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Three nonequivalent centers ©f (A, B, and C) in monoclinic phase an@ and S centers in cubic phase

were identified in the Ggs:EW®" nanocrystals with spectral technigues. Size dependence in the spectra
indicated that the excitations from both host and charge-transfer band (CTB) fid¢he ’F, transition of

Ew' 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 tBe and S sites was also observed for larger particle sizes. The-Judd
Ofelt intensity parameterQ; (1 = 2, 4) for GdOz:EL®* nanoparticles were experimentally determined. The
parameter€2; were found to significantly change with the sizes of,GgEW" from nanoparticles to bulk
material. With decreasing the size from 135 to 15 nm, the quantum efficiencieBfoeduced from 23.6%

to 4.6% due to the increasing ratio of surface to volume.

1. Introduction etersQ; (1 = 2, 4) were calculated by using the experimental
data associated with tH®, — “F, and®Dy — 7F, transitions

by comparing the magnetic dipole transition®f, — "F; as
referencée.Our results indicated that intensity parameterQgf
varied with nanoparticle sizes of @ak:EW*™ 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 thig; band in GdOs:

EW* 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 nanopatrticles.

i o
Eut-doped GgOs; nanocrystallines have shown very rich The impact of the charge transfer state of {Eu0") and

luminescent features due to the possible paths of activating themultiphonon r!onr'adia'.[ive re-excitation on spectral properties
. . . L was also studied in this paper.

trivalent rare-earth ion B through different sensitization

processes, e.g., the host &g absorption, EttO charge ) ) o

transfer, the G¥ ion absorption, and the Etiion self- 2. Site-Selective Excitation and Energy Transfer

excitation. The initial state possesses, usually, the same parity

as the final one. However, the Mffansitions leading to

luminescence were experimentally observed fof*Hons in

Gd03:EU?T nanocrystallines. The mixture of opposite-parity

state configurations, for example, thé26d and charge transfer 1 h, sample 2 is GA¥Ey 205 annealed at 100€C for 1 h, and

states, may make these transitions partially allowed. It is well- ' : i ) '

known tha)t/ the excitations from th% hosty band and charge- sample 3 is GdgELo 203 anne-aled at 800C for L h.

transfer band (CTB) for théDo — 7F, transition of EG" ions XRD analyses were carried out on a Shimadzu XD-3A

are almost equal for the bulk @@,. The EG* ions were excited ~ POWder X-ray diffractometer with Cu « radiation atl =

by the 4P energy levels in most previous investigations, rarely 12418 A. The XRD pattemns of the three samples 1, 2, and 3

by CTB. In the current paper, the size impact on the excitation &€ shown in Figure 1._The particle sizes of the nanoparticles

processes frort, andS; sites has been investigated in Gg: were determined by using the Scherrer formla= ki/B cos

Ew* nanocrystalline having different particle sizes. ¢ and transmission electron microscope (TEM). The XRD
The spectral properties of @ds:E® nanoparticles at 77 K pattern of sample 1 was wider than_ that of sample 2 The size

were investigated using Jug®felt theory23 Intensity param- and structure were therefore determlned to be 10 nmin diameter

for sample 1 and bulk material for sample 2 with the same

* Address correspondence to this author. Fax86-431-6176337. ~ monoclinic phases for both samples and 30 nm for sample 3

E-mail: cxliu@ciomp.ac.cn. having the cubic phase.

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 @ok:Eu** from doped E&"
ions is insignificant due to nearly identical radii of 0.094 for
Gd** ion and 0.095 nm for EU. The structure transition of
Gd,O3 from cubic to monoclinic phase occurs atl250 °C.

The EU¢' ions substitute the Gd ions in GdOs:EW®t and
occupy the lattice site€; andS in the cubic phase and three
nonequivalent sites (A, B, and C) in the monoclinic phase,
respectively:

2.1. X-ray Diffraction (XRD) Patterns. The nanocrystal
samples were prepared by using combustion syntReHie
samples were annealed at several temperatures to obtain different
particle sizes. Sample 1 is GgEuy 103 annealed at 60€C for

10.1021/jp063075] CCC: $33.50 © 2006 American Chemical Society
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Figure 1. 1. XRD spectra of GgDs:Eu**: (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.
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Figure 3. 3. (a—h) PLE spectra of monoclinic nano-gok:EL*" 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 %crti)
PLE spectra of cubic nano-@ds:EL?™ at 77 K, monitoring the position
at 16 361 cm™.
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Figure 2. 2. PL spectra of G@Ds:EW" for 5Dy — 7Fo 12 €XCiting 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.

