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Abstract
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In the investigation reported in this paper a modified thermal decomposition method was
developed to produce very small Er,O3z nanoparticles (NPs). Particles structure, shape and size
were characterized by x-ray diffraction and transmission electron microscopy which showed that
the synthesis by thermal decomposition under O, atmosphere produced very small and
monodisperse NPs, allowing the investigation of finite-size and surface effects. Results of
magnetization measurements showed that the smallest particles present the highest values of

susceptibility that decrease as particle size increases. Specific heat measurements indicate that
the sample with the smallest NPs (diameter ~5 nm) has a Néel temperature of 0.54 K. The local
structure of particles was investigated by measurements of hyperfine interactions with perturbed
angular correlation spectroscopy using '''Cd as probe nuclei replacing the cationic sites. Results
showed that the relative population of sites 8b increases in both the core and surface layer of
particles.

Keywords: nanoparticles, PAC spectroscopy, Er,O3, magnetization, synthesis of nanoparticles,
thermal decomposition

(Some figures may appear in colour only in the online journal)

1. Introduction

Rare earth nanoparticles (NPs) are good candidates for both
medicine and technological applications [1-3], mainly
because of their reduced dimensions as well as their peculiar
magnetic properties when compared to bulk materials.
Examples are: change in temperature in which the para-
magnetic to antiferromagnetic (AFM) transition occurs and an
optical band-gap shift, both probable consequences of parti-
cles finite-size effect [4, 5]. Structural and magnetic properties
of erbium oxide NPs (Er,O;-NPs) were studied in the past
due to their potential technological applications [6, 7]. Narang
et al [8] and moon et al [9] presented a comprehensive study
about the magnetic properties of Er,O5-NPs, including the

0957-4484/18,/205704+-08$33.00

Néel temperature (Ty) shift with the NP size and the mech-
anism for the dominant AFM coupling, which they attribute
to superexchange interactions via the neighboring oxygen ion
(Er—O-Er).

However, the presence of NPs with average size higher
than 40 nm prevents the observation and, consequently, the
analysis of the finite-size effects in Narang’s study [8].

In the present paper, Er,O3-NP samples were prepared by
the thermal decomposition method, which is known for pro-
ducing very small particles with a narrow size distribution.
This method also allows the synthesis of NPs with different
shapes and can be used to produce metallic, oxides, core—
shell structures and metal alloys NPs [10]. Er,O3-NPs were
characterized by magnetization measurements to investigate

© 2018 IOP Publishing Ltd  Printed in the UK
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magnetic properties while their crystalline structure and
morphology were characterized by x-ray diffraction (XRD)
and transmission electron microscopy (TEM), respectively. A
nuclear technique with atomic resolution, the perturbed
angular correlation (PAC) spectroscopy, using ' 'In(*''Cd) as
probe nuclei, was used to investigate the local structure
around the probes by measuring hyperfine interactions, in
particular, the electric quadrupole interactions (EQI) as a
function of temperature. EQI allows the study of structural
phase transitions, oxidation reactions and electronic structure
around the probe nuclei within an atomic range [11].

2. Experimental procedure

2.1. NPs synthesis

Samples of Er,O3;-NPs were obtained using the traditional
thermal decomposition with a modification in which 20 ml
of diphenyl ether, 4 mmol of oleylamine, 6 mmol of oleic
acid and 10mmol of 1,2-octanediol were mixed with
2 mmol of erbium acetate. In this method metal complexes
are reduced and/or decomposed using high boiling point
ethers in the presence of oleic acid, oleylamine and 1,2-
octanediol. The role of each reagent used in this method is
not fully understood, possibly due to different roles and
various possible interactions between metal precursor and
each reagent [12]. A small volume of radioactive '''InCl,
solution was added to the initial mixed solution during the
NPs preparation to later on perform PAC measurements.
Usually, the production of Fe;O4-NPs by thermal decom-
position takes about 2 h [10, 13]. However, the first synth-
esis of Er,O3-NPs occurred after 30 h of solution magnetic
stirring and heating at 573 K. In order to reduce the reaction
time, an additional step was introduced by using an O,
atmosphere flux during synthesis. With this improvement
the reaction time was reduced to 6 h. After cooling at room
temperature, 20 ml of a mix of methanol and ethanol (pro-
portion of 1:2) were added to the solution, which was cen-
trifuged for two hours at 5000 RPM. NPs were obtained after
washing the sedimentation using 10ml of methanol in
ultrasound equipment in order to remove the excess of
organic material (surfactant). This procedure was repeated
three times. The resulting powder was dried under low
pressure (about 1 kPa) for 24 h. At this point, the NPs were
capped by organic material and the sample was divided into
two parts: the first part (hereafter referred as sample 1) was
annealed at 573K in air for 10h to reduce the organic
material around NPs to obtain a better XRD spectrum while
the second part (sample 2) was annealed at 873 K also in air
for 10h. According to a previous study this annealing
temperature is enough to remove almost all organic material
without drastically changing particles size and shape,
allowing a better analysis of PAC spectroscopy results [14].
A commercial powder (sample 3), purchased from Sigma-
Aldrich (99.9% purity, trace metals basis, 289248 Aldrich),
was used for comparison. After the '''In decay to safe

