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Abstract. The energy transfer dynamics betwedio® and  dependencies, but also constitute a rigorous test for the rate-
Er3* ions in lithium niobate is investigated after ytterbium- equation formalism and transfer parameters previously ob-
pulsed excitation @20 nm The sensitisation of theiNbO3: tained under cw conditions.

Ert system withYb® ions does not modify the lifetime of

the #1132 erbium level (.5-um emission), whereas it induces

a marked, concentration-dependent change in the lifetime df Experimental

the 2Fs/, (Yb3") and S, (Er¥") multiplets €066nm and

550-nm emissions, respectively). The results are analysed bgingle crystals ofEr** and Yb3" co-dopedLiNbO3 have
using the rate-equation formalism and cross-relaxation modéleen grown by the Czochralski method with automatic

for the energy transfer. diameter control by crucible weighting system. The starting
materials were congruentiNbO3z and erbium and ytter-
PACS: 42.70.Hj; 78.55.-m bium oxides. The crystals have a fix&* concentration

(0.5 mol. %) and five differentyb®* concentrations 1, 0.5,

1.0, 1.5, and2.0 mol. % in the melt).
The energy transfer fronYb® to Er** in lithium niobate Lifetime measurements were obtained at room tempera-
(LINbO3) has been recently studied under cw excitationture, under pulsed excitation aroud0 nmusing a MOPO.
An efficient energy transfer fronYb® to Er*" has been The fluorescence was analysed through an ARC monochro-
found and it has been characterised using the rate-equatiamator model SpectraPro 500-i and then detected synchronous-
formalism in the steady-state approximation. In this way|y with a photodetector and recorded by a digital oscilloscope.
under continuous illumination, the comparison of &+ For infrared (IR) radiation.5 um and1.0 um) a Judson
emission intensities at arouridOum and 1.5pum in sam-  InGaAs photodiode and amplifier were used. The temporal
ples co-doped with fixedEr** concentration and different resolution of the system was typically of.s~ 30us. For
Yb3* concentrations allows the deterination of the transvisible radiation, an EMI-9558QB photomultiplier tube was
fer and back-transfer coefficienS4 = 2.4 x 10-®cm®s?  used, and the temporal resolution of the system was consid-
and Csp = 1.8 x 106 cm®s~1) which quantify the transfer erably shortened. In this spectral range it was now limited by
process [1]. the laser pulse widthlQ ng.

Nevertheless, the transfer process is obviously a dynamic Geometry for luminescence collection has been carefully
process, whose temporal behaviour needs also to be describggkigned in order to avoid radiation trapping effects in the
in order to fully understand the underlying physics and facili-temporal evolution of th&.5-pum and1.0-um erbium and yt-
tate further exploitation of the potentialities of this material interbium emissions respectively [5].
integrated optic devices [2—-4].

In this work, the energy transfer dynamics betwadai*
andEr*t ions in lithium niobate is investigated. The temporal2 Results and discussion
evolution of the different infrared and visible emissions de-
tected in theLiNbOz:Er**/Yb*" system, and the dependence2.1 General spectroscopic properties of the
with the ytterbium concentration have been analysed after se-  |iNbO3:Er*/Yb3" system
lective Yb3*-pulsed excitation. The rate equation formalism
is now applied in the time-dependent regime and their predicFhe energy transfer betweerb®t and Er* can be de-
tions contrasted with the experimental results. scribed with the help of the energy level diagram sketched

The results not only show the temporal details of thein Fig. 1 and the processes indicated there. The energy over-
Yb®*" to Er** energy transfer, including the concentrationlap between théFs, (Yb3*) and 4111/, (Er**) multiplets is




W iR ey remember that according to the spectroscopic properties of
Hyyp :::-_:::;;:;%::;;;;-_; *\ Er** in lithium niobate [9, 10], the intermediaté/fo/> and
Syp N, 4 Ert level i f -radiative d d
n 6 G 9/2) evels experience a fast non-radiative decay, an
% their populations (and contributions to the luminescence) can
Bop: -t Risrissarrrssinsnnny be ignored.
C Therefore, as summarised in Fig. 1, three luminescent
i .= 7 25 emissions are observed aftéb3t excitation: two infrared
R = A emissions, akem = 1.5um (Er*) andiem = 1.0 um (Er*t/
T N N, [ ] g, Yb3T), plus a visibleEr*t emission atem = 550 nm These
5 2 T .
emissions can be used to study the dynamics of the energy
% \\ C _‘/ 1 | transfer betweeb3" andEr3*.
Mian I IN‘1 5 E
§ g 5 2 2.2 Rate equations
= & g =
a - According to the standard descriptionErf*/Yb3 co-doped
* Y * l materials [11—14], the energy transfer betwedrt and
i Ny N k., Er*t ions can be described by using a rate-equation formal-

