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ABSTRACT

Cu,;—xFexO nanoparticles were prepared using a freeze-drying process followed by heat treatment. The particles were then characterized using
Mossbauer spectroscopy and magnetization techniques. The results revealed complex magnetic behavior, which can be attributed to the pres-
ence of two different magnetic regions: the particle core, which has antiferromagnetic fluctuations, and the particle shell, where uncompen-
sated spins are responsible for their superparamagnetic characteristics. At low temperatures, the moments freeze, revealing a ferromagnetic
order for the shells and a dipolar magnetic interaction among the nanoparticles. In addition, an exchange-bias field revealed magnetic inter-
actions between the core and the shell of the nanoparticles. The ferromagnetism observed in this system suggests that antiferromagnetic oxide
matrices can be used for diluted magnetic semiconductor applications, if suitably doped.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0008366

. INTRODUCTION

Materials that could transport a spin-polarized electric cur-
rent have attracted much attention in recent decades. The interest
has been triggered by theoretical models that predicted that a non-
magnetic oxide matrix doped with magnetic cations should present a
ferromagnetic (FM) order at room temperature (RT)."” Such mate-
rials are called diluted magnetic oxides (DMOs), which have been
prepared through several combinations of hosts (e.g., III-V semicon-
ductors) and magnetic cations (e.g., Mn, Co, and Fe).l The struc-
tures and magnetic states of DMOs have been extensively char-
acterized. While preserving their semiconductor properties, these
oxides could solve the lack of semiconductors that are typically
FM at RT.

However, there is hardly any definitive data on the true FM
nature of DMOs due to problems related to the presence of minor
phases and doubtful magnetic characterization. The absence of con-
clusive results is partly due to the possible formation of minor (mag-
netic) phases during DMO synthesis. These spurious phases are dif-
ficult to identify and could mask the true (non-)magnetic nature of

the prepared solid solutions. In addition, a real DMO is supposed
to present weak FM vyields, which cannot be confounded with mag-
netization measurement artifacts.” Therefore, well-performed phase
identification and accurate magnetization measurements are essen-
tial to clarify the true phasic and magnetic characteristics of the
doped oxides. Some promising DMO candidates are only FM at
low temperatures, making them unsuitable for RT applications and
demanding further investigation.

One possible strategy to prepare oxide semiconductors that
are FM at RT could be doping with magnetic cation nanoparticles,
which are antiferromagnetic (AFM) oxides in the bulk state. The FM
behavior has already been observed in undoped oxide nanoparticles
and attributed to uncompensated spins at the surface nanoparti-
cles. Doping these nanoparticles with magnetic cations, particularly,
those with a larger magnetic moment, could enhance the nanoparti-
cle FM moment and make them appropriate for spintronic applica-
tions. In other words, the FM fraction of the system could transport
a spin polarized current.””

Focusing on this possibility, we synthesized Fe-doped CuO
nanoparticles by lyophilization followed by heat treatment. We
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recently reported some of the structural and optical properties
of the nanoparticles.” These nanostructures were shown to be
effectively monophasic by high-resolution XRD, and a correla-
tion was also established between the dopant concentration and
particle size.

CuO is a p-type semiconductor that has a narrow band gap
(1.2-1.4 eV) and two AFM transitions near 215 K and 230 K.°
Many studies on CuO doped with transition metal (TM = Mn,
Fe, Co, and Ni) have been conducted due to the sharp changes
in several physical properties that doping induces. The modifica-
tions include optical, electric, and magnetic properties that depend
on the dopant and the synthesis route of the nanostructures.”
Most of the time, it has been observed that doping reduces the
size of the particles to the nanometer scale, giving rise to com-
plex magnetic properties such as antiferromagnetism coexisting
with ferromagnetism or superparamagnetism, uncompensated sur-
face spins in antiferromagnetic nanoparticles, exchange bias, and
spin glass.

