[4,6,7]. To this respect, CuO and Cu20 occupy a special place among these materials due to their
unique structure and physical properties. CuO and Cu20 are p-type semiconductors with a narrow
band gap, and have attracted great attention due to the potential industrial applications, such as
catalysis, gas sensing, magnetic storage, solar energy conversion, plastics, paints, etc. [7-14]. The
magnetism of bulk CuO is already interesting, because of the square-planar coordination of copper
by oxygen, which resembles high-Tc superconductors. Furthermore, CuO undergoes a
paramagnetic to incommensurate antiferromagnetic transition at 230 K, followed by a first order
transition from an incommensurate to a commensurate antiferromagnetic state at 213 K [15-22].
When the size of CuO is reduced to the nanoscale, the uncompensated surface magnetic moments
dominate the magnetic behavior of these nanoparticles, due to the lower coordination and
uncompensated exchange coupling of the surface atoms, resulting in a considerable change of the
magnetic properties [23]. For example, Punnoose et al. [7] reported a decrease of Néel temperature
when the size of CuO nanoparticles got reduced. Apart from this, weak room temperature
ferromagnetism (FM) has also been reported in CuO nanoparticles with sizes below 10 nm [7,8]
The reason for this FM behavior is not entirely clear, and it has been related to several possible
origins, such as oxygen vacancies, change in spin arrangement, point defects, impurities, and
dislocations, among others [23-29]. On the other hand, when the stoichiometry in Cu:O is changed
from 1:1 to 2:1, the magnetic ordering is lost. Unlike CuO, bulk Cu2O is diamagnetic: neither Cu**

nor O2 are magnetic ions, since the d shell of Cu™ is full [30]. Nevertheless, surprisingly, the size



reduction to the nanoscale seems to endow the Cu>.O nanoparticles with a magnetically ordered
state, where some form of room temperature ferromagnetism has been reported [30,31].

A further step in this research area consists in studying CuO/Cu>O composites. To this respect,
there have been a few works on the magnetic properties of CuO/Cu20 in bulk and microspheres
[32,33], but studies on the magnetic properties of CuO/Cu2O nanocomposites are missing. For
example, Gao et al. [32] reported the appearance of room temperature FM in CuO/Cu.O
microspheres. The room temperature FM initially became stronger with the increase of the Cu.O
phase up to 27% content, but it rapidly decreased when the Cu20 phase increased above 90%. The
appearance of this FM behavior was in principle associated to an indirect exchange coupling at the
interface between the 2 phases, though further work is needed to shed light on this issue.
Considering all this, it is clear that tailoring the interface in CuO/Cu20 can open the door to
enhanced magnetic properties and emergent phenomena in these materials, which could be
interesting for different applications, such as spintronics [33].

To further investigate the effect of the size reduction on the magnetic properties of these transition
metal oxides, in this work, 11-12 nm CuO/Cu.0 nanocomposites have been synthesized with
varying CuO:Cu.0 ratio (%): 100:0 (sample S1), 66:34 (sample S2), and 9:91 (sample S3). The
structure and magnetic properties of these samples have been analyzed using X-ray diffraction
(XRD) measurements with Rietveld refinement, Transmission Electron Microscopy (TEM), and a
combination of magnetic measurements: magnetization vs. temperature (M vs. T), and
magnetization vs. magnetic field (M vs. H). The obtained results reveal the presence of a FM phase
in single phase CuO nanoparticles for the whole range of temperatures, while with increasing Cu.O

content, the FM phase is drastically suppressed. In addition, with increasing Cu2O content, the AF



contribution first appreciably increases for 34 % Cu»O, as compared to bulk, but then, it gets

reduced for 91 % Cu-0.

Experimental Methods

Synthesis of CuO and CuO/Cu20 composites

The CuO (S1) and CuO/Cu20 (S2 and S3) nanocomposites used in the present study were
synthesized by the solvothermal process. In a typical synthesis, Cu(CH3COO)-H20 was dissolved
in 35 ml ethanol and kept for 15 min under magnetic stirring. Then the precursor solution was
transferred to a 45 ml Teflon-lined autoclave and kept at desired temperature for 24 h. The
autoclave was cooled to room temperature naturally and the precipitate was washed with ethanol
three times to remove unreacted precursors. The resulting sample was dried at room temperature
in air. The reaction temperature (130-150 °C) was varied to obtain CuO/Cu2O nanocomposites
with different CuO:Cu2O ratio: 100:0 (130°C, sample S1), 66:34 (140°C, sample S2), and 9:91

(150°C, sample S3).

