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Summary of Thesis

The thesis presents a systematic study of the growth of RE doped orthovanadate
single crystals e.g. YVO4, GdVO4 and LuVO4 by optical floating zone (OFZ) technique
for laser application. The growth challenges such as, the presence of secondary phase
due to volatile nature of V20s, melt overflow problem, bubble & core formation, low
angle grain boundary and cracking of crystals have been overcome by optimizing the
process parameters. The oriented elements have been fabricated from the grown crystals
and subjected to various characterization.

In Yb doped YVOs the absorption studies depict that the absorption cross-
section at 952, 972 and 985 nm is maximum at ~3 at.% of Yb doping and beyond this
it decreases due to quenching. The emission spectra depicts higher PL intensity at 1010
nm for excitation at 952 and 972 nm in comparison to that at 985 nm. The refractive
index (RI) studies show that extraordinary RI (ne) varies marginally in comparison to
ordinary RI (no) as the doping concentration of Yb is increased. The thermo-optic
coefficient (dn/dT) of Yb:YVO;4 crystal is one order higher than that of undoped YVOea.
The Yb co-doped Er:YVO4 have been grown to study the effect of Yb doping on the
pumping efficiency of Er:YVOa. It was observed from the absorption, emission and
Judd-Ofelt (JO) analysis that Yb co-doping of Er:YVOais helpful in achieving efficient
pumping and hence acts as a good sensitizer. Also, the JO analysis reveals that the value
of spectroscopic quality factor of Er:YVOs4 improves with Yb doping but remains
invariant with increasing Yb concentration. The radiative lifetime and emission cross-
section of *l1so—*115, transition of Er ions was also found to be independent of Yb
doping concentration. In addition, Nd co-doped Yb:YVO; single crystals have been
grown for the first time by using OFZ method to the best of our knowledge. PL study
reveals that Nd* ion effectively excites the Yb%* ion in YVOs The measured
fluorescence life-time of Nd and Yb in Nd (0.8 at.%)co-doped Yb(0.8 at.%):YVO4

crystal is around 66 and 581 us, respectively with energy transfer efficiency ~35%.

Xiv



In Nd doped GdVO4 crystals the spectroscopic properties have been evaluated
by JO analysis using polarized absorption spectra. Spectroscopic quality factor was
found to be maximum for 0.8 at.%Nd doped GdV O crystals. The emission study shows
that PL intensity at 1062 nm increases with the doping concentration of Nd up to 0.8
at.% and beyond that it decreases. Also, the fluorescence life-time ~ 101 ps was found
maximum for 0.8 at.% of Nd doping indicating optimum concentration of Nd in GdVOg4
is 0.8 at.%. Rl measurements crystals depict slight variation in ne with Nd doing whereas
a significant change was observed in no within the measurement limits. Further, c- and
a-oriented elements have been fabricated from the grown Nd:GdV O crystals and CW
laser emission at 1064 nm was demonstrated. The laser output power for c-oriented
element was 2.7 W at 11.2 W of incident pump power with slope efficiency ~ 39%. The
laser output power for a-oriented element was 4.57 W at 11.94 W of incident pump
power with slope efficiency ~ 49.7%. In addition, Cr co-doped Nd:GdVOs crystals
were also grown to study for self Q-switching application. The absorption spectra show
multiple peaks due to Nd**ion and a broad peak centred at 1100 nm due to Cr>* ion. It
was observed that the lower concentration of Cr exhibits larger absorption whereas the
higher concentration have smaller absorption for Cr°* ion when grow at lower oxygen
ambience (10%). The saturation absorption characteristics of Nd:Cr:GdVOs was
evaluated by recording intensity dependent transmittance. An increase of transmission
from 0.57 to 0.66 (9%) was observed for an incident power of 200 mW at 1064 nm. The
increase in transmittance is attributed to saturation of absorption of the Cr>* ions at 1064
nm that give rise to self-passive Q-switching phenomenon.

Finally, Nd:LuVOacrystals have been evaluated for the absorption and emission
characteristics. A strong absorption band is observed at 810 nm which can be used for
pumping to the Nd:LuVO4 gain medium. The emission spectra show highest emission
at 1065 nm for both excitation at 810 and 880 nm. The lasing has been demonstrated at
1066 nm from fabricated elements with output power of 360 mW from 13.6 W of pump

power with slope efficiency ~ 32%.
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Chapter-1 Introduction and Motivation

Most of solid materials possess crystalline structure that means spatial
periodicity and translation symmetry. Single crystals find applications in several
important areas in scientific and technological domains due to their superior optical,
thermal, electrical, mechanical, and other properties. Hence, the growth of innovative
and technologically important materials in the form of single crystals is essential for the
development of science & technology and the related applications such as integrated
optics, solid state laser, microelectronics, optical communication, radiation detection,
nuclear imaging, drug designing etc. [1-2]. The growth of high-optical quality laser host
single crystals and their characterization towards the fabrication of laser gain medium
and the development of solid-state lasers have attracted great impetus due to their
important applications in medical eg. eye surgery, skin therapy, cancer treatment;

defense communication; industries, etc., and other applied research [1-2].

