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KGd(WO4)2: Er,Yb Single Crystals
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Abstract—We grew good-optical-quality KGd(WO4)2 single
crystals doped with erbium and ytterbium ions at several con-
centrations of dopants using the top-seeded-solution growth
slow-cooling method (TSSG). We performed the spectroscopic
characterization of this material related to the 1.5- m infrared
emission of erbium which is interesting for laser applications.
To do this, we carried out polarized optical absorption at room
temperature (RT) and at low temperature (6 K) and performed
luminescence studies of the emission and lifetime. We obtained
the 1.5- m emission of erbium after selective laser pump ex-
citation of the ytterbium ion and energy transfer between the
two ions. The maximum emission cross section for 1.5 m was
about 2 56 10 20 cm2 for the polarization of light with the
electric field parallel to the principal optical direction. This
value was higher than for other erbium-doped materials with
application in solid-state lasers such as LiYF4 : Er( : ),
Y3Al5O12 : Er( : ), YAlO3 : Er, and Al2O3 : Er.

Index Terms—Erbium, KGd(WO4)2, solid-state laser, spec-
troscopy, ytterbium.

I. INTRODUCTION

MANY researchers into laser systems focus on lasers op-
erating in the infrared spectral range, especially around

1.5 and 3 m (6667 and 3333 cm ) for use in, for example, op-
tical communications, medicine, and light detection and ranging
(LIDAR) [1], [2]. Of these, solid-state lasers are preferred for
most applications because they are robust, relatively simple to
fabricate, and easy to use [3], [4]. The availability of laser diodes
emitting in the 0.55–1.9 m (18182-5263 cm ) spectral range
makes diode-pumped solid-state-lasers clearly interesting.

Some excited energy levels of erbium for the shell can
be used to achieve luminescence from which stimulated emis-
sion of radiation is generated. The erbium ion is suitable for
obtaining laser radiation in the near-infrared region after diode
pumping because of its energy level to absorb the pump
radiation and its energy level to emit to the ground state
(1.5- m emission). Its absorption band between 0.9 and 1.1 m
(11111-9091 cm ), corresponding to the energy level,
is in the easily available diode-laser emission range, but its low
absorption cross section in the above-mentioned spectral range
limits pump efficiency. Ytterbium ions are widely used as sensi-
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tizer ions for increasing the absorption of light. Ytterbium ions
posses a high absorption cross section in the above-mentioned
spectral range and its energy level overlaps in energy with
the energy level of erbium. This energy overlap derives
to a very good resonant energy transfer between these two ions
and the consequently greater efficiency of erbium luminescence
generation. All of these advantages make ytterbium an ideal sen-
sitizer ion of erbium [5]. The 1.5- m (6667 cm ) erbium emis-
sion comprises a very efficient three-level laser system.

The low-temperature monoclinic phase of potassium rare-
earth tungstates, KRE WO (RE=rare earth), which is widely
known as host for active ions to constitute a solid-state laser
material, can be doped with optical active lanthanide ions even
at high concentrations [6]. Tungstates are the most efficient of
all known inorganic laser materials for stimulating emission at
small pumping energies [7]. KRE WO hosts have a high
nonlinear susceptibility of the third order, so they are promising
Raman-active media [8].

Potassium gadolinium tungstate doped with erbium and
ytterbium ions KGd WO : Er-Yb (hereafter KGW:Er-Yb)
has spectroscopic properties that can be interesting to achieve
1.5- m (6667-cm ) infrared laser emission via energy transfer
from ytterbium to erbium.

KGW has a monoclinic crystallographic structure with
space group C2/c and lattice parameters ,

, , and [9]
with . The three principal optical directions of monoclinic
KGW are located along the crystal as follows. The principal
optical axis with maximum refractive index is at 21.5
in clockwise rotation with respect to the crystallographic
axis and the positive axis pointing toward the observer. The
principal optical axis with intermediate refractive index is
at 62.3 with respect to the crystallographic axis and and

in the a–c plane. Finally, the principal axis is parallel
to the crystallographic axis [10]. The optical-quality polished
samples we used in our study were prisms cut with their faces
perpendicular to the three principal optical axes.

