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Abstract

The spectroscopic study of trivalent ytterbium doped Li6Y(BO3)3 is conducted in the UV–visible and infrared range. An excitation in
the charge transfer band of ytterbium has been selected in order to reduce the reabsorption effect on the IR emission intensity. The max-
imum of the emission is located at 972 nm for an excitation at 230 nm. The energy level assignment has been successfully conducted using
vibrational spectroscopy to distinguish the pure electronic transitions from the phonon-assisted ones. The splitting of the 2F5/2 and

2F7/2

components is equal to 523 cm�1 and 676 cm�1, respectively. The decay time dependence as a function of the concentration is also
reported. The calculated value srad is about (1.03 ± 0.01) ms for the 1% doped material. For the highest concentration, an IR excitation
gives rise to the observation of a blue-green luminescence caused by two mechanisms: an erbium emission at 550 nm after upconversion
and a cooperative luminescence of ytterbium ions.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The infrared emission between 4f levels of the ytterbium
ion is studied in many compounds because of its applica-
tions in all-solid-state lasers operating in a continuous or
pulsed fashion (non-exhaustive list [1–7]). The laser effect,
obtained by stimulated emission is depending a lot on spec-
troscopic properties. Their knowledge can help to predict
the potentiality of a material doped with ytterbium. First,
the crystal field has a direct impact on the broadening of
the spectral lines; it induces a splitting of the Stark compo-
nents that can results in a larger emission range of the ytter-
bium. A strong electron–phonon coupling also enlarges the
electronic lines. The attribution of the electronic transitions

between Stark levels using absorption and emission spectra
is not so trivial. This ion possesses only two spectroscopic
terms (2F7/2 for the ground state and 2F5/2 for the excited
state) split by the crystal field in 4 and 3 Stark levels, respec-
tively. The weak strength of this perturbation leads to levels
separated by only several hundreds of cm�1. This is why at
room temperature the Stark levels are thermally populated
increasing the number of electronic transitions on absorp-
tion and emission spectra. Moreover, the ytterbium ion
gives rise to vibronic transitions due to its high electron–
phonon coupling [8]. The energy level attribution can be
verified by a method called the barycenter plot [9]. To gen-
erate ultrashort pulses, the laser crystal has to amplify
broad emission spectra. A laser amplification requires also
the knowledge of the possible excited levels which must be
at higher energy than the laser transition: reabsorption of
the infrared fluorescence is generally observed due to the
proximity between absorption and emission lines. Upcon-
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version processes of impurities and concentration quench-
ing of the activator have to be avoided to obtain good laser
efficiency. Moreover, the laser application requires good
compatibility between the absorption spectra of the materi-
als and the emission of the commercial high power laser
diodes. Finally, the decay time of the emission is an impor-
tant parameter as it is directly related with the facility to cre-
ate the inversion. Considering the single crystals, physical
parameters like the thermal conductivity must be deter-
mined to prevent the lack of stability or efficiency and dete-
rioration of the laser materials.

The Li6Y(BO3)3 host lattice has early be considered as a
good candidate for laser applications. Since 1989, articles
have been published on the spectroscopic characteristic of
Nd3+ doped Li6Y(BO3)3 [10–13]. Latter several spectro-
scopic studies were performed using trivalent europium
[14–17] or cerium [18–20] as dopants in order to use this
borate as a red phosphor for visualization or as scintillator
for the detection of neutrons, respectively. Some articles
also report the luminescence of trivalent erbium [21,22].
We recently mentioned the laser performance in continu-
ous, mode-locked and Q-switch modes of Li6Y(BO3)3:Yb3+

also called LYB crystals [5,7]. A first attribution of the
Stark components of an Yb-doped LYB crystal was pro-
posed by Brenier et al. [6]. In this work, we complete this
study on powders materials for an excitation in the charge
transfer band of ytterbium in order to avoid the reabsorp-
tion phenomena and, by using vibrational spectroscopy
and calculation to discriminate the pure electronic transi-
tion from the phonon-assisted ones. We also report for
the highest concentration in ytterbium, a blue-green lumi-
nescence for an excitation at 932 nm in the IR levels which
can be deleterious phenomena for laser efficiency.