1.1 Introduction to the laser host single crystals

Single crystal laser gain mediums are attractive and worth full choice for making
the solid-state lasers [1,2]. Although a wide variety of lasers exist, but the solid-state
lasers are better choice because these are more efficient, rugged, compact and easy to
use. This has motivated a great deal of R&D on the synthesis of solid-state gain medium
such as garnet, orthovanadate, molybdates, tungstate, phosphate, etc., with improved
performance [1-2].The laser operation of any crystal depends on the optical properties
of material, which have energy levels of a particular doped ion, between which electrons
or atoms can do transitions. Usually these energy levels arise due to the doping of

impurity ions in the laser host crystal. Once an impurity ion is doped in the laser host, a



very large number of energy levels are created due to the crystals field of host.
Therefore, the pumping in gain medium and laser processes in a particular laser systems,
have a complex excitation processes and cascaded relaxation processes among all
available energy levels. The laser operation of an actual laser material can be properly
described by different energy level diagram. The main features can be understood
through the familiar three-level and four-level idealizations. The three-level and four-

level diagram are shown in the following Figure 1.1 to understand the laser operation.

Pump level
A . 3 A . 3
" . 2 Pump trapsition .
Pump transition Laser transition
Laser transition - 1
1 g 0
(a) Ground level (b)

Figure 1.1 Energy levels of three and four level laser system

The population inversion in the excited level is essential for starting the laser
action. Initially all ions or atoms of the laser material for three-level or four-level laser
system, are present in the ground level i. e. 1 of (a) or 0 of (b). The energy level 3 of
ions are populated by pumping source via stimulated absorption mechanism. The
excited ions come down to the intermediate level 2 by fast non-radiative transition. This
intermediate level 2 also called metastable level, has long fluorescence life-time.
Finally, all the ions present in the energy level 2 returns to the energy level 1 by
stimulated emission of photon. This stimulated emission transition is only responsible
for the starting the laser action under essential conditions [1-2].The laser action is

started when the pumping power is above the laser threshold power and ions from the



long-lived energy level (level 2) decay by stimulated as well as spontaneous emission.

The laser output is obtained when the stimulated radiation is dominant.

In the three-level laser system high-intensity source is required for pumping
because the laser transition in gain medium takes place between the metastable energy
level 2 and the final ground energy level 1, the lowest energy level of the system with
high population which leads to low efficiency. In case of the four-level laser system the
stimulated or pump absorption transition occurs from the ground state (level 0) to the
energy level 3. The excited atoms in level 3 will proceed rapidly to the level 2 as in the
case of the three-level system. But in the four-level laser system, laser transition takes
place between the excited laser level 2 and the level 1 and the energy level 1 of the
system is not highly populated and hence in this case population inversion occurs even
at low pump power and high pump rate. Therefore, such a laser system offers high
efficiency. Further, the ions in level 1 undergoes a non-radiative transition to the ground
level via rapid non-radiative transition [1,2]. Therefore, four level laser system have

less threshold value compared to three level laser system for any lasers.

Further, the solid-state laser consists of three components: (i) an active medium
having energy levels that can be selectively populated by excitation, (ii) an optical
pumping source to excite the active medium and to produce the required population
inversion between some of the energy levels and (iii) a resonant electromagnetic cavity
that contains the active medium and provides feedback to amplify and maintain the
coherence of the emitted light. Therefore, the active medium or laser gain medium is
one of the important component for achieving the laser action. The lasing properties of
gain medium depend on the materials. The energy level present in the active medium

are decided by the active ion, which are being doped into the active medium. Hence,



the materials used as active medium and doped active ion in the gain medium are very

important for designing and developing laser system.

1.2 Materials characteristics for laser gain medium

The materials used as laser gain medium, should have strong absorption bands,
sharp fluorescent lines, long fluorescence lifetime and reasonably high quantum
efficiency for desired transitions. The above properties of materials are generally found
in the solid materials with incorporation of some impurity elements, or dopant ion, into
the laser host. The dopant ions are called active ion and the energy levels of active ions
are created due to the crystal field of the host and responsible for the optical transitions
between these energy levels for the laser operation. The active ions, doped in the
crystalline hosts, replace some of the sites of the host lattice. There are several
parameters, which decides the compatibility of the active ion and crystalline host, such
as ionic sizes, valency of ions and spectral properties of the crystal host and type of
doped active ion. Therefore, a few active ion and host material-combinations are used
for efficient laser operation. Therefore, the properties of host materials and active ions

for making the efficient laser gain medium are given in the next section.

