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Abstract A Nd-doped GdNbO, single crystals have
been grown successfully using the Czochralski technique.
The chemical etching method was employed to study the
defects in the structural morphology of Nd:GdNbO,
crystal with phosphoric acid etchant. Mechanical proper-
ties (such as hardness, yield strength, fracture toughness,
and brittle index) of the as-grown crystal were system-
atically estimated on the basis of the Vickers hardness test
for the first time. The transmission spectrum of Nd:
GdNbO,4 was measured in the wavelength range of 320-
2400 nm at room temperature, and the absorption peaks
were assigned. Results hold great significance for further
research on Nd:GdNbO,.

Keywords Nd:GdNbOy, laser crystal, mechanical proper-
ties, chemical etching

1 Introduction

Solid-state lasers are better than free-electron and gas
lasers because of their excellent performance [1]. Exam-
ples include rod, disk, and slab types of lasers which are
based on rare-earth (RE)-doped laser crystals. Currently,
diode-pumped solid-state lasers (DPSSLs) that depend on
Nd-doped crystals have attracted considerable attention
because of their high efficiency, compactness, and high
stability. These lasers have been widely applied in medical
treatment, industry processing, the military, and optical
communication [2—5]. Many studies have been conducted
to explore the novel single crystals with excellent laser
performance and high quality for DPSSLs. For example,
the Nd-doped vanadate series of crystals (Nd:LnVOy,, Ln=
Y, Gd, Lu), which is designated as Nd:YVQ,, has been
identified as a group of excellent laser materials with high
chemical stability, good laser properties, and high laser
damage threshold. These materials have been commercia-
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lized and broadly applied in low and moderate lasers [6].

Currently, RE-doped niobates (LnNbO,; Ln=La-Lu, Y)
have become a dynamic field given their extensive
applications in fluorescent lamps, solid-state lasers, and
cathode ray tubes [7-9]. Previous works have proven that
niobates are good host lattice materials for RE ions [10-
12]. Recently, our group has achieved some breakthrough
research on the GANbO, crystal. In 2014, 5 at% Yb*'-
doped GdNbO, laser crystal was grown successfully
through the Czochralski (Cz method) for the first time,
and a maximal output power of 270 mW was achieved at
1001 nm. This output power corresponds to an optical-to-
optical conversion efficiency of 4.5% and a slope
efficiency of 7.5% [13]. The results suggested that Yb:
GdNbO, crystal was advantageous for ultra-short pulses
and tunable laser. Moreover, Nd-doped GdNbO, crystal
was also grown successfully, and laser characterization
was performed for the first time [14]. A maximum output
power of 1.076 W with 3.28 W of incident power were
achieved at 1066 nm by Nd:GdNbO, crystal, correspond-
ing to a slope efficiency of 35.3% and an optical-to-optical
conversion efficiency of 32.8%. These works indicate that
the GANDbOy crystal is a good laser host crystal and holds
great potential for application in continuous wave and
pulse lasers. The defects and mechanical properties of laser
crystals usually substantially influences both crystal
growth and laser performance. Therefore, in this study, a
Nd-doped GdNbO, laser crystal was grown using the Cz
method. The defects and fundamental physical properties
including hardness, density, and basic mechanical proper-
ties are systematically studied.

2 Experimental
2.1 Crystal growth

A Nd:GdNbOy, single crystal was grown by the Cz method
using a JGD-60 furnace (26th Institute of CETC, China)
with an automatic diameter-controlled growth system by
monitoring the weight rate during growth. The oxide
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powders of Nd,O3 (5 N), Gd,O5 (5 N), and Nb,Os (4 N)
were used as starting materials. These powders were
weighed on the basis of the stoichiometric ratio and mixed
thoroughly. An a-oriented pure GdTaO, crystal bar was
employed as seed crystal. In the crystal growth process, the
pulling rate was 0.5—1 mm/h and the rotation rate was 5-10
r/min. The furnace was pumped into a vacuum and then
filled with N, to prevent oxidation of iridium. Then, the
crystal was cooled down to room temperature naturally at
the end of the growth process. An as-grown Nd:GdNbO,
boule is shown in Fig. 1. Under a 1 W 532 nm laser, no
light-scattering points were found, indicating that the as-
grown Nd:GdNbO, crystal possesses a good optical
quality.
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Fig. 1 As-grown Nd:GdNbO, crystal boule

