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a b s t r a c t

We report on the spectroscopic investigation of Erbium and Cerium co-doped Czochralski-grown

NaLa(WO4)2 crystals. We measured the Er energy levels positions and calculated the Judd–Ofelt

parameters as well as the radiative lifetimes and branching ratios for the transitions under investiga-

tion. The dynamics of population of the 4S3/2, 4I11/2 and 4I13/2 multiplets of Er3þ was analyzed in order

to determine the influence of the energy transfer mechanism Er–Ce onto the 1.5 mm emission. The

results of Er room temperature lifetimes measurements show that the 4I11/2 lifetime reduces

significantly as the Ce concentration increases, starting from 183 ms for the 0.4 at% Er doped sample

to 15 ms for the 16% Ce-codoped crystal. On the contrary, the lifetime of 4I13/2 Er state reduces

simultaneously of only about 10%. The obtained results suggest the possibility to obtain efficient 1.5 mm

laser emission from NaLa(WO4)2.

& 2012 Elsevier B.V. All rights reserved.
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1. Introduction

Er3þ ion, due to its energy level structure, is a very useful and
attractive activator for several laser applications. The main
transitions are the 4S3/2-

4I15/2 around 550 nm, the 4I11/2-
4I13/2

around 3 mm and the 4I13/2-
4I15/2 around 1.5 mm. The visible
ll rights reserved.
transition results applicable in color display technology, optical
data storage and undersea communication [1,2]. The 3 mm laser
emission has medical application. The most interesting is the
1.5 mm transition that can be useful to develop optical commu-
nication devices [3,4,5]. Many host crystals and different pump
sources have been used to demonstrate the Er3þ laser action near
1.5 mm at various temperatures [6–12].

One of the limiting factors in the use of Er3þ as the active ion
of efficient 1.5 mm laser sources, pumped by standard InGaAs
laser diodes at l¼970 nm, is too slow excited state energy
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transfer from the diode pumped manifold 4I11/2 onto the upper
laser level 4I13/2. The excited state energy linger at the 4I11/2

excited state and due to the competing up-conversion processes
like (4I11/2, 4I11/2)-(4I15/2, 4S3/2) transfers into the higher-lying
excited state 4S3/2, which, in turn, depopulates by green fluores-
cence (transition 4S3/2-

4I15/2).
In order to improve the efficiency of the Er3þ emission near

1.5 mm it is very important, to enhance the transfer rate from 4I11/2

to 4I13/2. A possible solution relies in the introduction of another co-
doping rare earth ion that increases the upper laser level population
through energy transfer mechanisms with Er3þ . The use of Ce as
such co-doping ion has been yet investigated in several vitreous
[12,13], and crystalline [10,14–17] materials. In particular, the
substantial enhancement of 1.55 mm lasing slope efficiency of Yb,
Er:Ca2Al2SiO7 crystal due to the addition of Ce co-dopant was
reported in Ref. [11], whereas the laser action of Scheelite-like
disordered tungstate crystal Yb, Er:NaGd(WO4)2 does not appear
without the addition of high concentrations of Ce [17].

In this paper we studied the spectroscopic properties of
another Scheelite-like disordered tungstate crystal NaLa(WO4)2

(NLW) co-doped by Er and Ce. This group of crystalline hosts is
characterized by very large emission probabilities of Re3þ ions.
Besides that, these hosts give the possibility to insert high
concentration of Ce3þ [18,19]. NLW possess the tetragonal
scheelite-like (CaWO4) structure with space group I41/a [20].
The Er3þ and the Ce3þ in NLW crystal substitute the La ions. At
the range from room temperature up to the melting point NLW
have no phase transitions, and, hence, single crystal of this
compound can be grown by simple melt growth techniques, in
contrast to well-known monoclinic potassium-containing tung-
states like KGd(WO4)2. The smooth contours of the absorp-
tion and emission bands of rare earth ions in this group of crystals
are due to the disordered structure associated to the random
distribution of alkali and rare-earth ions in the Ca2þ sublattice.
The crystal lattice parameters of NLW are: a¼5.325 Å and
c¼11.701 Å [21].