1.2.1 Host materials

The solid-state laser host materials may generally be classified into two
categories, the crystalline and non-crystalline solid materials. The several crystalline
host materials have been investigated for solid-state laser applications after the
discovery of first ruby laser. There are several advantages of crystalline laser hosts
materials as compared to the other form of materials like glasses (non-crystalline

solids). The crystalline laser host materials exhibit higher thermal conductivity,



narrower fluorescence linewidths, and better optical properties. Important key points

for choosing a suitable crystalline host materials for laser applications are [1,2]:

1.

The optical properties of the crystal host should be favorable as per the
requirement of laser operation. In this regards the refractive index of crystal host
should not vary in the crystal and with the temperature of crystal, otherwise it
leads to inhomogeneous propagation of light through the crystal. The absorption

by host at lasing and pump wavelengths should be minimum.

The mechanical and thermal properties of the crystal host should be such that it
allows the operation at high-average power without damaging the crystal. Many
important parameters such as high thermal conductivity, high hardness and high
fracture strength of laser host governs the output power of the medium. In
addition to this, the thermal expansion and stress optic coefficient of the host

must be small to avoid the lensing effect in the anisotropic crystals.

The crystal structure and lattice sites of laser host should be such that dopant
active ions can accommodate in the lattice site, and the host ions produce local

crystal fields of symmetry for generating the desired spectroscopic properties.

The chemical stability of the host medium is also important property for

minimizing the radiation-induced color centers.

The smooth fabrication of laser host is also one of important considerations

during the development of solid state-laser.



There are few important and popular host materials such as Y3Als012 (YAG),
YAIO3, orthovanadate (YVOs4, GdVOs and LuVOs, etc.) YLiFs (YLF), tungstates

[KGd(WOs4)2 and KY(WOg4)2] for solid state laser applications.

1.2.2 Active ions
The selection of suitable active ions is important for laser gain medium. Hence

the following properties must be considered at time of choosing the active ions [2]:

1. The active ions should have efficient absorption at pumping wavelength.

2. There should be efficient internal conversion of excited ions to metastable state

from the excited energy level and also, it should have minimum quantum defect.

3. The radiative emission cross-section of active ions at lasing wavelength should

be maximum and it should have high quantum efficiency.

4. The active ion should not have any absorption at lasing wavelength neither-

ground state nor excited state.

The rare earth and transition metals elements are important candidates for the
laser applications. The lanthanide ions are naturally excellent species and act as an active
ions in solid-state laser materials because they show sharp fluorescent transitions in the
wide range from the ultraviolet region to the near-infrared region of the electromagnetic

spectrum [1-4].

1.3 Literature survey and selection of material as a laser gain medium

In the field of solid-state laser, there are various laser host materials as

mentioned in the previous section. Among these, the rare earth (Yb®*" Nd®*, Er¥*, etc.)



doped orthovanadate single crystals such as YVO4, GdVOs, LUV Oy, etc. have attracted
considerable attention due to their long fluorescence lifetime, low threshold, large
emission cross section and high absorption coefficient [1-3,5-14]. The development of
laser diode (LD) creates effective and tunable pumping in the solid-state lasers.
Recently, solid state lasers with an emission wavelength of near ~ 1 um and its second
harmonic generation (SHG) are progressing toward the practical use in various

applications such as industry and medical treatment [15].

Further, multiple doping in the laser host orthovanadate also plays crucial role
to increase the functionality and the efficiency of the gain medium. Therefore, different
co-dopant are doped in the gain medium and these are being investigated for sensitizer
application and development of the functionality in the gain medium such as, self Q-
switching, self-mode locking, self-frequency-doubling and self-Raman conversion [16].
As an example, when Er®* doped gain medium is co-doped with Yb®* ions, the
efficiency of pumping of Er®* ions can be increased due to the strong absorption band
of Yb [17,18]. Similarly, co-doping of Cr®* ion in the gain medium, with strong
absorption band at ~ 1 um, can be utilized for generating pulsed lasers directly by self

Q-switching mechanism [19,20].

1.3.1 Yttrium orthovanadate (YVO,) laser gain medium

Among the orthovanadates, the yttrium orthovanadate (YVOa) single crystals
are widely investigated as a promising and an excellent laser host material for the last
two to three decades. YVOg single crystals have attractive physical properties for
polarizers, gas sensors, phosphors and laser applications (with trivalent, rare earth ion
doping) [8-10,21]. The attractive properties being larger birefringence [22,23], higher

damage threshold and ease of processing as compared with other birefringent crystals



namely, LiNbO3z, CaCOsz and TiO> [8,21,23-31]. Further, YVO4 has high chemical
stability and wide optical transparency (340-5000 nm) [14,15]. YVOu4 has been utilized
for light communications [15,16], light isolator and light circulator applications [14,15].
The yttrium orthovanadate (YVOg) crystals have tetragonal zircon type crystal structure
with space group D}p- 14:/amd and four formula units per unit cell [32,33][Figure 1.2-
1.4]. The tetragonal zircon type structure of YVO4 shows significant anisotropy in the
various properties like optical absorption, refractive indices, thermal conductivity and

thermal expansion coefficients and direction dependent growth rate [34,35].