Characterization of the samples

X-ray Diffraction analysis (XRD) was carried out using a Bruker AXS D8 X-ray diffractometer
working in Bragg-Brentano geometry with Cu-Ka (A = 1.5418 A) radiation. The obtained XRD
patterns were analyzed using Rietveld refinement. For the preparation of the samples, several drops
of each sample were casted onto a piece of a Si wafer, and left to dry until a homogeneous layer
was obtained. The measurements were carried out between 20 and 80°, with a step of 0.05°.
Transmission electron microscopy images were obtained using a FEI Morgagni 268 Transmission

Electron Microscope (TEM) operating at 60 KV. For the preparation, the samples were diluted in



hexane and sonicated for a few minutes. Afterward, one drop of each sample was casted onto a Cu
grid and inserted inside the TEM instrument for imaging.

Magnetic measurements were done using a Quantum Design Physical Property Measurement
System (PPMS) with the vibrating sample magnetometer (VSM) option. All the magnetic
measurements were carried out with the samples in powder form inside a gel capsule. M vs. T
curves were recorded between 5 and 350 K following the zero-field-cooling/field-cooling
(ZFC/FC) protocol. During the ZFC, the sample was cooled in the absence of magnetic field down
to 5 K, then a magnetic field (100 or 500 Oe) is applied, and the magnetization was measured
while increasing the temperature. On the other hand, during FC, the sample was cooled in the
presence of the same magnetic field, and then the magnetization was recorded with increasing
temperature, while keeping the field applied. On the other hand, M vs. H loops were measured at
2, 5, and 300 K, applying fields up to 50 kOe. For the exchange bias analysis, a magnetic field of
50 kOe was applied at 300 K and the sample was cooled down to 5 K in the presence of this field.

Afterwards, the M vs. H was recorded at this temperature.

Results and discussion

The structural phases of the samples were determined using powder X-ray diffraction (XRD).
XRD patterns of the CuO and CuO/Cu,0O composites nanoparticles are shown in Figure 1 along
with the corresponding Rietveld refinements (see Table I for the refined parameters).

As depicted, the XRD patterns corresponding to sample S1 confirm a single monoclinic CuO phase
(space group symmetry C 2/c). The corresponding lattice parameters, a = 4.653(2) A, b = 3.411(1)
A, and ¢ = 5.131(1) A, are similar to those reported in bulk CuO, apuk = 4.653(10) A, bpuk =

3.410(10) A, and coui = 5.108(10) A [34]. Contrary to other studies in similar CuO nanoparticles,



no increase in the b axis was observed for sample S1 [7]. The performed refinements also indicate
the existence of a preferred orientation along the (111) direction. The low Bragg factor obtained,
Re = 7.2 %, ensures the reliability of the fittings. Rietveld refinements also provide information
on the nanocrystalline size, <D>, and microstrain, #. For S1, <D> = 10.6(1) nm and = 0.15%,
indicating a low microstrain, with a slight modification of the g angle, which reaches a value of
98.94(5)° for S1, slightly smaller than the bulk value, Bouk = 99.53(4)°.

Rietveld refinements performed on sample S2 clearly reveal the coexistence of both CuO (66%)
and Cu20 phases (34%). The former CuO phase keeps the same monoclinic arrangement as in S1,
with unit cell values a = 4.694(2) A, b=3.425(2) A and ¢ =5.173(1) A and 8 = 99.09(4)°, indicating
a slight unit cell expansion with respect to S1. This relaxation of the unit cell goes along with a
larger microstrain, # = 0.28(4)% for S2. Regarding the Cu2O phase, the Rietveld refinements
indicate a cubic CuxO-type structure (Pn-3n) (cuprite), being the obtained lattice parameter a =
4.269(3) A. This value is in very good agreement with the one reported for bulk Cuz0 (a = 4.2696
A) [35]. Finally, the mean nanoparticle size for S2 is <D> = 10.4(3), and the Bragg factors are Rg
=6.8 % and Rg = 9.7 % for CuO and Cu20 phases, respectively.