In this study, we describe the growth of KGW single crystals
doped with erbium and ytterbium ions (KGW:Er-Yb) and study
the spectroscopic properties of erbium ions sensitized by ytter-
bium. We study the polarized optical absorption at room-tem-
perature (RT) and 6 K, the near-infrared photoluminescence
around 1.5 m (6667 cm ), also at RT and 6 K, and, finally,
the decay curves at several concentration of erbium and ytter-
bium. We used the Reciprocity method to calculate the

emission cross section from the absorption cross-section
line shape.

0018-9197/04$20.00 © 2004 IEEE
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TABLE I
CRYSTAL GROWTH DATA OF THE KGW:Er, Yb SINGLE CRYSTALS AT SEVERAL ERBIUM AND YTTERBIUM CONCENTRATIONS

II. EXPERIMENTAL TECHNIQUES

Powdered precursors of KGW:Er-Yb single crystals were
K CO , Gd O , Er O , Yb O , and WO (Fluka, 99.9%
pure). These were used to synthesize these types of single
crystals at several erbium and ytterbium concentrations,
KGd Er Yb WO , with a binary solution compo-
sition of 11.5 mol.%solute/88.5 mol.%solvent. We used the
top-seeded-solution growth slow-cooling method (TSSG) with
K W O as a solvent because this does not introduce foreign
ions and because its melting point is low. Previous studies
[11] of single-doped KGW: Ln crystal growth have shown

that parallelepipedic -oriented seeds improve the rate of
crystal growth and produce inclusion-free crystals than other
crystallographic orientations. We therefore used our previously
described method to grow the crystals [12].

We determined the concentration of erbium and ytterbium
ions in the crystals by electron-probe microanalysis (EPMA)
with Cameca SX 50 equipment.

We performed the polarized optical absorption experiments
on a sample of 1KGW:Er-Yb (0.5%-0.5%) with a concentra-
tion of and at/cm for erbium and
ytterbium ions, respectively, because with these concentrations
we achieved good resolution without saturating the detector.
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These spectra were carried out at RT and 6 K with polar-
ized light parallel to the , , and principal optical
directions. The measurements were taken with a VARIAN
CARY-5E-UV-VIS-NIR 500Scan Spectrophotometer and a
Glan-Taylor polarizer. Cryogenic temperatures were obtained
with a Leybold RDK 6-320 cycle helium cryostat.

We did the photoluminescence experiments with a BMI
OPO pumped by the third harmonic of a seeded BMI SAGA
YAG:Nd laser. Pulses of 15 mJ (duration: 7 ns; repetition
rate: 10 Hz) were achieved with a Gaussian beam profile.
Fluorescence was dispersed through a HR460 Jobin Yvon-Spex
monochromator (focal length 460 mm, f/5.3, spectral resolution
0.05 nm/mm) and detected by a cooled Hamamatsu R5509-72
NIR photomultiplier. We analyzed the luminescence signal
using a EG&G 7265DSP lock-in amplifier. Low-temperature
luminescence experiments were done by means of Oxford
CCC1104 closed cycle helium cryostat.

The sample was KGW:Er-Yb (2.5%–7.5%) with a concentra-
tion of and at/cm for erbium and ytter-
bium, respectively. We used a different concentration of dopant
from the one for the absorption experiments because, at this con-
centration, infrared emission intensity was higher.

To analyze the behavior of the lifetime of the energy
level of erbium, we took lifetime measurements of this energy
level at several erbium and ytterbium concentrations using
the averaging facilities of a computer-controlled Tektronix
TDS-714 digital oscilloscope.

The Reciprocity method [13] is normally used to calculate
the emission cross section of an optical transition from the op-
tical absorption cross-section line shape at RT of a particular
energy level. Absorption and emission processes are character-
ized by their absorption and emission cross sections ( , ),
respectively. From the energies and degeneracies of the upper
and lower energy levels, we can find a mathematical expression
that contains a direct relationship between these two cross sec-
tions to calculate the emission cross section. The Reciprocity
calculation is based on

(1)

where is the emission cross section to be calculated as a func-
tion of the frequency (or wavelength) and is the absorption
cross section obtained from the RT optical absorption, which in
our case is the optical absorption of the transi-
tion. The is the ‘zero-line,’ or the energy separation, derived
from the crystal field component. This is between the lowest en-
ergy sublevel of the excited energy level (upper) and the lowest
energy sublevel of the ground level (lower). is Boltzman’s
constant and is Planck’s constant. Finally, and are the
partition functions of the upper and lower energy levels, respec-
tively, calculated from

(2)

where and are the degeneracies and the energies of each
sublevel of the upper and lower energy levels involved in the
system, obtained from the 6 K optical absorption.

