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Growth, optical characterization, and laser operation of a stoichiometric crystal KYb„WO4…2
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We present our recent achievements in the growing and optical characterization of KYb(WO4)2 ~hereafter
KYbW! crystals and demonstrate laser operation in this stoichiometric material. Single crystals of KYbW with
optimal crystalline quality have been grown by the top-seeded-solution growth slow-cooling method. The
optical anisotropy of this monoclinic crystal has been characterized, locating the tensor of the optical indicatrix
and measuring the dispersion of the principal values of the refractive indices as well as the thermo-optic
coefficients. Sellmeier equations have been constructed valid in the visible and near-IR spectral range. Raman
scattering has been used to determine the phonon energies of KYbW and a simple physical model is applied for
classification of the lattice vibration modes. Spectroscopic studies~absorption and emission measurements at
room and low temperature! have been carried out in the spectral region near 1mm characteristic for the
ytterbium transition. Energy positions of the Stark sublevels of the ground and the excited state manifolds have
been determined and the vibronic substructure has been identified. The intrinsic lifetime of the upper laser level
has been measured taking care to suppress the effect of reabsorption and the intrinsic quantum efficiency has
been estimated. Lasing has been demonstrated near 1074 nm with 41% slope efficiency at room temperature
using a 0.5 mm thin plate of KYbW. This laser material holds great promise for diode pumped high-power
lasers, thin disk and waveguide designs as well as for ultrashort~ps/fs! pulse laser systems.

DOI: 10.1103/PhysRevB.65.165121 PACS number~s!: 78.20.Ci, 42.55.Rz, 81.10.Dn, 78.30.2j
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I. INTRODUCTION

In recent years the Yb31 ion has been recognized as
dopant with interesting potential for diode-pumped so
state lasers in the 1mm region.1–3 InGaAs laser diodes ca
be used for pumping such lasers between 0.9 and 1.0mm.
Yb31 doped materials are attractive as efficient active me
because they possess several important advantages ov
widely used Nd31: three to four times longer emission life
time increasing the energy-storage time, roughly three tim
smaller Stokes shift between absorption and emission~laser
quantum defect! reducing the thermal load, extremely simp
two-level electronic structure eliminating the possibility f
unwanted competitive processes as excited-state absor
and upconversion. In addition the laser efficiency is not
graded by concentration quenching and very high dop
level is possible which can considerably reduce the requ
ments to the beam quality of the laser diodes used for pu
ing. We present in this work a laser host with 100% Yb31

doping, KYb(WO4)2 ~hereafter KYbW!, i.e., a stoichio-
metric laser material, describe its growth, optical and r
evant laser properties, and demonstrate laser operation.

KREW (RE5Y or Gd! are well known host materials fo
doping with rare earth ions. The low-temperature phase
these compounds, monoclinic KREW, possesses an impo
tant physical anisotropy that can be used in interesting o
cal applications. These tungstates are also characterize
large third-order nonlinear optical susceptibility being ef
cient Raman converters for ps/ns laser pulses.4

KREW doped with lanthanide ions can incorporate ve
high concentrations approaching the stoichiometric struc
@i.e., KErW, KHoW ~Refs. 5–7!#. Stoichiometric laser mate
0163-1829/2002/65~16!/165121~11!/$20.00 65 1651
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rials are advantageous in laser devices with thin disk
waveguide designs and are especially suited for diode l
pumping. As compared to YAG or glasses used as hosts
Yb31, KREW has the advantage of higher absorption cro
section than YAG which decreases the minimum pump
tensity necessary to achieve transparency in the quasi-
level system of ytterbium.8,9 Diode pumping of KREW:Yb
with R5Y or Gd has been demonstrated between 965
980 nm.10,11 The emission cross section of KREW doped
with Yb is higher than in YAG or in glasses and the therm
conductivity has an intermediate position~it is four times
better than in glasses!. The laser quantum defect is less th
in YAG. The emission linewidth of ytterbium in KREW with
R5Y or Gd is broader than in YAG and comparable to th
in glasses.2,3,12–14This linewidth is interesting not only for
potential tuning but mainly for the generation and amplific
tion of short~ps or fs! laser pulses. Mode-locking of diod
pumped KGdW:Yb and KYW:Yb lasers has bee
demonstrated,15,16and utilization of the crystal anisotropy fo
maximum gain bandwidth culminated in the generation of
fs pulses with KYW:Yb in 2001.17 Also regenerative ampli-
fication of fs pulses in KYW:Yb was demonstrated in 200118

Whereas femtosecond pulses can provide the ultimate p
powers, much higher average powers and optimum co
tions for frequency conversion to other wavelengths can
realized with slightly longer pulses~1 ps or more for Raman
conversion!. We note here only that the highest avera
power directly produced by a mode-locked laser~16.2 W!
has been achieved with a thin disk YAG:Yb laser.19 This
laser concept for efficient diode laser pumping which is
particular relevant to stoichiometric laser materials w
short absorption lengths has enormous potential for hi
©2002 The American Physical Society21-1
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M. C. PUJOLet al. PHYSICAL REVIEW B 65 165121
power CW operation in the 100 W regime and most recen
the advantages of ytterbium doped KYW and KGdW ov
YAG have been demonstrated achieving a record of 60%
optical conversion efficiency.20

In the present work we describe first the growth proced
used for KYbW which is based on the top-seeded-solut
growth ~TSSG! slow-cooling method. The optical measur
ments include determination of the optical indicatrix, the d
persion of the refractive indices, the thermo-optic coe
cients, and the construction of a set of Sellmeier equation
the visible and infrared. The phonon energies are determ
by Raman spectroscopy. The electronic substructure of
two ytterbium manifolds is resolved by room and low tem
perature absorption and emission studies with polarized l
and the vibronic features observed in the absorption spe
are explained. The fluorescence lifetime is measured ta
care to avoid reabsorption and internal reflections. Las
near 1074 nm is demonstrated with a tunable Ti:sapp
pump source using a thin~0.5 mm! plate of KYbW at room
temperature without special cooling. Quasi-CW laser ope
tion with maximum conversion efficiency of 25%~slope ef-
ficiency of 41%) has been achieved for pumping wa
lengths of 963 and 922 nm.

