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Three nonequivalent centers ofCs (A, B, and C) in monoclinic phase andC2 andS6 centers in cubic phase
were identified in the Gd2O3:Eu3+ nanocrystals with spectral techniques. Size dependence in the spectra
indicated that the excitations from both host and charge-transfer band (CTB) for the5D0 f 7F2 transition of
Eu3+ ions were nearly equal for a larger size of 135 nm of the cubic phase; however, with decreasing the size
to or less than 23 nm, the excitations by the CTB dominated. The variation of excitation leading to the
symmetry and energy change in theC2 andS6 sites was also observed for larger particle sizes. The Judd-
Ofelt intensity parametersΩλ (λ ) 2, 4) for Gd2O3:Eu3+ nanoparticles were experimentally determined. The
parametersΩλ were found to significantly change with the sizes of Gd2O3:Eu3+ from nanoparticles to bulk
material. With decreasing the size from 135 to 15 nm, the quantum efficiencies for5D0 reduced from 23.6%
to 4.6% due to the increasing ratio of surface to volume.

1. Introduction

Rare earth sesquioxide is one of the typical phosphor materials
for hosting trivalent ions. Three structures were found in the
sesquioxides, known as hexagonal, cubic, and monoclinic
phases. The lattice distortion in Gd2O3:Eu3+ from doped Eu3+

ions is insignificant due to nearly identical radii of 0.094 for
Gd3+ ion and 0.095 nm for Eu3+. The structure transition of
Gd2O3 from cubic to monoclinic phase occurs atG1250 °C.
The Eu3+ ions substitute the Gd3+ ions in Gd2O3:Eu3+ and
occupy the lattice sitesC2 andS6 in the cubic phase and three
nonequivalent sites (A, B, and C) in the monoclinic phase,
respectively.1

Eu3+-doped Gd2O3 nanocrystallines have shown very rich
luminescent features due to the possible paths of activating the
trivalent rare-earth ion Eu3+ through different sensitization
processes, e.g., the host Gd2O3 absorption, Eu-O charge
transfer, the Gd3+ ion absorption, and the Eu3+ ion self-
excitation. The initial state possesses, usually, the same parity
as the final one. However, the 4fn-transitions leading to
luminescence were experimentally observed for Eu3+ ions in
Gd2O3:Eu3+ nanocrystallines. The mixture of opposite-parity
state configurations, for example, the 4fn-15d and charge transfer
states, may make these transitions partially allowed. It is well-
known that the excitations from the host band and charge-
transfer band (CTB) for the5D0 f 7F2 transition of Eu3+ ions
are almost equal for the bulk Gd2O3. The Eu3+ ions were excited
by the 4fn energy levels in most previous investigations, rarely
by CTB. In the current paper, the size impact on the excitation
processes fromC2 andS6 sites has been investigated in Gd2O3:
Eu3+ nanocrystalline having different particle sizes.

The spectral properties of Gd2O3:Eu3+ nanoparticles at 77 K
were investigated using Judd-Ofelt theory.2,3 Intensity param-

etersΩλ (λ ) 2, 4) were calculated by using the experimental
data associated with the5D0 f 7F2 and 5D0 f 7F4 transitions
by comparing the magnetic dipole transition of5D0 f 7F1 as
reference.4 Our results indicated that intensity parameters ofΩλ
varied with nanoparticle sizes of Gd2O3:Eu3+ and significant
differences were found in these parameters between nanopar-
ticles and bulk materials. With decreasing the particle sizes from
135 to 15 nm, the quantum efficiency for the5D0 band in Gd2O3:
Eu3+ nanoparticles reducing from 23.6% to 4.6% was observed.
A possible enhancement of the nonradiation relaxation rate from
the large ratios of surface to volume would be the reason to
decrease the luminescent quantum efficiencies of nanoparticles.
The impact of the charge transfer state of (Eu3+-O2-) and
multiphonon nonradiative re-excitation on spectral properties
was also studied in this paper.

2. Site-Selective Excitation and Energy Transfer

2.1. X-ray Diffraction (XRD) Patterns. The nanocrystal
samples were prepared by using combustion synthesis.5 The
samples were annealed at several temperatures to obtain different
particle sizes. Sample 1 is Gd1.9Eu0.1O3 annealed at 600°C for
1 h, sample 2 is Gd1.8Eu0.2O3 annealed at 1000°C for 1 h, and
sample 3 is Gd1.8Eu0.2O3 annealed at 800°C for 1 h.