levels, samples were characterized by XRD, TEM and
magnetization measurements.

2.2. NPs structural and magnetic characterization

TEM was performed to characterize the material in term of
NPs’ shape, size and size distribution. XRD results were ana-
lyzed by the Rietveld method to check the crystal structure of
NPs. The magnetic measurements were carried out in a mag-
netometer with a superconducting quantum interference device
sensor (MPMS-XL, Quantum Design). Field-cooled (FC) and
zero field-cooled (ZFC) curves were obtained by applying a
magnetic field of 100 Oe and changing the temperature from 2
to 300 K. Magnetization as function of the applied magnetic
field was made at 2 K, from 0 to 70 kOe. The specific heat data
were obtained with a Quantum Design Dynacool system using
a standard semi-adiabatic heat pulse technique under magnetic
fields up to 9 T and temperatures down to 0.13 K. The adden-
dum heat capacity was measured separately and then subtracted.
Erbium concentration and the presence of possible impurities in
each sample were evaluated by the method of neutron activation
analysis (NAA) [15]. In this technique, about 5mg of each
Er203-NP sample was irradiated under a thermal neutron flux
of 1.9 x 10 nem s for 1 min. The 308.29 keV gamma
emitted by '”'Er isotope was measured in a Canberra hyperpure
Ge detector connected to a DAS 1000 digital spectrum analy-
zer. Erbium concentration in each sample was calculated by
comparative method.

PAC measurements were carried out using '''Cd as probe
nuclei, which are produced after the decay of ''In, in a
spectrometer with four BaF, detectors associated with a slow-
fast setup used to measure delayed gamma-gamma coin-
cidences. In this technique two gamma rays in cascade, emitted
as result of the decay from the excited levels of probe nuclei, are
detected. Gamma radiation angular correlation is perturbed by
the interaction between intermediate nuclear state moment and
extra nuclear fields. A homemade software was used to process
the coincidence spectra to obtain the spin rotation function
R(t) = AxGox(t), where Ay, is the anisotropy factor and Ga,(7)
is the perturbation function. Gyy(f) takes into account the
hyperfine interactions and can be modeled in terms of theor-
etical functions: electric quadrupole and/or magnetic dipole
interactions. The perturbation function Gy(f), specifically,
contains detailed information about the hyperfine interaction
and its measurement allows the determination of the Larmor
frequency wy, = ftgBne/h for magnetic dipole interactions,
the nuclear quadrupole frequency vy = eQV,./h, and asym-
metry parameter 7 = (Vi — V;,)/V,.. In the equations iy is
the nuclear magnetron, g and Q are the g-factor and the electric
quadrupole moment of the probe nucleus, respectively, and Vi
(k = x, y, 7) denote the main components of the electric field
gradient (efg) tensor. The perturbation function Go,(f) allows
the determination of the efg and the magnetic hyperfine field
(Bpg). More information about the experimental method and
PAC spectroscopy can be found elsewhere [16, 17].

In this study PAC measurements were carried out at
different temperatures: 10, 77, 119, 250, 300 and 400 K.
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Figure 1. XRD patterns for samples 1 (annealed at 573 K for 10 h)
and 2 (annealed at 873 K for 10 h). Organic material creates
amorphous spectra which, along with the small size of the particles,
widen the peaks. Blue bars are the expected peaks position for
Er,0;, and green line is the quality of the theoretical adjust to the
experimental data.