In the case of sample S3, XRD data indicate that amount of CuO phase greatly decreases, as the
obtained phase content are 9% and 91% for the CuO and Cu2O phases, respectively. In this case,
the CuO phase also arranges in a monoclinic structure, with a = 4.727(2) A, b = 3.457(3) Aand ¢
=5.247(2) A, and g = 97.5(4)°, yet the structure is even more distorted than before, being 7 = 0.52
(2)%. Indeed, the increase of the Cu.O content alters the crystalline structure of the monoclinic
CuO phase. The Cu.0O phase, on the other hand, exhibits the already mentioned cubic structure

(Pn-3n), with a lattice parameter a = 4.2757(2) A. Rietveld refinements inidcated a mean



nanoparticle size of <D> = 10.5(3) nm for sample S3, and Bragg factors in this case are Rg = 11
% and Rg = 2 % for CuO and CuzO phases, respectively.

All in all, XRD and Rietveld analysis indicate that the 3 samples have a very similar
nanocrystalline size, and, while the pure CuO nanoparticles present lattice parameters similar to te
bulk CuO, as the Cu.O content increases, a progressive distortion of the CuO unit cell is clearly

observed in the CuO/Cu20 nanocomposites.
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Figure 1. X-ray diffraction patterns corresponding to samples a) S1, b) S2 and c) S3. Red dots
represent the experimental data, the black line accounts for the calculated Rietveld refinements,
being the bottom blue line the difference between the experimental (lobs) and the calculated (lcaic)

profiles. Green vertical bars correspond to the CuO (top) and Cu20 (bottom) hkl reflections.



Table I. CuO/Cu20 ratio, crystallite size <D> (XRD), average size obtained by TEM (Dvem),

standard deviation (otem), and lattice parameters for CuO (a, b, ¢) and Cu.O (a).

Sample | CuO/Cu0 <D>(nm) Drem(otem)  a(A) b (A) c(A) a(A)
ratio (%) (nm) CuO CuO CuO Cu20

S1 100/0 10.6(1) 11 (2) 4.653(2) 3.411(1) 5.131(1) -

S2 66/34 10.4(3) 11 (2) 4.694(2) 3.425(2) 5.173(1) 4.269(3)

S3 9/91 10.5(3) 12 (2) 4.727(2) 3.457(3) 5.247(2) 4.2757(2)

The morphology and particles size of CuO/Cu.O nanocomposites were analyzed using
Transmission Electron Microscopy (TEM). Figure 2 shows TEM images of the nanoparticles
along with their particle size distribution. The mean diameter, Dtem, and standard deviation, otem,
are presented in Table I. The TEM images illustrate the formation of quasi-spherical particles,
with a relatively narrow size distribution, but very agglomerated, as can be observed in the inset
to Figure 2. Figure 2a reveals that the CuO nanoparticles (S1) have a mean diameter Dtem = 11
nm, with a standard deviation otem = 2 nm, as deduced from fitting the size distribution histograms
to a Log-Normal distribution. These values are close to the ones estimated by XRD. These TEM
images also show that the average particle size does not change appreciably with increasing Cu,O
content (S2 and S3), as depicted by the histograms presented in Figures 2d-f. TEM results also
reveal that the 3 samples exhibit similar morphology and size regardless the CuO:Cu20 content.
This homogeneity in the shape and size of the nanoparticles makes them ideal to compare how

their magnetic response changes as the Cu.O content increases
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Figure 2. TEM images of a) S1, b) S2, and c¢) S3 nanocomposites. The individual nanoparticles
are very agglomerated. In the inset, a magnification of these nanoparticles is showcased (scale bar
is 20 nm). The size distribution histograms are presented in d) S1, e) S2, and f) S3. Fittings to Log-

Normal distributions are also included.