XRD analyses were carried out on a Shimadzu XD-3A
powder X-ray diffractometer with Cu KR radiation atλ )
1.5418 Å. The XRD patterns of the three samples 1, 2, and 3
are shown in Figure 1. The particle sizes of the nanoparticles
were determined by using the Scherrer formulaD ) kλ/B cos
θ and transmission electron microscope (TEM). The XRD
pattern of sample 1 was wider than that of sample 2. The size
and structure were therefore determined to be 10 nm in diameter
for sample 1 and bulk material for sample 2 with the same
monoclinic phases for both samples and 30 nm for sample 3
having the cubic phase.
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2.2. PL and Site-Selective Spectra.PL measurements of
Gd2O3:Eu3+ were performed by using the third harmonic of a
YAG:Nd laser at 355 nm. Site-selective excitation (SSE) spectra
were measured with a dye laser (filled with Rh6G tunable from
570 to 610 nm) pumped by the second harmonic of a YAG:
Nd laser. The spectrum was recorded by the Spex-1403
monochromator with double gratings. A boxcar integrator
provided electronically gated signal processing.

The electronic configuration of rare earth Eu is (4f7, 6s2).
The outer layer electronic configuration of trivalent Eu3+ is 4f6.
The intraconfigurational dipole transition is thus strictly forbid-
den by the parity selection rule. However, the parity selection
rule is broken while the crystallines lack an inversion center,
and the forbidden transitions become partially allowed. Figure
2(1-3) shows the emission spectra for the5D0 f 7FJ (J ) 0, 1,
2) transitions for three Gd2O3:Eu3+ samples under 355 nm
excitation at 10 and 77 K, respectively. In Figure 2(1), three
spectral peaks located at 17 292, 17 224, and 17 179 cm-1 were
observed, and assigned to the Eu3+ ions occupying the mono-
clinic crystallographic sites. An examination of these figures
reveals that the luminescent spectra of the monoclinic nano-
crystallines show the same spectral distribution as bulk material
in the PL spectra (Figures 2(1) and 2(2)) and, however, different
spectral structures from that of the cubic phase as shown in
Figure 2(3).

There are at least three kinds of luminescent centers according
to three spectral peaks observed in PLE (Figure 3a-h) for
monoclinic nanomaterial having a particle size of 10 nm.
Comparing with ref 1, three different emission centers denoted
as A, B, and C withCs symmetry can be identified. Curve i in

Figure 3 comes fromC2 sites of cubic structure according to
the peak at 580.6 nm (17 223 cm-1) in the PLE spectrum of
the cubic nanocrystal (sample 3 (Gd1.8Eu0.2O3)) at a monitoring
wavenumber of 16 361 cm-1 (611.2 nm). Sample 1 has the
excitations from theC2 sites of cubic structure in the monoclinic
phase indicating the existence of the mixing of monoclinic and
cubic phases. This is consistent with the result from the XRD.

The site-selective excitation spectra are shown in Figure 4.
The different emission spectral distribution can be attributed to
Cs and C2 selectively excited. When the center A is excited,
the strong emissions from B and C centers can be observed,
indicating that the energy is effectively transferred from the
center A to centers of B and C.

3. Photoluminescence Properties and J-O Parameters in
nano-Gd2O3:Eu3+

3.1. Charge-Transfer Excitation of Eu3+ with C2, S6 Sites
in the Nanocrystal Gd2O3:Eu3+. The emissions from 4f6

electronic states of Eu3+ ion have been intensively studied in
the past decades, but to our knowledge, only a limited number
of publications discussed the luminescence of nanosized materi-
als doped with Eu3+ ions excited by the charge-transfer
process.6-8 Charge-transfer excited Gd2O3:Eu3+ comprises the
electronic distribution changes of the Eu-O couple. Effective
optical emissions would be remarkably enhanced when the
charge-transfer state through nonradiative relaxation to the5D0

in Eu3+ ions takes place.
3.1.1. XRD Pattern, Photoluminescence, and PLE Spectra.

The XRD patterns for samples 4, 5, and 6 in Figure 1 indicated

Figure 1. 1. XRD spectra of Gd2O3:Eu3+: (1) monoclinic nanomaterial
(10 nm); (2) monoclinic bulk material; (3) cubic nanomaterial (30 nm);
(4) sample 4 (15 nm); (5) sample 5 (23 nm); and (6) sample 6 (135
nm), respectively.

Figure 2. 2. PL spectra of Gd2O3:Eu3+ for 5D0 f 7F0,1,2 exciting at
355 nm: (1) monoclinic nanoparticles (10 nm) at 10 K; (2) monoclinic
bulk material at 77 K; and (3) cubic nanoparticles (30 nm) at 77 K.