II. CRYSTAL GROWTH AND STRUCTURE

KYbW single crystals have been grown by the TSS
slow-cooling method. K2W2O7 was chosen as a solvent b
cause it does not introduce impurity ions and because
melting point is relatively low. The growing technique us
was similar to that described in more detail by us in previo
works.21,22

We grew KYbW starting with a binary solution compos
tion of 11.5 mol % solute/88.5 mol % solvent. Platinu
conical crucibles with a volume of 25 cm3 were used to
prepare 50 g of solution using K2CO3, Yb2O3, and WO3
reagents from Aldrich and Fluka~99.9% purity!. The solu-
tion was homogenized by fixing the temperature at abou
K above the expected saturation temperature (Tsat, deter-
mined from the solubility curves23! for 5–6 h.Tsat was esti-
mated with an accuracy of 0.1 K, by observing the grow
dissolution of a KYbW seed placed in the center of the f
surface of the solution. The saturation temperature at
particular solute/solvent ratio used was 1170–1175 K. Pr
ous studies of KGdW:Ln31 crystal growth indicated tha
parallelepipedicb-oriented seeds improve the crystal grow
rate and produce inclusion-free crystals.

The axial thermal gradient was 1 K/cm, the bottom be
hotter than the surface of the solution. The radial therm
gradient was also 1 K/cm, and the crucible wall was ho
than the center of the solution. The slow-cooling rate was
K/h for 15–20 K. Crystal rotation, without pulling, was kep
constant at 40 rpm. After four days of growth, single cryst
were removed slowly from the solution and cooled to roo
temperature at a rate of 15 K/h in order to minimize therm
shocks. Figure 1~a! shows a KYbW single crystal grown b
this method.

Klevtsov and Kozeeva~1969! ~Ref. 5! determined a
KYbW phase transition temperature of 1303 K and a melt
16512
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temperature of 1318 K. They obtained the unit cell para
eters for the monoclinic KYbW phase from a x-ray powd
pattern and optical goniometric measurements but did
indicate the space group.

To improve their results we refined the crystal structu
of monoclinic KYbW crystals at room temperature by usi
single crystal x-ray diffraction data. Single crystal diffra
tion was carried out on spherical crystalline samples a
the structure was resolved by Patterson synthesis u
the SHELXS97 computer program24 and refined by a full-
matrix least-squares method using theSHELXL97 computer
program.25 Details of the unit cell structure and the interion
distances will be published elsewhere.23 The unit cell param-
eters area510.590(4) Å,b510.290(6) Å,c57.478(2) Å,
b5130.70(2)°, andZ54, with the space groupC2/c.

The general Wyckoff position in KYbW is occupied by
distorted tetrahedron@WO4#22. Two oxygens from a neigh-
boring tetrahedron are situated very close to it leading t
coordination figure of the tungstate anion of a distorted
tahedron WO6. The electronic charge of the two ‘‘extra
oxygens extends towards the neighbor W61, so that they do
not contribute to the polarizability of the considere
@WO4#22 molecular anion. Two WO6 octahedra are joined
by sharing edges O•••O ~double oxygen bridge! and form a
unit of two distorted octahedra (W2O10). These units form a
double chain along the crystallographicc axis by sharing
vertex O.

The ytterbium is eight coordinated by oxygen atom
forming a square antiprism. These polyhedra form a sin
chain in the@101# direction. The distance Yb-Yb in the sam
chain is 4.049(2) Å and from different chains it
6.721(2) Å. These separations are very important for
interaction between ytterbium ions~e.g., cooperative effects!.

The alkali cation K1 is twelve-coordinated by oxygens
forming a distorted icosahedron. These polyhedra form a
dimensional layer made up of chains that share edges in
@101# and @ 1̄10# directions.

KYbW has a crystalline habit that is formed by th

$110%,$1̄11%,$010%, and$310% faces. The first three faces ar

FIG. 1. ~a! Photograph of a KYbW single crystal grown in theb
direction.~b! A morphological sketch of KYbW.
1-2
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GROWTH, OPTICAL CHARACTERIZATION, AND LASER . . . PHYSICAL REVIEW B 65 165121
more developed than the last. In all grown crystals, the
mension along thec crystallographic axis is approximatel
two times larger than the other two dimensions. Also, thc
axis and the@101# direction of the crystals grown appear
natural edges. The@101# direction is located at 85.92° from
the c axis rotating anticlockwise around theb crystallo-
graphic axis, whose positive end is directed towards the
server@see the morphology sketch of KYbW shown in Fi
1~b!#.

III. TENSOR OF THE REFRACTIVE INDICES
AND TRANSPARENCY WINDOW

The measured transmission of KYbW for a sample thi
ness of 0.2 mm is shown in Fig. 2. The UV cutoff wav
length ~zero level! is near 300 nm (33 333 cm21) and the
clear transparency for this thickness is roughly between
and 5000 nm. The flat transparency region is narrowed
approximately 500–4700 nm when sample thickness abo
mm is used. The absorption band near 980 nm will be a
lyzed in Sec. V.

The low-temperature phase of KYbW belongs to the 2m
crystallographic point group, hence it is a biaxial crystal w
inversion center. The three orthogonal principal crysta
optic axes are labeledNg , Nm , andNp ~or alternativelyz, y,
andx). In monoclinic crystals, one of the principal axes~in
this caseNp) is parallel to theC2 symmetry axis which
coincides with the crystallographicb axis, thus, the other two
principal axes~in this caseNg andNm) lie in the a-c plane
because theb axis is orthogonal to this plane. The determ
nation of the angle between thec axis and theNg ~or Nm)
principal axis in thea-c plane locates the orientation of th
optical indicatrix of KYbW.

