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Abstract: A Yb:CaGdy33Y65A10, (Yb:CGYA) laser crystal of high optical quality has been successfully
synthesized via the Czochralski method. The introduction of Gd** ions preserves the original structure and ef-
ficiently generates inhomogeneous broadening of the Yb*" ion emission spectra. The fluorescence emission
peak wavelength of the Yb:CGYA crystal is 1053 nm, and the corresponding measured full width at half-
maximum is 93 nm. A tunable laser output ranging from 1017 nm to 1073 nm is achieved by using a bi-
refringent filter, which represents the broadest tuning range reported in a short cavity to date. The compact

laser offers significant advantages for its applications around the 1 pm wavelength band.
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1 Introduction

Crystals doped with Yb*" ions are commonly
utilized for producing 1 pm tunable lasers and
mode-locked lasers, attributed to their high quan-
tum efficiency and wide spectral band!'. Stark
splitting, caused by the two Yb** ions, results in a
broad absorption and fluorescence spectrum. The
simple energy level structure also ensures low qu-
antum efficiency, avoiding undesirable effects such
as excited state absorption and up-conversion” . In
the past, the most commonly used Yb**-doped ma-
terial for generating mode-locked laser pulses was
Yb*:Y;ALO, (Yb:YAG)™ L
width at half-maximum (FWHM) of the Yb:YAG

crystal’s fluorescence emission spectrum is gener-

However, the full

10-11]

ally about 30 nm!"*", which largely limits the abil-
ity of mode-locked lasers to achieve higher power
and narrower laser pulses. To further broaden the
spectral band and obtain narrower laser pulses, re-
searchers have developed a series of Yb**-doped dis-
ordered crystals. Crystals with disordered structures
can provide an inhomogeneous strong crystal field
for doping rare-carth ions, effectively broadening

the absorption and emission spectra.

doi: 10.37188/CO.EN-2025-0029

CSTR:32171.14.CO.EN-2025-0029

Tunable lasers can directly demonstrate the ad-
vantages of disordered crystals in this regard and
further contribute to the realization of ultrashort
pulsed lasers. In 2005, Liu J et al. successfully
grew Yb**:NaLa (WQO,), (Yb:NLW) and Yb*":NaLa
(Mo00Oy), (Yb:NLM) crystals using the Czochralski
(CZ) method. A continuous tuning range of 40 nm
was obtained in a V-shaped cavity using a Lyot fil-
ter"?. In the same year, Jacquemet et al. investig-
ated the properties of Yb*":Lu,SiOs (Yb:LSO) and
Yb*":Y,Si05 (Yb:YSO) disordered crystals. The
FWHM of the emission spectrum of Yb:LSO crys-
tals and Yb:YSO crystals is about 2 times wider
than normal Yb:YAG crystals!"’l. Even further, in
2006, Du J et al. successfully grew Yb:LYSO dis-
ordered crystals by combining the above two
crystals, measured the FWHM to be 70 nm, and ob-
tained a wavelength-tuned width of 81 nm by using
an SF prism as a tuning tool in a V-cavity!'¥
milar disordered crystals, such as Yb:GYSO!,
Yb:GSO!', and Yb:SSOU!” are currently available in
the tunable ranges of 59 nm, 120 nm, and 66 nm, re-
spectively, and they are also realized using SF
prisms in V-shaped cavities. In particular, the CaY-
AlO; (CYA) and CaGdAlO, (CGA) disordered