The complex level configuration of the Er3þ ions implies that
many processes have to be considered in order to perform the
spectroscopic characterization. In order to improve the popula-
tion inversion, a crucial point is the fast depopulation of the
detrimental level 4I11/2 through transfer of part of the excited
state energy to another rare earth ion. This approach has success-
fully been tried in the case of Er3þ emission at 3 mm and 1.5 mm,
using Pr3þ [22], Tb3þ [23], Eu3þ [12] or Ce3þ [10,12,16,17,24].
Fig. 1. Scheme of the Er–Ce energy transfer processes.
The advantage of using Ce relies in its energy level scheme that, in
the 4f configuration consists of only 4F5/2 ground state and the
4F7/2 excited state (DEE3000 cm�1).

The energy transfer in Er–Ce codoped system is presented in
Fig. 1.

The first effect consists in the increasing of the 4I11/2-
4I13/2

branching ratio through the cross relaxation:

4I11=2 ðErÞ, 2F5=2 ðCeÞ-4I13=2 ðErÞ, 2F7=2ðCeÞ ð1Þ

This effect should result in de-population of the 4I11/2 state,
and reduction of the pump energy losses for up-conversion to the
4S3/2 level. Moreover a direct quenching of 4S3/2 by Cerium also
exists:

4S3=2 ðErÞ, 2F5=2ðCeÞ-4F9=2 ðErÞ, 2F7=2 ðCeÞ ð2Þ

Furthermore, the energy gap between the 4F9/2 and the 4I9/2 is
reasonable to aspect the following 4F9/2 quenching by Cerium:

4F9=2 ðErÞ, 2F5=2 ðCeÞ-4I9=2 ðErÞ, 2F7=2 ðCeÞ ð3Þ

Thus, the Ce co-doping produces several quenching processes
accumulating the energy in the 4I13/2 1.5 mm emitting level.
2. Experimental

NLW crystals have been grown from stoichiometric melt by
the Czochralski method. The growth parameters were: melting
temperature E1250 1C, growth ambient-air, crucible Pt/Rh, pull-
ing rate at the nominal stage of growth 0.7 mm/h and rotation
rate 10 RPM. The single-crystalline bar of undoped NLW cut along
a-axis, was used as seed. These conditions allowed us to grow the
crystals with high optical quality. After growth the crystals were
annealed at 700 1C during 3 days. Earlier, for Er, Ce:NaLa(MoO4)2

crystals the annealing temperature of 1000 1C was applied. How-
ever, annealing at this temperature was found to result in
turbidity formation of the crystals due to CeO2 nano-particles
precipitation [25]. Reduction of the temperature to 700 1C was
found to prevent the turbidity formation for those crystals.

The concentration of Er3þ in melt was 1 at% (in respect to total
amount of all trivalent cations) for all grown crystals, whereas
Ce3þ content in the melt was 0, 3, 10 and 20 at% for different
crystals. The actual concentration of dopants in our crystals was
determined by microprobe analysis at Camebax SX100 analyzer.
The average Er concentration appeared to be 0.4 at% or
2.4�1019 cm�3 (i.e. segregation coefficient is evaluated to be
about 0.4 [16]). The concentrations of Ce were measured to be 0,
2.2, 7.6 and 16 at%, i.e. the average segregation coefficient of Ce in
NLW is 0.75.

In order to investigate the polarization dependent absorption
and emission properties, all the crystals are oriented by X-ray
backscattering Laue diffractometry and cut along the a and c
crystallographic axes.

