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High pressure-induced spectral changes in a 20-nm cubic nancerystaliine yttria doped with “O
eurcpium and its corresponding bulk were studied in the range of 550~750 nm, corresponding to W
the °Dg - 'F,, (J = 0-4) transitions. The results demonstrate that the bulk Y,0, underwent phase g€
transition from the cubic phase to the monociinic phase as the pressure increased to 15 GPa, while
the 20-nm nanocrystals did not. This can be concluded from the fact that the 5D, - 7F, line and ® 3
the three °D; — “F, sublines originating from the cubic phase disappeared, while ancther group
of °D, —+ 7F, and °Dy > 7F, lines appeared. In addition, the relative intensity of the peak around T
630 nm to that around 611 nm varied obviously as the pressure surpassed 15 GPa. The varia- P £y
tions in the nanccrystals were more siuggish in comparison to those in the bulk, indicating that .

the nanocrystailine yttria had improved compressibility, which is attributed to an increased surface .
energy in nanocrystals. The local environment surrounding luminescent Eu®* in the nanocrystals ’

and the bulk both became mare disordered with the increase of the pressure. The phase fransition
from the cubic to the moneclinic is irreversible.
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1. INTRODUCTION

J-O theory,"* " this ion was chosen as a luminescent

In recent years, the high-pressure studies on nanocrystals
{NCs) have stimulated great enthusiasm because the size of
the NCs has a significant effect on the structural transitions
and compressibility.’” Understanding the mechanisms
governing structural transitions not only offers opportu-
nities for investigating the pressure dependence of elec-
tronic {ransport and optical and mechanical properties,’
but also can help to bring about future developments in
nanomaterials and devices.’ Up to now, many studies have
been performed on structural phase (ransitions in semi-
conductor NCs.5#

For NCs doped with trivalent rare earth ions, Y,O,
in particular has attracted considerable interest due to its
high chemical durability and thermal stability,”'® Eu*"-
doped ytiria, as the main and unsurpassed red emitting
material in floorescent lamps and projection television:
tubes, is inevitably attracting increased attention.'-*? Since
the Ew’" ion has very sharp emissions and its elec-
tronic dipole transitions of °Dy -» 'F, are supersensi-
tive to the surrounding environmenis according to the

*Author to whom correspondence should be addressed.
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probe of the crystalline environment.’ In comparison
with other luminescent materials involving strong electron-
phonon coupling, the Eu’'-doped materials can better
reflect changes of the crystaltine field structure of the host
under pressure. However, the pressure effect on the lumi-
nescent properties of Y,0,:Hu™ is unknown, and there
have been no reports con this subject up to now. In this
paper, we studied and compared the luminescent proper-
ties of Y,0;:Eu’* NCs with corresponding bulk materials
under high pressure up to 25 GPa. A few mvestigators
have reported studies of the pressure-spectra of bulk yitria;
however, in their work the pressure range is within several
hundred Kbar, which is far less than in this work.!

2. EXPERIMENTAL DETAILS

The Y,0,:Ew’* NCs were prepared by the combustion
method. Y,0, and Eu,O; (molar ratio 1:0.01) were dis-
solved in nitric acid, and glycine was dissolved in dis-
titled water. The two solutions were then mixed together
to form the precursor. Details of the synthesis are given
elsewhere.'® The particle size was controlled by adjust-
ing the molar ratio of glycine to metal nitrate (G/N),
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which affected the combustion temperature in the reac-
.on. In the preparation, the G/N ratio was controlled at
1.75. The bulk powders were prepared by the sofid-state
reaction method at 1,200 °C for 8 h. The pressure was
cnerated by a diamond anvil cell technigue using a stain-
exs steel gasket. The gasket was preindented to 500 pm
of thickness, and then a hote with a diameter of 100 pum
wns made i its center with a spark driller. The pressure
medium was a methanol and ethanol mixture with a ratio
of 4:1. The pressure in all the experiments was determined
by a standard method: monitoring the shift of the ruby
k! line. Photoluminescence measurements under applied
hydrostatic pressure were performed at room temperature.
5i4-nm light from a He-Cd laser was used as excita-
dion source. The photoluminescence signals were coliected
with a JYHR800 spectrometer equipped with a charge
coupled device (CCD) detector. Crystal structure and size
were obtained by X-ray diffraction (XRD) using a Cu tar-
cet radiation source.