Some studies have been conducted on CuO doped with Fe
cations, which usually assume a trivalent state when diluted in
oxides and, hence, have a magnetic moment of pure spin. For
example, Manna and De'’ prepared Fe-doped CuO nanorods using
a hydrothermal method and reported feeble ferromagnetism at
RT. The nanoparticle shape anisotropy was found to determine
the magnetic behavior of the Cuj_xFexO nanorods, and ferro-
magnetism was considerably enhanced by the substitution of iron
in the copper sites. Gaur et al."” reported the synthesis of Fe-
doped CuO nanostructures using a wet chemical method. They
observed superparamagnetic (SPM) behavior at RT, and the block-
ing temperature decreased as the particle size decreased. In addi-
tion, all the samples exhibited FM behavior at T = 5 K, and the
magnetic order was shown to increase as the iron concentration
increased.

One great advantage of the Fe-doping of oxides is the possi-
bility of applying Mossbauer spectroscopy, which can finely iden-
tify minor phases and different iron sites in the analyzed sample,
as shown by others.'"'® This was our main reason for using Fe
as a dopant. Preliminary Méssbauer spectroscopy and magnetiza-
tion analysis results were also, recently, reported for Cu;—xFexO
samples (i.e, x = 0.01 and 0.03)."” The magnetic behavior of the
Cu;_xFexO nanoparticles is complex. Macroscopic magnetic analy-
sis revealed SPM particles at RT, while hyperfine interactions on the
*"Fe indicated the presence of two magnetic phases. We suggested
that one of these phases could correspond to a nanoparticle region
characterized by AFM fluctuations. The other phase would corre-
spond to a region where uncompensated spins are responsible for
the SPM characteristics and ultimately the FM interactions among
the nanoparticles at low temperatures (LT).

The FM interactions that occur near RT make this system
promising as a DMO and worthy of further investigation. There-
fore, we studied new doping concentrations to better understand the
magnetic properties of the Cu;_,FexO nanoparticles and give a more
general and conclusive description for this system. CuggssFeg020
and Cug gsFeo 040 nanoparticles were prepared and characterized by
magnetization vs temperature [M(T)] curves and Mdssbauer spec-
troscopy from RT down to 4.2 K. The magnetization vs magnetic
field [M(H)] curves were also applied in the search for evidence of
exchange bias (EB).

scitation.org/journal/adv

In this paper, we corroborate the presence of two magnetic
phases that share the same interface and are magnetically coupled.
Furthermore, we propose a model to structurally and magnetically
describe the Cu;_xFexO nanoparticles. The results are key informa-
tion for tuning the doping synthesis of this semiconductor oxide and
could have technological applications in spintronics.

Il. MATERIAL AND METHODS

Cui—xFexO nanoparticles were prepared by freeze-drying an
aqueous solution of copper acetate and >’ Fe acetates, followed by
heat treatment, as detailed in Ref. 5. The structure and phase
purity were checked by high resolution x-ray powder diffraction
and the estimated crystallite sizes for x = 0.02 and 0.04 were 25 nm
and 16 nm, respectively.” The magnetic properties were performed
using a vibration sample magnetometer (Quantum Design MPMS-3
SQUID-VSM). The zero-field cooling (ZFC) and field cooling (FC)
magnetization curves M(T) were measured at 250 Oe for both sam-
ples and (ZFC) and field cooling magnetization curves Mzpc(T) at
different magnetic applied field values (10, 50, 150 and 250 Oe) only
for x = 0.04. The M(H) curves were taken at 5 K, 10 K, 100 K, and
300 K for 70 kOe < H < 70 kOe for both ZFC or FC protocols. Moss-
bauer spectroscopy was performed in transmission geometry using a
% Co(Rh) source with 50 mCi of nominal activity. A metallic iron foil
absorber (a-Fe) was used to calibrate the velocity scale. The spectra
were obtained at 300 K, 200 K, 150 K, 100 K, 50 K, 25 K, and 4.2 K
using a closed-cycle He cryostat.

lll. RESULTS
A. Magnetic and morphological characterization

The M(T) curves for the CugosFeg 020 and CuggsFeg 04O sam-
ples are shown in Figs. 1(a) and 1(b), respectively. These ZFC/FC
curves are very similar to those simulated for a system that contains
a SPM phase with log-normal distribution of the particle size;'* they
also are analogous to our experimental results for the Cug.g7Fe.030
sample.”” Thus, the ZFC/FC curves suggest a behavior consistent
with a system of SPM particles at RT that become FM at the lowest
temperatures.