3. Results and discussion

3.1. NPs structural properties—XRD and TEM

XRD pattern at room temperature for NPs samples are dis-
played in figure 1. Blue bars are the expected peaks position
for Er203.

XRD pattern for sample 1 shows large and non-defined
peaks (figure 1), indicating large quantity of organic material
and very small NP. Peaks become narrow and well defined
with larger particles and less organic material, which can be
obtained by annealing the sample. Therefore, only the spec-
trum for sample 2 could be analyzed by the Rietveld method,
and results show that sample 2 has crystallized in the cubic
C-type structure with la-3 space group (bixbiyte). The fit
yielded lattice parameters a =b =c = 10.531(5) A, with a
profile R-factor (Rp) [18] of 4.11, in accordance with those
presented in previous studies, a = b = ¢ = 10.536(1) A [19].

The unit cell of Er,O5 bixbyite structure contains 48 oxygen
and 32 erbium atoms sitting on two non-equivalent sites: site
24d, occupied by 24 erbium atoms with C, symmetry and site
8b, occupied by 8 erbium atoms with D, symmetry [20].

An estimate of the crystallite size D can be obtained
using Scherrer equation as follows [21]
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Figure 2. Sample 1 TEM image. The inset displays the histogram of
NPs size distribution. The average size is 4.29 nm with 0 = 1.1 nm.
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Figure 3. Sample 2 TEM image. The inset displays the histogram of
NPs size distribution. The average size is 14.99 nm with
o =29nm.

where K =0.93, A\, § and 6 are the shape factor, x-ray
wavelength (0.154 18 nm for Cu-Ka), full width at half-
maximum of the diffraction peak and Bragg diffraction angle,
respectively. For sample 2 the D value is ~8 nm. As the peaks
in the x-ray diffractogram of sample 1 are very broad, it was
not possible to use Scherrer’s formula to obtain a reliable
estimate of the crystallite sizes.

TEM results show spherical-shape NP as displayed in
figures 2 and 3, respectively, for samples 1 and 2. The insets in
the figures show the size distribution of particles in samples 1
and 2 with average sizes of ~4 nm and ~15 nm, respectively.

TEM images show that NPs produced by thermal
decomposition method are small and present a narrow size
distribution. Moreover, an additional annealing at 873 K
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Figure 4. Temperature dependence of magnetic susceptibility () for
the two NP samples (black and blue lines) in comparison with the
commercial sample (red line). Field-cooled (FC) data was obtained
applying a magnetic field H = 100 Oe.

causes an increase in particle size with a loss in the NP shape
uniformity.

3.2. Magnetization measurements

Magnetic susceptibility (y =M/H) with an applied field of
H=1000e, as a function of temperature is presented in
figure 4. According to NAA Er concentration in samples 1
and 2 are (23.5£0.8)% and (81.8 £1.9)% respectively.
These values were used to normalize the magnetization values
in order to obtain the effective magnetic moment at Er ions.
No impurities were detected.

Magnetization measurements show irreversibility between
the ZFC and FC curves for samples 2 and 3 below 3.1 K and
3.5 K respectively. These features are associated with the onset
of the antiferromagnetically ordered state observed in the bulk
material [8]. For sample 1, with the smallest NPs, the sus-
ceptibility shows a sharp increase at low temperatures (<20 K)
when compared to the other two samples. This result is similar
to that obtained for AFM CuO NPs and can be ascribed to
uncompensated spins at the particles surface layer [22]. Particle
diameter dependency of the magnetic susceptibility y in AFM
materials has been previously studied [22, 23] as well as
changes in the Néel temperatures with particle size [24].

Figure 5 displays the dependence of the specific heat with
temperature. All samples display clear peaks, which we
associate to AFM phase transitions. For samples 3 and 2 the

0.05 ——— : — .
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0041 §7 |—— Sample 3|
0.03
<
=y
)
) 0.02
0.01
0-00 i 1 1 1 i 3 1 1
0 1 2 3 4 5 6

Temperature (K)

Figure 5. Temperature dependence of the specific heat for all
samples. The dotted lines mark the Néel antiferromagnetic
temperatures 7.

temperature of the peaks at Ty = 3.32K and 3.15K,
respectively, are in close agreement with the irreversibility
temperatures observed in the magnetic susceptibility. Sample
1 shows a relatively broader peak centered at Ty = 0.54 K.
This dependence of Ty on the particle size may come from
surface effects. Due to the large ratio between surface area
and volume in NPs, the surface effects have a significant
contribution to magnetization. This contribution comes from
defects on the surface resulting in uncompensated spins
leading to surface magnetization, which can interact with the
core magnetization [25]. Due to the defects, and low coor-
dination, exchange interactions between surface atoms are
weaker than those for core atoms, resulting in the AFM
alignment in a lower temperature [24].