3. RESULTS AND DISCUSSION

The crystal structure and particle size were obtained by
XRD patterns, as shown in Figure 1. According to JCPDS
randard cards, both the NCs and bulk exhibit pure cubic
sructure. The average crystatline size of the NCs was esti-
mated by the Scherrer formula, to be ~20 nm,

Figure 2 shows the evolution of the emission spectra
with pressure for NCs (a) and bulk (b). Under ambient
conditions, the peak at 580.5 nm is from the "Dy — 'Fy
transition, the lines at 587, 593 and 599.4 nm are from
5P, -» 'F, transitions, the lines in the range of 600-
640 nm are from 3D, — 'F, transitions, the lines in the
647667 am range are from the Dy — 'Fy transitions,
and the lines in the range of 680-720 nm are from the
5D, — 'F, trapsitions. From Figure 2, it is obvious that the
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Fig. 1. XRD patterns of the ¥,0,:Fu* NCs and bulk samples.
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emission intensity of *Dg —» 'F, decreases, all transition
lines show a shift toward longer wavelengths, and their
half-widths increase with pressure during the process of
loading pressure. The increased line width suggests that
the locat environment surrounding the Eu't ions becomes
more disordered. During the process of unloading pressure,
the emission intensity increases, and the spectral position
shifts toward shorter wavelengths but does not recover
completely at ambient pressure, indicating that the trans-
formation is irreversible.

Figure 3 shows the normalized emission 0f "Dy — Fy 1
for both samples. From Figures 3{a) and {(b), under ambi-
ent conditions, we can see that the Dy — 'Fy, transi-
fion locates at 580.5 am, and the Dy — 'F, transition
splits into three peaks located af 5873 am, 5931 am
and 599.4 nm, No distinct differences in line position
were observed for the two samples, and no emission line
assigned to the monoclinic phase was detected,' % which
is consistent with the result of the XRD patterns. Note
that in Figure 3 the peaks labeled with a star are asso-
ciated with the *D, — 7F; transitions.”" Under pressure,
the separations among three peaks always changed less in
both samples. In the bulk, it is interesting to observe that
three additional peaks Jocated at 597.4 nm, 392.5 nm, and
587.1 nm arise as the pressure increases to 15 GPa, indi-
cating the occurrence of structure transition of the yttria
host.22 When the pressure reaches 17 GPa, the original
three peaks are quenched completely. This result reveals
that the pressure-induced structural transition is complete.
However, in the NCs no additional peaks are found as
the pressure increases. It is considered that in NCs the
increased surface energy impedes the formation of the
high-pressure phase and thus elevates the phase transition
pressure owing to the existence of vast surface adsorptions
such as OH~ and CO3~.1"%

For the "Dy — "I, transitions shown in Figures 3(c)
and (d), it is clear that group A is triplet with a main
peak at 611.4 nm and two shoulder peaks at 613.1 and
614.5 nm, while group B is doublet with a main peak at
6314 and a shoulder at 627 nm, which all correspond to
the transitions from the Dy level to different F, sublevels
(2J 4+ 1). During the process of loading pressure, the inten-
sity ratio of transitions from the "Dy level to different ¥,
sublevels varies obviously with the pressure, and the total
Stark components of the “Dy — 'F, transitions increase
with the increasing pressure.

Figures 4(a) and (b) show the emissions of °D, —» 'Fy
and *D, — "F,, respectively. The peaks of the D, > '
transitions are located at 650.7 nm, 653.4 nm, 658.2 nm,
and 662.7 nm. The peaks of the *Dy — 'F, iransitions are
iocated at 687.8 nm, 693.9 nm, 707.3 nm, 709.4 nm, and
712.6 nm. The peaks labeled with a star are the emis-
sion of the ruby, During the process of loading pressure,
the intensity ratio of the transitions from the D, level ©
different "F; , sublevels and the Stark components of the
D, — 'F, 4 transitions hardiy change.
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Fig. 2. Emission spectra for the both samples at various pressures under 514 am excitation, (a} NCs: (b} bulk sample.

Figure 5 shows the peak positions of *Dy — "F.
Dy — 'Fy, Dy —» 'Fy, and *Dy - "F, as a function of
applied pressure. The evolution of the peak positions of
the D, — 'F, transitions appeared to be almost uniform

Intensity {narmalized)

Intensity {normalized)

and linear until the applied pressure approached to 15 GPa.
Above 15 GPa, the peak positions deviated from a lin-
ear relationship. The nonlinear relationship between the
peak location and pressure for the °D, — 'F, transitions
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Fig. 3. The normalized emissions of D, - 7F, and "Dy, — 'F, for both samples at various pressure under 514 nm,
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Fig 4, The normalized emissions of "D, — 'F, and "Dy — 'F, for both samples at various pressure under 514 nm, (a) NCs; (b) bulk samples.

is attributed to the structure transitions of the host. As  clearly distinguish them. For the *Dy — "F, (J =1, 3, 4)
, the pressure increased, the line widths broadened, and  transitions, the peak positions depended linearly on pres-
the relative contributions for different sub-states varied  sure. The pressure coefficients of the peaks are listed in
due to lattice distortion; 4s a consequence, it is hard t© Tabie 1.
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Fig. 5. Dependence of the peak positions on pressure for the Eu’* ions emissions in Y,y samples, (a) the emissions originaiing from the energy
level of ’D, — "F,; {b) the emissions originating from the energy level of T, — "F,; (c) the emissions originating from the energy level of D, — "Fa;
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{d) the emissions originating from the energy level of °D, —» 7F,.
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Table L. Pressure coefficients of various emissions observed in the
Y.Op: Bt samples.

