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ABSTRACT

In order to understand the interaction mechanisms in RE;O3 (RE=Gd, Er) nanoparticles (NPs), Perturbed Angular Correlation (PAC)
spectroscopy, a local technique, plus external magnetic field, was used to elucidate local interactions and possible mapping of the different
contribution in these compounds. NPs were synthesized by thermal decomposition and characterized by transmission electron microscopy
and X-ray diffraction. PAC measurements were performed using "' In(***Cd) as probe nuclei, with and without the application of an external
magnetic field (EMF) of 0.5 T in different temperatures (50 K, 100 K, 200 K, 300 K). Results show that the hyperfine magnetic field is almost
zero when the probe is located at the symmetric site, and ~4 T and ~5 T for Gd>O3 and Er, O3, respectively, when the probe occupies the

asymmetric field.

© 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/10.1063/1.5130401

I. INTRODUCTION

The rare-earth (RE) oxides present three different structures
depending on the RE ionic radii: hexagonal (A-type), monoclinic
(B-type) or cubic (C—type).l In the latter, RE ions occupy two non-
equivalent cation sites: asymmetric 24d sites and symmetric 8b sites.
Gd,0;3 and Er;0s crystallize in this structure and have a param-
agnetic behavior, although Er,Os3 also orders antiferromagnetically
below 4 K.>* The magnetic properties of these compounds, espe-
cially in the nanoparticle (NP) form, present potential for many
applications, both technological and medical.” ® Thus, to under-
stand the mechanism of these properties is of great significance.
Several works have been done in order to determine magnetic prop-
erties in NPs.” ' It is well known that NPs, due small size, present
magnetic characteristics that can be attributed to: (a) core mag-
netic contribution, due to crystalline structure (point symmetry of

magnetic atom) and exchange interactions and (b) surface con-
tributions, due to canted spins or spin-glass-like behavior of the
surface spins.

Therefore, an investigation of the localized magnetic moment
behavior on Gd and Er sites in Gd,Os; and Er,Os; NP, within an
atomic resolution, under the influence of an external magnetic field
(EMF), is very necessary to understand the magnetic behavior of
these compounds and how this information is passed throughout the
structure. In this paper, Perturbed Angular Correlation (PAC) spec-
troscopy using "' In(*''Cd) as probe nuclei, a local technique, plus
EMF with magnitude of 0.5 T, was used to investigate local interac-
tions in Gd, O3 and Er, O3 NPs. PAC measurements with EMF have
already been made and results have shown that a hyperfine mag-
netic field (Byy) is induced to the sample.'’ The objective here is to
determine which kind of interaction is more likely to happen in these
compounds.
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Il. MATERIALS AND METHODS

A. Synthesis and characterization of rare-earth
nanoparticles

Rare-earth nanoparticles (RENP) were synthesized by a mod-
ified thermal decomposition.” Around 10 uL of a radioactive
"InCl; solution was added during sample preparation for PAC
measurements. After the almost complete '''In decay samples
were structurally characterized by X-ray diffraction (XRD) using
a Philips X'Pert diffractometer and analyzed by Rietveld method,
and NPs shape, size and size distribution were determined by
transmission electron microscopy (TEM), using a Joel JEM-2100
microscope.

B. PAC spectroscopy measurements

For PAC measurements '''Cd, produced after the decay of
"1n, was used as probe nuclei. The spectrometer consists of four
BaF, detectors associated with a slow-fast electronic setup used to
measure delayed y-y coincidences. In this technique two gamma
rays in a cascade emitted as a result of the probe nuclei decay
from excited levels are detected. Angular correlation of gamma
radiation is perturbed by the interaction between intermediate
nuclear state moment and extra nuclear fields. The coincidence
spectra data is processed to obtain the spin rotation function
R(t)=A2Gxn(t), where Ay is the anisotropy factor and Gaa(t) is
the perturbation function. The measurement allows the deter-
mination of the nuclear quadrupole frequency vq = eQV../h,
asymmetry parameter # = (Vi — V,,)/Vz, and the Larmor fre-
quency wy = hBjs/gun, where uy is nuclear magneton for mag-
netic dipole interactions and Q and g are the electric quadrupole
moment and the g-factor of the probe nuclei, respectively. Vi
(k=x,y,z) denote the main components of the electric field gra-
dient (efg) tensor. The perturbation function allows the determi-
nation of the efg and Bjs. More information about PAC spec-
troscopy can be found elsewhere.'”'” In this study samples were
placed inside a closed cycle refrigerator (CCR) together with four
magnets (two below and two above the sample). The applied
field is 0.5 T, and temperatures used were 50 K, 100 K, 200 K
and 300 K.

