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Abstract
In this paper we present results on cooperative luminescence performed
on Yb3+-doped metaphosphate glasses under 980 nm excitation. We have
measured emission spectra and decay lifetimes in the visible and infrared
regions as a function of Yb concentration. It was observed that, up to 10% of
Yb concentration, cooperative emission increases while lifetime is observed to
decrease. Such behaviour is attributed to the Yb interaction with OH− radicals
and energy migration among Yb ions.

1. Introduction

Cooperative luminescence is an up-conversion process in which two interacting ions (dimers)
in the excited state decay simultaneously to the ground state, emitting one photon at twice the
energy of single-ion transitions [1, 2]. This process relies on Coulomb interaction between
ions and has a strong dependence on inter-ionic distances. Among rare earths, Yb3+ is the most
investigated because it presents only one electronic excited state at around 1000 nm in the 4fn

configuration [3]. In this case, there is a simultaneous de-excitation of two excited Yb3+ ions
in the 2F5/2 level, resulting in the emission of one visible photon at around 500 nm. The large
energy gap between Yb3+ ground and metastable multiplets also reduces unfavorable non-
radiative de-excitation processes such as multi-phonon relaxation and quenching due to OH−
groups compared to other rare-earth ions. Even though up-conversion processes that involve
a resonant intermediate energy level, for example energy transfer or excited state absorption,
are about 105 times more efficient than cooperative luminescence, the latter has been observed
in several highly doped Yb systems [4–15].
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Table 1. The concentration (N ) and thickness (d) of the samples used in the present work.

0.2Yb 0.5Yb 1.5Yb 3Yb 5Yb 6Yb 10Yb 15Yb

N (×1020 cm−3) 0.23 0.56 1.53 3.02 4.79 5.96 9.72 13.4
d (cm) 0.302 0.402 0.380 0.380 0.335 0.382 0.226 0.384

There have been many articles published about cooperative emission in Yb-doped glasses
and crystals. Nevertheless, the influence of processes such as radiation trapping (due to the
superposition of the absorption and emission Yb3+ bands) and energy transfer (migration among
Yb ions or interaction with impurities) has not been discussed in detail. To obtain Yb-doped
systems for optical devices, the evaluation of such processes is required. Among the possible
applications reported for cooperative emission in Yb-doped systems, the most important are
three-dimensional planar displays [10], intrinsic bistability for optical switching [4, 13, 16],
and planar lasers for optical devices in telecommunications [14].

In this paper we have measured emission spectra and lifetimes in the visible and near-
infrared regions as a function of Yb concentration. The influence of radiation trapping and the
energy transfer to OH− groups on the cooperative emission is presented and discussed.

2. Experimental set-up

The glasses used in the present work have the following composition: (60 − x)(NaPO3)3–
40Al(PO3)3−xYb2O3 with x = 0.2, 0.5, 1.5, 3, 5, 6, 10 and 13 wt% (hereafter called xYb).
The glasses were prepared using reagent-grade (NaPO3)3 and Al(PO3)3 using the conventional
melt quenching method. The powders were mixed in the desired proportions and melted
in porcelain crucibles at temperatures between 750 and 1150 ◦C in air, and poured into a
previously heated brass mould. The chemical composition of each glass was measured using
an energy-dispersive x-ray spectrometer (LEO 440-EDX Oxford detector). It was verified that
the analysed compositions of the glasses are similar to the batched compositions. Table 1 shows
the measured Yb concentration (in ions cm−3) and the thicknesses of the samples. Absorption
spectra were taken using a Magna FT–IR Nicolet 850 spectrophotometer. Luminescence at
980 nm was achieved by a CW Ar+ laser tuned at 476 nm. Luminescence was dispersed by
a 0.25 m Jarrel–Ash monochromator and analysed using an InGaAs detector connected to a
lock-in amplifier. The decay time of the 5F5/2 → 5F7/2Yb3+ transition was recorded using a
germanium detector connected to a Tektronix oscilloscope. Cooperative luminescence was
obtained with laser excitation at 980 nm, dispersed by a SPEX 1403 double spectrograph and
collected by a N2-cooled CCD detector. Appropriate filters were used to suppress scattered
laser light. Temporal transients at 500 nm were obtained using a modulated 980 nm diode
laser. Modulation was achieved using a mechanical chopper with frequencies in the range
of 10–100 Hz, according to the sample lifetime. The signal emitted by the samples passed
through infrared filters to avoid the luminescence at 980 nm and was collected by a GaAs
photomultiplier connected to a digital oscilloscope. All measurements were made at room
temperature.

