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The 2.8- m emission of Er3⫹ -doped low silica content calcium aluminate glasses sensitized by Yb3⫹ is
investigated using conventional spectroscopy. The experimental data are quantitatively analyzed in terms of the
energy transfer among the Yb3⫹ and Er3⫹ ions. The energy transfer rate by dipole-quadrupole mechanism was
inferred to be larger than by dipole-dipole mechanism. Using the Dexter model of energy transfer, the microscopic parameters of energy transfer by dipole-dipole mechanism were calculated. It was found that the
Yb3⫹ →Er3⫹ energy transfer constant is 2.6 times greater than the back-energy transfer.

I. INTRODUCTION

Mid-infrared lasers (2 –5  m) have attracted considerable attention in the past 10 years, particularly for their great
potentialities as medical lasers and in remote chemical sensing application.1,2 These kinds of laser devices operating at
2.8  m were until recently based upon Er3⫹ -doped crystalline hosts3 关yttrium aluminum garnet 共YAG兲 and yttrium
lithium fluoride 共YLF兲 crystals兴 and fluoride glasses.4 The
main argument for concentrating the search for 2.8- m laser
emission in nonoxide glasses was because this class of
glasses demonstrate relatively low nonradiative transition
rates due to their well-known maximum phonon energy of
approximately 500 cm⫺1 .
In a recent paper,5 we reported on the observation of
2.8- m emission from Er3⫹ - and Yb3⫹ -doped low silica
content calcium aluminate 共LSCA兲 glasses. Such observation
of the 2.8- m emission from an oxide glass host was at one
time a challenge for researchers in the optical material science area. Low silica calcium aluminate glasses have better
optical quality and improved thermomechanical6,7 and
chemical-resistance properties when compared to those of
the fluoride glasses. Furthermore, LSCA glasses can also be
used in fiber form with great advantage over silica fibers due
to their lower scattering and multiphonon losses.8 The successful observation of the 2.8- m emission in LSCA glasses
rested in two important procedures we have adopted,
namely, the fabrication of low silica content samples in a
vacuum furnace, and rare-earth oxide doping. The low silica
content used in our formulation together with the vacuum
melting sample preparation not only ensured improved
chemical resistance, but also reduced the OH presence in our
LSCA glass samples. As it is well known, the presence of
OH radicals plays an important role in enhancing the multiphonon relaxation of the excited states of Er3⫹ ions which,
in turn, entails in a severe luminescence quenching. On the
other hand, the use of Er3⫹ - and Yb3⫹ -doped 共LSCA兲
glasses envisaged to take advantage of the fact that the Yb3⫹
acts as a sensitizer of the Er3⫹ luminescence. A detailed
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investigation of such pumping mechanism is presented in
this paper. The Dexter model9 is applied to calculate the
energy transfer rates by dipole-dipole coupling. The energytransfer rate by dipole-quadrupole mechanism was inferred
using the Kushida formulation.10 The obtained results
showed that the energy transfer rate by dipole-quadrupole
coupling seems to be larger than by dipole-dipole. The predominance of the dipole-quadrupole mechanism against
dipole-dipole has also been observed in other studies concerning energy transfer between rare-earth ions.11–13
II. EXPERIMENTAL PROCEDURES

Two sets of LSCA glasses were prepared from 99.999%
purity powders. One purely Er-doped, and henceforth
denoted by x Er, had the following weight 共%兲 composition: (41⫺x)% Al2 O3 , 47.4% CaO, 7% SiO2 , 4.1% MgO,
and x% Er2 O3 , x⫽0.5, 1, and 2. The second set of glass
samples was a doped set denoted as x Er 2 Yb with the following weight 共%兲 composition: (41⫺x)% Al2 O3 , 47.4%
CaO, 7% SiO2 , 4.1% MgO, x% Er2 O3 , 2% Yb2 O3 with
x⫽0.5, 1, 2, 3, and 4. The mixtures were melted at
1500 °C in graphite crucibles under vacuum conditions. After 2 h in the melt, the mixture was cooled down to room
temperature. The samples so obtained were cut and polished
into 3-mm-thick disks of 10 mm in diameter.
The ultraviolet-visible-near-infrared optical absorption
spectra were recorded in a Cary 17 spectrophotometer. The
photoluminescence decay curves measurements were performed with a diode laser operating at 0.98  m and modulated by a mechanical chopper as the excitation source. After
being dispersed by the 0.3-m Thermo Jarrel Ash monochromator, the signal was collected by a InAs detector. The collected signal was recorded by a Hewlett Packard 54501A100 MHz digital oscilloscope. All measurements were done
at room temperature.
III. RESULTS