Using a CARY500 spectrophotometer we acquired the room
temperature polarized (sigma and pi polarizations corresponding
to E II a and E II c respectively) absorption spectra of every sample
and, for the single Erbium doped crystal, we performed the same
measurement also at T¼10 K. The resolutions at room tempera-
ture were 1 nm and 0.6 nm for the infrared and the visible regions
respectively. At 10 K the resolution has been set to 0.6 nm and
0.3 nm for the infrared and the visible regions.

We recorded the polarized emission spectra around 1.5 mm
(4I13/2-

4I15/2) and around 540 nm (4S3/2-
4I15/2) at 10, 77 and

300 K. The excitation of samples was provided by a fiber-coupled
laser diode emitting around 980 nm with output power of
910 mW. Besides that in some specific cases, discussed below,
excitation of the samples at 488 nm with an Arþ laser was also used.
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The emission was collected perpendicular to the incident laser
beam to avoid, as much as possible, pump spurious scattering.
The luminescence was mechanically chopped and focused by
a lens on the input slits of a 320 mm monochromator equipped
with different gratings (1200 gr/mm lb¼500 nm, 600 gr/mm
lb¼1000 nm, 300 gr/mm lb¼2000 nm) depending on the wave-
length range. The emitted radiation was filtered by a Si window
for the 1.5 mm measurement. The signal was detected by a S20
cathode photomultiplier for the green region and by a cooled InSb
detector in the infrared region, and then processed by a lock-in
amplifier. The resolutions of the fluorescence spectra for the
infrared and the visible regions were 2.64 nm and 0.66 nm
respectively.

For the lifetime measurement of the 4I11/2, 4I13/2 and 4S3/2

multiplets we used a pulsed tunable Ti:Al2O3 (Ti:Sa) laser with
10 Hz repetition rate and 30 ns pulse width as excitation source.
In the case of direct excitation the 4S3/2 level, the Ti:Sa laser was
tuned around 800 nm and then frequency doubled by means of a
BBO crystal. For these measurements the pulse energy was
reduced as much as possible in order to minimize power-
dependent effects. Furthermore, to reduce spurious decay-time
lengthening produced by radiation trapping, the signal was
collected from a small part of the samples (r1 mm2). The signal
Fig. 2. Polarized absorption spectra of the single Er doped sample at room temperature

-4I13/2) spectral ranges.
was detected by a cooled InSb detector for the infrared emission
and by a S20 photomultiplier for the visible region and after
appropriate amplification was sent to a digital oscilloscope
coupled with a computer. The response time of the system
was 1 ms.
3. Results and discussion

3.1. Absorption spectra and Judd–Ofelt analysis

The room temperature polarized absorption spectra of Er:NLW
are presented in Fig. 2. In the same figure the assignments of
manifolds are given. Within the detection limit of our experi-
mental apparatus, we did not observe any spurious contamina-
tion. In the case of the Er, Ce-codoped samples, the spectra were
the same as for solely Er-doped NLW except for the presence of
the strong broadband absorption of the 4f-5d transition of Ce3þ

starting from 450 nm [16].
The absorption band near 980 nm, ascribed to the transition

4I15/2-
4I11/2 (Fig. 2 b) is inhomogeneously broadened (due to

disorder of the host) with smooth contour. This is convenient
from point of view of diode pumping. We calculated from the
in the visible (a), 1-mm (b, transition 4I15/2-
4I11/2) and 1.5-mm (c, transition 4I15/2
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absorption spectra and the doping concentration, the absorption
cross sections: the peak absorption cross-section at l¼981 nm
(s-polarization) exceeds 1.8�10�20 cm2, which is more than for
Er:YAlO3 (0.52�10�20 cm2 [26]), Er:YLF (0.6�10�20 cm2 [27]),
and Er:NaLa(MoO4)2 (1.2�10�20 cm2 [16]) and comparable with
that in Er:FAP (1.9�10�20 cm2 [28]).