2. Experiments

2.1. Sample preparation

Polycrystalline powders of Li6Y(BO3)3:Yb3+ were syn-
thesized by solid-state reaction at 750 �C [5]. High purity
(P99.99%) rare earth oxides were used to obtain several
ytterbium concentration: 1%, 2%, 5%, 10%, 20%, 50%
and 100% of molar substitution rate. Purity of final prod-
ucts was checked by XRD.

A crystal of Li6Y(BO3)3 doped with 15% of ytterbium
was grown by the Czochralski method [5]. Ytterbium con-
centration in the crystal was determined by microprobe
analysis. For absorption measurements, a plate of
4.5 mm · 4.5 mm · 2.45 mm was optically polished. This
crystal will be used to obtain the absorption spectra of
ytterbium in the Li6Y(BO3)3 matrix.

2.2. Experimental setup

Absorption spectra were recorded by transmission using
a double beam spectrophotometer (CARY 5000 UV–VIS-
NIR) between 800 nm and 1200 nm.

The emission spectra were recorded using a spectrofluo-
rimeter (Edinburgh Instruments FL 900 CDT) with a M30
monochromator connected to a germanium AD403L
detector for infrared emission and a PM Hamamatsu
R955 for visible detection. A Xe lamp or a laser diode
was used as excitation source.

The low temperature measurements of the absorption
and emission spectra were recorded on the same spectrom-
eters equipment with an optistat Oxford Instrument cryo-
stat cooled by a liquid helium circulation.

Infrared lifetimes measurements were performed with a
digital oscilloscope (LeCroy Waverunner LT 342)
equipped with a germanium AD403HS detector coupled
to a HR640 monochormator (Horiba Jobin-Yvon). All of
these were piloted by a home-made LabView program.

Visible lifetimes were recorded on an intensified CCD
camera (Andor Technology). The excitation source for
both measurements was an OPO (GWU355SH) pumped
with a YAG:Nd 10 Hz continuum Surelite.

Raman spectra of borate groups were performed on a
Raman spectrometer (LabRam Dilor) equipped with a
CCD detector and connected to an Ar laser source (spectra
physics 2030 model), which emits at 514.5 nm.

3. Results and discussion

3.1. Assignment of Yb3+ energy levels

A first level attribution was made by Brenier et al. [6] on
a single crystal doped with ytterbium. The level assignment
is realized from a low temperature spectrum using an infra-
red source for emission spectrum. The originality of our
work is to compare the low temperature spectrum to
Raman spectrum in order to identify purely electronic from
vibronic lines and to calculate and to compare the theoret-
ical positions of the different transitions with the experi-
mental pattern. Another noteworthy fact is that in our
case, the samples are polycrystalline powders and an exci-
tation in the ultraviolet range through the charge transfer
state of the dopant was preferred. The two 4f levels of
the ytterbium ion are split by the crystal field in four Stark
levels for the ground state 2F7/2 and three for the excited
state 2F5/2. These levels will be labeled from 1 to 4 for
the ground state and 5–7 for the excited state, the 1 level
being the ground state and the 7 level, the highest energy
component (see the identification in Table 1 or the inset
of Fig. 1).

At room temperature, the absorption and emission spec-
tra are too complicated to be correctly interpreted. Because
of the thermal distribution of electrons population, a max-
imum of 12 pure electronic transitions which correspond to
the radiative de-excitation from the three components of
the 2F5/2 level on the four components of the 2F7/2 level
are expected. This can be limited by low temperature mea-
surements. In Fig. 1, the absorption spectra were recorded
on the crystal plate with unpolarized light at room and low
temperature. Three main peaks are observed at 972 nm,
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954 nm and 925 nm, respectively. At low temperature,
these lines are thinner and they correspond mainly to tran-
sitions from the level 1 to the upper levels 5–7. In Fig. 2, the
emission of the 1%-doped sample was recorded under exci-
tation in the charge transfer state at 230 nm [23]. At low
temperature four lines are peaking at 972 nm, 1008 nm,
1022 nm and 1040 nm, respectively.