The ZFC peak occurs at different temperatures for the two sam-
ples (133 K for x = 0.02 K and 140 K for x = 0.04). This particular
temperature corresponds to the blocking temperature, T, below
which the particle moments are frozen, i.e., ferromagnetic ordering
in the time scale of the measurement.'’ The broadening of the ZFC
peak reveals a distribution for the crystallite size, which is consistent
with our observations on the particle morphology of this system [see
Fig. 1(c)]. Ty varies depending on the applied magnetic field value
as shown in Fig. 1(d) for the Cug.96Fe 04O sample; the value of T is
shifted toward higher temperatures with increasing H. The nature of
the possible inter-particle interaction can be assessed from the field
dependence of Tp.”’ Figure 1(d) shows the variation of T as a func-
tion of H*?, which is a typical Almeida-Thouless line, suggesting a
dipolar interaction between the nanoparticles.”’ We will return to
this subject later.

Figure 2 presents M(H) curves for the CugogFep2O and
Cug.osFe0.040 nanoparticles, traced at 10 K and 300 K. Each of these
M(H) curves, which are not saturated up to H = 70 kOe, can be
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FIG. 1. Magnetization vs temperature
curves for the CuggsFeq2O (a) and
CuggsFeo 040 (b) samples; TEM micro-
graph and histogram (inset) of the par-
ticle size taken from the CugggFeo 04O
sample (c); Tg as a function of H?®
and Mzgc(T) curves measured for dif-
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interpreted as a sum of two contributions and may consistently be
10K represented as M(H) = Mrm(H) + Xarm H. The first term accounts
for a hysteretic component, and the second term refers to a lin-
ear component of the magnetization (i.e., Xarm is the susceptibil-

ity of the AFM phase), as considered for the x = 0.01 and 0.03
............. 300K samples.'” Such a system is expected to be a Langevin paramag-
net above Tp and exhibiting magnetic hysteresis below Tp. This
behavior is clearly observed for both samples, evidencing the SPM
character of nanoparticles for T > T and the FM blocked state
for T < Ts.

These curves revealed the saturation magnetizations (Ms),
coercive fields (Hc), and remnant magnetization (Mg) values,
41000 0 1000 which are listed in Table I. All these increase with iron concen-
0.44 x = 0.04 tration and decrease with T. In addition, yarm increases with the

™ % 300009904 3K iron concentration and decreases with T. These results also con-
@~ firm the dual character, FM and AFM, of the samples at low

024 % Y 4 300 K temperatures.
084 Y 000000000000004

——r ——
-50000 0 50000

— —
-50000 0 50000

B. Mossbauer analysis

M (emul/g)
o
o

4 L N * g The Mossbauer spectra obtained for the CugosFep2O and
024 ceeeeeesssses 0.0] CugosFep04O samples at RT and below are shown in Fig. 3.
) They are comparable to those obtained earlier for CuggoFeg 01O
1 o004 044 and Cugg7Feg 030 and were equally fitted with a discrete sex-
0.4 _100 000 tet and a hyperfine magnetic field distribution (Bys Dist.)."”
v T v t v T v The hyperfine parameters and sub-spectral areas are listed in
-80000 -40000 0 40000 80000 Table I1.
H (Oe) The hyperfine parameters and their variation with the temper-
ature are very similar for both samples. For the two spectral contri-
FIG. 2. Mew(H) curves for the Cug g5Fen0,0 and Cug.s6Feo 040 samples measured butions, the isomer shifts (8) have similar values and are typical of

at 10 Kand 300 K; the insets on the right show a zoomed-in image of the respective

3+ :
low-field range; each inset on the left shows the complete M(H) curve. Fe'", They increase when the temperature drops due to the second-

order Doppler effect. The quadrupole splitting (2¢) obtained for the
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TABLE I. Magnetic parameters for the Cuy__,FexO samples.