From the absorption spectra of Er:NLW we calculated the
intensity parameters Ot (t¼2, 4, 6) for this crystal using the Judd–
Ofelt theory [29,30]. These parameters appeared to be O2¼

6.1 cm�1,O4¼1.2 cm�1 and O6¼0.13 cm�1.
Then the oscillator strengths, spontaneous emission probabil-

ities, and fluorescence branching ratios were calculated. The
values of the oscillator strengths are given in Table 1. For the
strongest transitions (4I15/2-

4G9/2, 4I15/2-
2H11/2, 4I15/2-

4F9/2)
rather good agreement between the measured and calculated
values of oscillator strengths is seen. Unfortunately, for other,
weaker transitions the deviation is more essential, so, these
values are suitable for estimative calculations only.

The radiative lifetime of the multiplets tr(J) are obtained from
the spontaneous emission probabilities AJJ0 using the following
formula:

tr ¼
1P

J0
AJJ0

ð4Þ

The calculated radiative lifetimes of the most important
manifolds are reported in Table 2.

The obtained values of radiative lifetimes of 4I11/2 and 4I13/2

states in Er:NLW are rather typical for oxide crystals (for Er:
YAG trad(4I13/2)¼8.2 ms, trad(4I11/2)¼7.5 ms [31]; for Er:YAlO3

trad(4I13/2)¼3,5 ms, trad(4I11/2)¼7.8 ms [26]; for Er:KGW trad(4I13/2)¼
6.0 ms, trad(4I11/2)¼5.4 ms [32];), while the calculated lifetime of 4S3/2

is substantially longer than that in most of other crystals. Apparently,
this value is overestimated in our case, because of very large (3 times)
difference between the calculated and measured oscillator strength
for the transition 4I15/2-

4S3/2.
The polarized absorption spectra of the single Er doped sample

at 10 K have also been measured. From these spectra the transi-
tion energies inside the NaLa(WO4)2 crystalline host were found.
Table 2
Calculated radiative lifetimes for the manifolds

under investigation.

Manifold Tr (msec)

4I13/2 6.19
4I11/2 5.86
4S3/2 2.14

Table 1
Measured and calculated oscillator strengths for Er:NLW.

Transition Sexp (10�21 cm2) Scalc (10�21 cm2) Barycenter (nm)

4I15/2-
4I13/2 3.0 4.4 1522

4I15/2-
4I11/2 3.3 2.2 983

4I15/2-
4I9/2 1.0 2.1 801

4I15/2-
4F9/2 6.6 7.0 657

4I15/2-
4S3/2 0.9 0.3 546

4I15/2-
2H11/2 45.1 48.5 523

4I15/2-
4F7/2 3.7 2.6 490

4I15/2-
4F5/2þ

4F3/2 1.4 0.4 450
4I15/2-

4G9/2 1.2 0.5 408
4I15/2-

4G11/2 65.1 62.5 380
4I15/2-

4G9/2þ
2K15/2 6.7 4.9 364
3.2. Fluorescence spectra and lifetime measurements

3.2.1. Cryogenic emission spectra and Stark sub-levels positions

We acquired the Er:NLW emission spectra at 10 K and at 77 K
(Fig. 3).

These measurements allowed us to observe the energy posi-
tions of Stark sub-levels for the ground state and to perform a
further check for the excited manifolds. The measured values are
presented in Table 3.

It is seen from Table 3 that Stark splitting of Er ground state in
Er:NLW crystal is 295 cm�1. This value is typical for Erbium in
double tungstate crystals (361 cm�1 for Er:KGW [32]; 313 cm�1

for Er:NaBi(WO4)2 [33]), and it is not very high in comparison
with oxide crystals of other families (568 cm�1 for Er:YAG [34];
552 cm�1 for Er:YAlO3 [26]), although, higher than that in
halogenide crystals (240 cm�1 for Er:KPb2Cl5 [35]). So, due to
three-level scheme of Er 1.5-mm laser operation one can expect
rather essential thermal population of upper Stark sub-levels of Er
ground state in Er:NLW crystal. Therefore, the optimal (not very
high) Erbium concentration, and control of thermal loading of the
active medium are very important for low threshold laser opera-
tion at Er:NLW crystal.