Once the samples have been structurally and morphologically characterized, their magnetic
response has been studied. First, sample S1, formed by single phase CuO nanoparticles, has been
analyzed. The magnetization vs. temperature curves, M vs. T, under zero-field-cooling/field-
cooling (ZFC/FC) conditions are presented in Figure 3a. In these M vs. T curves measured for

sample S1, two differentiated temperature ranges can be observed: (i) above 40-50 K, the ZFC/FC



magnetization curves increase with increasing temperature and overlap above 350 K; and (ii)
below 50 K, there is a change in the magnetic behavior and the ZFC/FC curves tend to increase as
the temperature decreases. This low T behavior deviates from the one typically reported for bulk
CuO [19,36], for which the M vs. T curves tend to flatten at low temperatures. In the same way,
for bulk CuO, the ZFC/FC curves also tend to increase with increasing T, but a clear change is
typically observed in the slope of these curves around Tn~230 K, which is not observed in these
CuO nanoparticles (S1). This change in the magnetic behavior, between bulk and nanoparticle, is
similar to the one reported in other CuO nanoparticle systems [8]. In addition, the appearance of a
low temperature upturn in the M vs. T curves, below 50 K, suggests the existence of an additional
magnetic phase, apart from the antiferromagnetic CuO. This additional magnetic phase at low
temperatures has been typically associated to the presence of uncompensated surface magnetic
moments and/or to other small size effects which are linked to the disruption of the lattice
periodicity [7,8,23]. Along these lines, the absence of any change in the slope of the ZFC/FC
curves around Tn~230 K suggests that the Néel temperature of these pure CuO nanoparticles is
being reduced with respect to the bulk. A reduction of the Néel temperature has also been reported
for other CuO nanoparticles, and it has been typically explained in terms of the expansion of the
CuO lattice with decreasing particle size [7]. Although, according to XRD analysis, no lattice
expansion is observed in sample S1, the existence of a non-negligible lattice strain, as shown
before (n = 0.15%), could be affecting the antiferromagnetic (AF) interactions inside the CuO
nanoparticles, thereby giving rise to a reduction of the value of Tn.

In the very low temperature region, around 20 K, a cusp in the ZFC curve is observed (indicated
by a red arrow in Figure 3a). A similar low temperature cusp has been reported in other

antiferromagnetic nanoparticles, and it has been typically attributed to the freezing of the surface



atoms into a spin glass-like phase at very low temperatures [4]. To check if a spin glass-like phase
is also being formed at low temperatures in these CuO nanoparticles (sample S1), the M vs. T
measurements have been repeated at higher fields, H = 500 Oe. As it is well-known, spin glass
phases are very unstable and tend to disappear at high fields [37]. However, as shown in Figure
3a, after increasing the field to 500 Oe, the cusp in the M vs. T curves is still clearly present and
does not exhibit any appreciable changes due to the field increases. Hence, this rules out the
possibility of the low T cusp being related to the formation of a spin glass-like phase. In order to
try to shed some light onto this issue, we have plotted the curve obtained by subtracting the FC
and ZFC magnetization curves, Mrc-Mzrc, as represented in Figure 3b. Small changes and
deviations in the thermal dependence of the magnetization can be more easily discerned in these
Merc-Mzrc measurements. As depicted, the Mrc-Mzrc curves present a clear change in the slope
below 20 K, thereby supporting the presence of 2 different magnetic regimes, above and below
this temperature, as was mentioned before. Besides, as it happened with the ZFC/FC curves, the
position of this steep rise does not change when increasing the field from 100 to 500 Oe. A similar
sharp change in the Mrc-Mzrc curves was also reported by Punnose et al [7] for 6.6 nm CuO
nanoparticles at temperature values below 40 K. They related this rise in their Mrc-Mzrc curves
to a reduction of the Neel temperature, down to Tn = 40 K. This decrease of Ty was associated to
the modification of the AF interactions between the Cu?* magnetic moments within the core, due
to the lattice expansion they observed in their nanoparticles. However, in sample S1, no
appreciable lattice modification was observed by XRD. On the other hand, Batsaikhan et al [23]
also reported a similar upturn in the spontaneous magnetization of CuO nanoparticles below 10 K.
In their case, they related this upturn to a change in the main magnetic contributors as the

temperature decreased: the core magnetic moments above the upturn, and the surface magnetic



moments below it. Therefore, the presence of an upturn in Mec-Mzrc curves for sample S1 around
20 K could also be indicating a similar change in the magnetic contributors. To gain further insight
about this, the isothermal M vs. H curves of S1 nanoparticles have been measured at different
temperatures: 2, 5, and 300 K (Figure 3c). The presence of two magnetic components is clearly