Fig. 1. Photograph of a KGW:Er-Yb single crystal.

Light amplification [14] is expected when the emitted light is
higher than the absorption at the same wavelength. This condi-
tion can be described by

(3)

where is the gain (effective) emission cross section,
is the calculated emission cross section, is the absorption
cross section, and is the population inversion rate.

III. RESULTS AND DISCUSSION

A. Crystal Growth

We grew good-optical-quality KGW:Er-Yb single crystals
at several erbium and ytterbium concentrations by the TSSG
method. Table I gives information about crystal growth, e.g.,
dopant solution composition, cooling rate, cooling interval,
crystal dimensions, and crystal composition. The saturation
temperature was between 1178 K and 1189 K. The seed
orientation was along the crystallographic direction in all
cases. We grew some crystals under different conditions, 50
g of solution for the first four crystals in Table I and 200 g
for the rest of them. For this, some parameters changed. The
cooling rate was typically 0.1 K/h for the first two degrees of
the cooling interval and 0.05 K/h for the second ten degrees of
the cooling interval. In some experiences, the second cooling
interval was slightly changed, as Table I shows. The rotation
of the seed during the crystal growth was 40 rpm in all cases.
We noted that, when the ytterbium concentration increased,
the saturation temperature slightly decreased. The distribution
coefficient of the dopant ions, measured by EPMA, was around
unity, which means that the stoichiometry of the solute in the
crystal was conserved.

Fig. 1 shows a photograph of a KGW:Er-Yb single crystal
that is large enough for us to perform our spectroscopic studies.

B. Optical Absorption

We performed the polarized optical absorption of erbium
and ytterbium ions in a KGW host at RT and 6 K. We used
a KGW:Er-Yb single crystal for the optical absorption exper-
iments with a concentration of ions of at./cm
for erbium and at./cm for ytterbium. The optical
orientation of the sample was determined using a Fedorov table.
A sample 2.21 mm thick was used to analyze the anisotropic
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Fig. 2. (a) Polarized optical absorption coefficient of the excited energy levels of erbium in KGW:Er-Yb at RT in the 1587-540-nm (6300–18 500 cm ) spectral
range.

behavior with the electric field of the incident radiation parallel
to the and principal optical directions. The sample used
to analyze the and directions was 2.71 mm
thick. Fig. 2(a) and (b) show the RT polarized optical absorption
of erbium in this host, except for the excited energy level
of erbium, which overlapped with the excited energy
level of ytterbium, which will be discussed later.

For studying the 1.5- m infrared emission of erbium, the
most interesting excited energy levels are , because this
is the starting energy level for this emission, and because
this overlaps in energy with the excited energy level of
ytterbium, where the energy transfer takes place.

Fig. 3 shows the polarized optical absorption of erbium in
KGW:Er-Yb in the 1587-1449-nm (6300–6900 cm ) range,
which is the spectral range of the energy level of er-
bium, and where the 1.5- m emission takes place. Note the high
anisotropy contribution of the host: the most intense absorption
is obtained for the direction, whereas the least intense
is . Moreover, this energy level presents a high-absorp-
tion cross section. The value is maximum cm
for the principal optical direction at 1534 nm (6519 cm ),
which is clearly higher than those for other erbium-doped laser

materials such as YLF, YAG, YAlO , Al O [15], and fluoride
phosphate glass [16]. Fig. 3 also compares the absorption cross
section for each principal optical direction of the crystal with the
emission cross section. We calculated the emission cross section
using the Reciprocity method from the absorption cross-section
line shape. We can see that the calculated maximum emission
cross section is at 1534 nm (6519 cm ) for the

principal optical direction. This emission cross section is
also higher than that of the above-mentioned erbium-doped laser
materials.

