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a b s t r a c t

In the emission spectra of nanocrystalline Y2O3:Eu with decreasing the particle size, the 5D0–7F0 transition
of Eu3+ shifts towards blue. This size effect is explained by lattice expansion of the nanocrystallines, more
precisely, by larger Eu–O distance. Meanwhile, increasing temperature also expands the lattice constant
and shifts the emission peak to blue. Then nephelauxetic effect is employed to organize the size effect
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and temperature dependence. It is also introduced to indicate the change of Eu3+ coordination number in
the nanosized phosphor. Based on the experimental results, possible applications of temperature sensing
and stress mapping with Eu3+ doped nanocrystalline phosphors are proposed.

© 2010 Elsevier B.V. All rights reserved.
ize effect
emperature dependence

. Introduction

Rare earth sesquioxide nanophosphors have received extensive
ttention due to their unique properties and potential applications
n various fields, such as white LED phorphors [1], scintillation
hosphors [2], upconversion phosphors [3,4], laser medium [5,6].
he latest developments include but are more than these: the influ-
nce of codoping various metal ions [7–9], the effect of surface
odification on nanoparticles [10], the control of the nanocrystal

hape via various synthesis methods [11–14]. Among the materi-
ls, Re2O3:Eu (Re = Y, Gd, Lu) are typical, as Eu3+ is hypersensitive
o its configuration circumstance and plays the role of probe ion.

Eu3+ ions occupy sites with C2 and C3i symmetry in host lattice
f cubic Re2O3, making Gd2O3:Eu, Y2O3:Eu, and Lu2O3:Eu simi-
ar in luminescent spectra feature [15]. The nanosized phosphors
lso present similar size dependence of luminescence [10,12–16],
ncluding novel 5D0→7F2 emission band, shift of the charge trans-
er band (CTB), short fluorescence lifetime, and high quenching
oncentration. However, there is much controversy about (1) shift
irection of CTB [15–19] and (2) blue shift of emission peaks

16,20,21]. Recent reports [17,18] have achieved a probably certain
onclusion that, in nanosized Re2O3:Eu, CTB of surface Eu3+ has a
ed shift when that of interior Eu3+ moves towards blue. In fact, if
he coordination parameters of Eu3+ are determined, CTB position

∗ Corresponding author. Tel.: +86 15170463677; fax: +86 791 3953461.
E-mail addresses: zdw@ustc.edu, zhangww74@yahoo.com.cn (Z. Wei-Wei).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.12.110
can be calculated theoretically [15,22]. As for blue shift of emission
peaks, the occupancy of Eu3+ into Y3+ sites seems to change the
emission peak position [23]. Also C2 to C3i sublattice population
was considered being influenced by nanosize [24].

In this paper, the relationship between photoluminescence and
particle size of Y2O3:Eu is studied. Then based on the analysis of the
change of Eu3+ coordination parameters, the relationship between
transition energies of Eu3+ and lattice constant is deduced. Our
study indicates that, both increasing temperature and decreasing
particle size of Y2O3:Eu can expand the host lattice, and corre-
spondingly show the same response of luminescent spectroscopies.

2. Experimental setup

Nanocrystalline Y2O3:Eu is synthesized by liquid combustion method [16,25].
The aqueous solutions of metal nitrates and glycin were dried and then heated to
self-igniting, after they were mixed. The residual powders were the desired phos-
phors.

X-ray powder diffraction (XRD) measurements for the materials were carried
out on MXP18AHF X-ray diffractometer from MAC science Co., Ltd. For luminescence
measurement, the samples were excited with a frequency tripled YAG:Nd laser. A
Jobin–Yvon HRD1 monochrometer was used to analyze the fluorescent spectra.