2.2 Characterizations

Slices for chemical etching studies, hardness, and spectrum
measurements were cut into 3 mm thick disks in three
different orientations (i.e., a, b, and ¢ orientations) and
polished on both sides. In chemical etching research, the
crystal slices were etched with phosphoric acid at
approximately 423 K for 3 h. Then, the etched surfaces
were washed with deionized water and dried naturally. The
surface micromorphology of Nd:GdNbO, crystal was

(a)

(b)
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photographed using an Axio Imager Alm metalloscope.
A HV-1000A microhardness tester equipped with a
diamond square indenter was employed to investigate
Vickers microhardness. In this work, loads ranging from
25 to 200 g were adopted for the microhardness
measurement of Nd:GdNbO, with a dwell constant period
of 10 s. The indentation distance between any two
microhardness tests is maintained at least three times the
diagonal length of the indention mark to avoid the surface
effects. Other mechanical parameters (such as yield
strength, fracture toughness, and brittle index) were
determined by measuring the length of the indentations.
The absorption spectrum was measured in the wavelength
range of 320 to 2400 nm using Perkin-Elmer UV-VIS-NIR
LAMBDA-950 spectrometer with an interval of 1 nm.

3 Results and discussion

3.1 Chemical etching studies

Investigating the surface morphology and microstructural
imperfections of laser crystals is necessary [15]. Defective
crystals may influence mechanical and optical properties
and laser performance and thereby limit the crystal’s
application. The chemical etching method can simply and
effectively identify defects in crystal structure. This
method can also determine morphological features, such
as etch spirals, growth hillocks, and rectangular etching
pits [16]. Figure 2 shows the dislocation etching pit
patterns on the (100), (010), and (001) crystallographic
faces of the as-grown Nd:GdNbO, crystal. As shown, the
etch pit patterns on three crystallographic faces have
different features. Generally, the etch pit patterns are
mainly introduced by lattice distortion and symmetry. The
specific etch pit patterns are formed because the weakest
and unstable chemical bonds are easily broken in the
chemical etching processing [17]. Figure 3 shows the
atomic arrangement of the Nd:GdNbO, crystal viewed in
three different crystalline orientations using Crystalmaker
2.3. By comparison, the dislocation etch pit patterns of the
Nd:GdNbOy crystal are consistent with the corresponding
lattice structure. Moreover, as displayed in Fig. 2, the

(c)

Fig. 2 Dislocation etch pit patterns of the Nd:GdNbO, crystal on three different crystallographic faces. (a) (100); (b) (010); and (c) (001)
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defect density on the c-oriented crystal is lower than that
on the a- and b-oriented crystals. This result means that the
c-oriented crystal may possess a higher crystalline quality.

3.2 Mechanical properties

The mechanical properties of laser crystal are important for
the stability and fabrication of optical devices [18].
Therefore, the mechanical properties of Nd:GdNbO,4
crystal were systematically investigated using Vickers
hardness tests in this study. Hardness indentations were
performed on three crystallographic faces at room
temperature with an applied load of 100 g and a dwell
time of 10 s. The Vickers hardness measurement was
repeated five times, and the average was obtained. The
Vickers indentation marks on the Nd:GdNbO, crystal at
different loads of (100), (010), and (001) faces are shown
in Fig. 4.

The Vickers hardness value H, was calculated using the
following equation:

P
H, = 1.8544 <¥> kg/mm?, (1)

where d is the diagonal length of the indentation mark,
1.8544 is a geometrical constant factor for diamond
pyramid, and P is the applied load. The hardness of Nd:
GdNbO, exhibited strong anisotropy. Besides, the crystal

is hardest along the a-orientation and cracks easily along
the c-orientation. The Vickers hardness (H,) values of Nd:
GdNbO, versus the applied load P is shown in Fig. 5. As
shown, the hardness value increases gradually with the
increase in applied load. This trend indicates that the
crystal exhibits a reverse indentation size effect [19].
Meyer’s index can be estimated using Meyer’s law [20]:

P=K,d", @)

logP = logK + nlogd, 3)

where P is the applied load, K is the material constant, d is
the diagonal length of impression, and » is the Meyer’s
index, also known as work hardening coefficient. The
values of n were 2.017, 2.037, and 2.030, respectively,
obtained by fitting the slope of logP and logd plot (Fig. 6).
Onitsch and Hanneman [21] pointed out that the value of n
is between 1 and 1.6 for hard materials and more than 1.6
for soft materials. Thus, Nd:GdNbO, crystal is regarded as
a soft material and suitable for device fabrication.
Fracture toughness (K.) plays an important role in
selecting laser crystals for device fabrication and applica-
tions. This parameter can also accurately evaluate the
fracture resistance of brittle crystals [22]. In this work,
c¢/a=2.5, where ¢ is the crack length (measured from
center of the indentation mark to tip of the crack) and « is
the half diagonal length of the indentation mark. Hence,

Fig. 3 Atomic arrangement diagrams viewed along the three different crystalline orientations for the Nd:GdNbO, crystal. (a) (100);

(b) (010); and (c) (001)
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Fig. 4 Vickers indentation mark on the Nd:GdNbO, crystal along three different crystallographic faces. (a) (100); (b) (010); and (c) (001)
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Fig. 5 Dependence of Vickers hardness H, on the indentation
load P on (100), (010), and (001) crystallographic faces of Nd:
GYNO crystal
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Fig. 6 Variation of logP with logd on (100), (010), and (001)
crystallographic faces of Nd:GYNO crystal

the fracture toughness K. can be given by [23]

P

KC:ﬂc—?,/z,

“
where P is the load and B ( = 7) is a constant for Vickers
indenter. The calculated K. values are given in Table 1.
Given the hardness value, the yield strength o, of the
Nd:GdNbOy crystal can be calculated using [24]

Table 1 Mechanical parameters of Nd:GdNbO, crystal

Front. Optoelectron. 2017, 10(2): 111-116

\4
oy =—

(For Meyer’s index n<2). 5)

Therefore, the yield strength o, for the (100), (010), and
(001) faces were 3.02, 2.58, and 2.12 GPa, respectively.
Hence, the as-grown Nd:GdNbO, crystal possesses a
relatively high mechanical strength.

The brittleness index is a key parameter for laser crystal,
which reveals crystal fracture without any appreciable
deformation. The brittleness index value (B;) can be

estimated using the equation [25] as follows:

(6)
The calculated B; values are also given in Table 1.

3.3 Optical properties

The transmission spectrum of the Nd:GdNbO, crystal from
320 to 2400 nm at room temperature is shown in Fig. 7.
Eight absorption bands correspond to the typical transi-
tions of Nd** from the ground state, namely, “Iy/, to “F5»,
*Fsi + *Hop, *Hyp + *S3p, *Gspp + *Grpp, *Gr + *Gop,
’Goyy + *D3j2 + P32 + D112, *Pisa, and “Dsjp + “Dsjy +
112 + *Lisn + *Dyjp, respectively. All the absorption
bands are assigned and marked in Fig. 7. The strongest
absorption peak is located at 808 nm, indicating that the
crystal can be well matched with the commercially high-
power AlGaAs diode laser.

4 Conclusions

Our group developed a good-quality single crystal of Nd:
GdNbO, using the Cz method. Its mechanical properties,
such as Vickers hardness, yield strength, fracture tough-
ness, and brittle index were systematically studied using
Vickers diamond pyramid indenter. The chemical etching
result reveals that the etch pit patterns possesses a close
relationship with the crystal structure and lattice symmetry
of Nd:GdNbO,. The spectral properties of the as-grown
crystal were investigated by measuring the absorption
spectrum at room temperature, and the eight absorption
peak groups were assigned in the wavelength range of

values (P =100 g)

mechanical parameters

(100) face (010) face (001) face
hardness number H,/(kg-mm 2) 906 775 636
Meyer’s index n 2.017 2.037 2.030
fracture toughness K, /(kg-mm %) 8.36 7.40 6.44
yield strength o,/GPa 3.02 2.58 2.12
brittleness index B,/mm " 108.5 107.7 98.7
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Fig. 7 Transmission spectra of Nd:GdNbO, at room temperature

320-2400 nm. The obtained results play an important role
for further investigation of the Nd:GdNbQO, laser crystal.
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