We calculated the optical gain for several population inver-
sion rates, i.e., 40%, 50%, and 60%, from the calculated emis-
sion cross-section spectrum for , because it was the
most intense. Fig. 4 shows that the gain is produced in the 1587-
1527-nm region (6301–6549 cm ) for a population inversion
level of 40%. The higher energy limit of this interval increased
by increasing the population inversion level, reaching up to 1487
nm (6725 cm ) for a population inversion level of 60%. For
this ,level the maximum gain cross section value was of

cm at 1534 nm (6519 cm ). At this point, we expect
to find the maximum light amplification in future laser experi-
ments for this emission.
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Fig. 2. (Continued.) (b) Polarized optical absorption coefficient of the excited energy levels of erbium in KGW:Er-Yb at RT in the 540-373-nm (18500–26 775
cm ) spectral range.

The other important excited energy level of erbium is ,
which overlaps in energy with the energy level of ytter-
bium favoring the energy transfer between the two ions. Fig. 5
shows these overlapped energy levels at RT for the three prin-
cipal optical directions. In this spectrum, the optical anisotropy
induced by the host and the maximum absorption cross section
of cm at 980.8 nm (10196 cm ) are more notice-

able. This value agrees well with those we previously found in
KYb WO single crystal [17] and what Kuleshov et al. found
in ytterbium-doped KGd WO and KY WO [18].

We made complementary studies of polarized optical
absorption at 6 K on the erbium-ytterbium-doped KGW in
the 1.7-0.3- m (5880–33 300 cm ) range to determine the
sublevels of the excited energy levels caused by the elimi-
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Fig. 4. Gain cross section of the 1.5-�m emission of erbium in KGW:Er-Yb at RT for the E==N polarization at several inversion population rates.

Fig. 3. Polarized absorption cross section and calculated emission cross
section of the 1.5-�m emission of erbium in KGW:Er-Yb at RT in the
1587-1449-nm (6300–6900 cm ) spectral range.

nation of the thermal population in the energy levels and the
elimination of the thermal lattice vibrations. We assumed that,
for erbium and ytterbium, at 6 K only the lowest sublevel of
the ground state ( for erbium and for ytterbium)
were populated and that they were split by the local field of the
ions surrounding the erbium and ytterbium dopants. The shape
of the absorption lines should therefore reflect the transition
probabilities from the lowest sublevel of the ground level to

Fig. 5. Polarized optical absorption cross section of the overlapped energy
levels of erbium and ytterbium performed at RT.

the sublevels of each excited energy levels of erbium. Fig. 6(a)
and (b) shows the polarized optical absorption spectra at 6 K
of all of the excited energy levels of erbium found in KGW
crystal, except for , because this overlapped with the

level of ytterbium. The sample was the same as the one
used at RT for the 1590-1450- m (6300–6900 cm ) spectral
range. The crystal field splits these manifolds into
sublevels, which is in agreement with the splitting expected
by the crystalline field into the maximum number of Kramers
levels (hereafter, sublevels) due to the odd number of electrons
of erbium and the low symmetry where erbium is located
( , binary axes). Note from the spectra that the anisotropic
contribution of the host was as at RT, the optical transitions
( and ) were hypersensitive
due to the large oscillator strength, and the signal at 6 K was
much more intense than the signals at RT.

To describe accurately the energy overlap between Er and Yb,
wemeasuredthe6Kopticalabsorptionoferbiumandytterbiumin
the region of interest in two different samples, KGW:Er (1%) and
KGW:Yb(1%).Fig.7shows thisoverlapat6Kfor these twosam-
ples. Note that one peak is overlapped at 980.8 nm (10196 cm )
only at 6 K. The others are overlapped at RT (see Fig. 5).
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Fig. 6. (a) Polarized optical absorption coefficient of the excited energy levels of erbium in KGW:Er-Yb at 6 K in the 1550-518-nm (6450–19 300 cm ) spectral
range.