3. Results

Figure 1(a) presents the absorption spectrum of the 6Yb sample, attributed to the
2F7/2 → 2F5/2Yb3+ transition. The inset shows the integrated absorption band as a function
of Yb concentration, which exhibits a linear dependence as expected. Figure 1(b) displays the
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Figure 1. (a) The Yb3+ absorption spectrum for the 6Yb sample, at room temperature. The inset
shows the integrated band as a function of Yb concentration. (b) The infrared spectra of the 0.5Yb
and 13Yb samples, in the range 500–4000 cm−1.

near-infrared transmission in the region of 500–4000 cm−1 (20–2.5µm) for samples 0.5Yb and
13Yb. It is important to mention that these particular measurements were performed in samples
with a thickness of 0.57 mm. The region from 500 to 1500 cm−1 exhibits metaphosphate glass
structures [17]. The absorption bands at 3500 and 2400 cm−1 are attributed to the presence
of OH− radicals. In phosphate glasses, OH− groups can be present at different positions on
the phosphate chain, which gives rise to different OH− associations. This difference results in
a number of overlapping absorption bands which, combined, give a broad band that extends
from 2700 to 3700 cm−1. Another important point is that the water content is nearly the same
for both samples.

Figure 2 displays the near-infrared luminescence as a function of Yb3+ concentration,
pumped at 476 nm. In this case there is small absorption from the glassy host, followed by
energy transfer to the Yb ions. The line-shape of the spectra is due to the inhomogeneous
broadening characteristic of glassy hosts. The large bandwidth is attributed to the transitions
from Stark sublevels of the 2F5/2 and 2F7/2 Yb3+ levels. Specifically, the transition at 975 nm
originates from radiative transition from the lowest Stark sublevel of the 2F5/2 level to the
lowest Stark sublevel of the 2F7/2 level. The inset shows the integrated intensity of the
2F5/2 → 2F7/2Yb3+ emission band, which increases almost linearly with Yb concentration.

The cooperative luminescence of the samples is shown in figure 3. The spectra are
characterized by a broad band with about 20 nm of HWHM (half width at half maximum),
centred at 500 nm. The main peaks at 496 and 502 nm may be attributed to the combination of
electronic energies of the Stark levels of isolated Yb3+ ions. There is a small red shift in energy,
which is attributed to second-order correction of the double excitation energy, as explained
by Dexter [18]. It can also be noted that the cooperative luminescence line-shape, called
fcoop(E), undergoes a change depending on the Yb concentration. It is known that fcoop(E) is
proportional to the self-convolution integral of the near-infrared line-shape, fIR(E), as follows:
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Figure 2. Near-infrared luminescence, attributed to the 2F5/2 → 2F7/2Yb3+ transition, as a
function of Yb concentration. The laser excitation was tuned at 476 nm. The inset shows the
integrated intensity of the luminescence band as a function of Yb concentration.

fcoop(E) ∝ ∫
f(IR)(E ′) f(IR)(E − E ′) dE ′ [19]. So, it can be seen that fcoop(E) will be modified

according to the changes of the near-infrared line-shapes shown in figure 2. The inset shows
the cooperative integrated intensity, which increases up to 10% (9.72 × 1021 ions cm−3) and
is followed by quenching for higher Yb concentrations.

Figure 4 depicts the near infrared and cooperative lifetimes as a function of Yb
concentration. Two features should be emphasized. One is that the near infrared and
cooperative lifetimes decrease with Yb concentration, indicating the presence of nonradiative
decay channels. The other is that cooperative lifetimes are about half of their respective near
infrared ones. The continuous line resulted from fitting procedures to be discussed in the next
section.