The orientation of the principal crystallo-optic axes w
determined atl5632.8 nm using two crossed Glan-Tayl
polarizers. With the crystal between them we found that
principal axisNg , is located atk519.0° with respect to the
c crystallographic axis where the angle of rotationk is mea-
sured in the clockwise direction when the positive end of
b axis is pointing towards the observer.Nm is rotated at 59.7°
with respect to thea crystallographic axis in the clockwis

FIG. 2. Optical window of KYbW at room temperature me
sured with unpolarized light and a 0.2 mm thin sample of KYb
cut parallel to thea-c plane. For better representation the curve
interrupted at 9mm to change the abscissa scale.
16512
i-

b-

-

0
to
1

a-

-

e

e

direction. Figure 3 shows the optical ellipsoid of KYbW.
We determined the dispersion of the three refractive in

ces labeledng .nm .np ~or alternativelynz .ny .nx) and
measured the thermo-optic coefficients. The dispersion of
principal values of the refractive indices was measured
tween 0.45 and 1.5mm by the minimum deviation method
with a semiprism as described in more detail in Ref. 26. T
prisms cut in different principal planes were used that all
one to obtainng , nm , andnp ~one of them twice! with an
accuracy of 531024.

Figure 4 shows the dispersion of the refractive indices
the visible and near-IR spectral regions. As can be s
KYbW possesses significant birefringence and the three
fractive indices are nearly equidistant. The latter is expres
in the angle 2Vz between the two optic axes27 in the Np-Ng
plane which is close to 90° (2Vz5100.6° determined from
sinVz5ng(nm

2 2np
2)1/2/nm(ng

22np
2)1/2 at l5632.8 nm). Since

2Vz is larger than 90° it follows that KYbW is an opticall
negative biaxial crystal.

We fitted the data points in Fig. 4 using one UV pole a
an IR correction term with a Sellmeier equation of the fo
n25A1B/@12(C/l)#22Dl2. Table I summarizes the Sell
meier coefficients obtained for KYbW at room temperatu
We studied the behavior of the refractive indices with te
perature in the 293–473 K range using a microfurnace w
temperature control and taking care to homogeneously

FIG. 3. Optical ellipsoid of KYbW at room temperature.

FIG. 4. Dispersion of the principal refractive indices of KYbW
at room temperature.
1-3
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M. C. PUJOLet al. PHYSICAL REVIEW B 65 165121
the samples. The thermo-optic coefficients estimated al
5632.8 nm are also included in Table I.

In monoclinic crystals also two of the principal crystall
optic axes~those lying in thea-c plane! are subjected to
dispersion27 and rotate around theb axis when changing the
wavelength which can be characterized by the deriva
(]k/]l). A similar rotation of these two axes in thea-c
plane occurs also when changing the temperature, which
be accounted for by the derivative (]k/]T). We tried to es-
timate these two derivatives in KYbW using the method
ogy described above for the characterization of the opt
ellipsoid, however, in the mentioned waveleng
(0.45–1.5 mm) and temperature~293–473 K! ranges both
effects turned out to have magnitudes smaller than the e
of the measurement.

IV. RAMAN SPECTROSCOPY

The intermanifold electron transitions of the Yb31 ion are
strongly coupled with the lattice vibrations. The knowled
of the phonon frequencies is important for the interpretat
of the substructure in the absorption and fluorescence s
tra, and for the identification of the mid-IR cuttoff edg
Furthermore, spontaneous Raman scattering data coul
used to evaluate the feasibility of KYbW as a stimulat
Raman scattering~SRS! converter.

Polarized Raman scattering spectra for KYbW have b
previously recorded and analyzed.28,29 For labeling and as-
signment of the fundamental modes a model was propo
based on the consideration of W2O8 dimers plus weak
W-O-W perturbations, resulting in centrosymmetric W2O10
clusters. The modes were classified by the irreducible re
sentations of theCi group, additionally correlated with th
C2h crystal symmetry.

Here we present a simpler and physically more intuit
model for classification and labeling of the crystal mod
following an idea developed for scheelite-type tungstates
molybdates.30 In addition, our measurements reveal som
differences in the phonon energies as compared to the va
previously tabulated for KYbW.28,29

KYbW exhibits chemical bonding typical of both ioni
and covalent crystals. The vibrational frequencies of the m
lecular anions are known to be characteristic, i.e., they do
change significantly with the environmental perturbatio
This suggests weak coupling between the@WO4#22 molecu-
lar anion and the rest of the crystal lattice. A very good a
useful approximation in such a case is to divide the cry
vibrations into internal~for which the center of the mass o
@WO4#22 does not move! and external~for which the

TABLE I. Room-temperature Sellmeier coefficients and therm
optic coefficients of KYbW.

Principal
refractive index A B

C
mm

D
mm22

]n/]T
K21

ng 3.28412 0.9921 0.25426 0.01936 3.131025

nm 3.17884 0.91624 0.25087 0.00485 3.131025

np 3.06172 0.88655 0.23858 0.02286 7.331025
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@WO4#22 ion is considered as a rigid unit!.
One possible approach for the labeling of the inter

modes of@WO4#22 is to start with the highest symmetryTd

~the one the free@WO4#22 anions possess! represented by
four irreducible representationsA11E12F2, then move to
the lowest symmetry of@WO4#22 in KYbW(C159 A), and
finally consider the removal of the degeneracy of theE and
F2 irreducible representations as a ‘‘splitting’’ induced by t
crystal asymmetry.