ARTICLE scitation.org/journall/adv

-3 -3 —6
Sample Hc (Oe) Mg (10 "emu/g) Ms (10 "emu/g) X (10 "emu/g.Oe)
x) 10K 300K 10K 300 K 10K 300 K 10K 300 K
0.02 761 14 12 0.3 115 25 7.6 4.7
0.04 995 17 82 2.2 344 172 9.6 5.7

distribution are small or almost null and are relatively temperature-
independent. As expected for By distributions, the fitted 2 param-
eter represents an average over values, which, in this case, may be as
high as 1 mm/s (e.g., when By ~ 0).

Regarding the strength of the magnetic interactions, their evo-
lution with the temperature is more complex. For both samples,
the hyperfine field distribution exhibited an increase in the aver-
age value of By as a result of the temperature reduction (see Fig. 3).
This behavior has been observed in Mdssbauer spectra of iron-doped
CuO samples by other authors,'"'”" and is typical of progressive
magnetic phase ordering. Here, the AFM order is expected to occur
due to similarity with the known behavior of undoped CuO. On
the other hand, the discrete sextet maintains the same By value for
different temperatures (see Fig. 4), while I" decreases with decreas-
ing temperature. This spectral evolution with the temperature is the
hyperfine signature of SPM relaxation,”” in agreement with the M vs
T results.

In the case of *’Fe Mossbauer spectroscopy, below Ts,
the Mossbauer spectra should present a six-line (one sextet)
component for each magnetic iron site in the material. For

(b)

(a) x =0.02

temperatures above Tp, the iron atomic moment fluctuates so
fast (i.e., with a relaxation time that is short compared with the
Mossbauer probing timescale) that the nucleus sees a null aver-
age By, ie., the spectra would consist of singlets or doublets.
Complex spectra may result for medium relaxation times, and fits
with appropriate mathematical routines must be applied.”””* In
the present case, the relaxation time is longer than the Mossbauer
spectroscopy time window, and, thus, the spectra consist of sex-
tets with lines that become increasingly sharper as the temperature
decreases.

The relative areas of the two main spectral contributions
remained nearly constant at different temperatures. In Ref. 17 we
suggested that this behavior indicates a two-phase spin system,
which progresses more or less independently as the temperature
drops.

IV. DISCUSSION

Considering all the previous results obtained, including the
morphology of the nanoparticles, it is plausible to attribute the two

1.00

0.96 4

0.92+

0.96 4

0.90 4

1.00 4

0.95+

FIG. 3. Mdssbauer spectra taken

at different temperatures for the
CuggsFeoo20 (a) and CuggsFensO
(b) samples. The respective hyperfine
magnetic field distributions are shown at

Relative Transmission
Relative Transmission

the right of the spectra.

Velocity (mm/s) Bps (T)
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TABLE II. Hyperfine parameters and sub-spectral areas for the Cuq_,FexO samples.