It is also seen from Table 3 that for some manifolds the
number of observed Stark sub-levels exceeds the theoretically
possible one. It can be explained by the following reasons:
distribution of Na and Ln ions over dodecahedral site 4a in the
structure of scheelite-like double tungstates is, in fact, not
completely random. Some partial ordering in that distribution
do exist. This leads to splitting of 4a site into two different sub-
kinds of dodecahedral sites with local symmetries 2b and 2d. The
overall space group of the crystal decreases in this case from I41/a
to I/4. This effect was described for the first time in scheelite-like
tungstate crystal NaBi(WO4)2 [36] and confirmed later for another
crystal of this family Tm:NaGd(WO4)2 [37]. The same effect
occurs, apparently, in NLW as well, although we failed to find
the appropriate investigations for this crystal in the available
literature, and have not performed the corresponding studies by
ourselves to the moment.

Erbium ions enter into both 2b and 2d sub-sites, and have
there slightly different Stark splitting of its manifolds. This results
in appearance of the additional peaks at both the absorption and
the emission spectra at 10 K. Similar situation was observed
earlier for Erbium doped yttrium stabilized zirconia (YSZ) single
crystals [38].
3.2.2. Room-temperature emission spectra

In Fig. 4 the polarized emission spectra for the Er:NLW crystal
at room temperature, in the green and 1.5 mm regions are
presented.

In these spectral regions there are three distinguishable bands
around 531, 552 and 1535 nm, corresponding to the 2H11/2-

4I15/2,
4S3/2-

4I15/2 and 4I13/2-
4I15/2 transitions, respectively. Using

well-known Füchtbauer–Landeburg equation [39] we evaluated
the peak fluorescence cross-sections for the 4I13/2-

4I15/2 transi-
tion. The cross-sections are 5.7�10�21 cm2 for p polarization
(lmax¼1506 nm), and 5.2�10�21 cm2 for s polarization
(lmax¼1535 nm). This is comparable with that for another
scheelite-like crystal Er:NaBi(WO4)2 (5�10�21 cm2 [40]), as well
as for Er:YAG (6.6�10�21 cm2 [31]), and Er:YLF (5.5�10�21 cm2

[41]), although it is several times less than for Er:YVO4 [42,43] or
for Er-doped monoclinic tungstates [44]. The fluorescence cross-
sections at l �1600 nm (where low-threshold laser action can be
reached due to the absence of significant absorption) are about
2�10�21 cm2 for both polarizations.



Fig. 3. Polarized emission spectra of the single Er doped sample at 10 K and 77 K.

Table 3
Energies transitions observed from the low temperature measurement.

2Sþ1LJ Observed energy levels (cm�1) Number of
observed
levels

4I15/2 0, 25, 57, 100, 218, 250, 264, 277, 295 9
4I13/2 6507, 6526, 6533, 6559, 6577, 6643, 6688 7
4I11/2 10,200, 10,216, 10,231, 10,254, 10,290, 10,298 6
4I9/2 12,366, 12,434, 12,453, 12,508, 12,530, 12,596 6
4F9/2 15,240, 15,272, 15,291, 15,335, 15,352, 15,406 6
4S3/2 18,353, 18,372, 18,440, 18,484 4
2H11/2 19,081, 19,098, 19,111, 19,156, 19,205, 19,242 6
4F7/2 20,464, 20,493, 20,511, 20,589, 20,607 5
4F5/2þ

4F3/2 22,190, 22,229, 22,581 3
2H9/2 24,496, 24,557, 24,596, 24,631, 24,648, 24,680 6
4G11/2 26,318, 26,368, 26,433, 26,496 4
2G9/2þ

