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Local microstructural analysis for Y,03/Eu®**/Mg** nanorods by
Raman and photoluminescence spectra under high pressure”
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In this paper, we investigate the Raman and photoluminescence spectra of Y,03/Eut and Y203/Eu3+/Mg2+
nanorods under high pressures using 514-nm and 532-nm laser light excitation. We observe transitions from the initial
cubic phase to amorphous at pressures higher than 24 GPa for both Y,03/Eut and Y,03/Eu3t/Mg2* nanorods. In ad-
dition, Y,03/Eu3* and Y,03/Eu?t/Mg2* nanorods exhibit different distorted states after the pressure has been raised to
8 GPa. The analyses of intensity ratios, Iy_»/lp—; from SDy-"F; to SDg—"F; and Iy_»A /B of SDo—"F, transitions indi-
cate that Y,03/Eu’t/Mg2* nanorods exhibit stronger local micro-surrounding characteristics for Eu>* ions in a pressure-
modulated crystal field. The doped Mg2" ion results in reducing the crystal ionicity in the distorted lattice state under high
pressures. The use of doped ions as an ion modifier can be applied to the study of small local microstructural changes

through Eu*t luminescence.
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1. Introduction

Rare-earth (RE)-doped nanomaterials possess extensive
applications in lasers, three-dimensional (3D) display devices,
optical temperature sensors, and optical amplifiers due to their
excellent luminescence properties.!!=3 Consequently, the de-
sign and application of RE-doped nanomaterial is currently a
field which the researchers are greatly interested in, focusing
on gaining a better understanding of their properties. Numer-
ous methods have been successfully used to improve the op-

[4-61 For example,

tical properties of RE-doped nanomaterials.
ion doping has been demonstrated to be able to change the lu-
minescence properties by modulating lattice fields and influ-
encing the energy transfer behavior. For instance, Eu**-doped
Y,03 nanomaterials are used widely as RE-doped nanomate-
rials in several applications, particularly in display fields.!’~10!
In terms of its optical property applications, slight changes in
the crystal field environment have been shown to play an im-
portant role, with the exception of influences due to variations
in dopant and doping amount.!''=13] Doped Eu** ions exist
in the yttrium oxide (Y,03) host in small quantities, with the
energy transfer between Eu?* ions and Y,Oj3 host being sensi-
tive to the surrounding local microenvironment in addition to
the crystal environment, [!4-17]

High pressure has been demonstrated to be an effective

method to induce significant changes in the structure and prop-
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erties of materials. Under pressure, materials undergo lattice
compression. This causes further potential structural tran-
sitions to occur, which can induce changes in the proper-
ties or lattice behavior of the material.'®2!1 In the case of
Y,03 (Eu3+) nanomaterial, pressure-induced microstructural
deformation ahead of the lattice amorphous transition results
in completely distinct microstructural states for doping Eu’*+
ions.[??l This clearly results in a change in crystal environ-
ment, which subsequently changes the local environment of
Eu’* ions. In addition, other doping ions cause a nonhomo-
geneous distortion of the microstructure, which is amplified
under high pressure due to lattice compression. Thus, using
high-pressure is a useful method of understanding the influ-
ence of the crystal environment and the local surroundings on
luminescence behavior. Therefore, the studies of the pressure-
dependent luminescence of Y,03/Eu** nanomaterials assisted
by doping ion modulation could provide valuable insights for
the field.

Numerous studies have demonstrated the luminescence
properties of Eu* ions under high pressure. However, few
studies have focused on lattice microstructural behavior under
induced pressure as a result of changes in crystal environments
and local micro-surrounding with other doping ions.[!%-23-28]
Investigations aiming to study the pressure-dependent photo-
luminescence (PL) spectra of both Y,03/Eu®t bulk and nano-
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materials by using either 514.5-nm or 532-nm laser excitation
reported red spectral shifts and a loss of PL peaks. 2022281
In our recent study, we demonstrated the probe effect of
up-conversion PL measurement in revealing slight changes
of YOg octahedron in Y,03/Eut nanotubes under high
pressure.[19] However, currently, there are no studies to ana-
lyze the pressure behavior of the luminescence of Y,O3/Eu’+
nanomaterials by manipulating other auxiliary ions under high
pressure. The study of microstructure-related luminescence
properties would provide important insights into the under-
standing of the luminescence behavior of Eu** ions and ways
to utilize Eu**-doped Y,03 nanomaterials.

