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a b s t r a c t

Eu-doped langanite nanopowders were prepared by a citrate sol–gel method and annealed in air at
various temperatures between 700 ◦C and 1000 ◦C. For annealing temperatures up to 800 ◦C, only the
langanite phase is observed. For higher annealing temperatures, part of the langanite powder transforms
in perovskite (LaGaO3), as evidenced in both XRD and luminescence spectra. Regardless the annealing
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temperature, the lifetime of 5D0 remains close to 1 ms. The reddish color of the powders due to color cen-
ters associated to oxygen defects intensifies with increasing annealing temperature. The best efficiency
of the Eu-langanite nanopowders was obtained for the sample annealed at 700 ◦C (∼60% of the efficiency
of the bulk material).

© 2010 Elsevier B.V. All rights reserved.
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. Introduction

The search of new and efficient phosphors for solid-state light-
ng is a problem of great interest in present. One of the problems
o be solved is the improvement of the spectral matching between
he emission of the LED and the absorption of the phosphor. Though
fficient, the rare-earth doped phosphors present narrow absorp-
ion lines in near UV or blue where efficient LEDs are available. A
ossible solution is the use of partially disordered crystals as hosts
or rare-earth ions. As a result of the disorder, the absorption lines
re wider. Such hosts could be the crystals from the langasite fam-
ly (generic—LGX), namely langasite (LGS—La3Ga5SiO14), langanite
LGN—La3Ga5.5Nb0.5O14) and langatate (LGT—La3Ga5.5Ta0.5O14).

LGS, LGN and LGT crystallize in the P321 space group, symme-
ry class 32 and are isostructural with the calciumgallogermanate
Ca3Ga2Ge4O14) [1]. The general formula is A3BC3D2O14 where A
epresents the dodecahedral positions (distorted Thompson cubes),
represents the octahedral positions and C and D represent the
etrahedral positions. La3+ occupies the position A. The local sym-
etry at this site is C2 [2]. In contrast with LGS where Ga3+ and

i4+ share with equal probability the tetrahedral positions D, in
GN (LGT) the octahedral positions B are occupied by two differ-
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ent ions, Ga3+ and Nb5+ (Ta5+) (also, with equal probability). Ga3+

occupies the remaining positions (C and D). The structural differ-
ence between LGS and LGN (or LGT) consists in the placement of the
shortest distance positions randomly occupied around the A site:
four D positions in the plane perpendicular on the C2 axis for LGS
and two B positions along the C2 axis in LGN and LGT. Besides, there
is a larger charge difference between Nb5+ (or Ta5+) and Ga3+ than
between Si4+ and Ga3+ [3,4].

When excited in the near UV (395 nm, transition 7F0 → 5L6),
Eu3+-doped LGX crystals show bright red luminescence which sug-
gests the possibility to use these materials as red phosphors. The
luminescence properties of LGS, LGT, and LGN Eu-doped crystals
were discussed in Refs. [3–7].

Obtaining the powder of LGX starting with single crystal growth
and subsequent milling is a rather expensive approach. Other
methods resulting directly in powders would be of interest. Such
a method, involving lower temperature synthesis, is the sol–gel
approach. There are only few papers regarding the sol–gel synthe-
sis of LGX compounds [8–12] and only one (in our best knowledge)
concerning Eu-doped nanopowder (Eu-doped LGN) [9]. In Ref. [9]
the as-obtained Eu-doped LGN powder is annealed at temperatures
between 800 ◦C and 1100 ◦C for 5 h and no phase transition was
observed.
In this paper, encouraged by the previous results (ours and from
the literature), we synthesized, using the citrate sol–gel method
described in Refs. [9–11], Eu-doped LGN nanopowders. The effect
of thermal treatments is examined using XRD and optical spec-
troscopy (diffuse reflectance and luminescence spectra, kinetics of

dx.doi.org/10.1016/j.jallcom.2010.07.206
http://www.sciencedirect.com/science/journal/09258388
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he luminescent levels 5D0 and 5D1). A comparison is made with
he results obtained on crystalline Eu:LGN [7].