3. Results and discussion
Obtained products are in pure phase with a cubic structure
(JCPDS No. 25-1200). From the well-known Scherrer equation, the
particle sizes of nanocrystals were estimated by the full width
at half magnitude (FWHM) of the XRD peaks (Fig. 1). The parti-
cle sizes of sample B, C, D, E are about 80 nm, 40 nm, 10 nm and

dx.doi.org/10.1016/j.jallcom.2010.12.110
http://www.sciencedirect.com/science/journal/09258388
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Fig. 1. XRD patterns of nanocrystalline Y2O3:Eu, at room temperature.

nm respectively, while that of the commercial bulk Y2O3:Eu phos-
hor (sample A) is larger than 3 �m. Slight red shift of the XRD
eaks (inset of Fig. 1) of the nanosized particles was noticed. Such
shift of XRD peak was also reported elsewhere [15,16]. Lattice

onstants with different particle sizes are calculated from the XRD
atterns and shown in Table 1. Compared with the normal sized
ample (sample A) which has a lattice constant 1.060 nm at room
emperature, the nanocrystals always have lattice expansion. The
maller the particle size is, the larger the lattice constant is. Namely,
anthanide-ligand distance in nanocrystal depends on the particle
ize.

The lattice constant can also be affected by temperature and
ressure through changing material volume. Coefficient of thermal
xpansion (CTE) of yittria is about 4.2–8.5 ppm/K, depending on
emperature and bulk size [26,27]. Assuming that a linear shrink-
ge takes place when the nanosized phosphor is under lowering
emperature, and the CTE is set as average value ∼6.5 ppm/K, lattice
onstant at 10 K can be calculated and added into Table 1.

The photoluminescence of Y2O3:Eu (Fig. 2) is greatly affected by
u3+ coordination circumstance. The sole weak peak of 5D0 → 7F0
ransition is from Eu3+ at C2 site. A careful analysis on this peak

hows blue shift with decreasing particle size (inset of Fig. 2). That
s to say, energy level of 5D0 moves upward in a small particle sized
ample with respect to the 7F0 level. As it is well known that, the
rystal field of host affects the energy levels of a rare earth ion.

able 1
he lattice constants and level positions of nanocrystalline Y2O3:Eu.

Sample B C

Particle size (nm) 80 40
Lattice contant (nm, @RT) 1.06359 ± 0.00002 1.06459
aLattice contant (nm, @10 K) 1.06159 1.06258
5D0 position (cm−1, @10 K) 17,217 17,219
5D0 position (cm−1, @RT) 17,229 17,229
7F2 barycenter (cm−1, @10K) 959.4 970.4
7F2 barycenter (cm−1, @RT) 984.5 990.6

a Values are calculated from lattice constant at room temperature when assuming a lin
Fig. 2. Emission spectra of nanocrystalline Y2O3:Eu (inset: 5D0 → 7F0 transition of
Eu3+) at room temperature, �ex = 355 nm.

Accordingly, the shifts can be related to the change of the host lat-
tice. Similar effect was found in certain host crystal and doped ion.
The lattice constant can be slightly changed with temperature, e.g.
the transition of 5D0 → 7F0 of Eu3+ in YBO3:Eu shifts from 580.86 nm
to 581.04 nm when the temperature drops from room temperature
to 11 K [28]. Such a temperature dependent red shift of the level in
normal sized YBO3:Eu resulted from the decrease of the Eu–O bond
length. The same tendency of shift is exhibited for the barycenter
(also named ‘center of mass’) of the 7F2 energy level (Table 1) in
nanocrystalline Y2O3:Eu.