Figure 1.2 Structure of YVOq crystal



Figure 1.3 Structure of YVOjq crystal, [100]-projection.

Figure 1.4 Structure of YVOg crystal, [001]-projection.



Further, at the beginning of research work on YV O3 crystals, the growth of high
quality single crystal of YVO4 was difficult but presently these growth difficulties have
been solved [22,23,33]. As YVOs is not a naturally occurring mineral, hence this
material was synthesized for first time by Goldschmidt and Haraldsen in 1928
[32,33,36]. The phase diagram of YVO4 was explained by Levin using the Y203-V205

binary system [8,9,23,24,26-31] and it is shown in the Figure 1.5.
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Figure 1.5 Phase diagram Y203-V20s binary system [26]

The year 1973, pure and rare earth doped of YVO; crystals were grown by K.
Chow et al. [29]. Nd doped YVOq4 laser host medium has favorable laser characteristics
which are better than the widely used Nd:YAG laser gain medium. There are three
emission wavelengths of Nd®* ion at around 914, 1064 and 1340 nm. The stimulated

emission cross section at 1064 nm of Nd* ion, doped in the YV O, host medium is found
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to be around 3 to 4 times higher than that of the Nd** ion doped in YAG host [21-
23,25]. The Nd:YVOq4 laser with emission at 1340 nm is also useful for the development
of eye-safe laser [21-23,25]. The higher absorption coefficient at 808 nm makes the
crystal suitable for diode-laser end pumped solid state laser with a low threshold, a high
efficiency and a compact size [9,24]. Nd:YVOq laser generates linear polarized laser
emission which helps for electro-optic Q-switching without special intracavity
polarizers [9]. A lot of the research works and reports on Nd doped YVOs crystals have
been published [21-23,25]. Yb3* ion among the rare earth elements, which has emission
around 1 pm, can also be used in place of Nd** ion. Also, the Yb®" ion has higher
solubility in YVO4 compared to the other rare earth ions which makes it possible to
prepare a laser gain medium with high dopant concentration, resulting in a compact
solid state-laser system. The broad absorption around 985 nm (used for pumping) of
Yb®" ion eliminates the necessity for a precise temperature control of the laser diodes
used for pumping. The wide emission band (1010 nm) of Yb®* ion provides the option
of tunability in laser emission and short pulse generation. The long fluorescence lifetime
of Yb%" ion gives low laser threshold, and low quantum defect of Yb line creates
minimum thermal load in the crystal during the operation of laser. Due to the favorable
properties, Yb:YVQs is attracting lot of attention. Although, a few reports on the
investigation of optical properties of Yb doped YVOs single crystals are available
[10,15,25,37,38], there is so far no systematic investigation reported on the structural
and optical properties of Yb doped YVOs laser crystal as a function of Yb doping

concentration over its wide range of solubility in the host.

In view of the above, in the present work, Yb:YVO4 crystals with varied Yb

doping concentration of 0.8, 1.5, 3.0, 5.0, 8.0 and 15.0 at.% are grown by the optical
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floating zone technique and subsequently detailed investigations like, absorption,
refractive index for two polarizations (parallel and perpendicular to the optic axis),
emission characteristics with different excitation and structural properties are carried

out and are discussed in the Chapter 4.

Co-doping in the laser host medium plays a crucial role to increase the efficiency
of the gain medium and its functionality for applications, such as self Q-switching, self-
frequency doubling, self-Raman conversion and self-mode locking [16-20]. Co-doping
in a laser host medium as a sensitizer is utilized for enhancing the efficiency of pumping
in the gain medium. As an example, when Er doped gain medium is co-doped with Yb,
the efficiency of pumping increases due to the strong absorption band of Yb utilized for
pumping [17,18]. Er doped YVOg4 laser medium has two main laser emission lines, one
at ~1.55 um wavelength used in the field of high speed optical fiber communication
systems, whereas the 3.0 um wavelength is used for gas sensing application [39-43].
The Er doped YVOs laser gain medium is generally pumped by 808 nm diode laser but
the absorption cross-section at 808 nm of Er** ion is very weak and it can be enhanced
by increasing the Er concentration. However, Er concentration beyond 1 at.% creates
undesirable cross-relaxation and up-conversion processes resulting in depopulation in
the excited energy level *l132 of Er¥* ion [Figure 1.6] [21,22]. The population density of
Er3* ion in the excited energy level #1132 can be increased with addition of Yb co-doping.
The strong absorption of Yb level at 985 nm transfers its energy to Er®* ion at *l11/2 level
for efficient pumping. The probability of reverse energy transfer to Yb®* ions from Er*
ions and the excited state absorption to the level ?Hi12 is considerably reduced if the
lifetime of the *l11/2 energy level is lower than a few ps ( ~ < 27us)[8,17,44]. Recently,

the investigation of the down-conversion by Stokes emission as well as up-conversion

12



by anti-Stokes emission by energy transfer from Yb®* to Er®* has been reported in the

Yb co-doped Er:YVOs single crystal [17,44].