Note: The very strong absorption of the excitation beam
at 230 nm ensures a small penetration of the excitation
beam in the sample and by the way, the emission of the sur-
face is less affected by reabsorption like radiation trapping.
Fig. 3 shows the modification observed on emission spectra
of a high doped ytterbium sample (molar substitution of
20%) excited either in the charge transfer state or in the
level 2F5/2. This high concentration has been chosen to
make clearer the reabsorption effect on this matrix. The
spectra have been normalized to the area under the curve
in order to compare them. It is clear that in the case of
an excitation in the infrared level, the emission spectrum
is strongly affected by radiation trapping, leading to a weak
emission of the most energetic lines (short wavelengths)
and an over emission intensity at 1040 nm. The emission

spectrum under ultraviolet excitation shows a strong line
at 972 nm followed by a constant emission intensity. This
observation puts in evidence the strong modification of
the emission spectrum for an excitation in the IR compared
to the spectrum obtained for an excitation in the ultraviolet
and validates our approach to obtain a better intensity
ratio of the emission lines by using an excitation in the
charge transfer state. This is mainly due to higher absorp-
tion coefficient of the charge transfer state in the ultraviolet
than the absorption coefficient of the 4f–4f lines in the
infrared.

However, the four emission lines previously pointed in
Fig. 2 cannot be attributed unambiguously to Stark levels
without checking with Raman spectrum. As they can be
replicas of electronic transitions by phonons coupling, a
strong interaction of the ytterbium ion with lattice vibra-

Table 1

Energy levels of ytterbium doped Li6Y(BO3)3 obtained for Li6Y(BO3)3:Yb

1%.

Identification of the Stark components Energy (cm�1)

2F5/2 7q 10811

6 n 10482

5 h 10288

2F7/2 4w 676

3 • 507

2 m 367

1 j 0
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Fig. 1. Absorbance spectra at 12 K and room temperature (thin and bold

line, respectively) of Li6Y(BO3)3:Yb 1% with position of theoretical

absorption lines (vertical lines). The symbols at the top of the vertical lines

indicate the levels from which the absorption occurs (black square: level 1,

black triangle: level 2, black circle: level 3, black star: level 4). Inset: energy

scheme.
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tions must be considered [8]. This electron–phonon cou-
pling results in additional vibronic transitions in the spec-
tra. To discriminate the electronic transitions from
vibronic ones (non-pure electronic transitions), the low
temperature emission and absorption spectra already
reported in Figs. 1 and 2 are compared to the Raman spec-
trum. In Fig. 4, the spectra are plotted in wave number
from an origin set on the 1–5 zero-phonon transition for
absorption and emission spectra and the Rayleigh line of
the Ar laser (514.5 nm) used to record the Raman spec-
trum. First of all the 1 ! 5 line also called zero-phonon
line is attributed to the common line of absorption and
emission spectra at low temperature. This strong line is
located at 972 nm (10,288 cm�1). In Fig. 4, looking at the
emission spectrum, the attribution of emission transitions
from the lowest level of the excited state 5 to the three levels
2–4 of the ground state seems obvious as the three main
peaks of the low temperature emission spectrum do not
overlap with any vibronic states (no Raman vibration are
detected on those positions). Regarding the absorption
spectra in Fig. 4 the same observation can be made for
the 1 ! 7 transition of the absorption spectrum which cor-
responds to the highest energy transition. However by tak-
ing into account these data, the attribution of the 1 ! 6
transition is not so obvious. A stage is observed on the
emission and absorption spectra, in the range 150–
350 cm�1 over the 1 ! 5 transition and it corresponds to
several Raman transitions. This is why the absorption line
observed at 196 cm�1 above the 1 ! 5 transition (labeled
position I) cannot be simply attributed to the 1 ! 6 transi-
tion. As a matter of fact, this transition could also be
assigned at the value 294 cm�1 above the 1 ! 5 transition
and named position II on the graph. In order to discrimi-
nate between these two possibilities and by considering
the criteria obtained with the emission from the level 5, a
simulation of the position of all the transitions from excited