noticeable, with a high field slope above ~1.5 kOe and a hysteretic behavior below that field.
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Figure 3. Magnetic measurements for S1 nanocomposites (pure CuQ). a) Magnetization vs.
temperature curves for CuO nanoparticles, measured under ZFC and FC conditions at an applied
field of 100 and 500 Oe. The red arrows indicate the position of a low temperature cusp in the ZFC
curves. b) Subtraction of the ZFC and FC magnetization curves, Mrc-Mzrc. ¢) Hysteresis loops

measured at 2, 5, 300 K. d) Hysteresis loops measured at 5 K under ZFC and FC (50 kQe)
conditions.



Table I1. Coercive field (Hc), high-field susceptibility (y), and extrapolated saturation
magnetization (Mo) at 5 and 300 K

Sample | Hcat5 K Hcat 300 K yat5K xat 300 K Moat5 K Mo at 300 K
(Ge) (Ge) (10%emu-g?-0e?) (10°emugl-Oe?)  (emu/g) (emu/g)

S1 338 65 4.75 3.14 0.041 0.038

S2 430 ~0 5.10 2.32 0.005 ~0

S3 485 ~0 1.46 0.11 0.002 ~0

We have first focused on the high field region of these M vs. H curves. At 300 K, this high field
slope could be associated in principle to the typical expected paramagnetism of CuO above Tn.
However, as indicated in Table 11, the obtained high-field susceptibility value, y = 3.14 10 emu-g°
1.0e? (being M = y H), is appreciably higher than the values typically reported for bulk CuO (y =
0.6 10 emu-g-Oe™, see for example [23]). This difference becomes even more noticeable at low
temperatures (2 and 5 K), where the high-field antiferromagnetic susceptibility reaches an even
higher value, % = 4.75 10° emu-g*-Oe™*. Therefore, these results clearly indicate an enhancement
of the antiferromagnetic response in CuO nanoparticles (sample S1) compared to bulk.

On the other hand, in the low field regime, M increases rapidly with increasing field, up to ~1.5
kOe, describing a clear hysteresis not observed in bulk CuO. This hysteresis persists in the whole
range of temperatures analyzed, even at 300 K, and it has been typically related in the literature to
the existence of a “weak ferromagnetic” contribution in CuO nanoparticles [7,23-25]. The
saturation magnetization of this ferromagnetic contribution, Mo, obtained after subtracting the high-
field slope from the M vs. H curves, reaches a value of 0.041 emu/g at 5 K. This value is similar
to those reported for other CuO nanoparticles such as 8.8 nm CuO nanoparticles, with a saturation

of 0.04 emu/g at 1.8 K [8]. However, these saturation values are much higher (> 150 times) than



those typically reported for bulk CuO samples (0.00025 emu/g) [23], indicating a large
enhancement of the FM contribution for CuO nanoparticles compared to bulk.

These enhancements of both AF and FM contributions in these 11 nm CuO nanoparticles cannot
be simply attributed to the existence of uncompensated surface Cu?* magnetic moments [7], nor
to the appearance of surface oxygen vacancies or defects [25], since, on the one hand, the number
of surface atoms is relatively small (~ 20% of the atoms on the surface), and, on the other hand,
XRD results for sample S1 revealed a high crystallinity with lattice parameters comparable to bulk.
To this respect, recently, Batsaikhan et al [23] revealed a similar large increase in the FM and AF
contributions of CuO nanoparticles compared to bulk. By using a combination of magnetization
and neutron diffraction measurements, they indicated that these changes were mainly caused by a
charge redistribution in the whole nanoparticle, which was triggered by the disruption of the lattice
at the surface (the so called “small size effects”). This gave rise to an enhancement of the magnetic
coupling between Cu ions (especially relevant for the magnetic moments on the surface), thereby
increasing the FM (surface) and AF (core) contributions [23]. A similar effect could also be taking
place in sample S1. Moreover, the presence of strong FM interactions for the surface atoms could
also explain the absence of a spin glass behavior at low temperatures for sample S1, as was
mentioned before in the analysis of the M vs T curves.