crystals have attracted considerable attention from
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researchers due to their broad emission band and ex-
cellent thermal conductivity. Li D ZH et al. success-
fully grew Yb:CYA crystals and investigated the
crystal properties in 2011"8, The FWHM of the
fluorescence emission spectrum was 77 nm. In
2021, Zhao L N et al. successfully achieved a
broadly tuned laser output in the 1040~1086 nm
(46 nm) using a Yb:CALGO crystal. Tuning ele-
ments is birefringent filter (BF)"?. In 2011, Tan W
D et al. realized laser operation based on Yb:CYA
crystals. The laser can be continuously tuned from
1008 nm to 1063 nm®”, In 2016, laser operation of
Yb:CALGO pumped with 100 W of pump power
was demonstrated and 15 W of laser operation was
obtained. Yb:CALGO shows a wide laser tunability
range (1010-1085 nm) using a V-shaped cavity™'.
These disordered crystals, which are isomorphic to
K,NiF, with similar unit cell parameters, belong
to the tetragonal system and the space group
[4/mmm!***!, Structural disorder arises from the
random distribution of Ln*" (Y*" or Gd*) and Ca*
cations across a single site (C4v), resulting in a
significant broadening of the emission spectrum!®!,
The absorbance and fluorescence spectrum of
a material can be broadened by introducing Gd**
ions into Yb:CYA. Di J Q er al. proposed the
Yb:CaGdyY,9AlO, disordered crystals in 2018
for the first time™. This crystal's ratio of Gd*" ions
and Y** ions is 0.1:0.9, leading to a broad fluores-
cence emission band with a FWHM of 42 nm. Re-
cently, our group has realized Kerr-lens mode-
locked laser output using this type of disordered
Yb:CGYA crystals, and the results show that this
crystal outperforms the Yb:CYA and Yb:CGA
crystals in few-optical cycle pulses generation™!,
However, this novel crystal has not yet been real-
ized for wide-tuned laser operation. Although many
wide-tuning works with Yb-doped crystals have
been reported so far, they are realized in long reson-
ant cavities (v-cavity, x-cavity, etc.), making the
laser system more complicated. Furthermore, the

long-cavity detuning sensitivity is high and susce-

ptible to thermal lensing. Therefore, an in-depth
study of tunable lasers based on this crystal is of
great importance due to its potential practical applic-
ations as a light source and providing a reference
candidate for other disordered crystals based on tun-
able lasers.

In this work, we have successfully grown a
0.45at. % Yb** doped CaGdys3Y¢5A10, mixed
crystal with high optical quality by the CZ method.
Correspondingly, the emission peak of our crystal
is located at 1053 nm. Moreover, a 976 nm LD-
pumped Yb:CGYA continuous-wave solid-state la-
ser is demonstrated. Upon supplying a pump power
of 16.8 W, we generated a maximum laser output
power of 3.7 W, which constitutes a substantial ac-
complishment. The emission peak of the laser is loc-
ated at 1049 nm with a FWHM of 10 nm, which
owes its breadth to the inclusion of Gd* ions as a
dopant, thereby amplifying the system's disorder.
The widely wavelength-tunable Yb:CGYA laser
with a range of more than 56 nm (from 1017 to
1073 nm) is achieved using a BF, which is the

broadest tuning reported so far for short cavities.

2 Material and experimental system

2.1 Crystal growth

The solid-state reaction method synthesized
polycrystalline materials of the Yb*" doped Ca(Y,
Gd)AlO4. The raw materials are CaCOs;, Gd,Os,
Yb,03, Y,03, and Al,O; with purity of 4 N. The cor-

responding chemical equation is as follows:

CaCO;+0.022 5Yb,05 +0.165Gd, 05+
0.312 5Y203 + 05A1203 -
CaGdy 33 Ybg 45 Y0.625A104 +CO, T

The powders are weighed and mixed in a mix-
er for 36 hours to ensure uniform mixing. The
mixed material is pressed into tablets by a press ma-
chine. The muffle furnace is used for sintering at
1350 °C.

A high-quality single crystal is grown using the
CZ method. The synthesized polycrystalline bulk
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material is put into an Ir crucible. Single crystals are
grown with the <001> oriented CaYAIlO, seed crys-
tal under a nitrogen atmosphere. The pulling speed
and rotation speed of the seed are set as 0.8—
1.2 mm/h and 10—15 rpm. After crystal growth is
completed, the crystal is slowly cooled to room tem-
perature at a rate of 40~30 °C h™'. The crystal pre-

pared for laser experiments is shown in Fig. 1.
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Fig. 1 A photograph of the Yb:CGYA crystal boule. The

growth direction is along the <001> axis

2.2 Laser experiment

The schematic diagram of the Yb:CGYA laser
system is shown in Fig. 2(a). The Yb:CGYA crystal
measures 4 mmx4 mmx3 mm. The pump source is a
fiber-coupled 976 nm laser diode (LD) with a core
diameter of 220 um and a numerical aperture (NA)
of 0.22. Two plano-convex lenses, F1 and F2,
couple the pump laser into the Yb:CGYA crystal.

