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Abstract

A competition between two anti-Stokes emissions has been observed and interpreted in ZBLAN
glass activated by Ho** ions. The first anti-Stokes emission intensity was seen to increase with
temperature, whereas another, upconverted emission, was seen to decrease under the same
conditions. Both observed tendencies are believed to be caused by the same effect: the
multiphonon anti-Stokes excitation of the state responsible for the first emission. Analysis of
the kinetics and fits of the theoretical model to experimental data are presented.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

ZBLAN glasses are widely known as very interesting materials
for optical fiber communication, especially when activated
by rare-earth ions, which can make them good candidates
for optical fiber amplifiers or fiber lasers. One of a very
promising activators in this respect is the trivalent holmium ion
whose features are described in numerous papers (e.g. [1-5]).
The Ho*" ion, having a rich variety of energy levels, can
be quite an efficient upconverter, yielding the anti-Stokes
emissions [6-8]. Investigations of anti-Stokes emissions
and their behavior under various conditions (e.g. at various
temperatures) are of key importance in the development of new
materials for diode-pumped lasers and amplifiers. There are
several works concerning the states and transitions involved
in such emissions [9-11] (especially upconverted emission
from higher states) for Ho’t ions in ZBLAN glasses. A
key feature which can cause the upconverted emission is the
excited state absorption (ESA) which plays a crucial role when
upconverted emission occurs in the frame of one ion [12, 13]
(i.e. when no energy transfer happens). In the present work we
describe such a situation, which, along with the anti-Stokes
excitation [14] can lead to competition between two anti-
Stokes emissions.
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2. Experimental details

The investigated ZBLAN:Ho>* sample has been prepared by
Fiber Labs Co., Japan. The chemical composition of the
ZBLAN glass is 53 mol% of ZrFa, 20% BaF,, 4% LaF;, 3%
AlF;, and 20% NaF. The concentration of Ho’* ions in the
sample is 2.5 mol%.

Absorption and emission spectra at room temperature
(RT) were measured respectively by a Lambda 2 (Perkin-
Elmer) spectrometer and the phase sensitive method used
also for the ESA spectra measurements. The ESA spectra
were measured using a double lock-in technique described
in [15] where detailed ESA data are reported. The temperature
dependent upconverted emissions were measured using an
argon ion laser (ILA-120, Zeiss-Jena) as excitation source
and an ORIEL MSI25 1/8 m Spectrograph coupled to
an InstaSpec II photodiode array detector. We could not
perform any decay measurements of the observed anti-
Stokes emissions because of the too small intensities of
the detected peaks. The sample was heated in an air
stream (provided by a heat gun) with the temperature
controlled by a thermocouple. In our investigations we
could not heat the sample above ~480 K because of
the traces of melting and crystallization observed at those
temperatures.

© 2009 IOP Publishing Ltd  Printed in the UK
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Figure 1. Absorption spectrum (a) and emission spectrum under
476.5 nm excitation (b).

3. Results and discussion

Figure 1 presents the absorption and emission spectra (on the
Stokes side of excitation) detected at RT in a broad spectral
range. Figure 2 illustrates our main result: thermal dependence
of the emissions on the anti-Stokes side of the excitation.
One can see a distinct increase of the emission, peaking
at ~457 nm, and a simultaneous decrease of the emission,
peaking at ~388 nm. Because all the lines are situated on
the slope of the exciting laser line, this ‘background’ is also
depicted in figure 2. The inset in this figure shows the
temperature dependence of both emission intensities at the
wavelengths of the peaks, after subtraction of the background.
Note that in the same temperature range the 457 nm emission
grows several times whereas the 388 nm emission does not
drop as fast.

In one of our previous papers [16] we described a very
similar situation to that mentioned above, namely the 750 nm
emission for Nd** ions in the fluoroaluminate glass. Either
the 457 nm emission (Ho>") or the 750 nm emission (Nd**) is
situated close to the excitation line, which is 476.5 nm in the
case of Ho>* and 800 nm in the case of Nd>*; and both are seen
to increase with temperature. This observation has suggested to
us that in the case of Ho’* we deal with the same mechanism as
described in [16] for Nd** ions. Such a mechanism has been
described by Auzel in his classical paper [14], and is called
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Figure 2. Anti-Stokes emissions and their dependence on
temperature. Temperatures are written in the same sequence as
corresponding spectra. Inset shows how the intensities of 457 nm
and 388 nm emissions alter with temperature.
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Figure 3. Energy levels/transitions scheme explaining the proposed
mechanism of the competition between two anti-Stokes emissions.

the multiphonon anti-Stokes excitation (MASE). It is perhaps
worth noting that the MASE effect, involving ‘borrowing’
phonons from the host lattice, has already been utilized in the
construction of quantum mini-refrigerators [17-19].

Going to the mechanism responsible for the observed
thermal characteristics (figure 2), we propose the energy
levels/transitions scheme presented in figure 3. The excitation
at 476.5 nm (20986 cm™!) falls into a local minimum of
distribution of weakly populating °F3, °F, *K(2)g states. From
this point the population can be transferred to other states
in two ways: in a natural way by radiationless transition
(multiphonon relaxation) to lower lying states °S,, °F,, and
then followed by radiative transition °S,, °F; — °Iy, or, in
another way, ‘borrowing’ phonons from the host going to upper
states. The first path ends up in the °I state. We know from our
previous observations [15], based on the ESA spectra, that the
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Figure 4. Slope characteristics for both anti-Stokes emissions.