Sample T 8 2e By T Area
(x) (K) Site (mm/s) (mm/s) (T) (mm/s) (%)
300 Byt Dist. 0.31 —0.02 10.0 0.27 85
Sextet 0.34 0.26 53.0 1.41 15
200 Bys Dist. 0.40 —0.01 12.2 0.27 86
Sextet 0.43 0.31 53.0 1.10 14
150 Byt Dist. 0.43 0.05 16.2 0.27 85
0.02 SeXt(?t 0.49 0.30 53.7 0.74 15
100 Bys Dist. 0.45 0.01 194 0.27 83
Sextet 0.47 0.23 53.8 0.79 17
50 Byt Dist. 0.45 —0.02 27.0 0.27 85
Sextet 0.50 0.23 543 0.54 15
25 Bys Dist. 0.43 0.03 34.1 0.27 85
Sextet 0.50 0.12 535 0.65 15
300 Bys Dist. 0.35 —0.03 13.3 0.27 80
Sextet 0.34 0.06 51.9 1.80 20
200 Bys Dist. 0.40 —0.02 143 0.27 79
Sextet 0.40 0.11 51.9 1.56 21
150 Bys Dist. 0.41 0.01 17.8 0.27 80
0.04 Sext.et 0.47 0.10 52.6 1.40 20
100 Bys Dist. 0.41 —0.04 209 0.27 80
Sextet 0.50 0.05 51.8 0.80 20
50 Bys Dist. 0.42 —0.04 27.0 0.27 79
Sextet 0.48 0.02 523 0.69 21
25 Bys Dist. 0.44 —0.05 35.1 0.27 80
Sextet 0.50 0.05 523 0.62 20
Bys Dist. 0.44 —0.05 44.6 0.27 78
Sextet 0.49 —0.03 523 0.46 22

*Relative to a-Fe measured at RT.

P By, average, in case of hyperfine magnetic field distribution.

60 —4—x=0.01 —®—x=0.02

-

Discrete sextet (shell)

50

40
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By, distribution (core)A
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T
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Temperature (K)

T
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FIG. 4. B; of the discrete sextets and By average of the distributions as a function
of temperature for both samples. Data for x = 0.01 and x = 0.03 are compiled from

Ref. 17.

different magnetic phases to two different regions in the nanoparti-
cles: the core and the shell (Fig. 5).

The former is an AFM nanophase, which orders progres-
sively under reducing temperature. The latter is a surface layer with
uncompensated spins and, therefore, with a net magnetic moment
that fluctuates with a rate that is dependent on temperature. It is
a SPM nanophase above T, and the spins are blocked below T&.
This core-shell model is consistent with all the experimental data
obtained in this investigation.

In fact, a similar description was proposed before by Néel in
1961 for materials structured in nanoscale, which are AFM in bulk
dimensions. Within the original Néel model, reducing the size of
the AFM particles to the nanoscale dimension, two sublattices are
present: an internal perfect structured (core) and a defected sur-
face with spin imbalance (shell). When the surface-to-volume ratio
becomes sufficiently large, the uncompensated spins at the surface
can yield a detectable net magnetic moment, exhibiting superpara-
magnetism and weak ferromagnetism.

A pertinent question is whether the thickness of the SPM
surface layer varies with the iron concentration doping or does
it remain constant. An estimate using the subspectral Moss-
bauer areas—which represent the relative volume of the phases—
supposing (i) spherical shaped nanoparticles and (ii) that the
nanoparticles are homogeneously doped, is shown in Table III.
The results, including samples previously characterized, show that
the shell thickness is approximately constant, i.e., it does not depend
on x.

The presence of two magnetic phases in contact raised the pos-
sibility of manifestation of EB in these nanoparticles, which was
further studied via M(H) curves measured for both FC and ZFC
protocols. Figure 6 shows the M(H) taken below and above T for
both samples. A shift in the hysteresis loop along the field axis is
observed when each of the systems is cooled down in an external
magnetic field through the Néel temperature of the AFM region
(i.e., the core). Table IV shows the EB parameters extracted from
the curves of Fig. 6.