Both F1 and F2 are made of K9 glass with a fo-
cal length of 50 mm, a radius of curvature of
100 mm and a pump laser transmission of more than
96%. The focus is placed on the surface of the crys-
tal, resulting in a pump beam diameter of 220 um.
To fulfill the conditions for mode-matching between

the pump laser and emission laser, the physical res-

onant cavity lengths of 38 mm (CW laser) and
72 mm (CW tunable laser) are designed using the
ABCD-matrix formalism. Table 1 lists the relevant
optical component parameters used in the experi-
mental setup. Three planar mirrors with different
transmittances are used as output-coupled (OC) mir-
rors, and the transmittances at 1049 nm are 5.7%,
8.4%, and 16.8%, respectively. When tunable laser
operation is performed, the resonant cavity length is
extended from 38 mm to 72 mm. Based on the exist-
ing experimental conditions, a BF with a thickness
of 0.05 mm is inserted between the crystal and the
OC. The Glan-Taylor Prism is then used for sub-
sequent measurement of the polarization informa-
tion of the beam. The crystal, wrapped in indium
foil, is mounted on a water-cooled copper block and
maintained at a temperature of 15 °C. A long-pass
filter (Thorlabs, FELH1000) is positioned before the
power meter (PM) to eliminate residual pump
power. The corresponding physical diagram of the
device is shown in Fig. 2(b).

(@)
LD

BF OC " Filter
(b) PM

Fig. 2 Experimental set-up diagram. (a) Experiment lay-
outs of the Yb:CGYA laser system; (b) physical
drawing of the Yb:CGYA laser system. BF, Bi-
refringent filter; PM, Power meter. OC, output-

coupled mirror

Tab.1 Components and parameters in the experimental setup of the Yb:CGYA laser

Component

Parameter

Ml

Plano-concave lens, Radius of curvature of 150 mm, Plane coated with anti-reflection film at 980 nm (7>90%),

Spherical coated with high-reflection film at 1 049 nm (7>99.9%).

M2: Flat mirror, #=5.7% (1 049 nm), Reflectance of 96% at 976 nm.
oC M3: Flat mirror, #=8.4% (1049 nm), Reflectance of 96% at 976 nm.
M4: Flat mirror, #=16.9% (1 049 nm), Reflectance of 85% at 976 nm.

BF

Filter

Thickness: 0.05 mm.

Long-pass filter, Cut-off wavelength at 1000 nm, transmittance below 0.01% in the range of 900 nm to 1 000 nm,

and transmittance above 97% in 1000 nm to 1 100 nm.
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3 Results and discussion

3.1 Optical properties

The absorption spectrum is recorded with a
wavelength range of 300—1000 nm by a Perkin-
Elmer UV-Vis-NIR spectrometer (PE Lambda 900).
Fluorescence spectra is measured using a Horiba
transient QM-8000 fluorescence spectrometer. All
measurements are performed at room temperature.

The absorption coefficient spectra of Yb:CGYA

crystal at room temperature are shown in Fig. 3.

6

-1

Absorption coefficient/cm

0
900 920 940 960 980 1000 1020 1040
Wavelength/nm

Fig. 3 The absorption coefficient spectra of the Yb:CGYA
crystal

The absorption peak at 981 nm belongs to the
zero-line transition between the lowest levels of *Fj,
and “Fs;, manifolds. It is observed that the absorp-
tion coefficient at 981 nm is 5.5 cm™' with a FWHM
of 7.0 nm. The following formula can be used to

calculate the absorption cross-sections:

O abs = a’a/N s (1)

where o, represents the absorption cross-section,
a, 1s the absorption coefficient, and N represents the
particle number concentration, which can be calcu-
lated in the following equation:

_ xpDNA
M

N , (2)

where p, D, NA, and M are the crystal density, dop-
ing concentration, Avogadro constant, and the relat-
ive molecular weight of the crystal. Then the ab-

sorption cross-section at 981 nm is obtained as

1.47x107° cm? through Equation (2). Broad absorp-
tion bands are necessary to increase the diode-
pumping efficiency, which shows that the wider ab-
sorption band of the Yb:CGY A crystal matches well
with the efficient InGaAs laser diode.

Figure 4 shows the emission spectra of the
Yb:CGYA crystal. Due to the simple energy level
structure of the Yb*" ion, the emission spectrum is a
single peak. The central wavelength is 1053 nm and
its FWHM is 93 nm, which is conducive to fabricat-
ing ultrafast and tunable lasers through appropriate

experimental facilities.