The standard notation for the four fundamental mode f
quencies of molecules of the typeXY4 is n1(A1), n2(E),
n3(F2), andn4(F2). To express the splitting of the last thre
modes, we add superscripts2 and1 for the doubletn2, and
2, 0, and1 for the tripletsn3 andn4 with 2, 0, and1 in
order of increasing energy. Omitting the designation of
irreducible representation in the brackets we denote the
fundamental internal modes for simplicity asn1 , n2

2 , n2
1 ,

n3
2 , n3

0, n3
1 , n4

2 , n4
0, andn4

1 . Note that as a consequence
the C1 symmetry interactions between all of these ni
modes are allowed.

To justify the above mentioned approach we have
verify that the center of gravity for the four fundament
mode frequencies forTd symmetryn1 to n4 remains suffi-
ciently stable in the course of the splitting when moving
lower symmetry. It is known that in aqueous solutions t
@WO4#22 anion forms a regular tetrahedron.31 An unambigu-
ous interpretation of the Raman spectra was presented in
early work, with three centers of gravity: the 931 cm21 line
was assigned ton1, the 833 cm21 diffuse band was assigne
to n3, and the 324 cm21 broad band was assigned to bo
n2, and n4. In scheelite (CaWO4) the broad band was re
solved with gravity centers of 336 cm21 for n2 and
405 cm21 for n4.30 The centers of gravity for the other tw
fundamentals reported for scheelite were at 912 cm21 for n1
and at 817 cm21 for n3.30 Thus, reduction of the symmetr
from Td to S4 ~the@WO4#22 site symmetry in scheelite! does
not significantly modify the center of gravity forn1 , n2, and
n3, but increases the center of gravity forn4 by roughly
80 cm21. Therefore, for KYbW, where the symmetry of th
anion is additionally lowered toC1 ~no symmetry!, one
could expect preservation of the center of gravity forn1 , n2,
and n3, and possible additional increase for the center
gravity for n4.

The 2.65 mm thick sample of KYbW available fo
the Raman scattering measurements was cut and poli
for propagation along theNm principal axis. The experi-
mental setup comprised a Jobin-Yvon T64000 spectrom
with excitation in the visible by a CW argon laser~Coherent
INNOVA 300, l5514 nm). Behind the triple-
monochromator~1800 g/mm! the light was detected by a
two-dimensional CCD matrix cooled with liquid N2. A pre-
monochromator eliminated the plasma discharge lines of
argon laser. A microscope~Olympus BH2! with high resolu-
tion was used to locate the laser spot in the sample. The l
power incident on the sample was about 60 mW. A backw
scattering scheme was chosen in order to increase the s
to noise ratio.

Figure 5 shows the Raman spectra recorded at room t

-
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perature in the frequency range 0 to 1100 cm21. The polar-

ized spectra belong to them@gg#m̄, m@pp#m̄, m@pg#m̄, and

m@gp#m̄ ~not shown! scattering configurations. The last tw
must be equivalent and both were recorded basically in o
to confirm the sample orientation. As can be seen from
figure the doubletn2 is split but its center of gravity is almos
unchanged (339 cm21). The tripletn4 is additionally shifted
~with respect to CaWO4) by about 50 cm21 as could be
expected. A shift of almost the same magnitude is obser
for the center of gravity for then3 triplet, too. Note, how-
ever, that a similar shift atn3 in the same direction has bee
recently observed in NaY(WO4)2 which has scheelite
structure.32

The two strongest peaks appear near 763 and 911 cm21.
Their large cross section makes KYbW attractive for S
applications similarly to the analogous KYW and KGdW a
especially interesting for the picosecond regime becaus
the relatively large linewidths~of the order of 10 cm21 cor-
responding to a phase relaxation time of 1 ps!.4 Note that
simultaneous laser operation and SRS to the first Stokes
already been demonstrated with KGdW:Yb.33 The weak lines
at 1065, 627, and 150 cm21 can be assigned to combinatio
frequencies involvingn1 and n3

0 as previously reported in
SRS experiments.34

Table II summarizes the principal modes of KYbW
derived from our measurements and their assignment.
assignment of the external modes is known from CaWO4 and
they are included in the table with their original notations30

We note, however, that for the unambiguous assignmen
all components of the tensor of the Raman polarizability
independent spectral measurements are necessary.

Some of the Raman lines identified in Table II can
observed in the mid-IR part of the transmission curve in F
2. Thus, e.g., we could identifyn4

0 at 460 cm21, n4
1 at

538 cm21, and 2n12n3
0 at 1068 cm21 there. The stronges

absorption lines in Fig. 2 appear at 1816 and 1300 cm21 and
we assign them to 2n1 andn11n4

2 , respectively. Therefore
we conclude that the mid-IR cutoff edge of KYbW is due
two-phonon (2n1) absorption.

FIG. 5. Raman spectra of KYbW recorded at room tempe
ture.
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V. YTTERBIUM SPECTROSCOPY

A. Absorption spectra

We studied the polarized optical absorption of KYbW b
tween room temperature and 6 K using a Cary Varian 500
spectrophotometer. Sample cooling for the low temperat
measurements was accomplished by an Oxford Instrum
cryostat~SU 12 model! with helium gas flow. KYbW has a
clear absorption band between 12 000 and 9100 cm21

~820–1100 nm, see Fig. 2!; this band is associated with th
ytterbium transition2F7/2→2F5/2. In Fig. 6 we show the
room temperature absorption coefficient of this transitio
measured for all three polarizations with a spectral resolu
of 1 nm. Sufficient signal to noise ratio in the whole spect
range presented could be achieved by sewing curves m
sured with more than one sample~0.2 and 3 mm thick for
E"Np , 0.2 and 3.3 mm forE"Ng , and 0.08, 0.2, and 3.3
mm thick for E"Nm!. Note that the absorption coefficient
strongly dependent on the light polarization and is minim
for E"Ng . The room temperature absorption is characteriz

-

FIG. 6. Polarized optical absorption of KYbW at room tempe
ture.