. Experimental

The Eu (3 at.%)-doped LGN powder was obtained using the citrate sol–gel
ethod [9–11]. For preparing the nanoparticles, La(NO3)3·6H2O, Ga(NO3)3·5H2O,

u(NO3)3·6H2O, Nb(OH)5 and citric acid were used as precursors, in the correspond-
ng ratios. First of all, Nb(OH)5 was synthesized by fully dissolving Nb2O5 in HF,
ollowed by the addition of ammonia. The white powder of Nb(OH)5 was then dis-
olved in an aqueous solution of citric acid. The resulting sol was stirred until a clear
olution has been achieved. Then, an aqueous mixture containing La3+, Ga3+ and
u3+ nitrates has been added to the Nb-citrate system, with constant stirring. The
nal solution was stirred for another 1 h, heated in an oven at 80 ◦C, until a very vis-
ous gel has been formed. The brown-yellow colloid was dried at 110 ◦C, and then
alcined in air at temperatures between 700 ◦C and 1000 ◦C.

XRD measurements were performed on a Shimadzu 6000 diffractometer (Cu
�). The fluorescence of the Eu:LGN was excited using a ScienceTech Xe-Hg 350-W

amp with suitable filters. The fluorescence spectra were measured at room temper-
ture using a Horiba Jobin-Yvon 1000M monochromator, an S-20 photomultiplier
nd an SR830 lockin amplifier from Stanford Research Systems. For decay mea-
urements, the luminescence was excited with the second harmonics of a Nd-YAG
aser and analyzed with an Ortec MCS-PCI multichannel scaler card. The experi-

ental setup for diffuse reflectance measurements was described elsewhere [5]. All
easurements were performed at room temperature.

. Results and discussion

In Fig. 1 are shown the XRD patterns for Eu-doped LGN pow-
ers annealed at 800 ◦C and 1000 ◦C. For comparison, the XRD
attern of the powder obtained by milling a Eu-doped LGN sin-
le crystal is also shown. For the sample annealed at 800 ◦C, all
he observed diffraction lines belong to the LGN phase. For higher
nnealing temperatures (1000 ◦C), besides the diffraction lines cor-
esponding to the LGN phase, other diffraction lines, identified as
elonging to LaGaO3 phase are observed (denoted with stars in
ig. 1). It results that for the Eu-LGN powders obtained using this
ol–gel method, the LGN phase is not stable at higher annealing
emperatures and transforms in LaGaO3, possibly due to the evap-
ration of gallium oxide. No such transformation was noted in Refs.
8–12].

The Scherrer formula enables the calculation of the average size
f the coherence domain of the LGN grains. For the sample treated
t 800 ◦C, the size of the coherence domain is about 90 nm, while
or the sample annealed at 1000 ◦C it increases to 160 nm. The cal-
ulations were carried off using the two most intense diffraction
ines around 2� = 30◦, both characteristic to the LGN phase.
The luminescence spectrum (Fig. 2) shows the lines originat-
ng in 5DJ levels (J = 0, 1, and 2). The fluorescence was excited at
95 nm (transition 7F0 → 5L6). Since the sensitivity of our exper-

mental apparatus is higher for higher wavenumbers, in order to
ee better the luminescence lines from 5D1 and 5D2 levels, the

ig. 1. XRD patters for Eu-doped powders annealed for five hours in air at 800 ◦C
nd 1000 ◦C as well as of the Eu:LGN crystal powder. The diffraction lines denoted
y * belong to the LaGaO3 phase.
Fig. 2. Luminescence spectra of Eu-doped LGN powders annealed at various tem-
peratures. The spectra are not corrected for spectral sensitivity of the experimental
apparatus. The main transitions are indicated.

spectra in Fig. 2 were not corrected for the spectral sensitivity.
As one can see, the main luminescent transition is 5D0 → 7F2 (at
∼16,250 cm−1). No significant modification in the shape of the
luminescence spectrum is observed when the annealing temper-
ature increases from 700 ◦C to 800 ◦C. For higher temperatures, the
luminescence spectra reflect the transition from pure LGN phase to
the mixture between LGN and LaGaO3 phases. The modifications
are evident in the luminescence bands corresponding to 5D0 → 7F1
and 5D0 → 7F2 transitions. For example, the luminescence peak at
16,925 cm−1 (∼590 nm), which dominates the 5D0 → 7F1 transition
in the luminescence spectrum of the sample annealed at 1000 ◦C,
is characteristic for Eu3+ in LaGaO3 [13].