10

— Yb: CGYA

Intensity/(a.u.)

S N S AN O 8 N & N O
0,‘0 0"’0 \QQ \@, \Qb‘ Qb NN

Wavelength/nm

Fig.4 The emission spectra of the Yb:CGYA crystal

The radiation trap effect of the Yb* ion greatly
influences the fluorescence spectrum, making the
McCumber method the first choice to calculate the
emission cross section from the absorption spec-
trum. The interaction relationship between the ab-
sorption cross section and the emission cross sec-

tion is as follows:
Z -1
O-em(/l) = O-abs(/l)i exp((EZL - hCA )/kT) 5 (3 )

where Z, and Z, represent the partition functions of
the ground state and the excited state, £ is the en-
ergy difference between the lowest sublevel of the
excited state and the ground state, and h. c¢. 4. k and
T are Planck constant, speed of light, emission
wavelength, Boltzmann constant and the thermody-
namic temperature. The emission cross section is
calculated to be 0.70x107° cm”.
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3.2 Laser performance

The stability of the laser cavity is simulated us-
ing the rezonator software, as shown in Fig. 5 (col-
or online). For a laser system with a cavity length of
38 mm, changes in the focal length of the thermal
lens will not cause the system to overflow the stabil-
ization zone. For a laser system with a cavity length
of 38 mm, a change in the focal length of the
thermal lens does not cause the system to overflow
the stabilization zone. When the focal length of the
thermal lens is increased from 100 mm to 1000 mm,
the fundamental laser spot radius on the front sur-
face of the crystal increases from 137.5 um to 154
um, which is slightly smaller than the core radius of
the pump source and allows the system to operate
better in the TEM,, mode. However, the minor
mode volume of the system is not advantageous for
generating a high-power laser. For a laser system
with a cavity length of 72 mm, the system’s stable
operation is ensured when the thermal focal length
exceeds 120 mm. When the focal length of the
thermal lens is increased from 120 mm to 150 mm,
the base laser spot radius of the front surface of the
crystal decreases sharply from 406 um to 242 um.
When it continues to increase from 150 mm to
500 mm, the base laser spot radius of the front sur-
face of the crystal decreases from 242 pm to 201
pm. In the range of 500 mm to 1000 mm, the base
laser spot radius of the front surface of the crystal is

almost unchanged. The analysis shows that the res-

@ 40
—a— =5.7%
35F —o— n=8.4% _}':0345)(*2.15//
30F n=16.8% ,/// .
55l /,

20¢F
15}

Output power/W

10F
05t
0

4 6 8 0 12 14 16 18
Absorbed power/W

onant cavity is well designed based on the experi-

mental basic conditions.

1.0
—— Length of cavity: 72 mm
— Length of cavity: 38 mm
0.5r
5]
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3
(=9
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<
7
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Fig. 5 The relationship between focal length of the thermal
lens and the thermal stability of the simulated laser

system

When BF and Glan-Taylor Prism are not ad-
ded and the cavity length is set to 38 mm, the input-
output characteristics of the system are investigated
in this experiment, as shown in Fig. 6(a) (color on-
line). When the transmittances of the coupling out-
put mirrors are set to 5.7%, 8.4%, and 16.9%, the
maximum output powers obtained are 3 W, 3.55 W,
and 3.7 W, respectively, and the corresponding
slope efficiencies of the linear fits are 25.6%, 30.1%
and 34.5%, respectively. The power of the laser de-
pends linearly on the pump power and no saturation
is observed. However, the absence of coatings on
the crystal and the relatively low doping concentra-
tion of Yb* ions (5%) limit the further power in-

crease.
(b)
24r — Coupling output mirror M4
21 F — Coupling output mirror M3
— Coupling output mirror M2
& 18r
ERE
g
= 12r
8
§ 9r _
E 6l S —
3 -
0 1 1 1 1
1035 1040 1045 1050 1055 1060