TABLE II. Vibrational frequencies for KYbW at room tempera
ture. By ‘‘?’’ we indicated modes that could be identified as co
bination frequencies but are very weak in Fig. 5.

External modes Internal Modes
n(cm21) Assigment n(cm21) Assigment

29 unidentified 320 n2
2

68 ?(n3
0-n3

2) 347 n2
1

90 Bg 381 unidentified
115 Eg 408 n4

2

133 unidentified/Eu 452 n4
0

150 Eu /n1-n3
0 505 ?(n1-n4

2)
178 Au 537 n4

1

221 Eg 627 2n3
0-n1

239 Bg 691 n3
2

291 unidentified 763 n3
0

813 n3
1

911 n1

1065 2n1-n3
0

1-5
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M. C. PUJOLet al. PHYSICAL REVIEW B 65 165121
by three main peaks which are centered at 10 195, 10
and 10 742 cm21 for E"Em , and two less intensive peak
near 10 020 and 9770 cm21 ~the designation of the trans
tions can be seen in Fig. 7!.

The maximum absorption cross sections at 981 nm~zero
line! calculated with the Yb31 concentration of 6.4
31021 cm23 amount to 1.17310219 cm2 for E"Nm ~line-
width 4 nm!, 1.66310220 cm2 for E"Ng ~linewidth 4.1
nm!, and 2.17310220 cm2 for E"Np ~linewidth 5.1 nm!.
These values exceed those reported for stoichiome
YbAG,35 and are very close to those reported for KREW
(RE5Y and Gd! with 5 at. % Yb doping.11,12The absorption
length (1/e level) for KYbW calculated from the absorptio
cross section at 981 nm~room temperature! is only 13.3 mm
for polarization parallel to theNm principal axis. Such shor
absorption lengths are particularly useful for the thin d
laser concept.

In order to determine accurately the energy sublevels
ytterbium in this stoichiometric crystal, the optical absor
tion spectra were measured down to 6 K. Due to the fact
ytterbium has an odd number of electrons in the 4f shell,
polarization dependent selection rules for the electronic tr
sitions are not expected. This means that the number and
positions of the absorption peaks have to be independen
the polarization but intensity variation of the peaks asso
ated with the three polarizations is still possible. This co
be confirmed experimentally both in the spectra recorde
room temperature and at lower temperatures.

Figure 7 shows the low temperature absorption at 6 K
the evolution with the temperature forE"Nm , all curves
measured with 1 nm spectral resolution and a 50mm thick
sample. Since at low temperature the most populated S
level is the lowest sublevel of the ground state2F7/2 ~0! the
bands observed at 6 K can be associated with transit
from this sublevel to the three Stark levels of the exci
state2F5/2 @denoted for brevity as2F5/2(08), (18), and (28)
in order of increasing energy#.

From the low-temperature absorption spectra we de
mined the energies of the sublevels of the excited s
2F5/2: (08) 10 188, (18)10 500, (28) 10 734 cm21. Two
additional lines at 10 019 and 9767 cm21 ~see Fig. 7! appear
when increasing the temperature which are related to the
population of the2F7/2(1) and the2F7/2(2) sublevels, re-

FIG. 7. Temperature evolution of the optical absorption
KYbW for E"Nm .
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spectively, with transitions to2F5/2(08). Again for brevity
we denote the ground state levels as2F7/2(0), ~1!, ~2!, and
~3! in order of increasing energy.

A more precise inspection of the low-temperature abso
tion reveals a certain substructure. This substructure ca
related to strongly phonon-electron-coupled transitions. T
effect is more pronounced forRE31 ions at the beginning
and the end of the lanthanide series. The prevailing role
the Van-Vleck~one-phonon! process in the formation of the
phonon sidebands forRE31 ions was outlined previously.36

The maximum cross section of the zero line transition
10 188 cm21 in Fig. 7 drastically decreases when lowerin
the temperature, though this effect is masked at higher t
peratures~where the overall2F7/2→2F5/2 oscillator strength
seems to remain constant! by population redistribution
among the sublevels of the ground state. On the other h
the most pronounced vibronic features in the 6 K spectrum
which are between 10 600 and 10 650 cm21 and near
10 710 cm21 obviously increase their amplitude at lowe
temperature. This behavior can be attributed to resonan
teractions involving the(0)-(08) transition and some Rama
modes (n4

2 , n4
0, n4

1 from Table II!. Note that additional reso
nances of other Raman modes from Table II (Eg and Eu)
with the (0)-(18) line could also contribute to this effec
Another explanation for the observed substructure n
10 710 cm21 could be, however, the resonance of the St
sublevel separation of 234 cm21 between 2F5/2(18) and
2F5/2(28) with the 239 cm21 Bg phonon from Table II,
leading to resonant splitting of the2F5/2(28) sublevel as a
result of electron-phonon interaction.37 Note that preliminary
measurements indicate that such a substructure is abse
low doped KGdW:Yb.

A peculiarity is observed in the behavior of the absorpti
line at 10 019 cm21 when the temperature reaches 300
Up to 150 K the intensity of this line increases linearly wi
temperature but this dependence saturates at higher tem
ture. This is in controversy with the normal thermal behav
of the absorption process. We attribute the saturation ef
observed at 300 K to resonant interaction between ytterb
ions in the2F7/2(1) sublevel (168 cm21 energy! and theAu
vibration mode associated with@WO4#22 as reported in
Table II.

The increase of the intensity of the zero line
10 188 cm21 in the 150–200 K temperature range might
limited by the dynamic range of the spectrophotometer e
for a sample thickness as small as 50mm. At 6 K we re-
corded this line also with an enhanced resolution of 0.5
but still could not resolve it properly measuring a linewid
of 0.66 nm.