The major magnetization hysteresis loops traced at 10 K for
both x = 0.02 and 0.04 are not saturated, i.e., the magnetization
reversal at the high-field regions is not reversible. It is usual for
highly anisotropic magnetic systems to show minor-loop effects if
the maximum measurement field, Hpax, is not sufficiently strong
for effective saturation along one of the branches of the hysteresis
cycle, which might lead to possible incorrect interpretations of the
observed field shifts.”” Thus, we surmise that each of the Hgg val-
ues measured at 10 K and given in Table I'V most likely represents
a sum of the EB field and a field shift due to minor-loop effects.
We checked whether the M(H) loops measured at 100 K after FC
are saturated by applying one of the criteria for discriminating non-
saturated (minor) from saturated (major) hysteresis loops.25 Both
the first and the second derivatives of the ascending and descend-
ing branches of each major loop traced at 100 K (Figure S1 of the
supplementary material) coincide for |H| > 10 kOe, i.e., for fields
much lower than our Hynax = 70 kOe. Therefore, the 100 K field-shift
values given in Table IV only represent EB fields. The observation of
EB offers strong evidence for the existence of two magnetic phases in
these samples.

As mentioned before, the correlation between Tp and H
might indicate interparticle interactions. To elucidate this question,

AIP Advances 10, 065009 (2020); doi: 10.1063/5.0008366
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FMshell
(Blocked) SPM shell
T
l T l FIG. 5. The magnetic state of a core—
shell nanoparticle at low and room tem-
T l‘ T peratures.
AFM core PM core
LT RT
TABLE llII. Particle, core, and shell sizes of the Cus_xFe,O samples. (in both shape and values) to the corresponding classical M plot
constructed from remanence magnetization curves. Figure S2 (see
Sample Particle radius” Core radius Shell thickness the supplemcntary material) gives the dM, plOtS constructed for
(x) (nm) (nm) (nm) the Cu;_xFe,O nanoparticles for both x = 0.02 and 0.04 using the
ZFC magnetization data obtained at 100 K. Weak (given that the
0.01 16.8 16.2 0.58 amplitude of the §M, plot is much smaller than the respective sat-
0.02 12.6 11.7 0.66 uration magnetization) and negative (demagnetizing-type) interac-
0.03 8.6 8.0 0.62 tions are revealed. As expected, these interactions grow stronger
0.04 7.9 7.3 0.57 with increasing Fe content. We emphasize that the interaction plots
do not allow for discrimination between the inter-particle interac-
“Data compiled from Ref. 5. tion effects and those stemming from intra-particle (e.g., core—shell)
coupling.”
we used the in-field interaction M, plots, each of which is con- It was recently shown that the My plots obtained from sat-
structed from an initial magnetization curve and the respective urated major hysteresis loops represent a precise measure of the

major

ZFC major hysteresis loop.”® 28M,(H) coincides with the recently reversal asymmetry in EB systems.”” We constructed such §Mp,
defined (and easier to obtain) SMr(H)"” and is practically identical plots (not shown) for both x = 0.02 and 0.04 from the magnetization
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TABLE IV. EB and coercivity parameters of the Cug ggFeg g0 and CugggFeg 020
samples.

Sample Hzgg (Oe) H. (Oe)

x) 10K 100 K 10K 100 K
0.02 -1335" —249 247 91
0.04 -1318* —94 410 25

*Each of these values likely represents a sum of Hgg and a field shift due to minor-loop
effects.

loops traced at 100 K after FC. These appeared to be essentially nil
for all H, meaning that interface exchange coupling does not lead to
asymmetric magnetization reversal.

V. CONCLUSIONS

Cui.<FexO monophasic nanoparticles (with x = 0.02 and 0.04)
were synthesized by freeze-drying a mixture of copper and iron
acetates followed by heat treatment. These materials are composed
of two magnetic phases: a core and a shell. The shell is formed by
uncompensated spins (Cu*" and Fe*"), and its thickness (~0.6 nm)
is nearly independent of x. It has a SPM behavior at RT, while
the core is PM. Upon reducing the temperature, the shell pro-
gressively acquires an FM character, while the core freezes to an
AFM order. This transition leads to magnetic interactions among
neighboring particles and between the core and the shell of each
particle. At low temperatures, the Cu;xFe,O nanoparticles pre-
sented EB due to the core-shell coupling. The ferromagnetism
observed in this system suggests that AFM oxide matrices can be
used for diluted magnetic semiconductor applications, if suitably
doped.
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