Wavelength/nm

Fig. 6 Laser input-output characteristics of coupled output mirrors with varying transmittances. (a) Output power versus the

absorbed pump power; (b) the transmission curve of the M2, M3, and M4 output mirrors within the wavelength range

of 1037 nm to 1057 nm
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Figure 6(b) (color online) provides the trans-
mittance spectra of coupling output mirrors M2,
M3, and M4 in the wavelength range from 1037 nm
to 1057 nm. The transmittance of the coupling out-
put mirror M2 demonstrates a minimum value of
4.6% at 1037 nm and a maximum value of 6.3% at
1057 nm within this range, indicating similar los-
ses across different longitudinal modes within the
specified spectral range. The transmittance curves
of M3 and M4 coupling output mirrors display a
flat profile similar to M2 within the same wave-
length range, thus ensuring broadband lasing due
to relatively uniform transmittance. The output la-
ser spectrum, measured using a spectrum analyzer
(YOKOGAWA AQ6374), is shown in Fig. 7 (color
online), with the emission peak of the laser located
at 1049 nm and a FWHM of 10 nm. The mode field
of the laser beam is then characterized. As shown in
Fig. 8(a) (color online), to prevent damage to the
measuring instrument, the laser first passes through
the neutral density attenuator, with its power re-
duced from 3 W to 0.25 W. Then, it is focused onto
the CCD camera by a plano-convex lens (F3) with a
focal length of 250 mm. The mode field profile fol-
lows a typical Gaussian distribution (Fig. 8(b), col-
or online), indicating that the laser operates well in
the TEM,, mode. These results align with our sys-

tem design.

lob— Measured —— Lorentzian fitting

2 0
ogl  RE973%

0.6

0.4r

Intensity/(a.u.)

02r

0 L L L L
1035 1040 1045 1050 1055 1060 1065
Wavelength/nm

Fig. 7 Measured (black line) and fitted (red line) spectral
curve of the laser with transmittance of oc mirror of
5.7%

Subsequently, the power stabilization of the

Yb:CGYA laser is monitored, as shown in Fig. 9

(color online). Since the intensity resolution of the
power meter is only 10 mW in the range above 2 W,
the power stability of the laser power near 2 W out-
put is also measured in addition to the maximum
power one. At the maximum absorbed pump power
of 16.8 W, the laser output power instability is less
than 0.36% and 0.32% for 7,=5.7% and #.,.=8.4%,

respectively. When the pump absorbed power is

11.7 W, the laser output power instability is less
than 0.32% and 0.59% for #,=5.7% and #,=8.4%,
respectively. The low volatility can be attributed to
the high thermal conductivity of Yb:CGYA crystals.

CCD
Attenuating plate 2 F3
Output laser - j
Attenuating plate 1

(a)

(®)

Fig. 8 Laser spot measurement. (a) Measurement device
for laser spot profiling; (b) 2-D and 3-D laser beam
profiles of the Yb:CGYA laser. F3, planoconvex

lens

To further measure the Yb:CGYA crystal's las-
ing performance and fully demonstrate its great po-
tential for generating ultrashort pulsed lasers, the
wavelength tunable performance of the Yb:CGYA
laser is measured. The principle of BF is that only
light waves meeting half-wave or full-wave phase
delays of integer multiples can pass through the
quartz crystal at Brewster’s angle with minimum

loss, shown as follows:

2

TnAnd:mn,mZO,il,J_r2,i3-~ , (4>
where d represents the optical distance through the
BF. An is the absolute value of the difference

between the refractive indices, and the two refract-
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ive indices of a light wave in different polarization

directions can be found by the Sellmeier formula.

(a) 5

10=5.7%
o P =16.8 W

4+ ab(max)
o P, =11.7W

3@00000000000 0O o o o o o
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0
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Rotating the BF can change the refractive index dif-

ference and thus the output wavelength!®?,

®) ;5
4.
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Fig. 9 Yb:CGYA laser stability test results. (a) # = 5.7% for OC mirror; (b) # = 8.4% for OC mirror

