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The magnetic behavior of Gd,03; nanoparticles, produced by thermal decomposition
method and subsequently annealed at different temperatures, was investigated by
magnetization measurements and, at an atomic level, by perturbed y —y angular
correlation (PAC) spectroscopy measuring hyperfine interactions at '"'In('''Cd)
probe nuclei. Nanoparticle structure, size and shape were characterized by X-ray
diffraction (XRD) and Transmission Electron Microscopy (TEM). Magnetization
measurements were carried out to characterize the paramagnetic behavior of the
samples. XRD results show that all samples crystallize in the cubic-C form of the
bixbyite structure with space group la3. TEM images showed that particles annealed
at 873 K present particles with highly homogeneous sizes in the range from 5 nm
to 10 nm and those annealed at 1273 K show particles with quite different sizes
from 5 nm to 100 nm, with a wide size distribution. PAC and magnetization results
show that samples annealed at 873 and 1273 K are paramagnetic. Magnetization
measurements show no indication of blocking temperatures for all samples down
to 2 K and the presence of antiferromagnetic correlations. © 2016 Author(s). All
article content, except where otherwise noted, is licensed under a Creative Commons
Attribution 3.0 Unported License. [http://dx.doi.org/10.1063/1.4943601]

. INTRODUCTION

Nanotechnology is nowadays a fast growing field of study with huge potential for medical
applications such as tumor detection and treatment.' As a promising material for these appli-
cations, gadolinium nanoparticles (GANP) currently have been of great interest mainly because
their paramagnetic and atomic properties. The high magnetic moment of Gd** ion, for instance,
resulting in an intense magnetic interaction with external magnetic fields, enable GANP to be used
as magnetic resonance imaging (MRI) contrast agent.’ Besides being developed for MRI contrast
enhancement and multimodal imaging, GANP also have been considered as a potential material in
tumor therapy by thermal neutrons irradiation.® Therefore, it is important to have a good structural
and magnetic characterization of this compound within an atomic scale.

In this paper, besides magnetization measurements, perturbed-angular-correlation (PAC) spec-
troscopy was used to measure hyperfine interactions in Gd,O3 nanoparticle samples. This power-
ful method allows, within an atomic range, the study of magnetic and structural phase transi-
tions, oxidation reactions, and the defect chemistry in oxides.” Gd,Os3 nanoparticles were pro-
duced by thermal decomposition method with the incorporation, during preparation, of radioactive
Mn(MCd) probe nuclei for PAC measurements. Thermal decomposition is considered a good
method to produce nanoparticles for medical applications resulting in homogenous nanostructures
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FIG. 1. X-ray diffraction patterns for Gd,O3 samples. Solid lines are the least squares fit of the Rietveld method to the
experimental data.

with narrow size distribution.'” Samples were characterized by transmission electron microscopy
(TEM) and X-ray diffraction (XRD). Magnetization measurements were performed to characterize
the paramagnetism of samples.

Il. EXPERIMENTAL PROCEDURE

Gd,0O3 nanoparticles were obtained by adding 2 mmol of CcHgGdOg into 20 mL of diphenyl
ether with 4 mmol of oleylamine, 6 mmol of oleic acid and 10 mmol of 1,2-octanediol. Approxi-
mately 20-30 uCi of carrier-free !''In(!!!Cd) probe nuclei were added to the solution, which was
stirred and heated for about 4 hours under O, atmosphere. After cooling to room temperature 20 mL
of methanol were added to the solution, which was centrifuged for about two hours in order to
precipitate the solid. Washing was performed in two steps using, first, 15 mL and, second, 10 mL of
methanol. The resulting solid was dried under vacuum for 24 hours. The sample was then divided
into three parts: one part was characterized as it (sample 1), the second part was annealed for
10 hours at 873 K (sample 2) and the third part was annealed for 10 hours at 1273 K (sample 3).

PAC spectroscopy was performed in a system with four BaF, detectors associated with a
slow-fast setup used to measure delayed gamma-gamma coincidences. This technique consists in
detecting two gamma radiations in a cascade as result of the decay from the excited levels of
probe nuclei. The angular correlation of these gamma rays is perturbed by the interaction between
the nuclear moment of the intermediate nuclear state and extra nuclear fields. A home developed
software was used to process the coincidence spectra in order to obtain the perturbation function
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FIG. 2. Transmission electron microscopy images for Gd,O3 sample 2 (top) and sample 3 (bottom).

R(t) = AxGos(t), where Ay, is the anisotropy factor and Gy, (t) is the perturbation function that
takes into account the hyperfine interactions. Gy, can be modeled in terms of theoretical func-
tions accounting for magnetic dipole and/or electric quadrupole interactions. It provides detailed
description of hyperfine interactions and allows the determination of the magnetic hyperfine field
and electric field gradient. More information about PAC measurements can be found elsewhere.!!~!3
PAC measurements were carried out at different temperatures: 77 K and 293 K, 473 K, 673 K,
873 K. Sample 3 was also measured at 1073 K.