Er* Yb** ism, which is summarised by the following rate equations:

Fig. 1. Schematic energy level diagram liNbO3z:Er¥t/Yb3+ showing the
multiplets involved in the energy transfer and up-conversion processes aélN,

well as the principal emissions T oyp®N1 — (Ag1+ nglR) N2 — C25N2 N3 + Cs2Ns Ny
— C6N2Ns , 1)

the basic fact that allows the efficient resonant transfer beelN, NR NR
tween both ions. Nevertheless, th®>" transitions; either —g—~ = (Asa+Wsa )Ns+ AeaNe — (Aug+ Waz)Na . 2)
the absorption (associated with thEs,, — 2F7, transition) N
e X . /5 ._
or the emission (associated with tﬁ§7/2 — “Fs» transi 5 _ (Ags +W§5R) Ng + C5N2 N3 — CsoNs Ny

tion), are broader than the correspondird™ transitions. In dt

this way it is possible to perform selective excitation of the — C6N2Ns — (Asg+ Asz+WA)Ns (3)

Yb3t ions (in the wavelength rang#0-950 ni) and to de- dNs

tect theYb®" luminescence (in the rangk050-1100nn).  —— = C26N2Ns — (Ags+ Ass+ Asz+WAL)Ne , (4)

This possibility gas beresn used to explore the dynamic be-

haviour of theYb>" to Er*" energy transfer after pulsed ex-

citation of theYb3* ions. ¥ P Na+ Na +Ns + No = Ner ©)
After the selective excitation of théFs» (Yb3t) mani-  N;p+ Nz = Nyp , (6)