state to ground state has been conducted considering the
two possible 6 level positions. The result was compared
to the room temperature emission spectrum. The more sig-
nificant part is represented in the inset in Fig. 2. By doing
so, a noteworthy fact is that the hypothetic transition
6 ! 2 occurs at 979 nm (10,215 cm�1) for the level 6 corre-
lated with the position II, and no shoulder is detected on
room temperature spectrum. However, position I of the
level 6 gives rise to a 6 ! 2 transition at 989 nm (10
115 cm�1) where emission intensity is actually observed.
By consequence, the position I was attributed to the
6 ! 2 transition even if it is probably not a purely elec-
tronic transition. Finally the energy scheme is resumed in
Table 1. In Figs. 1 and 2 all the transitions are plotted
for both absorption and emission spectra by vertical lines
(the symbol at the top of the vertical line indicates the level
responsible of the absorption or emission line, see Table 1)
with intensity proportional to the thermal distribution (fi)
of each Stark level i following this equation:

fi ¼
exp E0�Ei

kT

� �

P

i exp
E0�Ei

kT

� � ð1Þ

where E0 is the energy of the lowest Stark level of the 4f
state considered (E0 = 0 cm�1 for levels 1–4 and
10,288 cm�1 for levels 5–7), Ei is the energy of the Stark le-
vel i, k the Boltzmann constant and T the temperature.

The attribution of the transitions lines and the energy
positions of the different Stark component described here
are close to the one found by Brenier et al. [6]. However,
the position of the level 2 has been revised. The authors
fixed it at 253 cm�1. As a matter of fact, this position has
been excluded because it corresponds to Raman transitions
and we positioned the level 2 at 367 cm�1 above the level 1.
The same authors observed, on the single crystals, two
ytterbium emissions at low temperature which can be asso-
ciated to two 5!1 transitions and the first hypothesis made
for the second ytterbium environment is a substitution of
the Li+ ions with charge compensation. The structure of
the Li6Y(BO3)3 possesses a unique independent crystallo-
graphic site for the rare earth, the polyhedron YO8, which
offers one preferential substitution site for the ytterbium
ion as the cationic size are very closed (rY3+ = 1.019 Å
and rYb3+ = 0.985 Å) [24]. Previous investigations per-
formed on the luminescence of trivalent europium
(rEu3+ = 1.067) in the yttrium phase, revealed that the
europium is located in an unique rare earth polyhydron
[25,26]. In the pure ytterbium phase, the average distance
between Yb3+ and O2� is equal to 2.351 Å [27]. In this unit
cell, the lithium ions are fourfold or fivefold coordinated
with the oxygen atoms and the average distances dLi–O in
the polyhedra vary from 1.899 Å to 2.105 Å [27]. These cat-
ionic environments are too small to imagine a substitution
of the lithium by the europium. In 1982, Kbala et al. [28]
published that it is possible to substitute a pair of Li+�Y3+

atoms by a tetravalent cation which results in a ionic con-
ductivity of the matrix. This means that the structure can
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accept small local disorder. Another hypothesis to explain
this second zero-phonon line is that the compound presents
a deficit in lithium ions mainly due to the way of the tem-
perature synthesis that can favor the departure of the light-
est ions. The compensation charge can be assumed by an
oxygen vacancy as we clearly do not have tetravalent ion
in our case. This might result in a local reorganization of
the anions and a new ytterbium environment. In our sam-
ple, a small emission line is also observed at 976 nm at low
temperature. In the present work, the spectroscopy was
performed on powders. A very small transition can be dis-
tinguish at the bottom of the 5 ! 1 line at low temperature
(Fig. 2) but no more characterization was performed on
this second-type emission because of its weak intensity.
This transition can also be associated in the present situa-
tion (characterization on polycrystalline sample and not
on single crystal) to the zero line transition (line 5 ! 1)
of small quantities of impurities as Y2O3:Yb3+. Investiga-
tions are still going on to determine what the environment
of the second-type ytterbium is.

The barycenter of each 4f level has been calculated and
compared to the barycenter plot method introduced by
Antic-Fidancev [9] ( Fig. 5). This method is based on the
fact that the spin orbit splitting of the two 4f levels of the
ytterbium is host independent. Taking the lowest level of
the ground state as the energy origin, the barycenter of
the 2F5/2 level is then linearly dependent to the one of the
level 2F7/2 and follow the semi-empiric equation
y = 10,180+0.95x [29–31]. The energy level attribution is
confirmed by the proximity of the barycenter plot to the
theoretical line. Other lattices are reported on this diagram
for comparison.