dASd P (nm/GPa)

5873 5921 599.4 6114 6314

20 nm 0.307 012 0.131 4.102 G184 034
bulk 0.123 0.144 (0.138 0161 023 0198 04§

650.7 6534 6582 6627 6878 7073 7094 Ti26
20am 017 027 014 024 027 031

bulk 016 13 012 023 025 029 032 033

Figure 6 shows the intensity ratios of groups A to B
(’Dy, — "F, transitions) at various pressures. Under applied
pressure, The ratios increased at the same rate until the
pressure reached 15 GPa, and then the rate increased faster
in the bulk. Here we suggest that the sampies were under-
going pressure-induced structure transition of the host as
discussed above. This result is copsistent with the pre-
vious studies that indicated the structure of yttria trans-
forms from cubic to monoclinic when the pressure reaches
15 GPa?® The ratio of different transitions originating
from the same D, — 'F, levels varied obviously under
loading pressure, indicating that the electron transition
rates from the *Dy, level to 'F, sublevels changed consid-
erably with pressure.

We attribute these changes to the transformations of the
crystalline field surrounding the Eu™ ions resulting in the
structural changes of the host. The pressure operated on
the luminescence of Eu®" ions in a crystalline environment
mainly by modulating the symmetry and strength of the
crystal field.” It is thought that the modulated crystal field
results from the decreased cell parameter and equilibrium
distance between the nucleus of the rare earth ions and
the center of the ligand under high pressure.”® The shift
of line positions, increased half-width, and increased sep-~
arations among Stark components with the pressure sug-
gest the intensification of the crystal field under pressure.

Ratio of intensity group Bigroup A
& 20nm AA
& A Buik

A
A

Ratio
ErY
I

L)

A | |
o] wesmsma poumed e neen
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Fig. 6. The intensity ratio of group A to group B for the “Dy — 'F,
fransition at various pressures.
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By isomorphic substitution, Ew’" occupy two symmetry
sites in the Y,0, host: a lower symmetry site of C, and
a higher symmetry site of S,. The observed transitions for
Eu't essentially arise from those ions at C, site, where
the degeneracy of all level of Eu*™ is completely lifted,
splitting into 2/ + 1 sublevels.” The Dy, —» "F, peaks
are electronic dipole tramsitions, which are supersensi-
tive to the surrounding environment according to the J-O
theory," " so the total splitting among the "F, manifold
increases more remarkably with increasing pressure than
that of the 'F,.

The results in Table I show that variations in NCs
are more sluggish compared with the pressure-induced
transformations in bulk, indicating that the compressibil-
ity increases as the particle size decreases. Because of the
larger surface area-to-volume ratio, the local environment
around Eu™* ions in NCs is more complicated than that
in the bulk. Considerable lattice distortion exists even in
the absence of pressure,” so the changes of the local Crys-
talline field in bulk materials may be more sensitive to
pressure compared to the NCs. This sluggishness may due
to the quasihydrostatic nature of the pressure. As the par-
ticle size decreases, the efficiency of transmitting the com-
pressive stress from the pressure medium to the samples
may improve, resulting in an enhancement of compressive
stress. ! 20

4. CONCLUSIONS

The spectral properties of Y,0,:Eu’" and the correspond-
ing bulk material were studied and compared under load-
ing and releasing pressure (0-25 GPa). The studies of
the "D, ~» "F, transitions demonstrate that in the bulk,
the *Dy — F, line and the three Dy — 7F, sublines
originating from Eu*" ions in the cubic phase gradually
decreased with the increase of pressure. As the pressure
increased to 15 GPa, another group of D, - "F, and
"Dy — 'F, emission lines appeared-—which was attributed
o the transitions of Eu'* in the monoclinic phase—and
the new peaks increased gradually with the incresse of
pressure, As the pressure reached 17 GPa, these three lines
completely disappeared. This indicates that the transition
from the cubic to the monoclinic phase began to occur at
15 GPa and completed at 17 GPa. In the nanocrystals, such
@ phase transition did not happen. The pressure-induced
spectral changes for the Dy — 7F, transitions were frre-
versible. In addition, during the process of loading pres-
sure, all the iine positions for both samples revealed a
shift toward longer wavelengths, the ratio of different tran-
sitions originating from the D, level varied obviously,
and the energy separation between different 'F, sub-states
increased. In the bulk, the ratio of °D, to different sub-
levels of °D, broke under the pressure of 15 GPa, which
was also attributed to the structure transformation of the
host. In conclusion, the nanocrystalline yttria demonstrated
improved compressibility compared to the bulk, which was
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shuted to the increased surface pressure caused by sur-
face adsorption.
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