fold, it may relax radiatively to the’F;,, ground state, pro-
ducing luminescence in the ran§20-1100 nm or transfer whereN; is the population density of thigh-level, A; and
to the *l112 level of Er¥t ions, according to the cross- WIR the radiative and non-radiative transition probabilities
relaxation mechanism?Fs;; — 2F72 (Yb3"): 4152 —  between thé andj statespyy, is the Yb*" absorption cross
4111/2 (Er**) and characterised by a “transfer coefficie@ss.  section at the pumping wavelengihis the pumping flux, and
From the 4I11/2 erbium multiplet the excitation can be finally C,s, Cs,, andCyg are coefficients (in units afm®s1)
transferred back to th¥b3* (“transfer coefficient’Cs) or  which quantify the energy transfer, the back-transfer and the
relax within theEr®* ions. This relaxation produces lumi- up-conversion processes, respectively.
nescence at arountlOpm (associated with thetlyy, — The spectroscopic parameters (transition probabilities)
4I15/2 transition), and at arountl5 um (associated with the of Er** and Yb3" in LiNbOs are reported in the litera-
41132 — 152 transition) after population of the metastableture [9,10], and the transfer and back-transfer coefficients
erbium level via a non-radiative connection. Whereas th€¢C,s andCs,) have been previously determined for the sys-
1.5-um emission can be easily measured the@-um emis- tem LiNbO3:Er¥t/Yb3t from cw experiments G5 =
sion is hidden by the broada&ib®t emission within similar 2.4 x 1071 and Cs, = 1.8 x 10 ®cm®s™t [1]). The re-
wavelength range. maining transfer parameteC4s) can be estimated from the
A third process, which involves the transfer of a secondatio between the electric dipole strengths of they, —
photon fromYb3* to the %111/, Er** excited level (according *F7/, and *l11, — #F7, transitions [9, 10], and therefore
to the cross-relaxation mechanisitfs;, — 2F72 (Yb3):  Cye~ 2Css.
112 — *F72 (Er*T)) generates infrared to visible energy  The set of (1)—(6) include in fact all the dynamic in-
up-conversion in the erbium ions [1, 6]. In this way the er-formation needed to explore the temporal behaviour of the
bium ions are excited to théF/, level which relaxes non- Yb*" to Er** energy transfer. In the experimental conditions
radiatively to the*S;, level, from where (green) emission used in this work, the excitation is selective to ¥ig*" ions
at aroundb50 nmis observed. This excitation mechanism is (Aexc = 920 nn) and the pump pulsd.Q ng can be considered
highly efficient in some materials, allowing up-conversioninstantaneous as compared with the characteristic relaxation
laser generation [7]. IhiNbO3, the 483,/2 level has a rela- times of the luminescent transitions, as will be shown next.
tively low quantum efficiency){ = 0.3) [8] and there is arel- Therefore these conditions can be easily introduced in the rate
evant non-radiative relaxation back to thlay/,. Let us also  equations and proceed to the numerical integration of (1) to
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(6) to obtain the different population®\{) and the temporal lated (lines) decay of the luminescencel®60 nm asso-
evolution of the luminescence intensity. ciated with the de-excitation of th¥b3" ions, for all the
doping concentrations studied in this work. It should be re-
membered that although the emission from ¥&" ions
2.3 Temporal evolution (%Fsj2 — 2Fz)2, transition) overlaps with that of thEr*+
ions (Y112 — “l15/2 transition) in a wide wavelength range
2.3.11.5-um (Er*") emissionFigure 2 shows (in a logarith- (966 nm< Lemi < 1029 nn), the Yb3+ emission is broader
mic scale) the temporal evolution of the luminescenderdf  (a similar situation was already mentioned in connection with
ions (*l132 — “l15/> transition), measured at53um, after  the absorption) and it is possible to select the appropriate
pulsed excitation of th¥b3* ions for a sample co-doped with wavelength rangel050 nm< Aemi < 1100 nn) to isolate the
0.5 mol. % Er** and1.0 mol. % Yb®*. As can be observed the emission from th&/b3* ions.
experimental data (open circles) are in excellent agreement The lifetime of theYb®" ions in the co-doped crystals is
with the predictions from the integration of the rate equationstrongly reduced from its value i¥b**-doped lithium nio-
(continuous line). bate ¢ = 580us[6]). Now the lifetimes vary fron890yus for
After an initial rise, the luminescence reaches a maximunghe crystals with the higheYb®" doping level 2.0 mol. %
(tmax~ 1 m9 and then decays following a single exponentialyb3+) to 260.sfor the less concentrated sampl@d.(mol. %
dependence with a time constant® ms independently of  Yb3+). This lifetime reduction (compared withib®*-doped
the Yb®* concentration. This value corresponds to the life-samples) indicates that an additional relaxation channel
time observed for this transition in erbium-doped lithium nio-has been activated (that is, the energy transfer fitf"
bate [5], indicating that ytterbium co-doping does not alter theo Er3+).
lifetime of the *113/2 erbium level. The lines in Fig. 3 represent the predictions of the rate
As far as the initial rise time (which is also independentequations, calculated for the different ytterbium concentra-
of the ytterbium concentration) is concerned, it has to be retions. It can be observed that there is an excellent accordance
lated to the time needed to populate thes» emitting level  between the experimental data and the predictions from the
and, as can be seen in Fig. 2, it is precisely predicted byhodel, including the concentration dependence oftth&"
the rate-equations model. A closer inspection of the possiblgfetime. At low Yb3+ concentration the transfer ®r3+ is
physical origin of this rise time shows immediately that thereyery efficient and the lifetime is strongly reduced; whereas in-
are two processes involved (see Fig. 1):(i) the energy transfefeasingrb® concentration favours the back-transfer and the
(and back-transfer) betweéfb® to Er** and (ii) the non-  observed lifetime approaches thatti#+ ions [1, 6, 15].
radiative decay from thélyy, level to the #l13/> level. This It should be noticed also that at shorter times, the rate
latter process, with a characteristic time given basically byquations predict a fast component (teng.gfrelated to the
the 4111/, lifetime (r = 220us, [9]) is in fact responsible for  transfer rate fronYb3+ to Er3*, which is the dominant pro-
the observed rise time, whereas the former (transfer and backess initially. Unfortunately this fast component has not been
transfer) is completed in a much shorter time (tenpg)fas  experimentally accessible because it is shorter than the time
can be verified from the integration of (1)—(6), shown next. response of the infrared detection systefss€ 30 us).

2.3.21.0-um ( Yb®) emissionFigure 3 shows (also inalog- 2.3.3550nm (Er*t) “up-conversion” emissionFigure 4
arithmic scale) the experimental (open symbols) and calcuishows the comparison between the temporal evolution of the
green up-conversion luminescenceEBft (‘S — 411552
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Fig. 2. Temporal evolution (in a logarithmic scale) of the luminescence Time (ms) :

of Er* ions (4I13/2 — 4I15/2 transition), measured at.53um, after Fig. 3. Temporal evolution (in a logarithmic scale) of the luminescence of
pulsed excitation of th&b3 ions at920 nm for a sample co-doped with  Yb3* ions (2F5/2 — 2F7/2 transition), measured &t.06um for crystals