Hence, in view of the importance of Yb co-doped Er:YVOq laser gain medium,
the spectroscopic properties of the grown Yb co-doped Er:YVOs crystals (with different
Yb doping concentration from 1.5 to 12.0 at.%) are carried out by Judd-Ofelt theory.
The obtained parameters from unpolarized and polarized absorption data are compared

with Er doped YVO;q crystals in the present work and discussed in the Chapter 4.

Yb doped YVO; single crystals having emission around ~1 pum offers some
important advantages [45-49]. However, Yb:YVOs single crystal faces many
challenges for the laser design. In the Yb:YVQs single crystal, the absorption line for
pumping radiation and the laser emission wavelengths of Yb** ion are very close to each
other which creates complexity in the optics design of laser cavity for the laser
operation. To overcome this issue, a suitable rare earth (RE) ion, called sensitizer is
generally introduced as co-dopant in the Yb doped laser gain medium [50,51].
Therefore, in the present work, Nd®* ion is incorporated in the lattice of Yb doped YVO4

crystal for efficient pumping of laser gain medium.

4'9[2
\ ET Y .
F512 l I Y I11t’2

985 nm

Laser transition \ 1550 nm

4
2F,;n L1512

Yb3* Er3*

Figure 1.6 Energy levels of Yb and Er
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The doping of Nd®*" ions creates a channel of pumping for Yb doped host
crystals. Nd®* ions absorb the pump energy and transfer to the nearby Yb®* ions. Also,
multiple options of pumping in Nd;Yb co-doped laser host, such as excitation with
absorption line of Yb%" and Nd** ion results in efficient pumping in the laser gain
medium [50-52]. Though, there are a few reports on the Nd and Yb co-doped laser gain
medium [50,53-57], only one report discusses the energy transfer process from Nd (1.0

at.%) to Yb (1.0 at.%) ions doped in YV Qg crystal [50].

In view of the importance of Nd-Yb co-doped laser gain medium, the growth of
Nd co-doped Yb:YVO4 (0.8 at.% Nd and 0.8 & 3.0 at.% Yb) crystals by the optical
floating zone method and investigation of the effect of co-doping on various properties
like lattice parameters of YVQg, crystalline quality of the crystal, etch pit dislocation
density, the refractive index, optical homogeneity, fluorescence lifetime and optical
absorption characteristics of Nd co-doped Yb:YVOs crystals have been carried out.
Further, spectroscopic properties of Nd ion in Yb:YVOs crystals are also evaluated by

Judd-Ofelt theory and details are discussed in the Chapter 4.

1.3.2 Gadolinium orthovanadate (GdVOg) laser gain medium

Another important orthovanadate laser host single crystal is rare earth doped
gadolinium orthovanadate (GdVOs), due to its excellent thermal properties, high optical
absorption and emission cross-section [58,59]. The thermal conductivity of GdVO4
single crystal is nearly two times to that of YVO4 and comparable to YAG crystal
[60,61]. In addition, Nd:GdVO4 crystals show higher slope efficiency, higher efficiency
in energy conversion and lower laser threshold compared to that of YAG crystals.

Further, the solubility or the segregation coefficient of Nd** ion in GdVOys crystals is
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higher than that in YVO4 and YAG crystals, thereby helping in the growth of high

optical quality single crystals with uniform doping concentration [12-15,62].

The GdVOq4 crystal belongs to the zircon type structure having tetragonal crystal
system with point group 4/mmm (Dsn) and space group I4:/amd (D3}) [15,62] [Figure

1.7-1.9].

Figure 1.7 Structure of GdVOs crystal
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Figure 1.8 Structure of GdVOg4 crystal; [100] projection

Figure 1.9 Structure of GdVOs4 crystal; [001] projection
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Generally, f-f transitions of rare earth are not allowed according to the Laporte
rule but if the rare earth ion such as Nd ion, doped in the GdVOs crystals, f-f sharp
transitions of rare earth ion are possible due to the presence of strong tetragonal crystal
field with a site symmetry D2g. The various optical properties such as the emission
cross-section, intensity of Nd emission and fluorescence lifetime intensely depend on
the concentrations of the Nd ion, doped in laser gain medium. During laser operation,
the performance of lasers depends on the thermal loading in the laser gain medium,
which adversely affects the beam quality of laser emission. Hence, the investigation of
thermal properties of the laser gain medium are important pre-requisite for designing
the laser systems. Parameters such as thermo-optic coefficient (dn/dT), thermal
expansion and thermal conductivity are required to be estimated accurately for an

efficient laser system [12-14,58-66].