In the present work, we carry out high-pressure experi-
ments to investigate local microstructures through Raman and
PL spectra of Y>03/Eu’t and Y,03/Eu’t/Mg?* nanorods
by using 514-nm and 532-nm laser excitation. The amor-
phous transitions are found to occur at a pressure greater
than 24 GPa for both Y,O3/Eu’t and Y,O3/Eu’t/Mg?t
nanorods. Under high pressure (above 8 GPa), Y,03/Eu’t and
Y,03/Eu*t/Mg?* nanorods exhibit different distorted states.
In addition, Y,O3/Eu’t and Y,03/Eu’*/Mg*" nanorods
present different local micro-surrounding characteristics for
Eu" ion in a pressure-modulated crystal field, based on the
analyses of the following intensity ratios: Iy, /Ip—; of SDg-
"F, to SDo—"F; and Iy »A/B of Dy-'F, transitions. The
doped Mg?* ion is found to play a critical role in reducing
the local microstructure ionicity when the YOg octahedron
is distorted under high pressure. From this work, we show
that doped ions can be utilized for detecting the tiny local mi-
crostructural changes upon high pressure by using Eu** lumi-
nescence.

2. Experimental details

The Y,03/Eu’™ and Mg?* co-doped Y,03/Eu’"
nanorods used in this study were generated using a hydrother-
mal method as described previously.””) The Eu’t doped
Y1,9Eu0_103 (YEO) and Mg2+ CO-dOped Y1_gEUO,1Mg0,103
(YEMO) samples were placed in a cubic structure (space
group: Ia-3) and comprised of nanorods that were predomi-
nantly 50 nm—100 nm in diameter and 10 um in length as de-
picted in Fig. 1. A diamond anvil cell (DAC) was used to carry
out Raman and PL spectra experiments under high pressure.
These experiments were done by using a 4:1 methanol—ethanol
mixture as pressure medium. The pressure was calibrated by
a shift in the ruby R line. A Renishaw inVia Raman Micro-
scope equipped with a charge coupled device (CCD) detector
was used to collect Raman vibrational signals from 514.5-nm
excitation. A spectrometer (focal length, 500 mm) combined
with a liquid nitrogen-cooled CCD (Acton SP-2500 and Py-
LoN:100B, Princeton Instruments) was utilized to obtain high-
pressure PL spectra. A 532-nm single-mode diode-pumped

solid-state (DPSS) laser (power output, 50 mW) was used as
the light source for experiments by using PL excitation. In
PL experiments, all data were collected under identical exper-
imental conditions for each pressure tested, including the same
laser power, laser spot size, exposure time, and focus micro-
scopic lens. The spectra resolutions are 1 cm~! and 0.1 nm,
respectively for Raman and luminescence spectrometers in the
high pressure experiments carried out in this study.

Intenstiy/arb. units

Fig. 1. (color online) X-ray diffraction (XRD) patterns (a) and SEM
images of YEO (b) and YEMO (c) nanorods in ambient conditions.

3. Results and discussion

Figure 2 illustrates the PL spectra in a range of 550 nm—
675 nm (° D0—7F0,1’2) of YEO and YEMO nanorods under am-
bient conditions by using a laser excitation of 532 nm. With
laser excitation, energy transfers to Eu’™ ions via the Y,03
host lattice. Energy transfer is a critical determinant of the PL
behavior of RE-doped material, and this energy transfer be-
havior is dependent on the structure and local microstructure
of Eu* ions. Therefore, the study of pressure-dependent PL
of Eu?* ions could provide valuable insights into the changes
in structural and local microstructural behavior, and also the
changes in corresponding relationship between the Eu* ion
PL and local microstructure.
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Fig. 2. (color online) Photoluminescence spectra of Y 9Eug ;O3 (YEO)
and Mg?* co-doped Y gEug 1 Mgo 103 (YEMO) nanorods under ambi-
ent conditions.