Figure 3. 3. (a-h) PLE spectra of monoclinic nano-Gd2O3:Eu3+ at
10 K, monitoring positions at (a) 15 854, (b) 16 013, (c) 16 032, (d)
16 047, (e) 16 190, (f) 16 242, (g) 16 279, and (h) 16 361 cm-1. (i)
PLE spectra of cubic nano-Gd2O3:Eu3+ at 77 K, monitoring the position
at 16 361 cm-1.

Figure 4. 4. Site-selective excitation spectra of nano-Gd2O3:Eu3+ at
10 K, with exciting wavelengths at (A) 578.3 (17 292 cm-1), (B) 582.1
(17 191 cm-1), (C) 582.3 (17 173 cm-1), and (c2) 580.6 nm (17 224
cm-1).
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a cubic phase for them all. Samples 4, 5, and 6 annealed at
600, 800, and 1000°C, respectively, and have different sizes
with decreasing line widths. The particle sizes for samples 4,
5, and 6 were determined to be 15, 23, and 135 nm from the
XRD results, respectively.

Figure 5 is the photoluminescence spectra for samples 4, 5,
and 6 under 355 nm excitation. It is worth noting that these
samples show different spectral line widths, while the rare-earth
4f-4f transition spectral lines are supposed to be sharp. The
line widths of the PL spectral lines are decreasing with sample
number increasing from 4 to 6. The line widths of an
electromagnetic transition inside the 4f subshell are widened
due to interaction of an electron with the nanocrystalline field.
The PL spectra consist of several emission peaks at 578, 592,
and 611 nm corresponding to the Eu3+ 4f-4f 5D0 f 7Fi (i ) 0,
1, 2) transitions. In the excitation spectrum in Figure 6 for
samples 4, 5, and 6, the charge-transfer band (CTB) and the
host excitations are found to be at 250 and 230 nm, respectively.9

In the Eu-O couple the excitation energy of CTB could be
estimated by using the following equation by Jorgensen8

Here σ denotes the position of the CTB (in cm-1). ø(x) and
ø(M)are the optical electronegativity of the anion and the central
metal ion, respectively. Forø(O) ) 3.2 andø(Eu) ) 1.75, the
Eu-O CTB position should be 42 000 cm-1, about 238 nm.
The CTB position from the PLE spectrum is at 250 nm.

The 8S7/2-6I9/2 transition of Gd3+ at 276 nm was also
observed in the PLE spectrum in Figure 6. The excitation
spectral envelope can be decomposed into the host and CTB
excitation contribution. The ratios (A1/A2) of the integrated
intensities of both bands (A1 andA2) are 1.05, 0.57, and 0.65
for sample 4 (135 nm), sample 5 (23 nm), and sample 6 (15
nm), respectively. The excitations from both bands for the Eu3+

5D0 f 7F2 transition are found to be almost equality in sample
4. With decreasing the size the excitations from the host band

get smaller than that from CTB for both samples 5 and 6,
monitoring the Eu3+ 5D0 f 7F2 transition peaking at 611 nm.

3.1.2. The CTB Excitations of Two Sites of Eu3+ in nano-
Gd2O3:Eu3+. Cubic Gd2O3:Eu3+ is known as the c-type oxide
lanthanide showing theIa3 (Th7) space point groups.7 There
are two crystallographic sites in lanthanides which are identified
as C2 and S6 sites. The two kinds of sites are randomly
distributed in two different crystallographic sites in Ln2O3 except
for gadolinium oxide. The magnetic and electronic transitions
are partially allowed on theC2 sites. In nanocrystallines the
Judd-Ofelt theory can be used to determine the radiative
transition intensity. The luminescence intensity on theC2 is
higher than that of theS6 site in the cubic Gd2O3:Eu3+

nanocrystallines.
It is shown in Figure 7 the5D0 f 7F0 transition at 578 nm

from theC2 and the5D0 f 7F1 from theS6 at 580 nm for sample
5 (emission spectra of samples 4 and 6 are similar) excited by
a series of energy excitations from the CTB range. The
excitation spectra versus different monitoring positions for
samples 4-6 are shown in Figure 8 where theC2 andS6 curves
are associated with the monitoring wavelength of 578 and 580
nm, respectively, and the top curve corresponds to 578 and 580
nm monitored simultaneously. With decreasing sizes of nano-
particle Gd2O3:Eu3+, the excitations from theS6 sites are found
to be getting much stronger and finally exceed that from theC2

sites. As we have known, theS6 site features higher symmetry
and energy than theC2 site. It is concluded that the variation of
excitation wavelengths from theC2 andS6 sites may be due to
the changes of symmetry and energy for the nanosized samples
5 and 6.