In view of this the growth of Nd:GdVO; crystals by optical floating zone (OFZ)
method and a systematic investigation on the effect of Nd doping concentration (0.2,
0.6, 0.8, 1.0, 1.2 and 1.6 at.%) on refractive index, thermo-optic coefficient and
spectroscopic properties using Judd-Ofelt theory are carried out. The details are

discussed in the Chapter 5.

Further, to explore the multi-functionality such as self-Q-switching in the laser
crystals (Nd:GdVOas, Nd:YVOsg, etc.), Cr ion has been co-doped in the gain medium
[67—72]. Literature reports suggest that Nd** and Cr** co-doped YAG crystals has been
recognized as a promising self-Q-switched laser gain medium [67-72]. However, a
charge imbalance is created due to the substitution of Cr** ions for a fraction of AP
ions in its lattice. Therefore, Ca?" or Mg?* ions are co-doped in YAG crystals to retain

the charge neutrality. The co-doping of an extra divalent ion creates complexities in the
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growth of good quality single crystals and impedes the development of laser. Hence, it
is important to explore a new laser crystal, which can be used for self Q-switching
applications. Interestingly, in the GdVOas crystals or other orthovanadate, Cr°*
substitutes V°* ions, and charge neutrality is maintained. Absorption spectra of Cr°*
doped GdVO. show that the absorption of Cr°* ion is polarization sensitive and its
absorption bands for m-polarized (E//c) light is located in the range 900-1300 nm
[23,40]. Therefore, this Cr°* absorption band can be used as the passive Q-switching for
laser emission at 1 pm [19,73,74]. So Cr co-doped Nd:GdVOs is a promising laser gain

medium to investigate for the passively self-Q-switching application [13,60].

Therefore, in the present work, Cr co-doped Nd:GdVOs single crystals with
0.5 at.% of Nd and 1.0, 1.2 & 1.5 at.% of Cr are carried out under oxygen/nitrogen
ambience using optical floating zone technique and investigated the optical properties.

Details are discussed in the Chapter 5.

1.3.3 Lutetium orthovanadate (LuVO,) laser gain medium

Further, a comparatively new laser host that falls in the same family of
orthovanadate crystals is lutetium orthovanadate (Lu\VOas). The rare earth doped LuVO4
crystal shows superior lasing property due to its higher absorption at pumped
wavelength and larger emission cross section in comparison to the other orthovanadate
crystals. Particularly, the neodymium-doped LuVVO4 (Nd:LuVO4) with zircon-structure
has larger emission cross-section than those of Nd:YVO4and Nd:GdVO4 and exhibits
high damage threshold [5-7]. It also possesses excellent thermal properties. Hence,
Nd:LuVOs is one of the excellent laser material for generating laser emission near 1 pm
and this was investigated for the first time by Maunier et al. [5]. The structure of LuVOg4

crystal is zircon-structure ( D33 - 141/amd) and is shown in the Figure 1.10-1.12.
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Figure 1.10 Structure of LuVOg4 crystal

Figure 1.11 Structure of LuVOg4 crystal; [100] projection
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Figure 1.12 Structure of LuVOg4 crystal; [001] projection

Recently literature reports suggest that the Nd®** doping concentration in LuVO4

laser host is generally kept below 1.0 at.% for getting higher laser output [5-7,75-78].

Therefore, in the present work, the growth of single crystal of Nd:LuVO4 with
0.25 and 0.5 at.% of Nd are carried out under oxygen/nitrogen ambience using optical
floating zone technique. The optical properties like absorption, emission, fluorescence
life-time measurements are investigated. Details of investigation are discussed in the

Chapter 6.

1.4 Comparison of rare earth doped various laser host materials

There are various laser host materials such as garnet, orthovanadate, tungstate,
etc. The rare earth doped orthovanadate shows excellent optical and thermal properties
as compare to the other available laser host materials [1-4,8-10,21,79-95]. The
comparisons for Nd and Yb doped into the different laser host materials are given in

Table 1.1 and Table 1.2 respectively.
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Table 1.2 Comparison of properties of Yb doped laser host gain mediums

Slope efficiency

Yb:Glass | Yb:YAG | Yb:YLF | Yb:YVO,s | Yb:KGW
Emission Cross section 2.0 2.2 0.75 4.2 2.6
(x1072%cm?)
Fluorescence lifetime 700 967 2000 951 600
(us)
Thermal conductivity 1.3 14 6 5 2.8
(W/m°C)
Thermal expansion 9 75 13 4.431100] | 4[100]
coefficient (10°6/°C)
Emission band width 22-35 6-9 nm 2-9
18% 35 59 76% 60-66