After 'In decay X-ray diffraction (XRD), Transmission Electron Microscopy (TEM) and
magnetization were performed in both samples. TEM was used to characterize the material concern-
ing the nanoparticles crystal structure, shape, size and size distribution. XRD results were analyzed
by the Rietveld method. The magnetic measurements were carried out in a magnetometer with a
superconducting quantum interference device (SQUID) sensor (MPMS-XL, Quantum Design).

lll. RESULTS AND DISCUSSION

A. X-ray diffraction and transmission electron microscopy

Results for the X-ray diffraction (see Fig. 1) showed the expected Gd,Oj3 cubic structure, which
belongs to the 7a3 space group, with lattice parameters of a=b=c=10.80481(2) A for sample 2
and a=b=c=10.80591(3) A for sample 3, which are quite close to a=b=c=10.82311(20) A previ-
ously reported.'* The diffraction pattern for sample 1 shows broad peaks indicating very small
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FIG. 3. Perturbation functions for (a) sample 2 and (b) sample 3 of Gd,O3 measured with g probes at different
temperatures. Result for sample 1 measured at room temperature is shown at the bottom of column a. Solid lines are the
least squares fit of the theoretical functions to the experimental data.

nanoparticles. Transmission electron microscopy images are displayed in Fig. 2 and the results
show particles with highly homogeneous sizes in the range from 5 nm to 10 nm for sample 2.
Results for sample 3 show particles with quite different sizes from 5 nm to 100 nm indicating that
the annealing at 1273 K resulted in particle clustering.

B. PAC measurements

PAC spectra obtained at different temperatures for samples 2 and 3 along with a spectrum
measured at room temperature for sample 1 are shown in Fig. 3, where the solid lines are the best fit
of the theoretical functions to the experimental data.
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FIG. 4. Electric quadrupole frequency (vo), asymmetry parameter (17) and site fractions (f) as a function of temperature
obtained from the fit to experimental spectra for (a) sample 2 and (b) sample 3.

X-ray diffraction shows that samples of Gd,Os crystallized in the cubic-C form of bixbiyte
structure with space group /a3. The unit cell of this structure contains 48 oxygen atoms and 32 Gd
atoms occupying two nonequivalent sites: D sites, occupied by 8 Gd atoms with D3; symmetry
(axially symmetric), and C sites occupied by 24 Gd atoms with C, symmetry (highly asymmetric).’
Therefore, it is expected that '''Cd probe nuclei replace the two Gd sites. PAC spectra for samples
2 and 3 were fitted with a model of pure electric quadrupole interactions where probe nuclei occupy
two site fractions. One of them with quadrupole frequency vy ~145 MHz and n = 0, which corre-
spond to probe nuclei at sites D and another characterized by vp; ~65 MHz and 7 ~0.95 (sample 2)
and n ~0.85 (sample 3), which were ascribed to probe nuclei at sites C. These results are in good
agreement with PAC results for commercial powder samples of Gd,O3 previously reported.” These
results indicate that nanoparticles present a good crystallinity and although nanoparticles of sample
2 are small, with sizes around 10 nm, most part of them are in the expected crystalline structural
for Gd,O3. PAC results for sample 1 were fitted with a broad frequency distribution compatible with
very small nanoparticles. The hyperfine parameters obtained from the fits to experimental spectra
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FIG. 5. (a) Zero-field-cooled (ZFC) and field-cooled (FC) dependence temperature under an applied field of 100 Oe. (b)
Typical hysteresis curve under temperature of 2 K. (c) 1/y (where y is the magnetic susceptibility) as a function of
temperature. (d) Detailed 1/ y showing an anti-ferromagnetic component for samples 2 and 3.

are displayed in Fig. 4. For two samples the quadrupole frequency and asymmetry parameters vary
little with temperature and present almost the same behavior. The main difference is the temperature
dependence of site fractions: fractions for sample 2 reach the expected proportion of site population
(~75% for sites C and ~25% for sites D) around 700 K while fractions for sample 3 reach it around
450 K. This is a result of particle size which increases with the annealing temperature.

C. Magnetization

Magnetization as a function of temperature was obtained using zero-field-cooled (ZFC) and
field-cooled (FC) procedure. In Fig. 5(a), the ZFC and FC curves present the same behavior with
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TABLE L. Curie Constant (C), Curie-Weiss temperature (6cw) and effective moment (4) for samples 2 and 3.

Sample c Ocw (K) Heff
02 8.03 -14.1 8.01
03 8.40 -30.6 8.19

no indication of irreversibility temperature (7;,,) for all samples. The absence of a blocking temper-
ature, usually associated with a maximum in the ZFC curve, suggest that the particles are not
monodomain. Fig. 5(b) presents a typical hysteresis curve under temperature of 2 K. In Fig. 5(c)
the inverse of the magnetic susceptibility as function of temperature is presented. The magnetic
susceptibility follows the Curie-Weiss law y = C/(T + 6cw), where C is the Curie constant and ¢y
is the Curie-Weiss temperature. The Fig. 5(d) presents detailed portion of 1/ y showing the presence
of antiferromagnetic correlations in samples 2 and 3 and a paramagnetic behavior for sample 1. This
difference in the magnetic behavior is probably due to the size of the particles, as sample 1 con-
tains very small nanoparticles, the absence of crystallinity in these particles prevent the magnetic
interaction between Gd ions. It is important to highlight that sample 1 magnetization values were
normalized by mass for comparative purpose, since is not possible to know the amount of Gd in this
sample. Results in table I presents C, 8cw and effective moment (u5) values for samples 2 and 3.
Effective moment was calculated using p.5 = 2.828(C)'/?up.

IV. SUMMARY

X-ray diffraction results showed that the samples crystallize in the cubic-C form has space
group /a3. Magnetization measurements showed an anti-ferromagnetic component for the samples
2 and 3 and paramagnetic behavior for samplel. Results show that sample annealed at 873 K pres-
ent a quite good homogeneity and PAC results showed that the crystalinity of particles is preserve.
In general, despite size changes, the magnetic and structural characteristics of Gd,O3 nanoparticles
remain almost the same at different temperatures, showing that this compound is a good option for
medical applications even under different conditions.
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