3.2. Calculated J-O Parameters and Quantum Efficiency
of the 5D0 Level. 3.2.1. Experimentally Determined Juddy-

Figure 5. 5. Emission spectra of Gd2O3:Eu3+ excited by 355 nm at
77 K: a, sample 4 (15 nm); b, sample 5 (23 nm); and c, sample 6 (135
nm).

Figure 6. 6. The photoluminescence excitation spectra of Gd2O3:
Eu3+: a, sample 4; b, sample 5; and c sample 6, monitoring the 611
nm emission.

σ ) [ø(x) - ø(M)] × (3 × 104) (cm-1) (1)

Figure 7. 7. Emission spectra excited by the different wavelengths
from CTB.

Figure 8. 8. Photoluminescence excitation spectra: the topside curve
monitoring 578 and 580 nm peaks simultaneously; theC2 curve
monitoring the 578 nm peak; theS6 curve monitoring the 580 nm peak.
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Ofelt Parameters.According to the Juddy-Ofelt theory, the
transitions between the initial and final states in europium
crystals belong to the uniform electronic configuration 4f6 and
they are parity forbidden. For the transitions betweenJ andJ′
energy levels, the following conditions are assumed in order to
simplify the calculation: (1) 4fn coordinate energy levels are
regarded as the linear combination of the Russell-Saunders
correlated levels (interspaced states); (2) the particles are equally
populated on the sublevels of the initialJ levels; (3) the energy
levels of the particles in the 4fn configuration are higher than
the original energy state levelJ; and (4) simplified local field.
Finally, Einstein’s coefficient of spontaneous emission is quoted
as3

whereø ) nλ(nλ
2 + 2)/9 is the Lorentz local field correction,

in which nλ is determined from the single term Sellmeier
equation10

whereA ) 62 × 10-16 m2 andB ) 0.3163.Ωλ (λ ) 2, 4, and
6) denotes the spectral intensity parameter, determined by the
coordinate characteristics of the host material. The transition
matrix elements have been examined in ref 11.A0-λcould also
be obtained from the relationship

S0-λ is the area under the spectral line of the5D0 f 7Fλ transition
in Figure 5.σλ is the energy barycenter of 0-EnDashEnDashλ
transition andA0-1 is Einstein’s coefficient of magnetic dipole
transition of5D0 f 7F1. S0-λ and σλ can be measured in the
fluorescent spectra of europium. From (2) and (4) we can
calculate the intensity parametersΩλ.

Next, we calculateA0-1. The magnetic dipole operator isM
) (e/2m)∑i(li + 2si) ) (e/2m)(L + 2S). The magnetic dipole
matrix element for the states of the same parity is expressed
as2,3

The matrix elements〈5D0|L + 2S|7F1〉 calculated by using these
wave functions in intermediate coupling are given as12

ThenA0-1 can be written as

wheregJ is the statistical weight (2J′ + 1) of the excited state13

andν is the transition frequency. The results calculated following
the above-mentioned procedure are given in Table 1. The
various values ofΩ2 and Ω4 correspond to the variation of
crystal field environment, resulting from the different sizes of
nano-Gd2O3:Eu3+. To our knowledge, there is no report on the
calculation of the J-O parameter of bulk Gd2O3:Eu3+. Gd2O3:
Eu3+ is basically similar to Y2O3:Eu3+ in crystal structure, except
for the ionic radii of the rare earth ions (RGd3+ ) 0.94 Å, RY3+

) 0.90 Å). TheΩλ (λ ) 2, 4) of Gd2O3:Eu3+ nanoparticles is,
however, significantly different from that of bulk Y2O3:Eu3+

(see Table 1). Such differences are expected due to the
confinement effects on the vibrational states of impurity ions
in the surface, whose optical properties are modified by the
disorder in the surface, and the alteration of the electronic bands
of the matrix.14 By the selection rules of Eu3+ ions, the transition
from J ) 0 f J′ (even) is electric dipole allowed. The5D0 f
7F6 transition is, however, 850 nm beyond the visible region.
TheΩ6 is not able be determined experimentally by the visible
spectra, but it is estimated to beΩ6 < 5 × 10-21 cm2.15

3.2.2. Lifetime and Quantum Efficiency of the5D0 LeVel. The
fluorescence decay constants and corresponding spectral posi-
tions for 5D0 f 7FJ (J ) 0, 1, 2, 3, 4) transitions are listed in
Table 2. For the every fixed emission of5D0 f 7FJ (J ) 0, 1,
2, 3, 4), the decay time is shortened gradually by decreasing
the diameters of Gd2O3:Eu3+ nanoparticles. In nanocrystalline
the shortened lifetime was reported by 5 orders of magnitude,
and quantum efficiency increased by about 18% compared with
that of bulk.16 Our results are consistent with the published data,
except that the lifetime does not show a drastic drop in the 5
orders of magnitude.