In order to characterize structural changes, we carry out
in-situ Raman scattering experiments on YEO and YEMO
nanorods and show the pressure-dependent Raman spectra in
Fig. 3. The representative Raman vibration of Y3*-0~? lo-
cated at 378 cm~! in ambient conditions is observed to shift
towards high wave numbers with increasing pressure. The in-
tensity of the Raman vibration is observed to become notably
weaker after 8 GPa—9 GPa, in the cases of YEO and YEMO
samples. For YEO nanorods, the Raman vibration becomes
very weak when the pressure reaches up to 18.9 GPa, and
disappears completely at 24.2 GPa. Similar results were ob-
served for YEMO nanorods, in which the Raman vibration
begins to disappear when the pressure reaches up to 20 GPa.
The disappearances of the Raman vibration for both YEO
and YEMO nanorods indicate a phase transition from ini-
tial cubic structure to a different structure. With increasing
pressure, no distinguishable Raman signal is detected. The
phase transition behavior observed for Y,03/Eu** nanoma-
terials doped with Eu’* or Mg”" ion(s) is similar to that of
its Y,Oszhost, with Y>03 and Y,O3/Eu®* nanomaterials re-
ported to transform from an initial cubic phase into an amor-
phous phase.[1*15:2024] Tn addition to the disappearance of the
Raman vibration, the Raman peak position is also observed
to shift towards a higher wavenumber as deduced by pres-
sure treatment. However, the Raman peak position is found
to shift at different rates under pressure prior to the amor-
phous transition at 24 GPa. This observation is ascribed to
the pressure-induced YOg octahedron distortion.??) We plot
the pressure-dependent Raman peak position in Fig. 4. These
plots show different variations of Raman vibration before and
after 8 GPa of pressure: the peak shift becomes slower after
8 GPa and has an obvious change in the slope. This illus-
trates that the Raman peak shift that occurs with pressure in-
duced by lattice compression becomes slower after 8 GPa. Be-
low approximately 8 GPa, the variations in the Raman vibra-

tion are found to be consistent for YEO and YEMO nanorods.
However, the changes in the extent of the slope become dif-
ferent after 8 GPa, with the slope changing less markedly in
the case of YEMO nanorods. As previously reported, the dif-
ferent changes in behavior of the Raman vibration slope under
pressure correspond to different lattice states that exist before
structure transformation.[??! The latter lattice state is thought
of as a slightly distorted state that results from the YOg¢ octa-
hedron distortion. The weakened Raman intensity mentioned
previously is caused by a local distortion of the Y,O3 lattice.
In the present study, we show that the difference in distor-
tion state between YEO and YEMO nanorods is mainly due
to Mg?* doping into the Y,Oj3 lattice, which generates a dif-
ferent pressure behavior for the YOg deformation.
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Fig. 3. (color online) Pressure-dependent Raman spectra of YEO and YEMO
nanorods.
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Fig. 4. (color online) Raman peak positions of YEO and YEMO

nanorods under high pressure.

The different lattice states of YEO and YEMO nanorods
correspond to different crystal fields, which play a critical role
in determining the luminescence properties of the doping Eu’+
ion. Thus, we successively analyze the pressure-dependent PL
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experiments of YEO and YEMO nanorods excited with a 532-
nm laser. Given that ’ D0—7F07172 transitions exhibit compara-
tively strong PL intensities and reflect the information about
crystal fields and local microstructural changes, we analyze
the pressure-dependent PL spectra of *Do—"Fp 1 » transitions
for both YEO and YEMO nanorods (Fig. 5).

With increasing pressure, all > D0—7F07172 transition peaks
are found to shift towards higher wavelengths with a lattice
compression. The strongest peak at 612 nm in ambient condi-
tions becomes definitively weaker after 8 GPa, in the cases of
both YEO and YEMO nanorods. When the pressure reaches
up to 23 GPa—24 GPa, the group A peaks from the SDo—'F,
transition (indicated in Fig. 2) are found to become weak, and
therefore difficult to distinguish. This could be attributed to the
amorphous transition of the Y,0O3 host lattice that occurs un-
der high pressure. Given the transition sensitivity of the Eu3*
ion to the local structure of the Y,O3 lattice, studies into fac-
tors that influence local structural changes on the PL spectra
can provide valuable information. Corresponding changes in
the local microstructure can be explained by the Judd—Ofelt
theory. 303! The Judd—Ofelt parameter £2,, defined as the in-
tensity ratio Io_/Ip_; of >Do—"F, to Do—'F; transitions of
Eu’" ions, is related to short-range effect and reflects the prop-
erties of the local microstructure and surrounding Eu’* ions.
Meanwhile, the intensity ratio Iy_»A/B of SDg-"F, transitions
also reflects a similar behavior of the lattice microstructural
information. 28!