4. Discussion

The decrease in lifetime as Yb concentration increases indicates that nonradiative processes
should play an important role. Considering that the decay time achieved for the 0.2Yb sample
could correspond to the radiative lifetime τ0, then the nonradiative rate (Wnr) may be obtained
from Wnr = 1/τ − 1/τ0, where τ is the measured lifetime. Figure 5 shows that Wnr increases
with Yb concentration. The observed features may occur by different mechanisms. The most
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Figure 3. The cooperative luminescence and integrated intensity (inset) as a function of Yb
concentration. Samples were excited at 980 nm.

Figure 4. Lifetimes of the near-infrared and cooperative emissions as a function of Yb
concentration. The continuous curve corresponds to fitting procedures.

likely are: (1) energy migration among Yb3+ ions, followed by transfer to recombination
centres; (2) interaction between Yb3+ ions and the glassy host defects; (3) trapping by defects
such as OH−; and (4) radiation trapping of energy among Yb ions. The result is an increase
in lifetimes, as observed in the samples.

We discuss these effects in detail in the following.

4.1. Nonradiative processes

Among the nonradiative processes mentioned, we propose that energy migration and the
presence of OH− radicals, whose energies occur in the range 2700–3700 cm−1, are the most
important. This is based on the following considerations:

(a) Near-infrared spectra of the samples demonstrated the presence of absorption bands in the
region mentioned.
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Figure 5. The nonradiative transition rate, Wnr , as a function of Yb concentration. The continuous
curve represents the fitting by means of the equation Wnr = (1/τ0)[1 + τ0(140N + 270N2)]/(1 +
0.5N) − 1/τ0, where N is the Yb3+ concentration and τ0 represents the radiative lifetime.

(b) The OH− content is nearly the same in all samples.
(c) Preliminary studies conducted on samples prepared in a controlled atmosphere (in vacuum)

with the same Yb concentrations demonstrated that the cooperative emission is two orders
of magnitude stronger, under the same experimental conditions. Moreover, the infrared
spectra evidenced that the OH− content is significantly reduced in this set of samples.

(d) Energy migration among Yb ions followed by energy transfer to defects depends on the
superposition between absorption and emission cross sections, and is proportional to the
square of Yb concentration.

It is well known that the superposition mentioned is very strong in Yb ions [20–22]. In [23],
dos Santos et al considered that energy migration between Yb3+ ions, followed by energy
transfer to defects, was the most important mechanism in non-hygroscopic tellurite glasses.

In this way, we consider Wnr to be composed of two contributions:

Wnr = WOH + Wem (1)

where WOH is the nonradiative decay by OH− radicals and Wem is the energy migration
nonradiative process. The first needs only three interactions with these radicals, which is
more probable than decay by phonons, with energies around 1200 cm−1 for the present
samples. Zhang and Hu have shown that OH− impurities are very effective quenchers of the Yb
luminescence. The energy transfer rate to OH− impurities is proportional to the acceptor and
donor concentration [24, 25]. The model considers the interaction of OH− groups and Yb3+

ions as follows: the OH− radicals are coupled to a fraction of Yb ions, which is dependent on
the OH− concentration in the glass. Nonradiative quenching occurs after the excited energy
is transferred to the Yb ions coupled to the OH− groups. The excited energy will be lost
whenever it is transferred to a Yb ion coupled to an OH− quenching centre. In this way, the
donors (Yb ions) and acceptors (Yb ions coupled to OH− groups) may be treated as proposed
in [24, 25]:

WOH = (kOH)(αOH)NYb = c1 NYb (2)

where kOH is a constant that determines the force of the interactions between Yb ions and OH−
radicals, NYb is the donor concentration (Yb), αOH corresponds to the OH− content, and c1 is
the proportionality constant. The term c1 NYb will be used in units of 1020 ions cm−3. It is clear
that WOH increases with Yb concentration due to the decrease of the distance between donors
and acceptors. Such behaviour has been verified experimentally in several systems [24, 25].
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Figure 6. The absorption and emission cross sections for the 2F7/2 → 2F5/2Yb3+ transition. The
emission cross section was obtained from the reciprocity method.