Figure 6 displays the magnetization M as a function of
the applied magnetic field H measured at 7 = 2 K. From the
results no hysteresis could be observed.

From the Curie—Weiss (CW) law for the temperature
dependence on susceptibility, y = (TE W’ it is possible to
determine CW temperature (6cw) and Curie constant (C) by
considering the inverse of susceptibility, y~! = éT— %,
which can be fitted by a linear equation as displayed in
figure 7.

From this linear fit, the CW temperature (Ocw) and Curie
constant (C) can be calculated. Effective magnetic moment is
given by p = 2.828 X ~C x MM pug, where MM is the
molecular mass of erbium oxide (MMgz03 = 382.518 g rnolfl).
Results from the fit along with g values are presented in
table 1.

Results from table 1 show dependence between jicfr
values and particle size. The smaller the particle size is the
higher is the effective magnetic moment. The value of the
effective magnetic moment for sample 3 is in accordance with
previous studies for Er,O3 bulk samples (9.58 ug) [26].
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samples 1, 2 and 3. Measurements were carried out at 2 K. Neither
hysteresis nor saturation is observed.
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Figure 7. Inverse of the magnetic susceptibility Y ' as a function of
temperature. Solid lines are the Curie-Weiss law fitting.

3.3. NPs local properties—PAC

Perturbation function for 4 nm NPs (sample 1) is presented in
figure 8.

According to previous studies [10, 14] very small NPs
(under 10nm) are difficult to be analyzed using PAC
spectroscopy. Small NPs have sizes only few times the lattice

Table 1. Average size, Néel Temperature (Ty), Curie constant (C),
Curie-Weiss temperature (Ocw) and effective magnetic moment
(ptegr) values for all samples obtained from Xfl plot.

Average
Sample size (nm) Tx (K) C Ocw (K)  ptegr (118)
01 4.29 0.54 0.035 —6.64 10.41
02 14.99 3.15 0.034 —11.09 10.18
03 >100 3.32 0.030 —13.03 9.62
0-08 T T T T T T T
>
0.06 -
b
0.04 {
mn 0.02
0.00
-0.02

100 150 200 250 300 350 400
Time (ns)

0 50

Figure 8. Perturbation function for sample 1 of Er,O3 measured with
""" probe at room temperature.

parameter of the unit cell size with a very large surface area/
volume ratio. Therefore, due to the surface influence, the
position of atoms are slightly different from each other in
most part of the particle, as it can be seen by the large peaks in
XRD results. Because PAC is a technique highly dependent
on distances with atomic resolution, these differences in
atomic positions have a huge influence in the PAC spectrum
modulation. Consequently, PAC spectrum measured at room
temperature for sample 1 presents a broad frequency dis-
tribution as displayed in figure 8. This result is due to the
small size of particles (around 5nm). Considering that the
lattice parameter is 1.05 nm and the particles are capped with
an organic layer, the as-synthesized sample may contain a
very small fraction of cationic sites at regular bixbyite
structure. The PAC spectra were fitted considering '''Cd
probes occupying three different sites. The major fraction of
probes presents a very broad quadrupole frequency
vg = 123(8) MHz and 71 = 1.0. The minor fraction has a
broad vg = 7(1) MHz with n = 0. Around 11% of probes
present vg = 147(8) MHz with 1 = 0.59(6). The minor
fractions of probes were assigned to be at the organic layer
around the particles where the quadrupole interaction is
expected to be very small. Thus, PAC measurements at dif-
ferent temperatures were performed only for sample 2. The
annealing at 873 K was sufficient to remove almost all the
organic material used as capping of particles with a con-
sequent increase in the particle size.
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Figure 9. Perturbation function for sample 2 of Er,O; measured with
""'In probe at different temperatures. Solid lines are the theoretical
functions fitted to the experimental data using least squares method.