We plot the intensity ratios Ip_»/Ip—1 and Ip_,A/B of
>Dy-'F, transitions of Eu’" ions against pressure in Figs. 5
and 6. The intensity ratio Iy_» /I exhibits different changes
in behavior under pressures both below and above 8 GPa,
while Iy_»(A/B) exhibits a sudden drop around 8 GPa. The
Io—>/Ip— ratio is observed to increase with pressure before
8 GPa, and decrease rapidly after 8 GPa. As discussed previ-
ously, an amorphous transition of the Y,Oj3 host lattice oc-
curs at pressures higher than 20 GPa. Therefore, the sud-
den change observed in the Iy_»/Ip—; ratio around 8 GPa is
not caused naturally by the structural transition. This sud-
den change could be attributed to local structural changes of
the YEO and YEMO nanorods.
pressure indicates, the vibration position of the typical Ra-

As Raman vibration under

man mode Y3t—-0~2 is found to increase at different rates
before and after 8 GPa.
surrounding of Eu’T ions clearly changes. Before 8 GPa,

This demonstrates that the micro-

the Ip_»/Io—; ratio is found to increase, indicating a crystal
field strengthening for both YEO and YEMO nanorods. In-
deed, the pressure causes a decrease in the distance between
atoms and shortens bond lengths, which could ultimately re-
sult in the strengthening of the crystal field. After 8 GPa, the
Y,03 host lattice is found to transform into a distorted state
in some local microstructures. However, the structure trans-

formation is shown not to occur for the Y,O3 host lattice as
illustrated by the Raman study. This transformation induces
the crystal microstructure to change, followed by direct influ-
ence on the surrounding Eu3* ions. In this disordered lattice
state, the general lattice space is shown to be compressed con-
tinuously with pressure. However, the local microstructural
disorder destroys the strengthening tendency of the Eu** lo-
cal micro-surroundings. Under such circumstances, the cova-
lency in the vicinity of Eu** ion-ligand increases, and the ion-
icity of Eu* local micro-surroundings exhibits a correspond-
ing decrease.3%3!] Therefore, the intensity ratio Io_o/ly_1 is
found to decrease after 8 GPa, with the degree of decrease be-
coming larger with distortion increasing under pressure.
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Fig. 5. (color online) Pressure-dependent PL spectra of YEO and YEMO
nanorods.
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Fig. 6. (color online) PL intensity ratios Io_» /Iy of 5Dy-"F, and S Dg—
7F transitions of YEO and YEMO nanorods with increasing pressure.

In addition to the sudden changes in intensity ratios of
Io—2/Ip—1 and Iy_»A/B around 8 GPa, we also observe that
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there is no typical Raman vibration position nor intensity ra-
tio (Io—2/Ip—1 and Iy_A/B), which shows a different sudden
change degree for each of YEO and YEMO nanorods. This
suggests that both YEO and YEMO nanorods exhibit different
crystal field properties and local micro-surroundings of Eu’*
ions after 8§ GPa. As shown in Figs. 6 and 7, YEMO nanorods
display higher intensity ratios of Iy_/Ip— and Iy_»A/B at
each pressure point measured after 8 GPa, which indicates
that according to the Judd—Ofelt theory,*"! the ionicity of the
Eu’* local micro-surroundings for YEMO nanorods is greater
than that of YEO nanorods, although they are both in dis-
torted lattice states. In the pressure-dependent Raman vibra-
tion spectra under high pressure, we also demonstrate that
the vibration position variation differs after 8 GPa, with the
larger bend observed with YEO nanorods, and the smaller
bend observed with YEMO nanorods. Therefore, the differ-
ent bend degrees of the Raman mode variety and intensity ra-
tios (lo—2/Ip—1 and Ip_,A/B) observed under high pressures
appearing at 8 GPa are consistent and closely related to each
other. As the pressure-dependent Raman studies illustrate,
different bends indicate different distortion states in the lo-
cal microstructure, with the smaller bend degree of Raman vi-
bration exhibiting the weak distortion of the YOg octahedron
for YEMO nanorods under high pressure. This leads to the
higher ionicity of the local microstructure, corresponding to
the higher ionicity of Eu** local micro-surroundings. There-
fore, the intensity ratios, Iy_»/Iy_1 of >Do—'F, to >Dy—'F; and
Ih—2A/B of >Dy-'F, transitions, exhibit higher values under
high pressure in the case of Mg>* co-doped YEMO nanorods.
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Fig. 7. (color online) PL intensity ratios Iy_,A/B of 5Dy—'F; transitions
of YEO and YEMO nanorods with increasing pressure.