Above phenomena of shifts can be explained by nephelauxetic
effect [29], which means the size of the electron cloud around
the lanthanide ion increases due to transferring electron density
to bonding molecular orbital. The increase of cloud size results in
a decrease of the electrostatic repulsion. Nephelauxetic effect is
essential for 4fn-15d electrons. �E(fd) is the barycenter energy of
the 4fn−15d configuration above the barycentre energy of the 4fn

configuration. Eavg parameter for 4fn configuration represents the
barycentre energy level of the configuration with respect to the
ground state, while Eavg + �E(fd) represents the barycenter energy

of the excited configuration above ground state – a quantity hard
to determine. Lowest energy state of excited configuration is well
determined from experiment. Therefore once the other parameters
are determined, the energy parameter �E(fd) is adjusted so that

D E

10 5
± 0.00002 1.06678 ± 0.00005 1.06857 ± 0.00007

1.06477 1.06656
17,222 17,262
17,232 17,265
988.5 1089.7
1003.6 1088.9

ear coefficient of thermal expansion ∼6.5 ppm/K.
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ig. 3. The wavenumbers of the 7F2 level barycenter as a function of those of the
D0 level for nanocrystalline Y2O3:Eu.

alculated and experimental values match for the lowest configu-
ation energy level [30]. As for 4fn–4fn transition, a linear relation
etween barycenter energy levels has been reported [31].

According to the theory and experimental conclusion of
ephelauxetic effect [29–31], the relationship between 5D0 posi-
ion and 7F2 barycenter of Eu3+ in nanocrystalline Y2O3 can be fitted
ith a linear function. Fig. 3 shows the evolution of the energy

evel barycenter of Y2O3:Eu. Mixed data plotted here were all from
anocrystalline/bulk Y2O3:Eu samples with different particle sizes
nd/or at different temperatures. As what E. Antic-Fidancev has got
rom multiple hosts [31], the dependence from the mere Y2O3:Eu
as also a linear slope. To test the validity, the result of Eu3+ in
ite 2 of X1–Y2SiO5:Eu at 10 K [32] was also plotted in the figure
marked �). The consistency for the two kinds of samples greatly
upports the validity of aforementioned linear function. Hence the
inear slope concludes size dependent peak shifts. Eu–O distance is
he impact factor when coordination number of Eu3+ is constant.

An early question about the factor determining the 5D0 level
osition of Eu3+ in nanocrystalline Y2O3 [33] has been answered
erein. Taking a look at the size dependent movement of 5D0,
F1 and 7F2 energy levels, one can find an almost constant ‘delta’
etween the levels. The energy levels move towards the same direc-
ion, making a nearly constant level gap. In other words, almost
he same emission wavelengths were observed. Emission peaks
f 5D0 → 7F1,2 of nanocrystalline Y2O3:Eu always appear at the
ame positions as bulk phosphor. The results in seemingly non-shift
eaks are consistent with other reports [20,21].

Besides the blue shift of emission peaks, another size effect of
anocrystalline Y2O3:Eu is the odd spectrum feature of sample E
Fig. 2). Emission of sample E is quite different with others, even
hat the 5D0 → 7F2 transition of Eu3+ (600–640 nm) still dominates
he emission spectrum. The emission band mainly consists of a
harp peak at 611 nm (P0) and two wide bands in the region of
12–630 nm. Different feature implies a changing environment of
u3+. The coordination parameters of Eu3+ include site symmetry,
oordination number and metal–legand distance. It has been dis-
layed in Table 1 that metal–legand distances are different in the
amples. However, if the coordination number and site symmetry
emain the same, there will be the same transition selection rules
nd similar transition probability. Hence, the emission of sample E
ust indicate the change of coordination number or site symmetry

f Eu3+. Normally, there are more defects – e.g. lattice distortion – in

anocrystal than in bulk material. Namely site symmetry of Eu3+ in
ample E is lower than the one in other samples. That must be one
f the origins of new emission bands. The following analysis sug-
ests another origin – changed coordination number, which will be
F
2
 barycenter(cm )

Fig. 4. The inverse of lattice constant as a function of the 7F2 level barycenter for
nanocrystalline Y2O3:Eu.