Turning back to the energy migration Wem, in the dipole–dipole approximation it is given
by [26]:

Wem = 3�
4c4

4π4τ

(
1

R

)6

Q
∫

Fe(E)Fa(E) dE

E4
= c2 N2

Yb (3)

where R is the inter-ionic distance, Q is the integrated absorption cross section
∫

σ(E) dE ,
Fe(E) (Fa(E)) is the normalized shape of emission (absorption) spectra, and c2 is the
proportionality constant. Performing the above calculations, we found Wem = 270N2

Yb, using
NYb in units of 1020 ions cm−3.

So, Wnr = c1 NYb + 270N2
Yb, where c1 is to be determined by fitting procedures.

4.2. Radiation trapping

Radiation trapping has been observed in several Yb3+-doped systems [27–29]. In this case,
spontaneously emitted photons are trapped by re-absorption by Yb ions in the 2F7/2 ground
state and subsequently emitted again in such a way that the entire process is repeated. The net
result is that the 2F5/2-level lifetime increases. The effect depends on the superposition of the
absorption and emission cross sections, as well as on the sample thickness.

Zhang and Hu [24] proposed that radiation trapping could be evaluated by determining
the emission cross section theoretically. We obtained the emission cross section using the
reciprocity method [21], as shown in figure 6. Then, the parameter rtc (radiation trapping
coefficient), defined as rtc = (Ipc/Isc − Ipm/Ism)/(Ipc/Isc), could give a quantification of the
effect, as displayed in figure 7. Here, Ipc (Ipm) represents the principal calculated (measured)
peak and Isc (Ism) corresponds to the secondary calculated (measured) peak. From the figure, it
is clear that radiation trapping depends on Yb concentration and occurs even for doping levels
of about 0.2%, which corresponds to 2.3 × 1019 cm−3. Zhang and Hu [24] reported similar
results for the rtc parameter in Yb tetraphosphate glasses.

Auzel [29] proposed that the increase in the radiative lifetime (τ0) from the radiation
trapping effect is given by the factor (1 + σd NYb), where d is the thickness of the samples and
σ is the absorption cross section. In our case, σ = 1.4 × 10−20 cm2 and d is around 0.35 cm
for all the samples (the average value, according to table 1).

So, the lifetime of the near infrared emission should include at least two competing terms:
(a) the trapping of radiation, which tends to increase the lifetime; and (b) nonradiative losses
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Figure 7. The radiation trapping coefficient (rtc) as a function of Yb concentration.

by OH− interaction and energy migration among Yb ions:

τ = τ0
(1 + 0.5NYb)

[1 + τ0(c1 NYb + 270N2
Yb)]

. (4)

The result of the fitting is shown in figure 4 (continuous curve), which exhibits a good
agreement with the experimental results. The radiative lifetime obtained is τ0 = 1.05 ms and
the parameter c1 = (140±20) cm3 s−1 results in (kOH)(αOH) = 1.4×10−18 cm3 s−1, which is
comparable to that reported by Zhang and Hu [24] given by 4.5 × 10−18 cm3 s−1 for Yb-doped
tetraphosphate glasses. Additionally, the continuous line shown in figure 5 was achieved with
the same parameters for Wnr.

Considering that the cooperative lifetime follows the same behaviour as the near-infrared
lifetime, it can be concluded that the presence of OH− radicals as well as energy migration
also affects the cooperative properties.

We propose that the dependence of the cooperative and near-infrared intensities (Icoop and
Iir , respectively) on Yb concentration can be described theoretically by a rate equation that
includes the nonradiative losses Wnr [19]:

dN2

dt
= P N1 − W21 N2 − X N2

2 − Wnr N2 (5)

where Ni (i = 1, 2) stands for the population of levels 1 and 2, which correspond to the 2F7/2

and 2F5/2 Yb3+ levels, respectively, N1 + N2 = NYb gives the total concentration of Yb, W21

is the radiative rate of the 2F5/2 level, and X is the cooperative rate. This depends on the inter-
ionic distance, glassy host and multi-polar coupling mechanisms such as electric and magnetic
dipole, and so on [30]. Equation (5) means that population of the 2F5/2 level is increased by a
pumping term P N1 that depends on the laser intensity (I ) according to P = σ I , where P is the
pumping rate and σ is the absorption cross section. All other terms are responsible for losses:
W21 N2 represents the radiative decay to the 2F7/2 level; Wnr N2 accounts for nonradiative losses;
and X N2