Table II shows the splitting of the excited energy levels of
erbium in KGW:Er-Yb single crystals. In all cases, the excited
energy levels show the expected number of sublevels. For the

infrared transition, we expected the number of
signals to be seven and the energy difference between the first
and second energy sublevels was 30 cm . We later used this
energy difference to calculate the splitting of the ground energy

level. These values are similar to those for erbium in similar
materials, such as KYbW:Er [19], KGW:Er [10], and KYW:Er
[20].

We compared the splitting of each energy level into its sub-
levels of erbium in KGW with the splitting found previously
in KYbW:Er [19]. The splitting in KYbW crystals was slightly
greater than in KGW crystals, showing that the crystal field
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Fig. 6. (Continued.) (b) Polarized optical absorption coefficient of the excited energy levels of erbium in KGW:Er-Yb at 6 K in the 490-375-nm (20300–26 650
cm ) spectral range.

of KYbW was stronger than in KGW, which agrees well with
the fact that the interatomic distances Yb-Yb in KYbW were
smaller than the corresponding Gd-Gd distances in KGW [9],
[21], [22]. Also, the previously calculated Judd–Ofelt param-
eters of erbium in KYbW [19] and in KGW [10], showed the
influence of this crystal field, where the Judd–Ofelt parameters
of KYbW were larger than those of KGW.

C. Luminescence

The aim of our luminescence studies was to determine the
emission properties of erbium ion at RT around 1.5 m sen-
sitized by ytterbium, and the determination of the energy sub-
levels of the ground energy level of erbium in this host, by means
of the 6 K emission experiments.
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Fig. 7. Comparison of the optical absorption density of the overlapped energy levels of erbium and ytterbium in KGW:Er and KGW:Yb performed at 6 K.

TABLE II
SPLITTING OF THE EXCITED ENERGY LEVELS OF ERBIUM IN KGW:Er, Yb

SINGLE CRYSTALS

We used a KGW:Er-Yb single crystal for the luminescence
experiments with a concentration of at./cm for
erbium and at./cm for ytterbium.

In Er-Yb systems, the 1.5- m emission of erbium obtained
after selective ytterbium excitation can be attributed to an en-
ergy transfer process of erbium sensitized by ytterbium because
of the energy overlap between them. This mechanism is schema-
tized in Fig. 8. At selective Yb excitation at 940 nm (10638
cm ), where no absorption of erbium takes place, excited elec-
trons from the ground energy level of ytterbium to the
excited energy level. After excitation, the electrons decayed ra-
diatively to the ground state or transferred part of their energy to
the energy level of erbium by cross relaxation. Once er-
bium was excited, the electrons decayed part radiatively, which

Fig. 8. Diagram of the implied energy levels of erbium and ytterbium ions in
the energy transfer and the 1.5-�m emission of erbium in KGW:Er-Yb.

constitutes the 2.8- m emission of erbium, and part nonradia-
tively to energy level. The population of the energy
level decayed radiatively to the ground state, thus generating
the 1.5- m emission. The fact that part of the energy decayed
nonradiatively from to was due to the small en-
ergy gap between these two energy levels. In fact, the energy
gap was around 3600 cm and, as the maximum phonon en-
ergy of KGW was 901 cm obtained from Raman experiments
[23], we may deduce the combination of four lattice phonons
that relax nonradiatively from to . This phenom-
enon was found in other erbium-doped hosts as in LaLiP O
glass [14].

Fig. 9 shows the 6 K emission spectrum for the
transition. The number of energy sublevels of the ground

energy level expected by the crystalline field into the maximum
number of Kramers levels is eight. The spectrum shows these
eight transitions from the lower sublevel of the excited level
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Fig. 9. High-resolution 1.5-�m emission of erbium performed at 6 K after pumping at 940 nm (10638 cm ).