Setting the cavity length to 72 mm on top of
the original, the input-output characteristics of the
system are also investigated in this experiment, as
shown in Fig. 10 (color online). The difference is
that the OC mirror with #=16.8% is not used be-
cause too high a cavity loss would prevent the band
at the gain edge from oscillating to produce laser
output, which means that the tunable range would
be significantly compressed. When the transmit-
tances of the coupling output mirrors are set to 5.7%
and 8.4%, the maximum output powers obtained are
1.921 W and 2.430 W, respectively. The

ponding slope efficiencies of the linear fits are

COorres-

measured to be 17.4% and 22.6%, respectively. It
was established that extending the resonant cavity
led to a marginal deterioration in the output laser
performance, yet had no substantial impact on the

laser tuning operation.
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Fig. 10 Laser input-output characteristics of coupled out-

put mirrors using the BF

A Glan-Taylor prism is added in the laser path
behind the output coupler to record the polarized
characteristics of the tunable Yb:CGYA laser sys-
tem under its maximum output power. As is shown
in Fig. 11 (color online), they are both linearly po-
larized. The output laser's polarization extinction ra-
tio (PER) is calculated to be 12.41 dB and 16.15 dB
for #,=5.7% and #,~=8.4%, respectively. Above
characteristics demonstrate that, even though the
system is operating at a relatively high absorbed
pumped power, the Yb:CGYA crystal can generate
a great linearly-polarized laser and has an excellent
ability in polarization-maintaining, which is favor-
able in nonlinear conversion.

For wavelength selection, a 0.05 mm tick BF is
placed inside the cavity at the Brewster angle. The
wavelength tuning of Yb:CGYA is illustrated in
Fig. 12 (color online). To obtain a tuned laser out-
put with sufficient power, OC transmittances of
5.7% and 8.4% are used, and their maximum output
laser powers are obtained at the 1049 nm band,
which are 1.111 W and 1.894 W. The maximum
tuning ranges obtained are 56 nm (from 1017 nm to
1073 nm) and 36 nm (from 1028 nm to 1064 nm),
respectively. The wavelength tuning curve of
Yb:CGYA is very smooth and has slight fluctu-
ations. For 5.7% transmittance, it sustains a broad
range of 20 nm over 1.0 W, from 1037 to 1057 nm.

For 8.4% transmittance, it sustains a broad range of
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15 nm over 1.5 W, from 1040 to 1055 nm. In Addi-
tion, the wavelength tuning range is susceptible to
the cavity losses. When the 7, is changed from
8.4% to 5.7%, the tuning range is increased by
20 nm, but this is at the expense of a higher-power
laser output. Compared with folded cavities, com-
pact straight cavities are more difficult to achieve
broad-spectrum tuning due to the larger longitudin-
al mode spacing. However, the advantages of
straight cavities are undeniable, and they overcome
the problems of other resonance cavities, such as
high detuning sensitivity and large total volume. It
is easy for straight cavities to be practically applied.
Our results are even wider or comparable to many
that use V-cavities to achieve tuning, such as
YO:NLW  (40nm) and Yb:NLM (38 nm)!"?,
Yb:CYA (55 nm)®, Yb:GYSO (59 nm)™, and
Yb:SSO (66)!'". Among many tunings using straight
cavities, our results are also wider than most, such
as Yb:YAG (29 nm)?”, Yb:CALGO (46 nm)!",
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Yb:LuAG (50 nm)®*., If a wider tuning range is de-
sired, like Yb:GdCOB (tuning range of 102 nm).
The shorter the resonant cavity length, the fewer the
number of longitudinal modes that can be used for
gain-starting, and correspondingly the narrower the
tuning range. To our knowledge, among Yb-doped
crystal materials, the compact straight cavity
(72 mm) used in this paper is the shortest known
capable of tuning operation. The ability to achieve a
wide range of wavelength tuning and a relatively
high tuned output laser power in a short cavity is at-
tributed to the relatively wide emission band of the
Yb:CGYA crystals and the excellent crystal quality.
Fig. 13 (color online) shows the corresponding laser
spectra when the BF is rotated to different angles.
As can be seen, in addition to the case of single-
wavelength output (Fig. 13(a)), there is also the case
of multi-wavelength production (Fig. 13(b)). This is
because there is more than one wavelength satisfy-

ing formula (4) in a given case.

Output power/W =
o o o =~
(=] w [=)} =) (8]

e o o
o o W

()
r

Polarization measurement of the output laser. (a) Polarization when #,. = 5.7% of OC. (b) Polarization when 5 = 8.4%
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Fig. 12 The laser wavelength tuning curve at an absorption pump power of 16.8 W. (a) The transmittance of the output
coupler is 5.7%; (b) The transmittance of the output coupler is 8.4%
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4 Conclusion

In summary, we have successfully grown a dis-
ordered mixed single crystal of Yb:CGYA using the
CZ method. The as-grown crystal's optical proper-
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