The doped Mg?* ions act as modifiers of the Y,Oj3 lat-
tice and YOg octahedron. These doped Mg>* ions are be-
lieved to play a critical role in modifying the microstruc-
ture and local micro-surroundings of Eu®*.132! Compared with
the radii of Y>* (0.089 nm) and Eu* (0.198 nm) ions, the

ionic radius of Mg?* is small (0.072 nm). Following dop-
ing, the doped Mg?* ions partially substitute the Y>*. The
Mg”* ion modification shortens the Mg—O bond length, com-
pared with the undoped Y-O bond length. Due to the mi-
croscaled doping of Mg?*, the Y»O3 host lattice does not ex-
hibit general structural changes in ambient conditions in the
lower pressure range. However, when the pressure is greater
than 8 GPa, the Y203(Y203/Eu3+) host lattice transforms
into a distorted state, deforming the YOg octahedron. Con-
sequently, the doping effects of Mg?" ions on the Y,Oj3 crys-
tal lattice become clear. According to the results from a pre-
vious study, the two different kinds of YOg octahedrons of
Y203(Y203/Eu3+) nanomaterials exhibit different deforma-
tion properties.['*l The YOg octahedron with C, symmetry
is demonstrated to be easily distorted by pressure compared
with the octahedron with Sg symmetry. Due to the fact that
the YOg octahedron becomes distorted under pressures greater
than 8 GPa, ideal Y203(Y203/Eu3+), the lattice arrangement
breaks, inducing a decrease in the local microstructure ionic-
ity. Thus, the intensity ratios, Ip_»/Ip—; of SDy-"F, to *Dg—
"Fy and Iy_»A/B of >Do—F; transitions of Eu** are found to
exhibit a sudden drop with pressure increasing. In the case of
the Mg?*-ion-doped Y,03(Y,03/Eu*), the decrease in the
Y203(Y203/Eu3+) microstructure ionicity is found to be at-
tenuated due to its shorter Mg—O bond length, which is found
to strengthen the crystal field. Therefore, the YEMO nanorods
show higher intensity ratios of Iy_»/lp_ of Do—'F to *Dg—
"Fy and Iy_»A /B of Do—F, transitions. This suggests that the
doped ions can be used as a lattice ion modifier to study tiny
local microstructural changes induced through Eu* lumines-
cence under high pressure.

4. Conclusions

In this work, we perform pressure-induced microstruc-
tural analyses of Y,03/Eu’* and Y,03/Eu3*t/Mg?* nanorods
using Raman and photoluminescence spectra. The Y,03/Eu’*
and Y203/Eu3+/Mg2+ nanorods are shown to transform into
an amorphous phase at a pressure of 24 GPa. Pressure-
dependent Raman peak positions exhibit different dis-
torted states after 8 GPa, in the cases of Y,O3/Eu3t and
Y,03/Eu’t/Mg?* nanorods. The Y,03/Eu’*/Mg?* nanorods
are demonstrated to exhibit a stronger crystal field around
Eu’* ions when the intensity ratios of Iy_» /Ip—1 of SDy-"F; to
SDy-'F; and Iy_»A/B of Dy—'F, transitions in the distorted
lattice state are investigated. The doped Mg>* ion is found to
play a critical role in reducing the decrease in crystal ionic-
ity under high pressure. Additionally, these studies show that
the doped ions can be used as a lattice ion modifier to investi-
gate tiny local microstructural changes with the help of Eu’*
luminescence under high pressure.
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