TABLE III
SPLITTING OF THE EXCITED ENERGY LEVELS OF ERBIUM AND YTTERBIUM INVOLVED IN THE ENERGY TRANSFER AND SPLITTING OF THE GROUND STATE OF

THE TWO IONS IN KGW:Er, Yb

to the first sublevel of the ground state and are represented by
in the spectrum. The energy values of

these eight signals were 6519, 6490, 6455, 6414, 6380, 6292,
6237, and 6221 cm . Moreover, it shows also some minor
peaks that may be related to the transition from the three upper
sublevels of the excited level to the lower sublevel of the ground
state. These peaks are displaced in accordance with the dif-
ference in energy between the sublevels of the excited ;

cm for the first and second sublevels increasing
in energy, labeled ; cm for the first and third
sublevels, ; and cm for the first and fourth sub-
levels, labeled . The inset of Fig. 9 only shows the transi-
tions from the lower sublevel of the excited level to the lower
sublevel of the ground state. The value of is each sublevel of
the ground state. From the energy positions of the sub-
levels, and by substracting the above-mentioned energy values
of emission signals, we found the energy positions of the en-
ergy sublevels of the ground state. These were 298, 282, 227,
139, 105, 64, 29, and 0 cm , which were very close to those
published in other tungstate matrices such as KYW and KErW
[24]. From the low-temperature absorption measurements, the
transition between the first sublevel of and the first sub-

level of was 6517 cm , and from the emission spectrum
the value was 6519 cm . This was due to the Stokes shift by
the electron-phonon coupling. We considered that these values
were absolutely the same, and, to calculate the energy position
of the sublevels of the ground state, we used the value provided
by the emission spectrum. Table III shows the energy position of
the Stark energy levels of erbium and ytterbium corresponding
to the energy levels that overlap in energy and the ground state
of the two ions.

We measured the time decay of the emission corresponding
to the transition at 1.534 m (6519 cm )
at several erbium and ytterbium concentrations in KGW:Er-Yb
single crystals. To study the lifetime of the level and its
dependence on the Yb concentration, we performed the ex-
periment on KGW:Er-Yb samples by fixing the erbium con-
centration and increasing the ytterbium concentration and by
fixing the ytterbium concentration and increasing the erbium
concentration. We achieved the decay profile of the infrared lu-
minescence signal by exciting the sample resonantly to ytter-
bium at 940 nm (10638 cm ) and fixing the monochromator
at the wavelength of the maximum emission at 1.534 m (6519
cm ). Table IV shows the observed lifetimes and the concen-
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TABLE IV
LIFETIME OF THE I LEVEL OF ERBIUM AT SEVERAL DOPANT

CONCENTRATIONS

tration of ions of each measured sample. Significant changes in
these values can be observed. When the erbium concentration
was fixed and the ytterbium concentration increased, the life-
time of the energy level decreased due to the increase
of the up-conversion process. This was consistent with the life-
time measurements of the green emission of erbium in KGW
[25]. Moreover, when we fixed the ytterbium concentration and
increased the erbium concentration, the lifetime also decreased
due to the cross relaxation between erbium ions that resulted in
a decrease of the lifetime.

IV. CONCLUSION

We successfully grew Er-Yb-doped KGd WO single crys-
tals with several concentrations of erbium and ytterbium ions by
the TSSG method. We performed the spectroscopic character-
ization of erbium in this host in terms of the polarized optical
absorption and luminescence at RT and 6 K. We payed atten-
tion to the characterization of the 1.5- m (6667 cm ) emission
and measured the lifetime at RT for several ytterbium concen-
trations.

From the polarized RT optical absorption measurements, we
calculated the stimulated emission cross section using the Reci-
procity method. Our results agree very well with those in the
literature for similar tungstate hosts. We could therefore calcu-
late the optical gain for several population inversion rates and
determine the spectral region in which light amplification is pos-
sible for future laser experiments using this material for infrared
emission.

From the polarized optical absorption measurements at 6
K, we determined the energy position of the sublevels of each
excited energy levels. These energy positions, compared with
those of other tungstate hosts, provide information about the
influence of the crystal field of these hosts. Other parameters
such as the Judd–Ofelt parameters for each tungstate and the
distance between rare-earth ions confirmed the influence of the
crystal field.

From the 6 K optical emission of the transi-
tion of erbium, we found the energy position of the sublevels of
the ground level. These results also agree very well with those
in the literature for similar tungstate hosts.

From the lifetime measurements of the energy level
of erbium for several erbium and ytterbium concentrations, we
found that the increase of the erbium or ytterbium ions produced
a decrease of the lifetime. Moreover, the energy level
presented a very long lifetime that show us that easy population
inversion is expected, which is needed for the generation of laser
radiation.
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