The 4 I 11/2 excited state decay curves were measured for
both x Er and x Er 2 Yb samples. The signal was measured in
3176
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FIG. 1. 1/e time of the 4 I 11/2 level of Er3⫹ corresponding to the
I 11/2→ 4 I 13/2 transition. The lifetime of the 2 F 5/2 level is also included for comparison.
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have used.5 The low silica content as well as the vacuum
melting procedure inhibited the formation of OH radicals in
our samples, as manifested by the absence of the characteristic strong absorption bands of these radicals in our spectra.
As discussed by Hehlen et al.,17 the presence of OH radicals
induces an enhancement of the multiphonon assisted transitions of the Er3⫹ ions, and consequently a quenching of their
luminescence. On the other hand, the enhancement of the
2.8- m luminescence in the doped samples was attributed to
a sensitizer role played by the Yb3⫹ ions in those samples.
To check whether this view is a reasonable qualitative explanation of the above findings, we present a quantitative analysis of the Yb3⫹ →Er3⫹ energy transfer. To this end, we assume the Dexter model9 describing the energy transfer.
According to this model, the energy transfer rate between
two ions can occur via a multipolar interaction. In a first
approximation, it will be assumed that the dipole-dipole
mechanism is predominant over the dipole-quadrupole and
quadrupole-quadrupole interactions. The energy transfer rate
due to dipole-dipole interaction is given by

4

the I 11/2→ I 13/2 transition 共around 2.8  m) in order to
avoid the Yb3⫹ luminescence ( 2 F 5/2→ 2 F 7/2 transition兲.
From the curves the 1/e time (  ) was evaluated which is the
time interval where the signal drops to 1/e of its initial value
and the results are shown in Fig. 1. Other criteria have been
used to evaluate a number representing a nonexponential decay curve. Inokuti and Hirayama14 have proposed a mean
time (  m ) defined by
4

4

 m⫽

冕

⬁

0
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where I(t) is the decay curve and I(0) is its initial intensity.
As a large discrepancy between the two criteria was not
found, we have adopted the 1/e time due to its simplicity.
For the x Er samples, where the decay curves are exponentials, the 1/e time is identical to the 4 I 11/2 lifetime and approximately 85  s. The decay curves of the 2 F 5/2 level was
also monitored 共observing the luminescence intensity above
1.0  m where the Er3⫹ no longer emits兲. Since the Yb3⫹
ions are initially excited, the Yb3⫹ decay rate is found to
decrease to a limiting rate, while the Er3⫹ emission rate is
seen to increase to the same limiting value, as the Er3⫹ and
Yb3⫹ emissions come into equilibrium with each other. Also
shown in Fig. 1 is the 2 F 5/2 lifetime measured in a single
Yb3⫹ -doped sample, which is about 1.0 ms. For the doped
samples, the results clearly show that the effect of the Yb3⫹
ions is to increase the 1/e time of the 4 I 11/2 decay curve. This
indicates that the Yb3⫹ →Er3⫹ energy transfer may indeed
be considered as an efficient pumping channel for the erbium
4
I 11/2 level in our LSCA glass samples.
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here, R⫽(3/4 N) 1/3 is the average distance between sensitizer and activator, N is the concentration of absorbing centers, Q s (Q a ) is the area under the absorption cross section
of the sensitizer 共activator兲, f s ( f a ) is the normalized sensitizer 共activator兲 absorption line-shape function, n is the refractive index, and E is the photon energy.
The other two relevant parameters describing the energy
transfer are the energy-transfer constant C s-a , and the critical
radius of interaction R c . For dipole-dipole interaction such
parameters are defined as
dd
dd
⫽ P s→a
R6
C s→a

and

dd
1/6
R dd
c ⫽ 共 C s→a  s 兲 ,

共3兲

IV. DISCUSSION

The observed luminescence at 2.8  m in the single
Er3⫹ -doped and Yb3⫹ - and Er3⫹ -doped samples is essentially due to the formulation and fabrication procedures we