1.5 Objective of the present work

The objective of the present research work is to carry out a detailed investigation
of the optical properties like absorption, emission, refractive index, and fluorescence life
characteristics and the structural properties like lattice parameters, oxidation state of
vanadium ion, etc., of rare earth ions (Nd and Yb) doped YVOs, GdVO4 and LuVOs
single crystals over a long range of doping concentration after their single crystal growth.
Further, to include the co-doping of Er and Cr ion in the doped laser host crystal and
investigate for efficient laser, optical devices, and multifunctional laser crystals. Finally,

to fabricate the laser elements from one of the grown crystals and perform the testing of

laser characteristics.
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Chapter-2 Theory and Experimental Techniques

2.1 Introduction to crystal growth

In the past few years, with increasing demand of materials in form of single
crystals there has been attaining a lot of interest on the growth of single crystals for
technological applications. Hence, good quality single crystals are needed for achieving
high performance of a device. There are various theories and processes to understand
the growth of single crystals and also various techniques have evolved over the years to

grow the promising materials in the form of single crystals [96-98].

2.1.1 Fundamental of nucleation

Growth of single crystals is a controlled process of solidification of materials
from a disordered fluid phase with high atomic mobility [96]. If three phases such as
solid, liquid and gas of any material are in equilibrium condition then it is called triple
point. The equilibrium condition breaks and phase transformation occurs if the
temperature or pressure or both are changed. The breaking of equilibrium condition
usually occurs with a change in temperature, pH, pressure, electrochemical potential,
strain, chemical potential, etc. [96,99]. The single solid phase transformation may occur
from solid, liquid or gaseous phase at a suitable physical condition in crystal growth
process. For the growth of single crystal, generally the liquid-to-solid or gas-to-solid
transformation occurs. There are three basic steps involved for starting the growth of

the single crystal from disordered phase [96,98].

o Achieving super-saturation or super-cooling condition.
o Nucleation.
o Growth.
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The super-saturation or super-cooling condition acts as driving force for the
crystallization process. The formation of crystallization centers or nucleus is the one of
the most important features of crystal growth [96,98]. The process of formation of a
nuclei is known as Nucleation. Nucleation may occur either spontaneously or it may be
induced artificially [96-98]. Nucleation can generally be induced by friction, agitation
mechanical shock, impurity, and extreme pressure within solution and melts. Nucleation
can be broadly classified into two categories [Figure 2.1]. The first one is the ‘primary
nucleation’ and it can be observed in the systems which do not have any crystalline
matter. The second one is secondary’ nucleation in which the nuclei are generated in a

supersaturated system in presence of the crystals [96-98].

Nucleation

T

Primary nucleation Secondary Nucleation
(Induced by crystals)

Homogenous nucleation Heterogeneous Nucleation

(Spontaneously induced ) (Induced by foreign objects/ particles)

Figure 2.1 Classification of nucleation

2.1.2 Homogeneous nucleation

Homogeneous nucleation is the spontaneously formation of crystalline nuclei in
the supersaturated solution or super-cooled melt. There are several theories like surface
energy theory, diffusion theory and adsorption layer theory on the formation of nucleus
and the rate of crystal growth. Among the different crystal growth theories, the surface

energy theory (thermodynamics approach), which was proposed by Gibbs [100], is the
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best approach to explain the nucleation process. Gibbs proposed that whenever atoms
(solutes) present in solution, assemble and combine then they release energy from the
cluster to achieve the stability. In the solutions, the molecules and ions, which are called
as growth unit (GU) continuously form small solid clusters and release the energy in
the form of Gibbs free energy. The Gibbs free energy (AGt) has two energy terms. The
first term, surface free energy (AGs), which is the energy required for the formation of
an interface between the new solid phase and the solution, and second term accounts
for the volume free energy accompanying the transfer from the solution into the bulk
solid phase (AGy). The sum of these two terms reaches a maximum value at a particular
particle size, called the critical size, in the supersaturated solution, as depicted in Figure

2.2.

Interfacial energy oc r?

AG
AG*

Volume energy o« r3

Figure 2.2 Change in Gibbs free energy during nucleation

Figure 2.2 shows variation of Gibbs free energy [AGy, AGs and (AG=AG*)] as

a function of the cluster radius (r), for a supersaturated solution. As the size of the cluster
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increases, the volume Gibbs free energy (AGy) of the cluster decreases, whereas surface
Gibbs free energy (AGs) increase due to an increase in the surface area of the cluster
(interfacial energy). The sum of both free energies results that the net Gibbs free energy
(AG=AG*) is maximum at a critical size of nuclei. For a size greater than the critical
size (nuclei), the crystals grow spontaneously and the Gibbs free energy decreases and

the expression for Gibbs free energy can be written as [96,98]:

AG, = AG, + AGg ... . ... .. .. (2.1)

The smaller or sub-critical cluster of atoms or molecules is called an embryo.

When it reaches the critical cluster size, then cluster is called a nucleus. Further, the
growth of the crystal is started when size of cluster is greater than the critical nucleus.
Basically, the growth of crystal starts with decrease of the Gibbs free energy of the
system. The above process is called spontaneous nucleation. The spontaneous
nucleation is given in the form of Gibbs free energy of a cluster or nuclei. The bulk

energy term, AGy, is proportional to the number of constituent GU.