Ill. RESULTS

A. XRD and TEM

TEM images, together with the respective histogram and
XRD patterns, show NPs with average size of 14.9 nm and
15 nm for Gd;03 (FIG. 1) and Er,O3 (FIG. 2), respectively,
with a narrow size distribution for both compounds. X-ray results
have shown that both samples have crystallized in the cubic
C-type structure with Ia — 3 space group (bixbyite). Lattice
parameters are a=b=c=10.805(1) A and a=b=c=10.553(1) A for
Gd;03 and Er,0s, respectively, which are in accordance with
previous studies.'”'” The unit cell of a bixbyite structure con-
tains 48 oxygen and 32 metal atoms sitting on two non-
equivalent sites: site 8b (1/4 1/4 1/4) and 24d (x 0 1/4), where
x=0.0307(4) for Gd,O3 and x=-0.0325(5) for Er,Os;, Wyckoff
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FIG. 1. Transmission electron microscopy image of Gd,O; sample. The insets
show X-ray diffraction patterns (left) and the histogram with nanoparticles size
distribution (right).

positions, where the first site is occupied by 8 metal atoms
with D3, symmetry and the second is occupied by 24 metal
atoms with C, symmetry."” The O* are on the 48e (x y 2)
position, where x=0.3910(5), y=0.0153(5) and 2z=0.3779(4) for
Gd,03 and x=0.3910(4), y=0.1521(5) and 2=0.3786(4) for
EI'203.
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FIG. 2. Transmission electron microscopy image of Er,0O3 sample. The insets
show X-ray diffraction patterns (left) and the histogram with nanoparticles size
distribution (right).
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B. PAC measurements

PAC spectra obtained without the EMF were fitted with a
model considering pure electrical quadrupole interactions (EQI)
at '"'Cd probes occupying three different sites: symmetric 8b (site
1), asymmetric 24d (site 2), and a third site assigned to probes
located at the surface of the NPs (site 3).” To make the results
comparison clearer, the fractions were normalized for sites 1 and
2. Furthermore, only the effect of the EMF on these sites will be
discussed here, since the hyperfine magnetic field present on the
NPs’ surface is highly distributed and not measurable. According
to Zacate' the effect of a magnetic field at the probe nuclei is the
same, for the same field intensity and the same probe, regardless
of the field source, i.e., if the EMF is produced by a magnet or, in
the case of ferromagnetic and antiferromagnetic materials, by the
own sample. Thus, for PAC spectra obtained with the application
of the EMF a model combining EQI plus magnetic dipole inter-
action was used.”'® PAC results for Gd,O3 (FIG. 3) and Er;03
(FIG. 4) show a damping of the R(t) amplitude when the EMF
is applied.
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FIG. 3. Spin rotation function (-R(t)) in different temperatures for Gd,03 samples
with and without an external magnetic field of 0.5 T.
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FIG. 4. Spin rotation function (-R(t)) in different temperatures for Er,O3 samples
with and without an external magnetic field of 0.5 T.

The hyperfine parameters for Gd,O3 show that, at room tem-
perature, about 25% of the probe nuclei occupy the symmetric site,
characterized by a quadrupole frequency vo=145 MHz, asymme-
try parameter #=0.11 and frequency distribution parameter §=1.7%.
Under same conditions about 75% of the probe nucleus occupy the
asymmetric sites, characterized by vo=63 MHz, =1 and 6=8.3%.
These parameters do not change greatly in the temperature range
studied (FIG. 5). These values are in accordance with previous
studies of PAC measurements in Gd,O; bulk.”” Results obtained
with EMF show that about 18% of the probe nucleus occupy the
site that presents vo=147 MHz, =0, §=1.4%. The total hyperfine
magnetic field (Bys(total)) presented is a sum of By, in the sam-
ple and the EMF intensity, thus, B(total)=B(sample)+B(EMF).
For this site, Bjs ~0 T, which means that the probe nuclei located
in this site is very little affected by the EMF. On the other hand,
about 82% of the probe nucleus occupy the site characterized
by vq=68 MHz, =1 and 6=17%. In this case, Byy ~4 T, which
means that "' Cd located at this site is affected by the EMF.
These parameters do not change significantly with temperature
(FIG. 5).
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FIG. 5. Hyperfine parameters for Gd,O; measured with and without application
of an external magnetic field (EMF) for sites 1 (symmetric), 2 (asymmetric) and 3
(surface). The solid curves are only to guide the eyes.