FIG. 2. Sensitizer emission and activator absorption cross sections for the 共a兲 Yb3⫹ →Er3⫹ and 共b兲 Er3⫹ →Yb3⫹ energy transfer.
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TABLE I. Microscopic parameters of energy transfer C s→a
and R dd
c , calculated for the doped samples.
Q s and Q a are the integrated sensitizer emission and activator absorption cross sections in each case.

Sensitizer→Activator
Yb3⫹ →Er3⫹
Er3⫹ →Yb3⫹

Q s (cm2 erg)

Q a (cm2 erg)

 s (  s)

dd
(cm6 /s)
C s→a

R c (Å )

5.03⫻10⫺34
1.65⫻10⫺35

3.89⫻10⫺35
7.69⫻10⫺34

1100
85

3.43⫻10⫺40
1.32⫻10⫺40

8.37
4.71

where  s is the sensitizer lifetime in a sample without the
activator 共1.0 ms for Yb3⫹ and 85  s for Er3⫹ ). The critical
radius corresponds to the sensitizer-activator distance where
the energy transfer and the intrinsic decay of the sensitizer
are equally probable. Equation 共2兲 indicates that the energytransfer rate scales with the square of the dopant concentration. It also follows from Eq. 共2兲 that strong energy transfer
results from a good spectral overlap between the sensitizer
emission and the activator absorption. The absorption and
emission cross sections of the Yb3⫹ and Er3⫹ , as obtained
from the experimental data, are shown in Fig. 2. Using these
cross sections, together with the corresponding values of  s ,
we have calculated the Yb3⫹ ↔Er3⫹ energy transfer parameters. The results for the energy-transfer constant and the
critical radius are presented in Table I; it can be seen that the
energy-transfer constant for the Yb3⫹ →Er3⫹ process is 2.6
times greater than that of the Er3⫹ →Yb3⫹ energy transfer.
These results along with the  values plotted in Fig. 1 corroborate our previous assumption that the energy transfer is
more efficient from Yb3⫹ to Er3⫹ than in the opposite sense.
Assuming that the net energy transfer will be from Yb3⫹ to
⬘
, for the
Er3⫹ , a macroscopic energy transfer rate P Yb→Er
x Er 2 Yb samples can be obtained as follows:15
1 1
⬘
P Yb→Er
⫽ ⫺ ,
 s

共4兲

FIG. 3. Energy-transfer rates as a function of the dopant concentration for our x Er 2 Yb low silica calcium aluminate glasses.
The open symbols indicate the calculated energy transfer rate by
dipole-dipole mechanism. The solid squares represent the macroscopic energy transfer rate obtained from Eq. 共4兲. The solid circles
represent the effective value for the energy-transfer rate including
the dipole-dipole and dipole quadrupole mechanisms.

where  is the 1/e time of the 2 F 5/2 level in the doped
samples, and  s is the 2 F 5/2 lifetime measured in a sample
without the activator 共sample with 0.1 wt % Yb3⫹ ). The
dependence of the energy-transfer rates in function of the
dopant concentration is plotted in Fig. 3. The solid lines in
Fig. 3 represent the data fitting to an allometric curve, of the
form Ax  , where x means the total dopant concentration. The
open symbols represent the calculated energy-transfer rates
by dipole-dipole mechanism, and the solid squares represent
the macroscopic energy-transfer rate obtained from Eq. 共4兲.
The results of the data fitting of the energy-transfer rates to a
function of the type Ax  shown in Fig. 3, yielded an expodd
⬘
rates, whereas for P Yb→Er
the
nent equal to 2 for the P Yb↔Er
exponent was found to be equal to 2.3. There are some comments to be made related to the difference between the valdd
⬘
ues of P Yb↔Er
and P Yb↔Er
. The first point is that it is difficult to compare their absolute values because of the way the
dd
is calculated taking into
two numbers are achieved. P Yb↔Er
account only two-ion interaction and a single energy-transfer
channel; also, the distance R used in Eq. 共2兲 is only a rough
approximation of the real case. In contrast, the macroscopic
⬘
energy-transfer rate P Yb→Er
as defined in Eq. 共4兲 is rigorously valid only if the decays are exponential and it represents a net value considering the average distribution of ions
within the material as well as all possible energy-transfer
⬘
with the dopant conchannels. The faster growth of P Yb→Er
centration is the more important point to be treated here. It
suggests that other phenomena are occurring in the system.
Among the several possibilities to explain such a behavior,
we mention that 共a兲 more than two ion processes may indeed

