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Abstract The linear absorption bandgap in the ultraviolet
and the nonlinear index 7n, in near infrared were system-
atically measured in undoped and Yb**+-doped top-seeded
solution-grown monoclinic double-tungstate KRE(WOQOy4)2
(RE=Gd, Y, Yb, Lu) crystals. Anisotropic n, nonlinear in-
dices have been determined for E|| Ny, and E|| N polariza-
tions with the maximum nonlinear index n, observed for the
light polarized E || N,. Moreover, the value of the nonlinear
response of particular crystals in this family is proportional
to the ionic radius of the RE3* ion.

PACS 42.65.An - 42.65.Hw - 42.70.Hj

1 Introduction

Double tungstate and double molybdate crystals with the
general formula MRE(XO4); (shortly MREX), where M is
a monovalent alkali cation, RE is a trivalent cation Y, Yb,
La, Gd, Lu, or Bi and X is W or Mo, are currently wit-
nessing an increase of interest as laser host materials [1—
6]. In this respect, the monoclinic double tungstates KGdW,

N. Thilmann (X)) - G. Stromqvist - V. Pasiskevicius
Department of Applied Physics, Royal Institute of Technology
(KTH), Roslagstullsbacken 21, 10691 Stockholm, Sweden
e-mail: nt@laserphysics.kth.se

Fax: +46-08-55378216

M.C. Pujol - F. Diaz

Fisica i Cristallografia de Materials i Nanomaterials
(FICMA-FiCNA), Universitat Rovira i Virgili (URV), Campus
Sescelades, C/Marcelli Domingo s/n, 43007 Tarragona, Spain

V. Petrov
Max-Born Institute, Max-Born-Strasse 2A, 12489 Berlin,
Germany

KYW, KLuW, and KYbW have shown good potential for
applications in coherent light sources owing to the high opti-
cal quality, relatively large apertures, and good homogeneity
of the crystals. These biaxial crystals are characterized by a
large anisotropy of linear dielectric, mechanical, and ther-
mal properties [4-6]. Concomitant anisotropy in absorption
and emission cross-sections of rare-earth dopant-ions allows
for a unique combination of large cross-section and broad
bandwidth for electric field direction parallel to the N, in-
dex axis. This feature has been very actively exploited in
the case of Yb>*-doped monoclinic double-tungstate hosts,
enabling highly efficient diode-pumped tunability laser op-
eration [7—-10] or ultrashort pulse generation [11-16]. Most
of the femtosecond lasers based on monoclinic Yb3+-doped
double tungstates employ a semiconductor saturable ab-
sorber mirror for self-starting mode-locking demonstrat-
ing pulse-lengths above 100 fs. On the other hand, one of
the early diode-pumped femtosecond Yb:KYW lasers em-
ployed Kerr-lens mode-locking and demonstrated pulses of
71 fs and tunability [15]. In that work the nonlinear index
coefficient ny = 8.7 x 1071 cm?/W was reported with the
reference to the earlier measurement in [17]. However, in
[17] the measurement at 1.08 pm wavelength was performed
for a polarization that apparently did not correspond to one
of the refractive index axes in this material. Moreover, com-
parison of the laser performance in [15] with simulations in
[17] indicate that the nonlinear index coefficient is probably
larger. Indeed, later measurements of n, at 790 nm for the
light polarization E| N, show substantially larger values,
e.g., np =21 x 10716 cmz/W for KYW [18]. In the same
work [18], it was reported that the nonlinear index coeffi-
cient is isotropic for polarizations E||N,, and E||N, within
the uncertainty of the measurements. This stands in contrast
to the measurements in Yb:KGdW [19], where anisotropic
and virtually dispersionless Kerr response has been found
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in the near infrared. It should be noted that our previous in-
vestigations of n, in disordered tetragonal NaTW family of
isomorphs showed large and isotropic nonlinear index coef-
ficients [20].

The above mentioned uncertainty in the nonlinear index
measurement in monoclinic double tungstates and also the
lack of measurements in a new member of this isostructural
group, namely KLuW, prompted us to systematically mea-
sure nonlinear index coefficient in undoped and Yb3+-doped
crystals for different light polarizations.