To further investigate this, the coupling between the core (AF) and surface (FM) atoms has been
probed by studying the possible presence of exchange bias (EB) at low temperatures in these
nanoparticles [7]. As shown in Figure 3d, the hysteresis loop measured after field-cooling (FC)
sample S1 while applying a field of 50 kOe exhibits a shift towards negative fields at 5 K, which
is a clear fingerprint for EB. The value of the exchange bias field, Heg, at 5 K is ~220 Oe, slightly

below the one reported for other similar CuO nanoparticles [7]. However, it should be noted that,



unlike what happened in these previous reports on CuO nanoparticles, no broadening of the FC
hysteresis loop (increase in coercivity) was observed. An increase in coercivity, He, for the FC
hysteresis loops measured at low temperatures has been typically associated with a FM and AF
coupling between the core and the surface atoms [24]. Therefore, the presence of EB but without
an increase in Hc for sample S1 suggests only a weak interfacial coupling between FM (surface)

and AF (core) components in S1 nanoparticles.
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Figure 4. Comparison of the magnetic measurements for S1, S2, and S3 nanocomposites. a)
Temperature variation of magnetization in ZFC and FC conditions at an applied field of 500 Oe.
b) Thermal variation of difference magnetization [Mrc-Mzrc]. ¢) Hysteresis loops measured at 300
K. d) Hysteresis loops measured after ZFC at 5 K.



Once an overall idea of the magnetic response of the single phase CuO nanoparticles has been
obtained, the magnetic behavior of the CuO/Cu20 nanocomposites has been studied (samples S2
and S3). As mentioned before, although bulk Cu2O is diamagnetic, in nanoparticle form, a
paramagnetic behavior has been frequently reported. This has been frequently associated to the
presence of Cu?* ions on the surface of the Cu,O nanoparticles, due to oxygen excess and/or
surface defects [38,39]. To better understand the effect of Cu2O in the magnetic response of
CuO/Cu20 nanocomposites, the ZFC/FC curves of CuO nanoparticles (S1) and CuO/Cu.O
nanocomposites (S2 and S3) have been compared in Figure 4a. As depicted, the ZFC and FC
magnetization curves of samples S2 and S3 remain nearly constant down to 15-20 K, contrary to
what is observed for sample S1. Moreover, the ZFC/FC curves for S2 and S3 present an upturn
below 15 K, in a similar way to S1, but without any noticeable cusp this time. In addition, the
increase of the Cu2O content leads to a decrease of the net magnetization value for S2 and S3
compared to S1. All these results indicate a suppression of both FM and AF phases in S2 and S3.
Figure 4b depicts the Mrc-Mzrc curves for these three samples. As the Cu.O content is increased,
the steep rise below 20 K, which was observed for sample S1, greatly diminishes for sample S2
(34% of Cu20), and nearly completely disappears for sample S3 (91% Cu.O content). This would
indicate that in sample S2, both FM and AF components are still present, albeit weakened if
compared to sample S1, but they are largely suppressed for sample S3, due to the large increase in
Cu20 amount.

Figure 4c presents the hysteresis loops, M vs. H, measured at 300 K for the three samples. The
corresponding Hc, Mo, and y values are indicated in Table I1. Whereas sample S1 shows a clear
hysteresis and coercivity in the whole range of temperatures, as was discussed before, samples S2

and S3 no longer exhibit any hysteresis at room temperature. In addition, the high-field