2K15/2 27,370, 27,416, 27,432, 27,504, 28,051 5
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3.2.3. Lifetimes measurements

For the single doped Er:NLW sample we acquired the lifetimes
of the 4S3/2, 4I11/2 and 4I13/2 multiplets at different temperatures
from 10 K to 300 K. The lifetimes for each level as a function of the
temperature are shown in Fig. 5. It is seen that in all studied cases
the variation of measured lifetime values does not exceed 20%.
The reduction of fluorescence lifetimes with increase in the
temperature is, apparently, due to the multiphonon non-radiative
relaxation. Following the phenomenological model of Riseberg–
Moos [45] the temperature dependence of the multiphonon relaxa-
tion rate is given by:

t�1
ph ðTÞ ¼ t

�1
ph ð0Þ 1þnð Þ

p
ð5Þ

n¼ 1=½exp ho=kT
� �

21� ð6Þ

where ho is energy of the phonon participating in the relaxation
process, p is the number of phonons required for bridging the energy
difference between the relaxating state and the next (lower)
electronic level. This energy difference is at least on the order of
�3000 cm�1. The maximum phonon energy of the (WO4) group is
about 900 cm�1 [46], i.e. several times larger than kT at room
temperature. It means that the value of n will be much less than 1 in
Er:NLW crystal even at 300 K, whereas the value of p exceeds 3 at
this temperature.

Thus, the non-radiative relaxation rates of 4S3/2, 4I11/2 and 4I13/2

manifolds (and, hence, measured lifetimes) should not be very
high at 300 K, and should be very slightly sensitive to the
temperature within the range 0–300 K. Just this situation is
observed in Fig. 5. Similar dependencies are typical also for Er
ion in other tungstate crystals Er:KGW [32] and Er:KYW [46],
although in Er:YVO [48] and Er:YSZ [38] the dependence of tph

from temperature is rather significant, possibly, due to substan-
tially less ho.



Fig. 4. Polarized emission spectra of the single Er doped sample at room temperature.

Fig. 5. Lifetimes of the 4S3/2, 4I11/2 and 4I13/2 manifolds of Er:NLW crystal at

different temperatures.
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The lifetime of 4I13/2 at 10 K is close to the calculated radiative
lifetime (see Table 2). At heating the crystal it slightly decreases
until 170 K and after that becomes quite constant. Meanwhile, the
measured lifetimes of 4S3/2 and 4I11/2 are very far from the
calculated radiative lifetimes (even with taking into account the
probable overestimation of the value of 4S3/2 radiative lifetime by
Judd–Ofelt analysis, see above). Such deviations are rather typical
for Erbium doped dielectric crystals (for Er:YAG trad(4S3/2)¼
450 ms at 300 K [49], whereas tmeas(

4S3/2)¼16.7 ms [50];
trad(4I11/2)¼7.5 ms [31], whereas tmeas(

4I11/2)¼100 ms [50]; for
Er:KGW trad(4S3/2)¼758 ms, tmeas(

4S3/2)¼27 ms; trad(4I11/2)¼
5.4 ms, tmeas(

4I11/2)¼158 ms [32]). This fact is usually explained
by very large value t�1

ph (0) for 4S3/2 and 4I11/2 states [32,42].
From Fig. 5 it is also seen that measured lifetimes of both I11/2

and 4S3/2 slightly increase up to the temperature of about 120 K.
This fact is not observed for any Er-doped crystal in the available
literature. It can, probably, be explained by large fluorescence
reabsorption at very low temperatures, when only the lowest
Stark sublevels of 4I11/2 and 4I15/2 are populated, and only
resonant transitions occur. For higher temperatures the resonance
in absorption and emission destroys, since other sublevels also
become populated.
3.2.4. Ce influence on the emission properties

The trends of fluorescence intensity for the 2H11/2-
4I15/2, 4S3/2

-4I15/2 and 4I13/2-
4I15/2 transitions with increase of Cerium

content in crystals are presented in Fig. 6 (pumping was per-
formed at 980 nm), the fluorescence intensities were measured at
531, 552 and 1535 nm, respectively. Decrease the intensities of
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transitions 2H11/2-
4I15/2 and 4S3/2-

4I15/2 is accompanied by
increase of 4I13/2-

4I15/2 transition intensity except for the sample
doped by 16 at% Ce.