B. Fluorescence spectra

Room- and low-temperature fluorescence spectra w
measured in 90° geometry with excitation by a 200 m
diode laser at 940 nm modulated at 1 kHz. The fluoresce
was dispersed by a 0.46 m double monochromator~Jobin
Yvon – Spex HR 460!. A Si photodiode whose spectral re
sponse was corrected was used for detection of the infra
emission. It was connected with the lock-in amplifi

f

1-6



-
c

a
a

ich
c

es

nt

d
x-
tu
to
a

c

po

8
s
n

te
e
he
oe

W

in
vi-
rib-

hen
dis-
vi-
ure.
ctral
ted

ate
e-
al

is
he

the
ion
al

he
o-

-

e
n at
m-
on:

d

m

W

GROWTH, OPTICAL CHARACTERIZATION, AND LASER . . . PHYSICAL REVIEW B 65 165121
~EG&G, 7265 DSP!. The sample cooling for the low tem
perature measurements was accomplished by the same
ostat with helium-gas flow.

The room-temperature emission spectra are strongly
fected by reabsorption. By excitation close to the surface
well as by double recording of theE"Ng spectrum we tried
to obtain a comparable plot for all three polarizations wh
is presented in Fig. 8. The peaks in the measured spe
correspond to the emission from the excited2F5/2 manifold
to the four sublevels of the ground state manifold2F7/2. The
maximum at 10 184 cm21 (10 179 cm21) which appears
in the spectra forE"Np(E"Ng) is due to the 2F5/2(08)
→2F7/2(0) transition. The position of this peak determin
the energy of the2F5/2(08) sublevel and it agrees well with
the value derived from the 6 K absorption experime
(10 188 cm21).

In order to obtain the crystal field splitting of the groun
state manifold2F7/2 low-temperature polarized emission e
periments were performed. Figure 9 shows the tempera
dependentE"Nm infrared fluorescence spectrum from 6
300 K. The spectrum is dominated by three lines
9633 cm21, 9750 cm21, and 10 020 cm21 each of them
accompanied by phonon added peaks. These three lines
respond to the electronic transitions2F5/2(08)→2F7/2(3),
2F5/2(08)→2F7/2(2), and 2F5/2(08)→2F7/2(1). The emis-
sion line between the2F5/2(08)→2F7/2(0) sublevels is dif-
ficult to observe because of strong reabsorption for this
larization ~see Fig. 8!.

The Stark sublevels of the ground state manifold2F7/2
derived from the 6 K emission spectrum are at 0, 168, 43
and 555 cm21. The crystal field splitting of both manifold
of KYbW, obtained from the low temperature absorption a
emission spectra is shown in the inset of Fig. 7.

Having now determined the splitting of the ground sta
we see that at room temperature only 62% of the ions ar
the 2F7/2(0) sublevel. This means that the calculation of t
maximum absorption cross section from the absorption c
ficient should be performed with an Yb31 concentration of
431021 instead of 6.431021 cm23, a deviation which has
been overseen in previous literature on KYW or KGd
doped with Yb31.8–14Thus for example forE"Nm we obtain
a ‘‘corrected’’ maximum cross section of 1.88310219 cm2

at the zero line~981 nm!.

FIG. 8. Polarized emission spectrum of KYbW at room te
perature.
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Next to the main peaks in the low-temperature spectra
Fig. 9 there are a number of lines, which we assign to
bronic side bands. The main contribution can be again att
uted to the zero line transition (10 188 cm21) coupling with
the same phonons outlined in the previous subsection w
discussing the low-temperature absorption spectra. A re
tribution of the intensity among the electronic and the
bronic lines is observed when changing the temperat
With increasing the temperature the fluorescence spe
profile changes strongly due to the reabsorption effect rela
to new transitions from thermally populated ground st
sublevels and due to the broadening of the individual lin
widths. An interesting process is observed in the therm
behavior of the fluorescence peak at 10 020 cm21 which
strongly decreases with temperature. The explanation
found after careful analysis of the thermal evolution of t
absorption spectra~Fig. 7!. One absorption line with vibronic
substructure emerges with increasing temperature in
same spectral position. This line is missing in the absorpt
spectrum at 6 K. Its position and thermal evolution reve
that this absorption line originates from the population of t
2F7/2(1) sublevel. Obviously, the disappearance of the flu
rescence line at 10 020 cm21 is due to the reabsorption ef
fect.

The reciprocity method1,35 has been used to calculate th
emission cross section using the absorption cross sectio
room temperature and the splitting determined at low te
perature. The calculation is based on the following equati

se~n!5sabs~n!
Zl

Zu
expF ~Ezl2hn!

kT G ,
whereZu andZl are the partition functions of the ground an
excited states, respectively, andEzl is the temperature-

-

FIG. 9. Temperature evolution of the optical emission of KYb
for E"Nm .
1-7
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M. C. PUJOLet al. PHYSICAL REVIEW B 65 165121
dependent excitation potential.35 The calculated ratioZl /Zu
is 1.25 andEzl is equal to 10 168.6 cm21 in our case almos
coinciding with the zero-line energy. Figure 10 shows t
emission cross sections together with the corresponding
sorption cross sections. It can be seen that strong reabs
tion should be expected at the maximum emission pea
981 nm~zero line!.

By averagingse(n) over the three polarizations it is pos
sible to obtain an estimation for the radiative lifetimet rad
using the Fu¨chtbauer-Ladenburg equation.1 The error origi-
nating from the thermal distribution of the population in t
ground state manifold2F7/2 at room temperature when ca
culatingsabs(n) can be suppressed by integrating the cor
sponding equation over the frequency35

1

t rad
58pn2E ^se~n!&

l2
dn,

where^ & denotes averaging over the polarization. Using
se(n) dependence as calculated with the reciprocity met
~Fig. 10! we arrive thus att rad5270 ms at room tempera
ture.