The diffuse reflectance spectra (in rapport with the ‘white’
BaSO4) of the Eu-LGN samples are given in Fig. 3. The absorption
lines corresponding to the transitions from 7F0 and 7F1 (popu-
lated at room temperature) are visible. The baselines of the diffuse
reflectance spectra are tilted towards shorter wavelengths, more
tilted for higher annealing temperatures (i.e. the reddish coloration
of the samples is intensified with the annealing temperature). The
red coloration of the crystals from the langasite family is related to
point defects involving oxygen [14–16].

The thermal treatments could modify the neighborhood of the
Eu3+ ion. In order to estimate the asymmetry ratio R2, defined
as the ratio between the area of the electric-dipole transition
(5D0 → 7F2) and the area of the magnetic-dipole one (5D0 → 7F1),
the fluorescence spectra should be corrected for the spectral sen-
sitivity of the experimental apparatus and the superposition with
the luminescence lines from 5D1 and 5D2 should be eliminated.
This elimination, performed by adjusting the phase of the lockin
amplifier, is possible due to the large difference between the life-
time of 5D0 (close to 1 ms) and lifetimes of the higher levels (tens
of microseconds), as obtained from the decay measurements. The
results are shown in Fig. 4. Since the areas of the 5D0 → 7F5,6
transitions are very small [7], only 5D0 → 7FJ (J = 0, 1, 2, 3, and
4) lines are shown. We obtained R2 = 5.13 ± 0.02 for the sample
annealed at 700 ◦C and 5.06 ± 0.02 for the sample annealed at
800 ◦C. For the Eu-LGN powder obtained by milling the single
crystal, R2 = 4.68 ± 0.02 [7]. The reduction of the asymmetry ratio
with the annealing temperature is related to the improving of the
local symmetry produced by the increase of the particle size. For
higher annealing temperature part of the LGN particles transforms

in LaGaO3 which has a different local symmetry (Cs) at the Eu3+

position [17].
As a measure of the luminescence efficiency, we represented

the total areas of the luminescence spectra of the powders func-
tion of the annealing temperature; the area of the luminescence
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N powders annealed at various temperatures.
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Fig. 3. Reflectance spectra of Eu-doped LG

pectrum of the bulk material (obtained by milling the single crys-
al) is also shown. The represented areas were normalized to the
rea of the bulk material luminescence spectrum. We note that the
u-concentration is the same in the nanopowders and in the bulk:
at.% in rapport with La. In order to obtain reproducible results

rom the comparison of the luminescence spectra areas, a mechan-
cally stable experimental setup was designed; the powder samples

ere placed in the same position at every measurement, and their
ensity was maintained the same. The results are given in Fig. 5.
very experimental point in this figure represents an average of
everal measurements.

The efficiency of the nanopowders is inferior to the bulk mate-
ial. The best result was obtained for the sample annealed at
00 ◦C. Usually, the efficiency increases with the temperature
f the thermal treatment due to the improvement of the crys-
allinity and the removal of the adsorbed impurities. The decrease
f efficiency with annealing temperature observed in this case
ould be related to the reddish color of the powders. This color
hich intensifies with the temperature of the thermal treatment

creens the pump radiation, reducing the absorption of the UV
ight, decreasing the emission intensity. The increase in inten-

ity of the red coloration is stronger in the temperature range
00–900 ◦C and weaker between 900 ◦C and 1000 ◦C (see Fig. 3).
hus, in the range 900–1000 ◦C the decrease of the efficiency
ue to the red coloration can, in principle, be compensated by
he favorable effect of the elimination of adsorbed impurities

ig. 4. Luminescence spectra of the samples annealed at 700 ◦C (black line) and 800 ◦C (gr
pparatus and the superposition with the lines from higher 5DJ levels was eliminated by
Fig. 5. Luminescence intensity (area of the luminescence spectra) of the Eu:LGN
powders function of the annealing temperature; for comparison, the area of the
luminescence spectrum of the bulk material (normalized to unity) is also given.
and improvement of crystallinity. The competition of these fac-
tors is complicated in this case by the transformation of LGN in
perovskite.

