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EXCITED STATE DYNAMICS
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Gd3GagOy SINGLE CRYSTALS
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The transfer mechanisins occurring in ytterbium, thulium and holmium
doped gadolinium gallium garnet crystals arc presented. Various models are
used to modelize the up- antd down-conversion processes. They lead to a good
description of the excited state dynamics and provide information about the
elliciencies of the transfers.

PACS numbers: 42.55. Nw, 78.55. 11

L. Introduction

The eye-safe 2 jun laser emission is usually obtained from the 57; — 5[g tran-
sition of Ho®t ions imbedded in crystals or glasses. The fluorescence of holmiumn
is usually sensitized by other ions like Cr3t, Er*F and Tm3+ [1-4]. The two for-
mer ones allow eflicient flash lamp pumping while the latter is well adapted for
laser diode pumping at around 800 nin. ‘I'he Ho sensitization by means of Yb3+
inns is also atlractive becanse of the possibility ol laser diode pumping between
920 and 975 nin where powerflul laser diodes are now available and because Yb3+
ions have only one excited state with no possibility of excited slate absorption.
We have shown in a previous work [5, 6] that eflicient Tm-— Ilo energy transfers
occur in GdzGagOo(GGG) and in the present paper we study energy Lransfers
Yb-+ Tm and Yb— Ho in GGG which lead to an enhancement of the Ilo infrared
fluorescence.

T'he counterpart of the presence of sensilizers is that they can introduce the
same kind of energy losses. We have analyzed previously in detail the Ho— Tin
back-transfer which can be an important source of losses when the Tm concentra-
tion increases [7] and this precess is shorlly presented here. Another usual source
of losses is the up-conversion processes which ave identified in this work, occurring
from the Yb and Ho or I'm inflrared levels towards the Tm and Ho visible levels.
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We have mensured Lhe quantum yields and analyzed the excited stale dynamics
induced by very short pulsed excitations.

All the materials studied here were single :rystals grown in our laboratory
by using the Czochralski method. Single, double and tripled doped samples were
obtained containing various rare earth ion concentrations. The real concentrations
of the dopants and their coeflicients of segregation k (around 1.2 for the three
dopants) were determined knowing the crystallized fraction of the melt g(I) at a
point { along the axis of the crystal.

To analyze the fluorescence dynamics, we are not allowed to use the rate
equations because the Grant’s procedure (8] can be applied only in the case of
a very fast,energy difflusion among donors and the decays were nol found ex-
ponential. We therefore used standard models, like Inokuti-llirayama [9] and
Yokota-"Tanimoto [10] models which allow one to describe the decay rates of the
donors, but also other models like the Chandrasckhar's procedure [11, 5, 6] and
the transfer function method [12, 7) which permit to describe also the dynamics
of the acceptors.

[}

2. Direct Yb — Tm and Yb — Ho energy transfers
These transfers were studied in double-doped systemns after excitation of
Yb3* ions in the 25/, level at 962 nm. These non-resonant transfers are sketched
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Fig. 1. Energy level scheme of ions and direct Yb — Tm and Yb — llo encrgy transfers.
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Fig. 2. Time-dependence of the 7£5 2 (Yb), "' (('U'm) and */¢(Ilo) emissions after a short
excitation in Yb. The circles are the resnlts of the fits.

in Fig. 1 and the decay profiles of the ?F5;,(YDb), Ig(Ilo) and 3F4(Tm) emitting .
levels are shown in Fig. 2.

The time evolution of the Yb (luorcscence is correctly described by the
Yokota-Tanimoto expression {10]:

Np(t) = exp [ﬂﬂ — b2 (

a/4
| ! lU ‘WJ 1155022
) } ()

14 8743z
with
b= (1/3)n*2Caltf4"/2,
r = ])(Y[J-—Yh)]?;)i.’,_l_mt?/:!l
D(Yb-Yb) = k(“;fb‘l
where 1/y = 1.47 ms is the experimental time-constant of the decay of the

gy — g fluorescence oblained in GGG:5% Yb, Cyp and Cx are the Yb
and I'm or Ho concentrations, 2(Yb-Ybh) is the Yb diffusion constant and Rpa
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. represents the critieal radius of the Yb/Ho or YL/ T'm dipole-dipole iuteraction.
The characteristics of transfers are indicated in Table |, where it can be seen that
the transfer efliciencics are close to unily for the concentrations considered.