2.2. PL and Site-Selective SpectraPL measurements of
GdOs:EW®" 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-140

Figure 4. 4. Site-selective excitation spectra of nano,GgEW" at
10 K, with exciting wavelengths at (A) 578.3 (17 292Th, (B) 582.1
a7 })91 cntl), (C) 582.3 (17 173 cmt), and (¢) 580.6 nm (17 224
cm).

Figure 3 comes fron€, sites of cubic structure according to
the peak at 580.6 nm (17 223 cf) in the PLE spectrum of
the cubic nanocrystal (sample 3 (GEu, 203)) at a monitoring
wavenumber of 16 361 cm (611.2 nm). Sample 1 has the

3 excitations from théZ, sites of cubic structure in the monoclinic

monochromator with double gratings. A boxcar integrator phase indicating the existence of the mixing of monoclinic and

provided electronically gated signal processing.

The electronic configuration of rare earth Eu is”(4<).
The outer layer electronic configuration of trivalent®Eis 4f.
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 #iy — "F; (J=0, 1,
2) transitions for three G@s:EW" 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 arere
observed, and assigned to the*Eions occupying the mono-
clinic crystallographic sites. An examination of these figures

reveals that the luminescent spectra of the monoclinic nano-

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 C; 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 andJO Parameters in
nano-G,Oz Eust

3.1. Charge-Transfer Excitation of EL®™ with C,, S Sites
in the Nanocrystal Gd,0Oz:Eus™. The emissions from 4&f
electronic states of Etl ion have been intensively studied in
the past decades, but to our knowledge, only a limited number

crystallines show the same spectral distribution as bulk material of publications discussed the luminescence of nanosized materi-
in the PL spectra (Figures 2(1) and 2(2)) and, however, different als doped with E¥" ions excited by the charge-transfer
spectral structures from that of the cubic phase as shown inproces$-8 Charge-transfer excited @ds:Eu?* comprises the

Figure 2(3).

electronic distribution changes of the £0 couple. Effective

There are at least three kinds of luminescent centers accordingoptical emissions would be remarkably enhanced when the

to three spectral peaks observed in PLE (Figure-t3afor
monoclinic nanomaterial having a particle size of 10 nm.

charge-transfer state through nonradiative relaxation téQpe
in Eu®t ions takes place.

Comparing with ref 1, three different emission centers denoted 3.1.1. XRD Pattern, Photoluminescence, and PLE Spectra.

as A, B, and C withCs symmetry can be identified. Curve i in

The XRD patterns for samples 4, 5, and 6 in Figure 1 indicated
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Figure 5. 5. Emission spectra of G@s;:EW*" excited by 355 nm at 575 580 585 590 595 600
77 K: a, sample 4 (15 nm); b, sample 5 (23 nm); and ¢, sample 6 (135 nm
nm). Figure 7. 7. Emission spectra excited by the different wavelengths
- from CTB.
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Figure 6. 6. The photoluminescence excitation spectra ob@d = 100-
Euwt: a, sample 4; b, sample 5; and ¢ sample 6, monitoring the 611
nm emission. c,
6 (135nm)
. u T T ¥ L} = T 1 1
a cubic phase for them all. ngples 4, 5, and_6 annee_tled at 200 220 240 260 280 300'
600, 800, and 1000C, respectively, and have different sizes am

with decreasing line widths. The particle sizes for samples 4, Figure 8. 8. Photoluminescence excitation spectra: the topside curve

5, and 6 were determined to be 15, 23, and 135 nm from the Monitoring 578 and 580 nm peaks simultaneously; @ecurve
XRD results, respectively monitoring the 578 nm peak; tf& curve monitoring the 580 nm peak.

Figure 5 is the photoluminescence spectra for samples 4, 5!get smaller than that from CTB for both samples 5 and 6,
and 6 under 355 nm excitation. It is worth noting that these monitoring the E&* 5Dy — 7F, transition peaking at 611 nm.
samples show different spectral line widths, while the rare-earth 3 1 2 The CTB Excitations of Two Sites ofEin nano-
4f—4f transition spectral lines are supposed to be sharp. The G0, Eu3*. Cubic G3OsEW" is known as the c-type oxide
line Width.S of thg PL spectral lines are decreasing with sample |anthanide showing théa3 (Th’) space point groupsThere
number increasing from 4 to 6. The line widths of an are two crystallographic sites in lanthanides which are identified
electromagnetic transition inside the 4f subshell are widened 45 ¢, and S sites. The two kinds of sites are randomly
due to interaction of an electron with the nanocrystalline field. istributed in two different crystallographic sites in except
The PL spectra consist of several emission peaks at 578, 592 o gadolinium oxide. The magnetic and electronic transitions
and 611 nm corresponding to the¥Euf—4f °Do — F; (i =0, are partially allowed on th€; sites. In nanocrystallines the
1, 2) transitions. In the excitation spectrum in Figure 6 for j,4¢-Ofelt theory can be used to determine the radiative