FIG. 4. Energy levels diagram of Er3⫹ and Yb3⫹ showing possible energy-transfer mechanisms leading to upconversion.
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dd
dq
TABLE II. Average distance between the ions R, microscopic energy-transfer rates P s→a
and P s→a
,
ef f
⬘
macroscopic energy transfer rate P s→a , and effective energy transfer rate P s→a obtained for the x Er 2 Yb
samples.

x Er 2 Yb

R(Å )

dd
P Er→Yb
(s⫺1 )

x⫽0.5
x⫽1
x⫽2
x⫽3
x⫽4

9.41
8.86
8.05
7.47
7.03

190
273
486
761
1095

dd
P Yb→Er
(s⫺1 )

⬘
P Yb→Er
(s⫺1 )

dq
P Yb→Er
(s⫺1 )

dq
P Er→Yb
(s⫺1 )

ef f
P Yb→Er
(s⫺1 )

494
709
1260
1973
2841

1105
1667
3444
6042
8804

1072
1736
3738
6797
11 050

215
348
748
1361
2213

1161
1824
3764
6648
10 583

contribute to the energy transfer, 共b兲 higher-order multipolar
interactions 共such as dipole-quadrupole兲 can be occurring,
and 共c兲 clusters form in the sample. The former assumption
states that besides the single-step energy-transfer process
2
F 5/2 , 4 I 15/2→ 2 F 7/2 , 4 I 11/2 leading to the 2.8- m emission,
other higher-order processes may be competing. Due to the
high Yb3⫹ absorption cross section, it is very likely that a
cooperative energy transfer in which two Yb3⫹ ions simultaneously transfer their energy to an Er3⫹ ion is also a contribution 共Fig. 4兲. In this case, the Er3⫹ undergoes an upconversion to its 4 F 7/2 excited state by means of the cross
2
F 5/2 , 2 F 5/2 , 4 I 15/2→ 2 F 7/2 , 2 F 7/2 , 4 F 7/2 . 16
relaxation
Since this process involves basically three ions, one would
expect that, when adding up all these mechanisms, the
energy-transfer rate should exhibit a dependence on the dopant concentration between the quadratic and the cubic types.
The above explanation can elucidate the origin of the expo⬘
, but the upconverted emission in our
nent  ⫽2.3 for P Yb→Er
samples is extremely weak when compared with the infrared
emissions, and we believe it is not sufficient to explain the
results. The second hypothesis takes into account higherorder multipolar interactions. According to Dexter, for a
completely allowed electric dipole transition, the ratio bedd
dq
/ P s→a
is of the order (a 0 /R) ⫺2 , where a 0 is the
tween P s→a
atomic radius. On the other hand, rare-earth ions are known
to present only partially allowed electric dipole transitions.
Additionally, the 4 I 11/2→ 4 I 15/2 and 2 F 5/2→ 2 F 7/2 transitions
are allowed by an electric quadrupole mechanism. Some reported experiments18–21 have shown that, in such cases,
sometimes the energy transfer by dipole-quadrupole mechanism is of the same order or higher than by the dipole-dipole
mechanism. Kushida10 theoretically treated the situation of
energy transfer between rare-earth ions in crystals and calculated the energy-transfer rates for the interaction between
two Yb3⫹ ions in YF3 . The results confirmed that the
strength of the energy transfer by dipole-quadrupole is larger
than by dipole-dipole and were in good agreement with exdd
dq
/C s→a
⫽5⫻1013 cm⫺2
periments. Using the relation C s→a
dq
obtained in Ref. 10, we inferred the value of P Yb→Er
and
dq
P Er→Yb . The results are in Table II. An effective value for
ef f
dd
the energy-transfer rate can be defined as P Yb→Er
⫽ P Yb→Er
dq
dd
dq
⫹ P Yb→Er⫺ P Er→Yb⫺ P Er→Yb . These numbers are in the last
column of Table II. Also plotted in Fig. 3 are the values of
ef f
P Yb→Er
共solid circles兲. It can be noted there is a good agree⬘
. Due to the rough
ment between the latter data and P Yb→Er
dq
dq
approximation made to obtain P Yb→Er
and P Er→Yb
, the good
ef f
⬘
and P Yb↔Er is not important and
agreement between P Yb↔Er