In case of pumping the crystal at 980 nm, the levels 4S3/2 and
2H11/2 are excited by up-conversion and ESA processes through
4I11/2 manifold (see Fig. 1). Therefore, decrease of the green
emission intensity with increase of Cerium doping level can be
caused by direct quenching of 4S3/2 (2H11/2) by Cerium (see
Eq. (2)), and/or by the reduction of population the 4I11/2 manifold
(see Eq. (2)) and, hence, by worsening of 4S3/2 (2H11/2) feeding
from this manifold.

For revealing the further transformation of the excited state
energy from the 4S3/2 level, we studied the quenching of 4S3/2

green fluorescence by Ce3þ ion according to scheme (2).
We measured the 4S3/2 decay kinetics with excitation in the

crystals by short (Dt�20 nsec) pulses of the second harmonic of
Nd:YAG laser (532 nm) into the 2H11/2 level of erbium. This
excitation can be considered as practically the direct pumping
of 4S3/2 manifold because of very strong phonon coupling of 2H11/2

and 4S3/2 multiplets. The fluorescence from 4S3/2 level was
registered at l�850 nm (transition 4S3/2-

4I13/2). The signal from
the photomultiplier was transferred into the digital oscilloscope.
The temporal resolution of this system was not longer than
1 msec.

The decay curves of 4S3/2-
4I13/2 emission for different Ce3þ

concentrations are presented in Fig. 7. In the crystal without Ce
the decay time is 30 msec. In the Ce-codoped crystals the decay
curves become nonexponential, since each of many variants of
Er–Ce arrangements with different distances has its own prob-
ability of interaction. At the beginning parts of the decay curves
the lifetimes are: 11.5 msec (2.2% Ce), 6.5 msec (7.6% Ce) and
2.5 msec (15.9% Ce). Based on these lifetimes we evaluated the
parameter of donor–acceptor interaction CDA, which is equal to
the probability of the interaction WDA in the case when the
distance between donor and acceptor is equal to 1 cm. It is well
known that for dipole–dipole interaction, which is the main
mechanism for our case, WDA¼CDA/R6. The CDA parameter is
calculated based both on experimental values, and on calculation
of the lattice sum [26,27]:

W ¼ xACDA

X 1

R6
i

ð7Þ

where xA is the arbitrary concentration of acceptors, W is the

experimental decay rate on the initial stage, S 1=Ri
6

� �
is the

lattice sum, calculated from the crystallographic data. We calcu-
lated the lattice sum S(1/Ri

6), based on the 6 nearest distances
Fig. 7. The decay curves of 4S3/2-
4I13/2 emission for the different Ce3þ

concentrations.
between the cation positions, occupied by rare-earth ions (these
distances can be easily derived from the structural data of the
crystal). The calculated lattice sum is �7�1044cm�6, and the
value of CDA appeared to be �3�10�39 cm6 sec�1.