2 Material growth and sample preparation

Double tungstates show polymorphism with temperature,
but the low-temperature monoclinic phase can be obtained
by high-temperature solution growth methods, specifically
here the top-seeded solution-growth slow-cooling method
(TSSG-SC) using Ky W>07 solvent [21]. The solution com-
position is about 12/88 mol.% solute/solvent. The bulk crys-
tals are grown in cylindrical tubular furnaces, using Pt cru-
cibles. The starting precursor oxides are K,CO3, WO3, and
RE>O3 (RE=Gd, Y, Yb, Lu) with 99.9% purity. A KREW
seed (RE = Gd, Y, Yb, and Lu) oriented along the b crys-
tallographic axis is attached to a Pt holder rotating at 40—
60 rpm. The temperature gradient in the solution is about
1 K/cm in the vertical and radial directions with the bot-
tom and walls being hotter. The growth occurs as a result
of supersaturation when cooling below the saturation tem-
perature. The saturation temperature has been separately de-
termined for each solute and ranged between 1146 K for
KLuW and 1203 K for KGdW. The usual cooling rate dur-
ing growth varies between 0.05 and 0.3 K/h, depending on
the compound itself as well as the doping. Finally, the grown
crystals are removed slowly from the solution and cooled at
a rate of 15-25 K/h, slightly above the solution surface but
inside the furnace. The Yb3*-doped samples were grown
with a nominal 5 at.% Yb in solution in relation to the RE.
The ordered double tungstates KREW, as they belong
to the monoclinic system, (space group C2/c,2/m point
group) are optically biaxial. The dielectric tensor coordinate
frame of these materials has been described in the literature
[4, 5, 22, 23]. It is defined by one main index axis, labeled
N, parallel to the b crystallographic axis and the other two
index axes (Ng and N,,) located in the a—c crystallographic
{010} plane. When positive b is pointing to the observer, N,
is rotated by an angle « in clockwise direction to the ¢ crys-
tallographic axis, « being 21.5°,18.5°,19°, and 18.5° for
KGdW, KYW, KYbW, and KLuW, respectively. The axis
notations follow the N, < N, < N, relation for the cor-
responding principal refractive indices. The n, coefficient
was measured in the orthogonal frame of the optical indica-
trix, which, as the abc frame, is right handed. The symmetry
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Fig. 1 Threshold energy Ev, (filled squares) and polynomial fit (solid
lines)

of the x® tensor differs from the crystallographic symme-
try but the dielectric axes are still symmetry elements cor-
responding to maximum #n, values [24] which justifies the
selection of this reporting frame.

In the present work, the samples have been cut and pol-
ished perpendicular to the N, index axis, in order to access
the axes Ny, and N,,. For measurements of the linear funda-
mental absorption edge the samples were polished down to
thickness of 70 pm, while the thickness of all samples used
to measure the n, index was about 1 mm.

3 Experimental results and discussion

To obtain the bandgap energies Eg,p, the optical absorption
spectra in the ultraviolet region between 3.47 eV (357 nm)
and 4.46 eV (278 nm) were recorded. The measurements
were carried out in a temperature range of 6-300 K in
a Varian Cary 500 spectrometer. Sample cooling for the
low temperature measurements was accomplished by Ox-
ford Instruments cryostat (SU 12 model) with close-cycle
helium gas flow. From an extrapolation of the linear part
of an («E)? versus E plot, where « is the optical density
and E is the photon energy, one can obtain the values of
the threshold energy E which correspond to the bandgap
energies Eg,p assuming that the ultraviolet absorption is
due to direct dipole-allowed interband transitions. The ob-
tained values are shown in Table 1 together with the data of
KGdW from [25]. The data points in Fig. 1 show the mea-
sured temperature-dependence of the bandgap in the differ-
ent crystals. The thermal bandgap coefficients 0 Eg,, /07T es-
timated from the high-temperature side of the dependencies
inFig. 1 are —5.37 x 1074, —4.2x107%, —6.29 x 10™*, and
—5.36 x 107* eV/K for KGdW, KYW, KLuW, and KYbW,
respectively.