The PAC spectra for sample 2 (see figure 9) were fitted
with a model considering pure EQI at '''Cd probe nuclei
occupying three site fractions, two of them corresponding to
the expected crystalline sites (the asymmetric 24d and the
symmetric 8b) for the bixbyite structure of Er,O3 [20].

The third site fraction (hereafter called site 3) with high
population that increases with temperature from 69% at 10 K
to 83% at 400 K was assigned to probes at the surface layer of
particles. Probe nuclei at sites 8b and 24d are replacing Er
ions at regular sites of Er,O; in the core region of NPs. The
population of the sites 8b and 24d were normalized taking
into account the population of site 3. They are displayed in
figure 10 along with the quadrupole frequency (v) obtained
for the three sites and the asymmetry parameter for site 24d,
since for sites 8b and sites 3, the fit yields n = 0.

Results at room temperature show that the symmetric
sites 8b are occupied by a fraction of ~30(8)% of the probe
nuclei characterized by vg = 149(2) MHz, asymmetry para-
meter 7 = 0 and frequency distribution parameter § = 1.4%.
The asymmetric sites 24d are populated by ~70(15)% of the
probe nuclei with v = 100(3) MHz, = 0.60(6) and 6 = 6
(2)%. Probes at sites 3 are characterized by a totally sym-
metric ( = 0) broad frequency v = 145(3) MHz.

Results of PAC measurements at room temperature using
"1Cd as probe nuclei in bulk samples of Er,O5 reported by
Lupascu et al [20] show that sites 8b are occupied by 25% of
the probe nuclei with v = 148.6(5) MHz and n = 0. Sites
24d were reported to be occupied by a population of 75% of
probe nuclei with v = 82.0(5) MHz and 7 = 0.823(5). The
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Figure 10. Site fractions, electric quadrupole frequency (), and
asymmetry parameter (7)) as function of temperature for sample 2.

reported populations are those expected for a homogeneous
occupation of probe nuclei substituting cation sites in the
bixbyite structure.

The observed values of hyperfine parameters for the
symmetric 8b sites in the present work are similar to those
reported in the literature [20]. For the asymmetric 24d sites,
the value of v is higher and the value of 7 is smaller than
those reported for the bulk samples. The site fractions present
the same population of bulk samples at low temperature,
however, as temperature increases, the population of sites 8b
increases as the population of sites 24d decreases (see the top
graph in figure 10), reaching around 50% at 400 K. Interest-
ingly, the quadrupole frequency of site 3 is similar to that of
site 8b (see figure 10) also with n = 0.

Dopant impurities also have shown a preference to
replace symmetric sites in the bixbyite structure [27]. How-
ever, in small systems, the size of particles is responsible for
the observed behavior of the hyperfine parameters depend-
ence on temperature. As temperature increases, the local
structure of asymmetric 24d sites occupied by '''Cd probes
tend to relax to the symmetric 8b structure, exchanging the
relative occupation of both sites. This tendency can also be
observed in the behavior of 1 (see figure 10) that decreases
when temperature increases. Moreover, '''Cd probes at sites
3, ascribed to the surface layer of particles, present symmetric
local structure with v similar to that for 8b sites. These results
indicate that in small NPs with the bixbyite structure, asym-
metric sites relax to the symmetric sites when temperature
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increases. This supposition is supported by the tendency of
probe population of both sites as displayed in figure 10 and by
the results of sites 3 assigned to '''Cd at the surface where
structure is more relaxed.

4. Conclusions

In this study we have prepared small Er,O3; NPs by improving
the traditional thermal decomposition method in a much
shorter time using O, atmosphere. Structural and magnetic
properties of the NP samples were investigated. NP samples
were sufficiently small so that finite-size and surface effects
could be observed. The smallest particles with average size of
4.29 nm presented a much higher magnetic susceptibility and
effective magnetic moment when compared to those with
15 nm. PACs results showed that the local structure of par-
ticles relax to the symmetric 8b sites at the surface layer of
particles as well as in the core, with the rise of the temperature
increasing the relative population of sites 8b. The enhance-
ment in the magnetic properties are, therefore, due to
uncompensated spins in a large number of cationic sites
because of the small size of particles, which favors a large
ratio between surface area and volume, and due to the pre-
ference of symmetric sites that increases the polarization of
magnetic ions.
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