These results allow to determine the reduction of the intensity
of green Er3þ fluorescence (transition 4S3/2-

4I15/2) due to the
direct quenching of the Er3þ level 4S3/2 by Ce3þ , and, thus, to
separate the contribution of this mechanism from the reduction
of the green fluorescence intensity due to diminishing of the
population of 4I11/2 and, hence, due to decrease of the up-
conversion feeding the 4S3/2 excited state. In fact, the ratio of
intensities of the fluorescence from 4S3/2 in case of direct steady
excitation for the samples with different Ce concentrations are
equal to the ratios of the squares under the decay curves,
presented in Fig. 7: Io% Ce: I2.2% Ce: I7.6% Ce: I15.9% Ce¼

1:0.73:0.35:0.13. (here I0% Ce is assumed to be 1). Since the
intensity of green luminescence decreases with increase of Ce
concentration more quickly, than the demonstrated by these
ratios (compare with Fig. 6), we came to the conclusion, that
both of mentioned above processes give substantial contribution
in total reduction of population of the 4S3/2 level.

Note, that CDA value for the process (2) are nearly the same for
the tungstate and molybdate crystals. Therefore, the efficiency of
quenching of luminescence from the 4S3/2 by Ce3þ ions in these
crystals are close to each other for equal cerium concentrations.

In order to characterize quantitatively the quenching of
luminescence from 4I11/2 state, we measured the luminescence
decay curves from this level by method, described above for the
level 4S3/2. The luminescence signal was measured at 998 nm. In
the crystals, without Ce content the decay time is 183 msec
(Fig. 8). In Ce-codoped crystals the decay curves become non-
exponential. Since the excitation was not resonance, the initial
luminescence rising appeared (not shown in Fig. 8). For the decay
curve of the most heavily Ce codoped sample, where such a rising
was the shortest, t at initial stage is E9.5 ms. From these data the
CDA estimation from below for dipole–dipole interaction for the
process (1) gives: CDAZ9�10�40 cm6 sec�1. The same measure-
ments made on Er, Ce:NaLa(MoO4)2 crystal gave the equal value,
the calculations of the interaction microparameter using the data
of Ref. [16] gave the value CDAE10�10�40 cm6 sec�1 for Er,
Ce:NaLa(MoO4)2 crystal. Based on these data the efficiency of
luminescence quenching from 4I11/2 level by Cerium ions at equal
Ce3þ concentrations should be approximately the same for both
tungstate and molybdate crystals.

The measured average lifetimes of the 4S3/2, 4I11/2 and 4I13/2

multiplets of Er, Ce:NLW crystals as a function of Cerium
concentration at room temperature are presented in Fig. 9.
Fig. 8. The decay curves of 4I11/2-
4I15/2 emission for the different Ce3þ

concentrations.



Fig. 9. Lifetimes of the 4S3/2, 4I11/2 and 4I13/2 manifolds of Er, Ce:NLW crystals as a

function of Cerium concentration.
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It is seen, that reduction of the 4I13/2 lifetime can be observed
only for the crystal containing 15.9 at% of Ce, and the value of this
reduction is only about 10% in respect to the single Er doped
crystal. This effect, as well as the slight reduction of 1.5 mm
emission intensity (see Fig. 5) is, apparently, caused by some
quenching of 4I13/2 manifold by Cerium in case of very big
concentrations of Ce3þ in the crystals. It is noted also, that the
quenching of 4I13/2 lifetime with addition of 20 at% Ce to Er:NLM
crystal was as large as �15% (versus �10% in NLW:Er, Ce).
4. Conclusion

We performed a spectroscopic investigation of the NLW
crystalline host doped with 0.4 at% of Er3þ . The Judd–Ofelt
parameters are calculated using the absorption spectra of the
crystal. Using the low temperature absorption spectra we pre-
sented here for the first time the values of the energy levels for
Erbium ions in the NaLa(WO4)2 crystal.

Since the reduction of the 4I11/2 and 4S3/2 fluorescence inten-
sities and measured lifetimes with the increase of the Ce con-
centration we demonstrated that the Ce presence can help the
population inversion efficiency for the 1.5 mm emission without
substantially affecting the 4I13/2 lifetime. Thus, the Er,Cr:NLW
crystal is a very promising material for obtaining a low-
thereshold 1.5 mm laser action. The lasing experiments at this
crystal will be performed in the near future.
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