_ TABLE 1
Characteristics ol direct Yb — Tin and Yb — o energy transfers.
Crystal Crm Cito | o [A] | % (10-% cins~ 1) [ nr (%)
GGG:5%Yhb, 5% T'm 8.74 x 102° | 10.90 0.300 0.96
GGG:5% YL, 3%llo 464 x 102 | 11.40 0.558 0.97
GGG:5%Yb, 0.5%llo 743 x 101° | 12.96 | 0.760 0.83
GGG:5%Yb, 5%Tm, 0.5%llo 0.99

The dynamics of the acceplors was described very nicely (Fig. 2) by the
relation

N = =N'/7' = (N[r+N) 2)
using the identity relation
N(t) = =N/7 +(N/7 + N), : (3)

where the population N of the donor Yb was calculated by the Yokota-Tanimoto
model and the population N’ of the acceptor is deduced from the solution of (2) [5].

3. T — Ho encrgy translecs

In the Yb-"Tm-Ho tridoped sample in additio nrevious Lransfers we
detected the transfer:

Slg(1l0), 2Hs('Tm) — 3Ig(lio), AMg(Tm).

This transfer is clearly seen by comparison of the ., i) decay time in the
Yb-0.5% Ilo bidoped sample and in the Yb-"T'm -0.5% Ho tridoped one, after
a short excitation in the *Fy(11o) level. It is much shorter in the latler shmple,
corresponding to a 90% transfer quantum yield.

The kinetics of the forward and backward 73 (Tm) «» 31:(Ho) energy trans-
fers in Tin/llo bidoped GGG have been studied in detail in a previous paper [7].
The Tin?t /Ho®* systent is very convenient for diode pummping near 800 nm in the
314('Tm) level since an eflicient T — Tin cross-relaxation mechaunisn drives the

energy towards the 374 ('I'm) level followed by the 3y ('1'm) —  5/:(110) transfer
([:ig, 3). The efliciency Al tha latter is reduced by the ®77 — %y back-transfer.-We

analyzed the kinctics of the /7 aud 3Fy levels with a model taking into account a
random distribution of the jons in the crystal as well as the dillusion of the energy
between the ions. Fluorescence “transfer function” method [12] has been used in
the analysis. The decay profiles of the 37:(11o) and *Fy('Tin) alter an excitation in
the 3{5('Tm) level are shown in Fig. 4. At short time the short decay of the donors
is correlated (o the short rise Lime of the acceptors and at long time the decays
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Fig. 3. Energy levels and transfer mechanisms in the Tm®*, 1ot codoped systems.
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936 A. Brenier, L.C. Courrol, C. Pédrint, C. Madej, (. Houlon

of donors and acceptors are similar, indicating that the two emitting levels are in
thermal equilibrium. From the fits of the experimental temporal evolutions of the
517 and 3Fy fluorescences we were able to delermine Lhe critical radins of the Lrans-
fer and of the back-transfer. They are comparea to the ones that were obtained
from the calculation of the overlap between the absorption and the emission of
donors and acceptors, respectively [6]. We can see in Table 11 that the critical

TABLE II
Critical radii (A) of the ion-ion interaction assuming dipole-dipole mechanism
and diffusion among the donor ions. In parenthesis is given the critical radius
obtained from a model without diffusion.

From the spectra From the fits

independent of crystal | 7% Tm 0.5% o | 1% Tm 0.5% Ho | 1% Tm 2% lio
Ho — llo 17.9

1o — Tmn 84| 9.7 (12.2) 7.2 (11.6) 65 (19.3)
Tm — llo 151 267 (31.9) 18 (19.7) 18 (21.5)
Tm — Tm 13.3

radii, obtained from the fits, of the forward transfer Tm — Ho and back-transfer
Ho — T'm after an excitation in the 3IT5 level, are of the same order of magnitude
(the dispersion is about 25%) as the radii obtained from spectroscopic data, except
for the heavily Tm doped sample (7% Tm) in the case of the T'm — llo forward
transler. In the latter case a discrepancy occurs because of the fast dillusion among
tlie T 1ons which is not taken into account by the Yokota Tanimoto treatment.

4. Up-Conversion processes and anci-Stokes emistinns

T'he excitation of the Yb ions is also followed by anti Stokes et -inns eoming
from the upper Tm and o levels: 820 nm (P*H4('n)), 481 nm ("G ), 548 nm
(°Sy =3 F4(N0)), 665 nin (51%(110)), (Fig. 5). These processes were neglected in the
exciled state dynamies described in the previaus seclions beenuse they are rather
weak. .