3.2. Lifetime study

Lifetime measurements have been conducted for each
concentration of ytterbium under excitation in the highest
level of the excited state (1! 7 transition) at 925 nm and

for three different emission wavelengths. The results which
correspond to the 5 ! 1, 5 ! 4 and 7 ! 4 transitions are
plotted in Fig. 6. All these transitions are associated to
the main emission previously described. The advantage of
the setup used is that the lifetimes were recorded across
all the emission spectrum. It allows a really good accuracy
of the measurements. Each value can be estimated at more
or less 1%. It is then possible to discriminate the values for
different initial Stark levels, as long as they are not super-
imposed on the emission spectrum, and to compare them.
All the lifetimes measured were fitted with a single expo-
nential decay as the studied emission spectra in concentra-
tion are related to the ytterbium ion located in the unique
yttrium crystallographic site. The calculations were made
for transitions from level 5 to the Stark levels 1 and 4.
The corresponding transitions are peaking at 972 nm and
1040 nm, respectively. For the 5 ! 1 transition at 972 nm
lifetimes are systematically shorter than for the 5 ! 4 tran-
sition at 1040 nm: considering the assignment of the transi-
tions in Fig. 2, two transitions (5! 1 and 7 ! 3), occur at
972 nm. The fit of the experimental curve was performed
using the contribution of the two considered transitions.
The lifetime of level 7 was measured at 987 nm (7 ! 4 tran-
sition) for all compositions and it was found to be system-
atically lower than the one of the transition 5 ! 4 ( Fig. 6).
The thermal distribution of level 2F5/2 population can be
calculated using the Boltzmann statistics following Eq.
(1). This calculation gives a fraction of 5% on level 7 at
room temperature; this contribution to the emission spec-
trum could decrease the observed lifetime. No particular
fact was observed on lifetime corresponding to transitions
from level 6, probably because it is of the same order of
magnitude of level 5.

The classical increase due to reabsorption [32] is
observed until a substitution rate of 10% for transitions
from level 5 to level 4. As a matter of fact, the overlap
between absorption and emission spectra allow radiative
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reabsorption. A study made by Milne [33] on a gas medium
but transposable to solid-state materials, showed that such
increase should be observed for the diffusion of a radiation
along a propagation direction. From 10% of substitution to
the phase Li6Yb(BO3)3 (100% of substitution) the lifetime
decreases down to 540 ls. This strong diminution of the
lifetime is the result of the concentration quenching
[34,35]. As a matter of fact, when the concentration
increases, the distance between ytterbium ions decreases
and resonant transfers can occur, resulting in an energy
migration. This energy is either released by spontaneous
emission either quenched by a defect or an impurity in
the lattice (which is the more probable case when concen-
tration increases). Finally this quenching mechanism short-
ens the lifetime.

Moreover, it is possible to calculate a theoretical value
of the lifetime from the reciprocity relations introduced
by MacCumber [36] for transitions with overlap between
absorption and emission:

1

srad
¼

gf

gi

8pn2c
�k4

Z

rabsðkÞdk

where gf and gi are the degeneracy of final and initial levels
(respectively 2F5/2, gi = 6 and 2F7/2, gf = 8), n the refractive
index, c the light velocity, �k the emission median wave-
length (1003 nm calculated from the integration of emis-
sion spectrum) and rabs the absorption cross-section. It
gives a calculated value of srad = 1.03 ms shorter than the
one found for the lowest concentration of ytterbium mea-
sured (molar substitution of 1% by Yb3+), probably be-
cause reabsorption already occurs and lengthens the
lifetime.