C. Lifetime measurements

The excitation of the samples for the fluorescence lifeti
measurements was at 940 nm by a tunable optical param
oscillator ~OPO, VEGA BMI! which is pumped by the third
harmonic of aQ-switched Nd:YAG laser~SAGA 120 BMI!.
The OPO’s linewidth amounts to 0.2 cm21 with a pulse du-
ration of ;5 ns. The energy of the idler pulse delivered
the OPO at 940 nm is up to 60 mJ. The fluorescence

FIG. 10. Emission cross section and absorption cross sectio
KYbW at room temperature.
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collected with af 56 cm lens and dispersed with an Ori
1/8 m single monochromator at 90° geometry. The detec
was with an InGaAs photodiode connected to a preamplifi
Decay curves were recorded using a 54616 Hewlett Pac
oscilloscope with data acquisition on a computer. The m
surements were carried out at room temperature.

The accurate measurement of the excited-state lifetim
important as a further step for the characterization of KYb
as a laser material. It is well known that radiation trappi
and total internal reflection~TIR! can strongly affect the
measured lifetimes. This problem is strongly pronounced
KYbW, which is characterized by a large degree of over
between absorption and emission. As a term radiation tr
ping is commonly referred to the effect of reabsorption of t
initial emission by ions in the ground state. This reabsorpt
is followed by reemission and results in lengthening of t
measured lifetime. In order to eliminate this effect optica
thin samples should be used for lifetime measurements. T
which is typical for solids because of their higher refracti
indices, further increases the probability for reabsorption
the emitted photons by ions in the ground state. For KYb
with an average refractive index ofn52.04 at 1000 nm all
photons directed to the crystal-air interface at an an
greater than 30° will be reflected. Thus, even in optica
thin samples, TIR produces an increase of the emission p
length in the crystal and causes an artificial lengthening
the observed lifetimes. Currently the problem of eliminati
these effects is widely discussed in the literature38,39and dif-
ferent methodologies are proposed for its solution.

In the present work we attempted to eliminate radiat
trapping and TIR using fine powder of KYbW with 25260
mm diameter of the particles and ethylene-glycol~EG! for
refractive-index matching.~In principle the use of an index
matching fluid with a refractive indexn;2 should be better
but index-matching fluids withn higher than 1.8 are toxic
and that is why we chose EG withn51.52).

Five samples were prepared: one pure powder sam
placed in a quartz cuvette and four samples with differ
concentration of the KYbW powder, immersed in EG, a
placed in similar quartz cuvettes. Also, a measurement of
time decay of the fluorescence in a KYbW crystal with thic
ness of 170mm was carried out for comparison.

The fluorescence lifetime curves for all samples are ch
acterized by a single exponential decay behavior. The l
time measured for the 170mm crystal was 600ms while
for the powder sample~without EG! it amounted to 320ms.
The particle size of the powder is of the order of the abso
tion length and the large difference between these two m
surements can be explained only by the radiation trappin
the 170 mm crystal, because TIR takes place in both cas

All powder samples, which were immersed in EG sho
significant reduction of the observed lifetimes in comparis
with the pure powder sample. The measured lifetimes
crease with decreasing the concentration of the powde
EG. Decreasing the concentration for samples with
refractive-index-matching fluid significantly reduces the a
erage pathlength for the emission in the sample, thus
creasing the probability for reabsorption due to TIR. There
one minimal concentration, below which no further chan

of
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of the lifetime could be observed. This limit for the lifetim
measured for diluted samples, is 200ms. All results are pre-
sented in Table III.

The shortest lifetime of 200ms in diluted samples sug
gests efficient elimination of TIR and radiation trapping.
makes us confident that it is close to the intrinsic single-
lifetime. Our value is closer but still below the recently me
sured 300ms for KYW crystals with low doping level of
Yb31.40

The ratio of the fluorescence and radiative lifetimes p
vides a direct estimation of 74% for the intrinsic quantu
efficiency. As in the case of stoichiometric YbAG~Ref. 35!
improved material development is expected to increase
fluorescence lifetime and the quantum efficiency by red
tion of the excitation quenching caused by impurities in
KYbW lattice. At present such heating effects seem to p
dominate over those resulting from the quantum defect.

VI. LASER EXPERIMENTS

The laser experiments with KYbW were performed with
V-type astigmatically compensated resonator with a length
57 cm. The 0.5 mm thin KYbW sample was positioned in t
focal region between the folding and rear mirrors which w
both highly reflecting in the emission spectral range and w
10 cm radius of curvature. The output coupler in the ot
end of the cavity was a plane mirror with a transmission~if
not otherwise specified! of 1%. The thin plane of KYbW
was cut and oriented for propagation along theb(Np) axis
and polarization along theNm crystallo-optic axis. The po-
larization choice plays a very important role because it gu
antees maximum emission cross section and amplificat
At the given thickness, however, the absorption for the pu
radiation which is also polarized parallel toNm is unneces-
sarily large and to avoid reabsorption at the laser wavelen
in the unpumped rear side of the sample one has to ch
pump wavelengths away from the maximum of the abso
tion cross section.

The pump source was a homemade CW Ti:sapphire l
optimized for operation at relatively long wavelengths as
one used previously by us.41 It was tunable between 900 an
1000 nm when pumped by 24 W~all lines! of an argon ion
laser ~Spectra Physics 2040! and had a maximum outpu
power of about 3 W between 920 and 970 nm. The pu
beam was focussed by af 56.3 cm lens through the folding
mirror of the KYbW laser cavity which was transmitting fo
the pump radiation but not specially designed for that p

TABLE III. Lifetime of the infrared fluorescence at 1040 nm o
KYbW powder immersed in ethylene-glycol versus concentrat
~weight concentration5 weight of powder/weight of powder1EG!.