The nonlinear refractive index n, was measured using
the z-scan method introduced by Sheik-Bahae et al. [26].
This technique allows determining sign and magnitude of
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Table 1 The extracted

threshold energies Eq for Ey, for Ey, for E, for Ey, for E, for E, for
different temperatures 7' T=6K T =100 K T =150K T =200 K T =250K T =300K
[eV] [eV] [eV] [eV] [eV] [eV]

KLuW 4.30 4.28 4.26 4.23 4.20 4.16
KYbW 4.29 4.26 4.26 4.20 4.18 4.15
KYwW 4.33 4.31 4.30 4.28 4.26 4.24
KGdw 4.38 4.38 4.36 4.34 4.31 4.27

the nonlinear refractive index n, in a single measurement  tive index can be expressed by:

using a single beam. The method is based on the intensity

dependency of the phase shift introduced by a change of the 5, = zﬂ > (4a)

refractive index. This leads to a variation in the transmitted oL 27

power through a far-field aperture while the sample is trans- -2 ATpy A (4b)

lated along the z-axis. The refractive index n can be written
as n =np +nol, where I is the intensity of the laser beam
inside the crystal and n; and nj are the linear and nonlin-
ear refractive indices, respectively. Under the assumption of
a Gaussian beam and a small sample length L (shorter than
the Rayleigh length z¢ of the probe beam), the phase shift at
beam focus can be described by

Ady(t) = ”2]0(1‘)Leff277, 0
A

where, for insignificant linear optical losses, Legr & L, and

Ip(t) is the time-dependent intensity at the focus. As the

laser used was pulsed, the time averaged refractive index

change

(Ano()) = "Q—Jg’ @)

was measured. Here Iy is the peak intensity at the focus.
This change in the refractive index introduces an intensity
modulation of the light that is transmitted through the far-
field aperture due to focusing and defocusing introduced by
the sample. The amount of focusing and defocusing itself
depends on the position of the sample with respect to the
focus of the incident beam, i.e., the sample position along
the z-axis. During the scan the transmittance 7 is described
by

4ADyx . z
Tz, AP~ 1 — ——————; withx=—.
x=+9x=+1) 20

(€)

Using (3) one can calculate the extrema (peak and val-
ley) of the transmittance and find the difference between
the peak and valley transmittance to be AT, ~ 0.406(1 —
$)0-23| (Ady(1))|, where S is the linear transmittance of the
far-field aperture. By using (1) to (3), the nonlinear refrac-

2 —.
0.406(1 — $)0-25 [y L 27

Besides the intensity-dependent nonlinear refractive index,
other effects can, depending on the z-position of the sample,
lead to changes in the power transmitted through the far-field
aperture. This can be a misalignment or a nonparallelism of
the crystal surfaces introducing a tilt of the beam, and there-
fore making the power transmitted through the far-field aper-
ture depend on the beam origin, i.e., the sample position.
Further, occurrence of the intensity-dependent two-photon
absorption (TPA) influences the total intensity after the crys-
tal, and therefore modifies the power transmitted through the
far-field aperture. To avoid the tilt of the beam, special care
was taken during sample alignment and monitoring of the
TPA allowed to correct the measurement [25].

Pulses derived from a tunable picosecond Ti:sapphire
regenerative amplifier were used for the measurements in
this work. The central wavelength of the linearly polarized
pulses was 819 nm with a pulse length of 4 ps (intensity
FWHM) and a repetition rate of 1 kHz. The pump photon en-
ergy was chosen such that it was substantially moved away
from the resonant transitions of the Yb>* dopant but was
close enough to the 1 pum wavelength region where laser op-
eration in these materials is normally obtained. After reduc-
tion of the diameter with a reflective telescope, the beam was
focused by a 150 mm focal length lens yielding a spot size of
~25 um (1/¢? intensity radius) measured by the knife edge
technique. The pulse length and pulse energy were chosen
after initially determining that material modification occurs
at peak intensities above 98 GW/cm? for 2 ps pulses. The
pulse length of 4 ps was an optimum that allowed keeping
a relatively high average power for the far-field measure-
ments and, at the same time, operating safely below the op-
tical damage threshold. The sample was mounted on a mo-
torized computer-controlled translation stage with a travel
range of about +18 mm along the z-axis. A CaF, crystal
beam splitter after the sample allowed monitoring of the to-
tal transmitted near field intensity by a photodiode (PD) to
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Table 2 The measured
nonlinear indices for the two Crystal Dopant
orthogonal polarizations E||N,,
and E|| N, and the anisotropy of
the nonlinear index coefficient KLuW _
KLuW Yb (5 at.%)
KYbW -
KYW -
KYW Yb (5 at.%)
KGdwW -
KGdW Yb (5 at.%)

23 17 6
22 19 3
23 17 6
24 15 9
19 15 4
25 15 10
26 17 9

detect TPA. The far-field iris aperture was placed ~60 cm
behind the sample followed by a power meter. Prior to the
actual scanning measurement with the crystal away from fo-
cus, the power in front and directly behind the crystal was
measured. The average incident power used in these mea-
surements was found to be 4.14 mW (4.14 uJ per pulse).
The linear transmission of the samples was about 80% and
is well accounted for by the Fresnel reflection losses. For
each measurement the transmitted power through the far-
field aperture was 0.6 mW, which corresponds to the aper-
ture transmission S 2 0.18. The z-scan itself was carried out
using varying step sizes from 0.25-3 mm with smallest steps
near the focus. For each sample we measured z-scan traces
for laser polarizations E|| Ny, and E||N.