A recent model [32] based on the Milne’s approach of
radiation trapping was developed to interpret concentra-
tion quenching processes in ytterbium doped sesquioxydes.
This model takes into account either a fast diffusion
towards intrinsic defects or a limited diffusion process,
the quenching probability being of the same order as the
transfer probability. This particular case can be simply
explained by the high probability of resonant transfers
between the ytterbium ion and other rare earths (such as
erbium). It has been observed that the limited diffusion
process fits better experimental data [32,37,38]. Because
we also observed the presence of impurities, we chose to
apply here this last model. This model links the lifetime s

as a function of the ion concentration N (in ions/cm3):

sðNÞ ¼
swð1þ rNlÞ

1þ 9=2pð Þ N=N 0ð Þ
2

where sw the radiative lifetime at weak concentration, r the
transition cross-section, l the optical path in the sample, N0

the critical concentration.
The calculus has been conducted using sw, rl and N0 as

variables. The fit of the experimental acquisitions (see
pointed line in Fig. 6) has been conducted for the emissions
from level 5 with the following parameters: sw = 1.12 ms,

rl = 7.2 · 10�22 cm3 and N0 = 1.8 · 1021 ions/cm3. The
value of sw is close to the value of srad calculated above
which is coherent as sw represents the lifetime without radi-
ation trapping effect. The value of N0 (the self-quenching
parameter) is lower than that found for CaF2:Yb3+

(N0 = 7.47 · 1021 ions/cm3) [38], Y2O3:Yb3+ (N0 = 1.9 ·

1021 ions/cm3) [32] and YAG:Yb3+ (N0 = 2.3 · 1021 ions/
cm3) [37] a drawback meaning that the tendency of the
material to be self-quenched is higher.

3.3. Blue-green luminescence

The luminescence in the visible range was studied under
diode excitation at 932 nm. We chose to present here the
result obtained for a high concentration in order to obtain
good emission intensity. Fig. 7 shows lines peaking at
550 nm and a large band centered at 500 nm. By conse-
quence, two processes were identified on the 20% doped
sample emission spectrum ( Fig. 7): presence of impurities
of Er3+ and cooperative luminescence. These emissions
have been studied in several other lattices [38–40]. The con-
centration of erbium impurity is 5 ppm from the purity cer-
tificate of the raw material Yb2O3. Energy transfer from
Yb3+ to Er3+ (transitions 4I15/2 !

4I11/2 followed by 4I11/
2 !

4F7/2) and two photons upconversion leads to emis-
sions in the green (transitions 4S3/2 !

4I15/2) and in the
red range (transitions 4F9/2 !

4I15/2). The other lumines-
cence centered at 500 nm is attributed to cooperative lumi-
nescence, that is to say simultaneous de-excitation of two
neighbor ytterbium ions giving rise to an emission from a
virtual level located at about 20,000 cm�1. This emission
was observed for the first time by Nakazawa in YbPO4

[41] and Ovsyankin [42] showed that a good approximation
of this spectrum is given by the convolution product of the
infrared spectrum:

Gð2�mÞ ¼
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Fig. 7. Visible emission spectrum of Li6Y(BO3)3:Yb 20% under diode

excitation (kexc = 932 nm) at room temperature. Broken line: convolution

product of infrared spectrum (kexc = 932 nm).
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where G and F the visible and infrared spectra, respectively
and �m and �m

0 the wave numbers in the infrared range.
The result fits with a good accordance the part of the

spectrum between 465 nm and 530 nm (broken line in
Fig. 7). The intensity of the cooperative blue emission,
Icoop, is proportional to the square of the population of
the excited state N2. The lifetime scoop is then supposed
to be half of the infrared value sIR.

IcoopðtÞ / N 2ðtÞf g
2
/ exp �

t

scoop

� �

with N 2ðtÞ / exp �
t

sIR

� �

and scoop ¼
sIR

2

The lifetime of the emission at 500 nm was recorded for the
20% ytterbium doped-compound. Its value is equal to
(498 ± 25) ls which is close to the expected value corre-
sponding to the half of the infrared lifetime of the emission
which is about to (1.19 ± 0.06) ms.

4. Conclusion

The energy level assignment has been successfully con-
ducted on polycrystalline samples. The position of the bary-
center plot deduced from the energy diagram is close to the
semi-empiric line proposed by Antic-Fidancev which con-
firms our attribution. The lifetime study revealed the classi-
cal decrease when concentration increases. The radiative
lifetimewas found to be close to 1 ms. The evolution between
the lifetimes measured at several emission wavelengths was
attributed to a shorter lifetime for transitions issued from
the highest excited Stark level (7). Finally, the study of the
blue-green luminescence revealed that it is the result of two
mechanisms: erbium emission at 550 nm after upconversion
and cooperative luminescence of ytterbium ions.
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