°]; state gathers 76% of the population under CW excitation.
The second path mentioned ends up in the °Gg, °F states. Note
that the above two paths compete with each other. Those ions
which are transferred to the °Gg, °F; states are ‘lost’ for the
3T, state and vice versa. Then, the next act of the process
occurs: emission from the >Gg, 7F; states and excited state
absorption (ESA) of the pumping line from the I, state. The
latter transfers ions to the 7G4, 3K(2) states responsible for the
388 nm upconverted emission.

To make sure if such a model is justified, we performed
additional measurements which could provide information
about how many photons partake in the excitations leading to
both observed anti-Stokes emissions [20, 21]: the dependence
of the intensities of our anti-Stokes emissions on the excitation
power. Figure 4 presents how the familiar formula Igyg o< P™
(where Igyp is emission intensity, P is excitation power, and
m is the number of photons involved in emission excitation)
fits the obtained experimental data. The data are presented on
a log—log scale. The resulting slopes show that the 457 nm
emission is due to one photon absorption whereas 388 nm
emission occurs after excitation engaging two photons. A
possible undervalue (1.7 instead of 2.0) is probably not caused
by saturation effects [21], but presumably by the sample
temperature increase with the pumping power, which, as we
know, diminishes the intensity of the 388 nm emission. The
result shown in figure 4 agrees well with our model.

To ease further kinetic analysis we have simplified the
scheme from figure 3 to the four-level scheme depicted in
figure 5. In this model the level with population n, represents
either the excited °F; state or °S,, °Fs, and °I; states,
since in CW conditions we deal with effective deexcitation
(radiationless and then radiative) ending up in the I, state. The
remaining ‘n; 34  levels correspond to the 3Ig; G, °F;, and
3Gy, *K(2)7 states respectively. We have also omitted possible
radiationless |4) — |3) transitions because their probability is
estimated as lower or of the same order as others taking part in
the process, but the population involved is much smaller than
after the first step of excitation, hence only a very small part
of the excited population goes back to the |3) state. Owing
to these facts it also does not influence the measured slope
characteristics.
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1

Figure 5. Simplified, four-level energy scheme used in kinetic
analysis.

In the frame of four levels, the kinetics of the system can
be described by the following set of rate equations:

ny = —Wny + azins + aging
ny = Wny — by(T)ny — Wny

n3 = by (T)ny — azing (1

fl4 = an — d41N4 and

where n; are the populations of the states taking part in the
process, W is the excitation parameter (pumping rate), and a;;
are spontaneous transition rates from |i) to |j) states. The
term: by3(T) = b%(ehw/ kT 1y=r ig responsible for the
MASE effect, bg3 is the stimulated transition rate at 7 = 0 K
whereas p is the number of phonons of energy fiw involved
in the process. Under CW excitation we can consider only
stationary solutions of the set (1). From our point of view
only two population densities are interesting: n3 and ny.
In the CW conditions they are responsible for the 457 and
388 nm emissions respectively. It is also obvious that in
such conditions the emission intensities are proportional to
the mentioned populations. The stationary solutions are as
follows:

Wn
W 2
b3 (T)ag, (2a41 + W) + asy + w

n3(T) =

for 457 nm emission, and:
Wn
2a41 + W + bys(T) (% + ﬂ)

asg

ny(T) =

3

for 388 nm emission.

Figure 6 shows the best fit of the solutions (2) and (3)
to the experimental data taken from the inset of figure 2.
The best fit has been obtained with the following parameters:
ay = 333 x 10° s7!, ay = 143 x 10° s7!, bY, =
2x10*s™, p =2, hw = 580cm™!, W = 4 x 10*> s7!,
and n = 1.45 x 10 cm™3. The parameters az;, a4;, and
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Figure 6. Fit of solutions (2) and (3) to the experimental dependence
of the two anti-Stokes emissions on temperature.

fiw are compatible with experimental data reported in [22]
and [23-25] respectively. It is worth noting that when using
one, three, or four phonons in the above analysis we could
not obtain satisfactory fits. On the other hand, it seems that
two phonons of the energy 580 cm ™! can span the energy gap
between F; (actually, between the terminal level reached by
476.5 nm excitation) and 3Gg, °F; states quite well, taking
into account tail-ends of the state distributions. This gap is
~1270 cm™!, so that two phonons of 580 cm™! (1160 cm™)
can fit in with the gap.

4. Conclusion

The temperature dependent anti-Stokes emission intensities
have been interpreted by means of the MASE effect,
which causes the increase of one emission intensity being
simultaneously the cause of the decrease of another,
upconverted emission intensity. This competition has been
analyzed by the kinetic approach and a satisfactory fit to the
experimental data has been obtained. It is astonishing that such
a simple model, as used, was capable of fitting the experimental
data not only qualitatively, but also by means of the ratio of the
457 nm emission intensity increase slope to the slope of the
decrease of the 388 nm emission intensity.
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