The luminescence quantum efficiencyη is defined as the ratio
between the number of photons emitted by the Eu3+ ion and
the number of photons absorbed by the Eu3+ ion. Quantum
efficiency is a balance between radiative and nonradiative
processes in the sample. The lifetimeτ, nonradiativeANR, and
radiativeAR rates are related by the following equation

where theAR denoting the sum over the radiative ratesA0-J for
each5D0 f 7FJ transition is given by

The emission quantum efficiency of the radiative5D0 level is
given by

The emission quantum efficiency for three samples (Table 1)
obtained from eq 10 is 4.6%, 5.4%, and 23.6%, respectively.
The charge transfer state (CTS) favors nonradiation de-excitation

A0-λ )
4e2ω3

3pc3
ø ∑

λ)2,4

Ωλ〈
5D0|U

λ|7Fλ〉
2 (2)

1

nλ
2 - 1

) -A

λ2
+ B (3)

A0-λ ) A0-1

S0-λ

S0-1

σλ

σ1
(4)

〈f nΨJJz|(L + 2S)q|f nΨ′J′Jz′〉 ) (-1)J-Jz(J 1 J′
-Jz q Jz

) ×
([fnΨ]J|L + 2S| [f nΨ]J′) (5)

|5D0〉 )

- 0.2381|7F〉 - 0.1969|5D〉 + 0.6893|5D′〉 - 0.5390|5D〉

|7F1〉 ) 0.9742|7F〉 - 0.0027|5P〉 + 0.0052|5D〉 +

0.1472|5D′〉

-0.1645|5D〉 + 0.0263|5F〉 + 0.0162|5F′〉 (6)

A0-1 ) 1042ν3n3(L + 2S)2

gJ
(7)

TABLE 1: Some Data of nano-Gd2O3:Eu3+ and Bulk
Y2O3:Eu3+

Ω2,
10-20cm2

Ω4,
10-20cm2 τ, ms η, % refs

Gd2O3:Eu3+ 4 (15 nm) 5.61 1.57 1.43 4.6 this work
5 (23 nm) 3.50 1.08 2.04 5.4 this work
6 (135 nm) 5.28 1.66 1.41 23.6 this work

Y2O3:Eu3+ bulk 6.31 0.66 15

AT ) 1
τ

) AR + ANR (8)

AR ) ∑
J

A0-J (9)

η )
AR

AR + ANR
(10)
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of the 5D0 level toward the7F multiplet, with an activation
energy of∆Ei,

whereACTS is the de-excitation rate of the CTS toward7F levels.
The host lattice vibrations create the changes in the electric field
around an ion, resulting in the multiphonon nonradiation de-
excitation. The de-excitation rate can be described by semiem-
pirical law as:

Amp(0) is the rate constant at 0 K,pi the number of phonon
involved, andnji the Bose thermal occupation number of theith
phonon mode. On the other hand, cross relaxation like Eu3+(5D1)
+ Eu3+(7F0) f Eu3+(5D0) + Eu3+(7F3) will occur at higher Eu3+

doping concentration (>3%). The cross relaxation plays an
important role in the radiative and nonradiative processes.

4. Conclusions

The Eu3+ doped monoclinic and cubic Gd2O3 nanocrystallines
are shown with different PL and PLE spectral properties. The
site -selective excitation spectrum was used as a powerful means
to identify structural sites. The crystal field environment in
impurity-doped nanocrystallines posed an important impact on
the luminescence decay time. A new point of view to study the
spectroscopic properties of Gd2O3: Eu3+ nanocrystallines could
be proposed under the excitations of CTB. The integral
intensities of the excitation spectra of Eu3+ 5D0 f 7F2 for the

bulk are equal under the excitations from the host and CTB,
but obviously different for the Gd2O3:Eu3+ nanocrystallines with
distinct sizes. The spectral intensity parametersΩλ were
calculated by using the J-O theory for bulk and nanoscale
materials with different sizes. The spectral intensity parameters
varied with the crystal field environment in nanoscale materials.
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