The up-conversion quantum yield from Yb ions towards a given Ho or T'm
level was obtained using an integrating sphere. The results are gathered in Ta-
ble I11.

We also measured the power dependence of the lluorescences. While the
Yb 2%, — U7y, fluorescence varies linearly with the density of excitation as
expected, it was found a quadratic dependence for the *iy — 31 infrared flu-
orescence of T and for the %5, — %Iy green and *F5 —  ®Ig red fluorescence
of 1To, and a cubic dependence of the *G4 — *ig blue Huorescence of Tm. This
behaviour confirins the two-slep or three-step up-conversion processes indicated
in Fig. 5.

We Lturn now to the dynamics of up-conversion energy transfers in Yb/Ho
and Yb/T'm bidoped samples and we consider hiere the two following up-conversion
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TABLE I

Up-conversion quantuin yiclds aflter infrared excitation into Yb ions.

Crystal Level Quantum yicld—.%
5% Yb 0.5% llo 55,-8F 2.7 .
5% Yb 3% llo 852-5F4 1.4
5% Yb 5% Tin Ny 6.0
5% Yb 5% Tm Gy 0.03
5% Yb 5% Tm 0.5% Ho 4 5.1
I
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Fig. 5. Up-conversion processes and anti-Stokes emissions after a short excita-

tion in Yb. The sequence of tratslers in time is indicated by numbers of the side of

cach transition induced by the inter-ionic interaction.

processes:

2F512(Yb), 3lg(1lo) — ZF3/5(Yb), 55,-"14(11o)

2Fs2(Yb), 3Fa('I'm) — 2P ,5(YD), M4(Tin).

(a)

(b)

Process (a) is nearly resonant and process (b) is obtained after relaxation of
excitation from 3F; and Fy levels to 3114 state.
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Fig. 6. Time evolution of the 38;-3F — sh(lin} flunrescence (a) and (BY and 3 —
e (Tm) flnorescence (¢). Curves and circles (1) - - alter a direet & exeitation. Curves
(2) and circles (27) and (2) — after excitation into the Ybions, Curves (3) - the time
evolution of the source e(t) nsed to obtain circles (27). T he solidd lines are for experimental

data, the cucles are from the models.

A Lentative of modelisation of the time evolution of the "5y "Fy(Hlo) and
H4(Tm) fuorescences after excitation of the ¥b jons in bidoped systems was
deseribed in detail in a fortheoming paper [I5]. The pepnlation of the acceplor
levels (%S 5y (Ho) and M{4(U'm)) is described in the framework of the fluorescence
“transfer function” method [7] in terms of Ko (1), the response of the aceeptor level
to an excitation, described by an Inokuti -Hirayama expression, and of eft), the
source of excitation. If ¢(f) is taken as the product of populations *Fg (YD) and
5:(1lo) or o p2(YD) and (1), it can be seen in Fig. 6 that the model is not
able to reproduce the experimental data, in patticular the rapid rise time. We think
that it is due o the fart that our model supposes the satme yield of up conversion
transfer for all the Yb/lo or Yb/ T ion pairs whatever the interatomic distance.
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[n order to take into acconunt the [uctuations of ion distribulion, we have used the
Chandrasckhar’s procedure to describe the source of excitation which can now be
represented as:

C(Z) =/f0(45,fﬁ’)Nu.ﬁ{I).‘\r‘:)-qb(!)dn,.‘ﬁlqu)’, (f])

where Npyg and Npry are the donor and acceptor populations created by the Yb
excited ions belonging to a class of donor ions having Lhe same total transfer
rale ¢ on each acceplor ion. a4, ¢') is an unknown funclion whose value was
unity in the previous model. ‘Taking a(¢, ¢') = ¢, we obtain the curves (27) in
Fig. 6. The experitnental rise times are now much better described. So despite
of the fact that the model is not rigorous, it proves that a good description of
up-conversion dynamics must take into account the fluctuations of distribution of

relative posilions of Lhe donor/acceptor ions.
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measured the quantum yield of the up-conversion energy F

losses in the Yb-llo and Yb-Tm bidoped samples. They |
ire not more than 4.4% in our condition of excitation, '
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