2 indicates the loss of population of the 2F5/2 level by the creation of Yb pairs.
In this work we have considered W21 = 952 s−1, and Wnr values were extracted from

figure 5. From the absorption spectrum at 980 nm, the corresponding pumping rate is
P = 22 s−1.

The main features of the exposed rate equation are already known [6] and were not changed
by the inclusion of the term Wnr:
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Figure 8. Experimental (Icoop) and theoretical (N2
2 ) cooperative emission. Icoop is proportional to

N2
2 .

(1) The X parameter is usually very small due to the fact that the cooperative emission is very
weak when compared with the near-infrared emission. So, the system is not sensitive to
X and it cannot be determined by fitting procedures. In other words, this means that, even
though the term X N2

2 should be considered as a loss term for N2 population, it can be
neglected when compared to W21 N2.

(2) The N1 population is not significantly changed for the pumping rates of the experiment
(up to 22 s−1).

(3) The intensity of the near-infrared emission (Iir) depends on N2, while cooperative emission
(Icoop) is proportional to (N2)

2.

(4) Iir and Icoop vary linearly and quadratically with P , respectively.

(5) The predicted cooperative lifetime is half of the near-infrared lifetime, given by 0.6 and
1.2 ms, respectively, for the 0.2Yb sample.

The basic change with inclusion of the nonradiative losses is that the model predicts the
behaviour of the lifetimes and intensities of the cooperative luminescence as a function of
Yb concentration. Figure 8 shows that there is a good comparison between the cooperative
luminescence predicted by the above rate equation and the experimental results.

Cooperative luminescence of Yb3+ ions has been observed in different crystals and glasses.
Some properties are reported in table 2 for purposes of comparison. It should be stressed that
the cooperative rates X are obtained experimentally, while the theoretical value—including
exchange, electrostatic and magnetic interactions—predicts a value of about 0.02 s−1 for Yb
interaction distances in the range 3–5 Å [30]. From table 2, it can be noted that the X values are
of the same order of magnitude, irrespective of the host. Moreover, all experimental cooperative
rates are about one order of magnitude greater than those predicted by theory. This suggests
that there are effects, such as higher-order interactions, other than dipole quadrupole coupling
as well as the formation of clusters, which need to be considered.
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Table 2. Cooperative luminescence parameters reported in other Yb-doped glasses and crystals.

Matrix Concentration Interionic distance (Å) Lifetime (ms) X (s−1) References

Phosphate (0.23–13.4) × 1020 ions cm−3 5–20 1.2 — This work

CsCdBr3 2.3 × 1020 ions cm−3 4–5.5 0.78 0.13 [19]

Gd3Ga5O12 7 × 1020 ions cm−3 — 1.47 0.37 [8]
LiNbO3 0.5–4 mol% 3.8 0.4 [9]
SiO2 0.06–1 mol% — 1.7 [10]
YAG 15 at.% 7.8 0.887 0.29 [14]
La2O3 0.5 mol% — — — [12]
YbPO4 0.5 mol% 0.998 [1]
MgO–2Li2O–P2O5 0.2 wt% 5.5 0.938 0.5 to 2 [15]

5. Conclusions

This paper has presented results on the cooperative emission of radiation, which converts
near-infrared photons to blue. It has been shown that nonradiative effects play a fundamental
role and that the main nonradiative paths were attributed to OH− radicals (since the samples
were obtained in a non-controlled atmosphere) and energy migration among Yb ions. It was
observed experimentally that there is an optimum Yb concentration—in this case 10 wt% of
Yb. For higher concentrations, nonradiative processes quench the cooperative luminescence.
The behaviour of the cooperative luminescence as a function of Yb concentration was described
theoretically by the inclusion of the nonradiative losses in the rate equation.
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