can be fortuitous. The main point is the exponent  obtained
ef f
in function of the dopant concentration. It is
for P Yb↔Er
worth noting that the direct evaluation of the energy-transfer
rate by dipole-quadrupole mechanism using the Dexter
model is a very difficult task, due to the lack of knowledge of
the activator absorption cross section by electric quadrupole
mechanism. The latter assumption takes into consideration
the clusters formation in the sample. The presence of clusters
will cause a real energy transfer larger than the expected one,
but it is also expected that its value should be concentration
independent, which is not verified in our samples.
Knowing P s⫺a as well as the sensitizer lifetime  s measured in a sample without the activator, the efficiency of
energy transfer  , as defined by Dexter,9 is estimated from

⫽

P s→a  s
.
1⫹ P s→a  s

共5兲

The energy-transfer efficiencies are shown in Table III and
plotted in Fig. 5 in function of Er3⫹ concentration. It was
dd
dq
⫹ P s→a
to evaluate Eq. 共5兲 in
used in the summation P s→a
each case. As can be seen, the energy-transfer efficiency is
reaching an upper bound for the x Er 2 Yb samples, but the
same statement is not true for the xEr samples. This is due to
the relation between P s-a and  s in each case, as suggested
by Eq. 共5兲. The data of the energy-transfer efficiencies for the
x Er 2 Yb samples were fitted with an exponentially rising
function of the type

 ⫽  0 共 1⫺e ⫺x/x 0 兲 ,

共6兲

where x denotes the Er3⫹ concentration,  0 and x 0 are fit
parameters, and  0 is the upper limit of the energy-transfer
efficiency. From the fit, it was found that  0 ⫽86%. In fact,
our previous5 data on the 2.8- m photoluminescence intensity as a function of the Er3⫹ concentration exhibited a
TABLE III. Efficiencies of the Yb3⫹ →Er3⫹ and Er3⫹ →Yb3⫹
energy transfer calculated using Eq. 共6兲. It was used in the summadd
dq
tion P s→a
⫹ P s→a
for the calculation of the efficiencies in each case.
x Er 2 Yb

 Er→Yb(%)

 Yb→Er(%)

x⫽0.5
x⫽1
x⫽2
x⫽3
x⫽4

3
5
9
15
22

53
64
78
86
91
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FIG. 5. Energy-transfer efficiency as a function of the
Er3⫹ -doping concentration for our x Er 2 Yb low silica calcium aluminate glasses. The solid squares indicate the Yb3⫹ -Er3⫹ energytransfer efficiency, and the open circles represent the Er3⫹ -Yb3⫹
energy-transfer efficiency. The solid line is a fit to Eq. 共6兲.

quenching for Er3⫹ concentration above 4 wt %. This upper
bound for the energy-transfer efficiency may be due to the
fact that at elevated Er3⫹ concentrations, other energytransfer processes such as energy migration and upconversion can become important, leading to additional losses.
V. CONCLUSION

We have reported on the Er3⫹ →Yb3⫹ energy transfer in
LSCA glasses. The experimental data of the Yb3⫹ absorp-
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