samples 4, 5, and 6, the charge-transfer band (CTB) and theyansition intensity. The luminescence intensity on @eis
host excitations are found to be at 250 and 230 nm, respectively. higher than that of theS site in the cubic GgDyEW*

In the Eu-O couple the excitation energy of CTB could be nanocrystallines.

estimated by using the following equation by Jorgefisen It is shown in Figure 7 th€Do — 7Fo transition at 578 nm
from theC, and the’Do — 7F; from theSs at 580 nm for sample
o =[x — z(M)] x (3 x 10" (cm™ Q) 5 (emission spectra of samples 4 and 6 are similar) excited by
a series of energy excitations from the CTB range. The
Here o denotes the position of the CTB (in ci). x(x) and excitation spectra versus different monitoring positions for

x(M)are the optical electronegativity of the anion and the central samples 46 are shown in Figure 8 where tik andS; curves

metal ion, respectively. Fgy(O) = 3.2 andy(Eu) = 1.75, the are associated with the monitoring wavelength of 578 and 580

Eu—O CTB position should be 42 000 cth about 238 nm. nm, respectively, and the top curve corresponds to 578 and 580

The CTB position from the PLE spectrum is at 250 nm. nm monitored simultaneously. With decreasing sizes of nano-
The 8S;,—S1g,, transition of Gd" at 276 nm was also  particle GdOs:EU®T, the excitations from th&; sites are found

observed in the PLE spectrum in Figure 6. The excitation to be getting much stronger and finally exceed that fronGhe

spectral envelope can be decomposed into the host and CTBsites. As we have known, tH& site features higher symmetry

excitation contribution. The ratiosA{/A;) of the integrated and energy than th&; site. It is concluded that the variation of

intensities of both bandsA{ and A,) are 1.05, 0.57, and 0.65 excitation wavelengths from th&, and S sites may be due to

for sample 4 (135 nm), sample 5 (23 nm), and sample 6 (15 the changes of symmetry and energy for the nanosized samples

nm), respectively. The excitations from both bands for th&'Eu 5 and 6.

5Dy — ’F; transition are found to be almost equality in sample  3.2. Calculated J-O Parameters and Quantum Efficiency

4. With decreasing the size the excitations from the host band of the Dy Level. 3.2.1. Experimentally Determined Judedy
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Ofelt ParametersAccording to the JuddyOfelt theory, the
transitions between the initial and final states in europium
crystals belong to the uniform electronic configuratioh @fid
they are parity forbidden. For the transitions betwdeand J'

energy levels, the following conditions are assumed in order to G&,Os:EW* 4 (15 nm)

simplify the calculation: (1) 4fcoordinate energy levels are
regarded as the linear combination of the Russgdunders

correlated levels (interspaced states); (2) the particles are equally

populated on the sublevels of the initiHlevels; (3) the energy
levels of the particles in the @tonfiguration are higher than
the original energy state levdj and (4) simplified local field.
Finally, Einstein’s coefficient of spontaneous emission is quoted
as

460°
3hc®

A, = % Z Q, (D4 IU4IF, 3 )
=74

wherey = ny(n;2 + 2)/9 is the Lorentz local field correction,
in which n, is determined from the single term Sellmeier
equation?

;—2+ B ©)

whereA = 62 x 1076 m? andB = 0.3163.Q; (1 = 2, 4, and

Liu et al.