more important.
Coordination parameters are the parameters for nephelauxetic

effect. The effect can be theoretically derived from point-charge
model. The Hamiltonian of crystal field is set as a perturbation to the
Hamiltonian of a free ion. A 0th-term of the crystal field Hamilto-
nian is suggested to be in charge of the nephelauxetic effect. When
an effective ionization degree of metal–ligand bond is considered
constant in certain materials, the nephelauxetic effect is deter-
mined by structural characteristics, namely lanthanide–ligand
distance R and the coordination number M. Here in this case, the dis-
tance R of Eu–O is proportional to lattice constant A. If M is constant,
the 7F2 barycenter will linearly depend on A−1. The corresponding
result shown in Fig. 4 indicates that, all Y2O3:Eu samples follow
the linear dependence except sample E. For this departure from
linearity, either the coordination number of Eu3+ in this sample E is
not six, or wrong coefficient of thermal expansion was assigned to
the sample. Since sample E at room temperature does not conform
to the linear rule, we can conclude that, coordination number of
Eu3+ in sample E is not six but larger. Larger coordination number
and shrinked lattice constant drive the energy shift towards same
direction. That explains why the two data points from sample E are
above the fitting line in Fig. 4. EXAFS experiment has also proved
that the changed coordination number is eight instead of six [34].

As the coordination number of Eu3+ changes, the site symmetry
should also be modified. Asymmetry ratio is an indicator of the
average coordination polyhedron of the Eu3+ ion. It is defined as the
intensity ratio I(5D0–7F2)/I(5D0–7F1) [35]. Calculated asymmetry
ratio of sample A is 5.1. It varies to 6.7 in sample E, indicating much
lower local symmetry of Eu3+.

4. Further applications

Environmental parameters – both temperature and pressure
– can affect the lattice constant of crystal, and then change the
crystalline field. Following the aforementioned analysis, some
applications of the relationship between transition energies (or
emission wavelength) and lattice constant can be expected.

Based on the present experimental results, one possible appli-
cation is temperature sensor. In a narrow temperature changing

5 3+

0

ature can have a linear slope, as shown in Fig. 5. The relationship
between barycenter of energy level and temperature is a mono-
tonic function. Hence, the barycenter position can be used to sense
temperature. This proposed technology eliminates the influence of
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ig. 5. The 5D0 level barycenter as a function of temperature for nanocrystalline
2O3:Eu, with particle size 80 nm.

uctuation of absolute luminescent intensity, and is related to the
ontour of luminescent spectra only. So, we may expect the same
recision of this method as that of Fluorescence Intensity Ratio (FIR)
echnology [36,37]. The proposed temperature sensing mechanism

ust be attractive for applications in EMI circumstance.
Another potential application is stress mapping. Similar tech-

ology elsewhere is known as fluorescent piezo-spectroscopic
ffect [38–40], which is based on the stress induced shift of R1
nd/or R2 lines of Cr3+ in alumina. In this article, the possibility
f Eu3+ as piezo-spectroscopic ion is introduced. One advantage
f nanocrystalline Y2O3:Eu for stress mapping is highly sensitive.
ssuming that the elastic modulus of sample D is 100 GPa and

gnoring the Poisson deformation, the inverse of lattice constant
ill change 0.001 nm−1 at 100 MPa stress. According to Fig. 4, corre-

ponding shift of Eu3+ 7F2 barycenter is ∼10 cm−1. By contrast, only
0.4 cm−1 shift is made by 100 MPa stress with piezo-spectroscopy
ffect of Al2O3:Cr [40]. Lattice expansion enhances the strain sensi-
ivity at the same stress level. The extremely high piezo-sensitivity
f nanoscale phosphors makes them appealing active materials for
tress and strain sensing.

. Conclusions

In conclusion, it has been shown that blue shift of luminescent
eaks of nanocrystalline Y2O3:Eu was caused by lattice expansion.
he effect of lattice expansion in nanoscale materials plays the same
ole as that of thermal expansion. Hence, such lattice expansion
f nanocrystalline Y2O3:Eu makes its luminescence more sensi-
ive to temperature and stress. The origin of new emission bands
f nanocrystalline Y2O3:Eu was also studied with nephelauxetic
ffect.
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