Prior to fitting the experimental traces with (3), the far-
field transmittance signal was scaled by the signal from the
PD to correct for the possible occurrence of TPA [25]. In
fact, the TPA was very small in all samples with a maxi-
mum transmission modulation of ~3% in KLuW. The non-
linear refractive indices were calculated using (4a). Here the
intensity at the focus Iy was calculated using the measured
incident power corrected by a single Fresnel reflection on
the first surface of the crystal. Beam profile and pulse shape
were assumed to be Gaussian, and the spot size at the focus
could be ascertained using the Rayleigh length zo from (3)
fitting procedure.

Figure 2 shows the experimental z-scan traces of all crys-
tals together with the fitted curves. The extracted values of
the nonlinear index coefficient are summarized in Table 2
for both polarizations. Several observations can be made
from the experimental data. First, the values of nonlinear re-
fractive indices are similar to those reported in Yb:KGdW
in [19] and also in tetragonal double tungstates such as
NaLuW [20]. Second, there is anisotropy in nj; the val-
ues for the light polarization E||N,, are always larger than
the values for the polarization E||N. This is beneficial be-
cause larger absorption and emission cross-sections are ob-
served with E||N,,. Our measurement is again in agreement
with previous observations in monoclinic Yb:KGdW [19].
Third, this anisotropy in the nonlinear refractive index is re-
duced in all investigated crystals containing Yb>* doping.
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Fourth, in terms of increasing the nonlinear index coeffi-
cient, the investigated double tungstates can be ranked as
follows: KLuW, KYbW, KYW, KGdW. This is also the or-
der in which the anisotropy of the nonlinear response in-
creases.

The larger values of n; for the polarization E || N, are ex-
pected if we assume validity of the semiempirical Miller’s
rule and considering that this polarization also corresponds
to the largest linear index. For this polarization the elec-
tric field lies in the (a—c) crystallographic plane of intercon-
nected REOg and KO1, polyhedra alternating with wolfra-
mate chains [6]. The investigated compounds differ only by
the RE3* cation, which is also the site for substitution by
Yb3* doping. So in order to understand different 1, val-
ues in the investigated materials, we look for a correlation
between the nonlinear response and the RE3* cation po-
larizability. The linear ionic polarizability of RE* ions in-
creases with the ionic radius [27-29]. Figure 3 shows the
dependence of the n; for the polarization E|| N, as a func-
tion of RE** ionic radius revealing an approximately lin-
early proportional increase of the nonlinear response with
the ionic radius. However, we should consider that the non-
linear response is also dependent on bond polarizability and
structural distortion in REOg groups. The structural distor-
tion of REOg groups in monoclinic double-tungstates tends
to decrease with the RE>* ionic radius [4-6]. This bond-
symmetrizing effect can partly counteract to the effect of
increased ionic polarizability.

4 Conclusions

In this work, we systematically investigated the nonlinear
index coefficient 7o in undoped and Yb>*-doped TSSG-
SC grown monoclinic double tungstate isomorphs KGdW,
KYW, KYbW, and KLuW with good potential for ultrashort
pulse lasers. The values of 5 in all compounds are similar to
those previously reported in Yb:KGdW although there is a
trend for n; to increase for larger rare-earth ion radii. More-
over, the anisotropy of n; is confirmed with the larger value
obtained for the light polarization parallel to the N,,-axis.
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Fig. 2 Experimental far-field z-scan results (points) and theoretical fit (solid line)
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Fig. 3 (a) Nonlinear index coefficient for undoped double tungstates
as a function of RE3* cation radius (solid squares) and linear fit to
the experimental points (solid line). (b) Birefringence of the nonlinear
index coefficient for undoped (solid squares) and 5 at.% Yb3*-doped
(open squares) double tungstates as a function of RE3* cation radius
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