TABLE 1: Some Data of nano-GdO3:Eu3t and Bulk
YzOg:EU3+

Q) Qy,
1072¢cn? 1072cn? 7, ms 73, %

refs
5.61 1.57 143 4.6 thiswork
5 (23 nm) 3.50 1.08 2.04 5.4 this work
6 (135 nm) 5.28 1.66 1.41 23.6 thiswork
Y,0z:EU®T  bulk 6.31 0.66 15

whereg; is the statistical weight (2 + 1) of the excited staté

andv is the transition frequency. The results calculated following
the above-mentioned procedure are given in Table 1. The
various values of2, and Q4 correspond to the variation of
crystal field environment, resulting from the different sizes of
nano-GdOs:EW®". To our knowledge, there is no report on the
calculation of the 3O parameter of bulk GDs:EW¥". GdhOs:

Eut is basically similar to ¥Os:EWP" in crystal structure, except

for the ionic radii of the rare earth ionR{#+ = 0.94 A, Ry3+
=0.90 A). TheQ; (1 = 2, 4) of GgOs:EW* nanoparticles is,
however, significantly different from that of bulk 0s:Eud"

(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* By the selection rules of Bti ions, the transition
from J = 0— J (even) is electric dipole allowed. TH®, —

6) denotes the spectral intensity parameter, determined by the'Fe transition is, however, 850 nm beyond the visible region.
coordinate characteristics of the host material. The transition The s is not able be determined experimentally by the visible

matrix elements have been examined in refAdl.,could also
be obtained from the relationship

S0
= _— 4

AO A A0 l%—l o, ( )
S, is the area under the spectral line of #Bg — F; transition
in Figure 5.0, is the energy barycenter oEnDashEnDash
transition andAy—; is Einstein’s coefficient of magnetic dipole
transition of°Dg — "F1. S-; and g; can be measured in the
fluorescent spectra of europium. From (2) and (4) we can
calculate the intensity paramete®s.

Next, we calculatédo—1. The magnetic dipole operator i
= (el2m)Yi(l; + 25) = (e¢/2m)(L + 29). The magnetic dipole

spectra, but it is estimated to & < 5 x 10721 cm2.15

3.2.2. Lifetime and Quantum Efficiency of fiity Level. The
fluorescence decay constants and corresponding spectral posi-
tions for®Dg — 7F; (J = 0, 1, 2, 3, 4) transitions are listed in
Table 2. For the every fixed emission @, — 'F; (J =0, 1,
2, 3, 4), the decay time is shortened gradually by decreasing
the diameters of G®D3:EW*™ 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® 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 efficiengys defined as the ratio
between the number of photons emitted by thé'Hon and

matrix element for the states of the same parity is expressedth€ number of photons absorbed by the*Eion. Quantum

ag:3

J 17
-J, q JZ) x
((F"P]IIL + 2SI [f "W]T) (5)

B"WwJII|(L + 29 q|f "y O= (— 1)JJZ(

The matrix element&8DJlIL 4+ 29/"F;[alculated by using these
wave functions in intermediate coupling are givef?as

I°Dy=
— 0.2381'F+ 0.1969°D[H+ 0.6893°D'[- 0.5390°D[]

|'F,0= 0.9742'F- 0.0027°PH 0.0052°DH

0.1472°D'0
—0.1645°D[H 0.0263°F+ 0.0162°F'0  (6)
ThenAg-1 can be written as
L+ 297
= T 7

J

efficiency is a balance between radiative and nonradiative
processes in the sample. The lifetimenonradiativeAyg, and
radiative Ag rates are related by the following equation

A =1= Aot A ®)

where theAg denoting the sum over the radiative rafes; for
each®Dy — 7F; transition is given by

Ar= ZAofJ 9)

The emission quantum efficiency of the radiathiz, level is
given by
AR
T AT A
R
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

(10)
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TABLE 2: Decay Time and Corresponding Spectral Line Positions of nano-GgDz:Eu3*

4 (15 nm) 5 (23 nm) 6 (135 nm)
L'SJY cm?t ms cnrt ms cntt ms

Fo 17260 0.221 0.002 17221 0.20% 0.001 17221 1.403 0.011

F 16830 0.235t 0.002 17002 0.208 0.001 17016 0.932 0.004

R, 16314 0.258t 0.002 16373 0.966- 0.004 16373 1.048 0.005

Fs 15366 0.228t 0.002 15881 0.96% 0.004 15881 1.026- 0.005

Fy 14172 0.21Gt 0.002 14061 0.935 0.005 14129 1.064 0.007
of the Dy level toward the’F multiplet, with an activation ~ bulk are equal under the excitations from the host and CTB,
energy ofAE;, but obviously different for the G@3:EL®t nanocrystallines with

distinct sizes. The spectral intensity paramet€gs were
A'r = Acrs EXPAE/KT) (11) calculated by using the—JO theory for bulk and nanoscale

materials with different sizes. The spectral intensity parameters

whereAcrsis the de-excitation rate of the CTS towaFdlevels. varied with the crystal field environment in nanoscale materials.

The host lattice vibrations create the changes in the electric field  Acknowledgment. The support of the Natural Science
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