One can note that hyperfine parameters do not change greatly
with the application of the EMF. However, the value of By, at asym-
metric sites is much higher than at symmetric sites, and constant
for different temperatures. Results for Er,O3 show that 21% of the
probe nucleus occupy the symmetric sites, presenting vo=149 MHz,
#=0 and §=1.8%, and 79% occupy the asymmetric sites, with vo=83
MHz, #=0.82 and 6=5%. No significant change in the hyperfine
parameters with temperature has been observed (FIG. 6). These
values are in accordance with those presented in the literature for
Er;03."° Results obtained with the EMF show around 38% of the
probes present vo=151 MHz, #=0 and §=12.4%, and 62% present
vQ=97 MHz, #=0.72 and §=7.5%. Bys ~0 T for the symmetric site
and ~5 T for the asymmetric site (FIG. 6). Hyperfine parameters
do not change greatly in the temperature range studied. As well
as Gd, O3 samples, hyperfine parameters for Er,O3 do not present
a significant change with the application of the EMF, and By, at
the asymmetric site is much higher than that of the symmetric
site (~0 T).
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FIG. 6. Hyperfine parameters for Er,O3 measured with and without application of
an external magnetic field (EMF) for sites 1 (symmetric), 2 (asymmetric) and 3
(surface). The solid curves are only to guide the eyes.

IV. DISCUSSIONS

The application of the EMF affected these systems in two ways:
first, all spectra show a damping in the amplitude (FIG. 3 and 4),
which is characteristic of uncompensated spin and/or distortion in
the crystalline structure distributions due to uncompensated bonds
between RE-O; second, the asymmetric site presented Byy ~4 T for
Gd;03 and By ~5 T for Er,03, and the symmetric site presented
Bys ~0 T for both samples. The probe located at the asymmetric site
is surrounded by four symmetric sites and eight asymmetric sites
(FIG. 7-a). However, the probe located at the symmetric site is sur-
rounded by 12 asymmetric sites (FIG. 7-b). Detailed symmetry of
each site is shown in FIG. 7-c.

Results straightforwardly indicated that the exchange coupling
between the rare-earth atoms in both Gd,O3 and Er,O; oxides is
antiferromagnetic because By, vanishes for probe nuclei at RE1 sites
due to the symmetry whereas it is non-zero for probes at RE2 sites
(asymmetric sites). In addition, in oxides the coupling is mediated
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FIG. 7. Central atoms and the respective first neighbors in the (a) asymmetric
and (b) symmetric sites in a bixbyite structure. (c) Detail of the asymmetric (green
sphere) and symmetric (blue sphere) sites. Red spheres are oxygen atoms.

by superexchange interactions, which are usually antiferromagnetic
according to the Goodenough-Kanamori rules.”””' In the superex-
change interaction, two cation orbitals overlap the same p orbital of
a shared anion in a cation-anion-cation bridge. The maximum spin
transfer occurs when the angle of the cation-anion-cation bridge
is ~180° and decreases when the angle diminish toward ~90°. The
intensity of the superexchange interaction is highly dependent of
that angle. Results from X-ray diffraction show that the angles RE1-
O-RE2 and RE2-O-RE2 (REl = rare-earth element at the sym-
metric site; RE2=RE element at the asymmetric site) are in the
range from ~99° to ~125° for both samples (see Table I) which
indicates a weak superexchange interaction as revealed by the low
By measured for 1 Cd at asymmetric sites. The distance between
two nearest neighbor rare-earth atoms (RE1-RE2 or RE2-RE2) is
smaller for Er,O3 than for Gd,O; (see Table II), which indicates
that the intensity of Bj; measured with '''Cd at the asymmetric
sites must be higher for Er,O3 than for Gd,Os. This is because Byy
depends on the inverse of the cube of the distance between the probe
and the magnetic atoms. PAC measurements have confirmed this
prediction.

TABLE I. Angles between RE-O-RE. RE1=RE in the symmetric site and RE2=RE in
the asymmetric site.

Gd1-0O-Gd2 Gd2-0-Gd2 Er1-O-Er2 Er2-0O-Er2
(degree) (degree) (degree) (degree)
102.040(6) 100.181(4) 101.521(10) 100.015(6)
99.621(4) 124.325(3) 99.024(6) 125.522(5)
123.603(3) 101.495(6) 124.137(5) 100.291(11)

ARTICLE scitation.org/journall/adv

TABLE II. Distances between RE and the first neighbor, in A. RE1=RE in the
symmetric site and RE2=RE in the asymmetric site.

Gd1-Gd2 Gd2-Gd2 Er1-Er2 Er2-Er2

3.6054 3.6190(2) 3.4970(5) 3.5138(4)

V. CONCLUSIONS

PAC measurements were performed in Gd;O3 and Er,O3 NPs
with and without the application of an external magnetic field of
around 0.5 T. Results have shown that, when the probe is located at
the symmetric site, the hyperfine magnetic field is close to zero, for
both samples. On the other hand, when the probe occupies the asym-
metric site, hyperfine magnetic fields of ~4 T and ~5 T are observed
for Gd,03 and Er, O3, respectively. From these PAC results, it was
possible to determine that rare-earth atoms are coupled via a weak
superexchange interactions. Finally, we have shown an interesting
tool joining external fields plus local interactions as a way to obtain
local magnetic properties in NPs.
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