0.5 mol. % Er¥+ and 1.0 mol. % Yb3* (open circley. Theline corresponds  with different Yb3+ concentration dpen symbols The lines correspond to

to the predictions from the integration of the rate (1)—(6) the predictions from the integration of the rate (1)—(6)
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transition) obtained in a sample co-doped witid mol. %
of ytterbium (squares) pumped 820 nm (Yb3t absorp-

tion band) and that obtained in a sample singly doped witl

0.5mol. % of Er** (circles) pumped a®74 nm (152 —

“111/2 erbium absorption band). As can be observed, the life

time of the 483,/2 manifold suffers a substantial increment
from the30us characteristic oEr** in lithium niobate [9] to
a much slower decay in tHer**/Yb3+ system. This length-

ening increases with the ytterbium content, and the lifetime

varies from100us (0.1 mol. % Yb3") to 210us in samples
co-doped witt2.0 mol. % of ytterbium.

Another difference in the up-converted emission is the—

rise time of the luminescence. Whereas in co-doped sampl
this initial stage is clearly observed, lasting ab@Q0yus, it
is absent in theEr** doped samples. This difference indi-
cates that in the singly doped sample (excited to Ein&

1112 level), with a negligible rise time, the dominant process

that populates théSs,, multiplet is the excited state absorp-

tion (ESA) [6, 7, 16], whereas in co-doped crystals, pumpes

through theYb®+ absorption, and exhibiting a clear initial

rise time the ESA mechanism is absent (or at least, it i
not the dominant process). In this case, the principal mect

anism that populates théS;, level is the energy transfer
via the cross-relaxation mechanisifs, — 2F7/2 (Yb3F) :
N1y2 — Frp2 (EFP).

Using the estimated value for the up-conversion coef
ficient (Cos = 4.8 x 107 16cm?s™1), the rate equations give
also the population of the'S;, level, and then the tem-

poral dependence of the green luminescence. These resuns
correspond to the continuous line in Fig. 4, which showsf':
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an excellent accordance with the experimental results, eithgf vp3+ concentration
in the lifetime of the decay as well as in the observed rise

time; which supports the cross-relaxation model for 8¢,
population.

The lifetime of the*Ss,, Er** multiplet, in the co-doped
crystals, exhibits also a clear concentration dependence,
a similar way to theYb3t luminescence described in the

laxation from the?Fs, Yb3" level (?Fs;; — 2F7/2 (Yb3*):
4112 — *F72 (Er*h)), and therefore th&50-nm emission
liietime follows a concentration dependence parallel to that of
the1060nm emission.

preceding section. This is a direct consequence of the fact, The concentration dependence of the different emissions
already mentioned above, that the dominant process whidifetime is summarised in Fig. 5, where the experimental

populates theSs , level in co-doped samples is the cross re-

(A =550 nm)
emi

[Yb3*] (% mol.)
o1
o 0.0

0.1 i

Intensity (arb.units)

Model

0.8

0.6
Time (ms)
Fig. 4. Temporal evolution of the green up-conversion luminescen&&of
(*Ssj2 — “l15/2 transition) in a sample singly doped wiir** (circles) and
in a sample co-doped witBr** and Yb3* (square$. Theline corresponds
to the prediction of the rate (1)—(6)

0.0

values (full symbols) are compared with the predictions from
the rate-equation model calculated (open symbols) for several
Yb3+ concentrations and a fixe.6 mol. %) erbium concen-
tration. The results are coincident withbo.

3 Conclusion

The dynamic behaviour of the principal luminescent emis-
sions observed ihiNbO3 co-doped withEr*+ and Yb3*, at
different doping levels, has been obtained after pulsed ex-
citation. The temporal dependence of the IR transitions is
explained by using the rate-equation formalism and cross-
relaxation model for the energy transfer, using the transfer
parameters previously obtained under cw conditi@g &
24x10%cmPstandCs; = 1.8 x 107 18cmis ™).

The visible luminescence is also explained using the same
formalism and another cross-relaxation mechanism to popu-
late the uppeEr** levels (up-conversion). The up-conversion
transfer coefficient is given b§,s = 4.8 x 10 16cm? s,

The sensitisation of theiNbO3:Er** system withYb3+
ions does not modify the lifetime of théliz, erbium
level (1.5-um emission), whereas it induces a marked,



concentration-dependent change in the lifetime of 1Rg;
(Yb3*) and %S5, (Er*t) multiplets (066nm and 550:nm

e : R : 6.
emissions, respectively), which is also correctly described 7. PEA Mobert, E. Heumann, G. Huber: Opt. L&, 1412 (1997)

8.

with the model and spectroscopic parameters proposed.
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