The decay curves of the 5D0 level for pumping in 5D1 (pump
transition 7F1 → 5D1) for the samples annealed at 700 ◦C and 800 ◦C

ay line). The spectra were corrected for the spectral sensitivity of the experimental
adjusting the phase of the lockin amplifier.
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ig. 6. Decay curve for the luminescence of 5D0 level in Eu-doped LGN powders
nnealed at 700 ◦C. The risetime is due to the lifetime of the 5D1 level. Black circles:
xperiment; continuous gray line: three-exponential fit.

re given in Figs. 6 and 7. The risetime observed in Figs. 6 and 7 is
ue to the lifetime of 5D1.

The decay of 5D0 can be very well fitted with a three-exponential
xpression

(t) = I1 exp
(−t

�1

)
+ I2 exp

(−t

�2

)
+ I3 exp

(−t

�3

)
(1)

ith the first exponential corresponding to the rising part of the
urve (I1 < 0) and the last two mimicking its falling part. The val-
es of I2, �2, I3, �3 can be used to calculate the ‘efficiency’ lifetime
ccording to �eff = (I2�2 + I3�3)/(I2 + I3) which results directly from
he definition of the ‘efficiency’ lifetime.

We obtained the following results: �eff(5D0) = 760 �s for the
ample annealed at 700 ◦C and �eff(5D0) = 930 �s for the sample
nnealed at 800 ◦C. Our results are in the millisecond domain and
ery different from the lifetime obtained in Ref. [9] (9.2 ns). For the
resent time, we are not able to explain this difference.

The radiative lifetime can be obtained from the calibrated lumi-
escence spectra given the probability of the magnetic-dipole
ransition [18]. However, the calculation of the magnetic-dipole
ransition probability would require the knowledge of the refrac-
ive index of the sample. For the case when the crystallites size

s smaller than the radiation wavelength, an average refractive
ndex (between the refractive indexes of the crystal and the

edium) was introduced [19]. This average index of refraction
epends on the compactness of the powder and on the tendency

ig. 7. Decay curve for the luminescence of 5D0 level in Eu-doped LGN powders
nnealed at 800 ◦C. The risetime is due to the lifetime of the 5D1 level. Black circles:
xperiment; continuous gray line: three-exponential fit.

[

[

[

[
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of its particles to agglomerate; it is therefore difficult to find its
value.

From the risetime of the 5D0 decays, the lifetime of the 5D1
level can be estimated. For both samples its value is approximately
50 �s. For the Eu-LGN samples annealed at higher temperatures,
though part of the material transforms in LaGaO3, the lifetimes
do not change significantly: 930 �s and 67 �s for the sample
annealed at 900 ◦C and 845 �s and 64 �s, for the 1000 ◦C sam-
ple. The non-exponential character of the 5D0 decay could be due
to the nonuniformity of the sites occupied by Eu3+ ions in nano-
crystallites and to the influence of the impurities still present on
the grain surfaces. For the bulk Eu:LGN [7], the decay of 5D0 is expo-
nential with � = 1050 �s; the efficiency lifetime for 5D1 is 63 �s, not
far from the values obtained for sol–gel samples.

4. Conclusions

Eu-doped LGN powders were obtained from a citrate sol–gel
synthesis and thermally treated at temperatures between 700 ◦C
and 1000 ◦C. For the annealing temperatures up to 800 ◦C, only the
langanite phase is observed. For higher annealing temperatures,
part of the langanite transforms in LaGaO3. The modifications are
visible in both XRD and luminescence spectra. Besides the lumi-
nescence of 5D0, luminescence from higher 5DJ levels is observed
in the luminescence spectra. The asymmetry ratio decreases from
5.13 ± 0.02 for the sample annealed at 700 ◦C to 5.06 ± 0.02 (800 ◦C)
denoting the improvement of the local symmetry with the increase
of the particles’ size.

For pumping in the 5L6 level (395 nm), the greatest efficiency
of the emission of Eu:LGN powders was obtained for the sample
treated at 700 ◦C. The efficiency obtained represented about 60% of
the bulk material efficiency.

As a result of thermal treatment in air, the Eu-doped LGN pow-
ders become reddish, the coloration being intensified for higher
temperatures.

For annealing temperatures between 700 ◦C and 1000 ◦C the
lifetime of 5D0 level remains in the millisecond domain while the
lifetime of 5D1 varies from 50 �s to 67 �s.
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