susceptibility tends to decrease with increasing Cu2O content, being this reduction especially
noticeable for sample S3. As indicated in Table 1, at 300 K the high-field susceptibility decreases
from y = 3.14 10 emu-g1-Oe* for sample S1, to y = 2.32 10 emu-g*-Oe™ (~26 % decrease) for
S2, and to y = 0.11 108 emu-g-Oe™ (~96 % decrease) for S3. As can be seen, these percentage
decrease numbers are comparable to the increase in Cu2O content, 34% for S2 and 91 % for S3.
This indicates that, at room temperature, the increase in Cu.O content (diamagnetic) is
progressively suppressing the AF order associated to CuO. A different effect is obtained, however,
at low temperatures (5 K), as depicted in Figure 4d. Here it is interesting to notice that in the case
of sample S2, the high-field slope obtained at 5 K, y = 5.10 10 emu-g*-Oe™, is even higher than
the one obtained for sample S1, y = 4.75 10 emu-g*-Oe. This means that, at low temperature,
the 34% Cu20 phase inside the nanocomposite is giving an additional contribution to the high-
field slope, apart from the AF contribution from CuO. However, for sample S3, with 91% Cu.0
phase, the high-field slope obtained at 5 K is % = 1.46 10 emu-g*-Oe™, a lower value than the one
obtained for S1 and S2, but still very different from the negative  value typically reported in bulk
diamagnetic Cu0 at 5 K (e.g. y = - 9.5 10 emu-g*-Oe™ [40]). On the other hand, in the lower
field region of the M vs. H curves, the hysteresis observed for samples S2 and S3 at 5 K presents
a nearly null saturation value and is clearly different from the one obtained for sample S1 (see
Table I1). Coercivity values of 338, 430 and 485 Oe are obtained for S1, S2, and S3, respectively,
at 5 K.

Therefore, these results are indicating a surprising effect of Cu20 phase inside the nanocomposite.
On the one hand, even at relatively low contents, the Cu.O is strongly suppressing the FM order
previously described for pure CuO nanoparticles, in the whole range of temperatures. As

mentioned before, Gao et al. [32,33] reported in both bulk and micron sized CuO/Cu,0 particles



an increase of the ferromagnetic order with increasing Cu.O amount, till a point after which the
FM order rapidly decreased. They attributed the FM enhancement to an interface coupling effect
between the CuO and Cu20 phases. However, in the CuO/Cu.O nanocomposites studied in this
work, no such enhancement of the FM order has been observed. Instead, an enhancement of the
AF contribution at low temperatures has been observed for 34 % CuO (sample S2), which is no
longer present for 91 % Cu»O (sample S3). This enhancement of the AF contribution for S2 cannot
be explained just by adding the PM contribution of Cu.O with the AF contribution of CuO, as
observed in Table Il. Therefore, it is probably related to an interface effect between CuO and Cu.O
phases inside the nanocomposites. This is supported by the increase in coercivity observed for
sample S2 at 5 K compared to sample S1. For sample S3, the low CuO content (9%), together with
the lattice deformation reported in the XRD results, is effectively suppressing both the FM and AF
order of CuO. Despite this, there is some extra magnetic order at low temperatures (as denoted by
the remanent high-field slope and the increase in coercivity at 5 K). This suggests again the
presence of interface effects between CuO/Cu20, although less pronounced than in the case of

sample S2.

Conclusions

In this work 11-12 nm single phase CuO nanoparticles and CuO/Cu20 nanocomposite with varying
phase ratio have been successfully synthesized using a solvothermal process. It was found that the
CuO/Cu20 nanocomposite phase ratio could be effectively controlled by varying the solvothermal
reaction temperature, while the morphology and size of the nanoparticles remained nearly
constant. This has facilitated the comparison between the three samples. Rietveld refinements

show a progressive unit cell expansion of CuO phase in CuO/Cu20 nanocomposites compared to



pure CuO nanoparticles. Room temperature FM is observed only in single phase CuO
nanoparticles. Magnetic measurements indicate that the FM and AF contributions are appreciably
enhanced in CuO nanoparticles, compared to bulk, but as the amount of Cu.O increases, the FM
contribution is heavily suppressed in the whole range of temperatures. On the other hand, at low
temperatures the AF contribution first increased (for 34 % of Cu.0) and then decreased (for 91 %
of Cu20) with increasing Cu2O content. This has been associated to the presence of additional
interface effects between the CuO and Cu.O phases. These results differ from those reported in
other CuO/Cu0 composites, both in bulk and microparticle shape, and they clearly indicate that
at the nanoscale, additional interface and surface contributions come into play giving rise to
unexpected magnetic phenomena, such as the increase of the AF susceptibility observed for sample
S2 at 5 K compared to S1. Therefore, the results obtained in this work stress the importance of
carefully tuning the CuO/Cu20 content at the nanoscale. In this regard, the observed suppression
of the FM order and enhancement of the AF order in CuO/Cu>0 nanocomposites can pave the way

to a new and novel breed of magnetic materials of emergent device interest.
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