Weight concentration (%) Lifetime (ms)

0.23 200
0.52 200
1.92 250
2.92 270
100 350
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pose. The uncoated KYbW sample was inclided under Bre
ster angle to minimize the Fresnel losses but this did
result in essential modification of the polarization and pro
gation directions inside the sample. No special care w
taken for good thermal contact or cooling of the samp
hence in order to reduce the thermal load we had to emp
a chopper with a duty cycle of 4% which reduced the av
age powers 25 times. All average powers given in this s
tion are those obtained with this chopper.

Figure 11 shows the output power of the KYbW las
measured at 1074 nm as a function of the absorbed p
power for a pump wavelength of 963 nm. This pump wav
length is situated in the dip of the absorption curve in Fig
and has been chosen because it is close to the wavelen
where high power InGaAs laser diodes are available, too
this pump wavelength the sample absorbed about 92% o
pump radiation which is in good agreement with the tra
mission (10%) calculated forE"Nm from Fig. 6 if we take
into account the effective crystal length under Brews
angle. The pump pulse duration used in Fig. 11 was 350ms
corresponding to a chopper frequency of about 110 Hz.
this chopper frequency and pump pulse duration no sat
tion in the dependence depicted in Fig. 11 is observed
the maximum output power obtained~16 mW! corresponds
to a conversion efficiency of 25% with respect to the a
sorbed pump power. The slope efficiency with respect to
absorbed power estimated from the Fig. 11 is 41% and
ceeds the slope efficiency recently reported (27%) in a si
lar quasi-CW regime with stoichiometric YbAG.35 Note that
the free running wavelength obtained by us was 1074
which is far from the maximum of the fluorescence cur
and can be explained by reabsorption effects at shorter w
lengths.

The dependence in Fig. 11 was recorded for pump pu
durations sufficiently short to avoid the onset of thermal
fects during one pump period. This can be seen from Fig
where we have plotted the dependence of the average ou
power versus pump pulse duration which was varied
changing the chopper frequency at a constant value of
average absorbed pump power~62 mW!. Slightly above
400 ms degradation of the laser performance is observed
we believe such thermal effects could be managed by spe

FIG. 11. Average output power of the quasi-CW KYbW las
versus average absorbed pump power.

n
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M. C. PUJOLet al. PHYSICAL REVIEW B 65 165121
mount and cooling systems for the KYbW sample.
Also the temporal shape of the output pulse genera

depends on the pump pulse duration. Figure 13 shows
records obtained for pump pulse durations of 350 a
1500 ms. It can be seen that at longer pump pulse durati
oscillation ceases before the end of the pump pulse.
uninterrupted generation of the KYbW laser with long pu
pumping is almost as long as the generation pulse obse
with short pulse pumping. The absorbed pump pulse ene
amounted to 0.55 mJ in the case of short pulse pump
~chopper frequency equal to 110 Hz! and to 2.5 mJ in the
case of long pulse pumping~chopper frequency equal to 2
Hz!. The output energy was almost the same~0.1 mJ! in both
cases but the output power is roughly 4 times higher in
case of short pulse pumping.

The 1% output coupling used was optimum for this las
The output power dropped to 60% of its maximum val
when using an output coupler with less (0.6%) transmiss
and to 30% for an output coupler with higher (1.9%) tran
mission.

Finally, we note that similar results in terms of conversi
efficiency and output power were obtained also when pum
ing in the wing of the absorption curves near 922 nm. On
other hand, the longest pump wavelength that still permit
to reach the threshold for laser generation at the given cry
thickness was 974 nm.

VII. CONCLUSION

In conclusion, the method of TSSG slow-cooling perm
ted the growth of inclusion-free KYbW single crystals wi
laser quality. KYbW is a monoclinic biaxial crystal wit
the space groupC2/c ~point group 2/m) which is trans-
parent between 350 and 5000 nm. Its unit cell parame
are a510.590(4) Å, b510.290(6) Å, c57.478(2) Å, b
5130.70(2)°. The two principal axesNg and Nm of the
optical indicatrix are located in thea-c plane and the othe
principal axisNp is parallel tob@010#. The principal axis
with maximum refractive indexNg is rotated by 19° from
thec axis. Sellmeier coefficients for KYbW have been det

FIG. 12. Average output power of the quasi-CW KYbW las
versus pump pulse duration.
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mined for the visible and near-IR spectral range at ro
temperature. The thermo-optic coefficients have also b
measured at room temperature.

The highest value of the absorption cross section at ro
temperature is obtained at 10 195 cm21 ~981 nm, zero line!
for polarization parallel to theNm axis: it amounts to 1.88
310219 cm2. The resonant absorption in this spectral regi
is due to ytterbium transitions between the only two sta
2F7/2 and 2F5/2. These two manifolds have been resolved
absorption and emission measurements at room and low
perature. Raman spectroscopy revealed the phonon ene
in KYbW and this information was used to explain the v
bronic substructure of the absorption spectrum. Fluoresce
decay measurements provided a reliable value of 200ms for
the intrinsic upper level lifetime and 74% for the intrins
quantum efficiency at room temperature.

Finally, for the first time to our knowledge, we obtaine
laser operation with stoichiometric KYbW. The slope ef
ciency exceeded that demonstrated previously with Yb
which is the only other known stoichiometric Yb laser. Th
KYbW laser was studied only in the quasi-CW regime b
cause of the onset of thermal effects in the absence of cry
cooling and at room temperature. It operated at 1074 nm
from the fluorescence maximum and could be pumped
wavelengths as long as 974 nm, which means that laser d
pumping is realistic. Even better results are expected
pumping yet thinner samples of KYbW with improved cry
tal quality at longer wavelengths in which case reduction
the heat to be dissipated is expected. Moreover KYb
should have better thermal conductivity than the well kno
hosts KYW and KGdW. This makes us confident that re
CW operation of KYbW with laser diode pumping could b
achieved in the near future.
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FIG. 13. Temporal profiles of the pump~dashed line! and laser
~solid line! pulses for short~left! and long~right! pulse pumping.
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