Assuming the formation of a spherical cluster, the bulk energy term, AGy is

given as

4mr3

DGy = —5—Agy v (2.2)

where Ag,, is the free energy change of the transformation per unit volume, r is

the radius of the cluster.

The surface Gibbs free energy, AGs, is always a positive value and directly

proportional to the cluster surface area:

AG; = (ATtr?)Y v ven e .. (2.3)
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In this equation v is the surface Gibbs energy per unit area, also known as the

surface tension. The overall change of the total Gibbs free energy of the cluster is given

by

4mr3
AG; = 3 Ag, + (ATTr2)y e v oo . (2.4)

As seen in the Figure 2.2, for a maximum value of AGt, the dAGt /dr must be

zero and the critical size of the particle (rerit) is given by

2]/) 2yv
Tepit = = veeveeeee o (2.5)
crit (Agv len (CQ)
0
2y kTIn(S)

where, S (=c/co), corresponds to the degree of supersaturation (S), v is the

molecular volume

The critical activation energy of nucleation can be calculated in terms of S by

using equation (2.6) and equation (2.5).

AG . — 16mv2y3 -
crit — <W> ( . )

It follows from equations (2.5) and (2.7) that both rcrit and AGerit decrease with

increasing supersaturation (Figure 2.3).
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AG,
AGt:rit
+ AGcrit
0 I >
r Ferit r

crit

S

Figure 2.3 Change in Gibbs free energy with respect to supersaturation

The rate of nucleation (J) e.g. the number of nuclei formed per unit time per unit

volume, can be given as

J=Aexp (7) e ee e (2.8)

_ 16mv2y3
] = AP\ =SS

> e (2.9)

where v is Arrhenius reaction velocity equation and it is used for the rate of a
thermally activated process. The rate of nucleation is decided by three main variables,

which are temperature (T), degree of supersaturateion (S) and interfacial tension (y).

Similar expression for the melt in terms of supercooling may be derived from

homogeneous nucleation. The volume free energy AGy is given as

—AH AT
ac, = (C2eT

- ) e e e (2.10)
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where T is solid-liquid equilibrium temperature expressed in kelvins, AT=T"-T

is supercooling and AHs is latent heat of fusion.

The radius of critical nucleus is given by

r, = (‘2”*) e (211)

AHfAT

And the rate of nucleation, from equation (2.9) may be expressed as

16my3
3KT*[AH,T,AT, ]2

J=Aexp <— ) e e e (2.12)

T .
1.€

where T is reduced temperature defined by T=T/T* and ﬂ.Tr_?_

&=

AT+ = 1— Tr. This equation indicates the dominant effect of supercooling on the

nucleation rate.

The critical nucleus size and the critical Gibbs free energy as a function of supercooling

can be given by:
. = (AT) ' ............(2.13)
AGorie = (AT) 72 ... .. (2.14)

The above equation (Eg. 2.13) indicates that the size of a critical nucleus
increases with the increase in the temperature. As per Eq. 2.12, the nucleation rate
should always increase with the increase of supercooling but, the actual curve shows an
anomaly such that it increases initially upto a certain maximum value and then
subsequently decreases. This is attributed to an increase in viscosity of the solution with
an increase in the supercooling, which restricts the mass flow, i.e. the molecular

movement in the solution inhibits the growth or formation of ordered structures [99].
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4 AG’
kT

16my3
J=Aexp| — 5
3kT*|AH,T,AT, |

> e (2.15)

The anomaly is resolved by adding the viscosity correction term in the Eq. 2.12,
where AG' is the activation energy for molecular motion across the embryo-matrix
interface, which is exceptionally large for highly viscous liquids and the other
exponential term is small. Under such circumstances, when S is generally very large,
then AG' becomes dominant factor in the rate equation and controls the nucleation

process.

2.1.3 Heterogeneous nucleation

Heterogeneous nucleation occurs due to the presence of foreign bodies in the
solution like surface of different substances, such as a dust particle, impurities or the
wall of the container that acts as nucleation sites over which atoms, ions, or molecules
get deposited in an oriented manner. Heterogeneous nucleation therefore, occurs much
more easily than homogeneous nucleation and commonly encountered in liquid-solid
transformation. These solid surfaces or impurities act as preferential sites having lower
surface energy and offer reduced free energy barrier and facilitates nucleation. The
contact angles between surfaces of sites are greater than zero and they encourage the
particles to nucleate. The presence of foreign substrates in the supersaturated solution
induces nucleation at lower energy in case of heterogeneous nucleation than that

required for spontaneous nucleation.

The free energy change associated with critical nucleus in the heterogeneous
nucleation AG het is less than the corresponding free energy change AG hom associated

with homogeneous nucleation.
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AG}pr = PAG] oy v vee eee o (2.16)

where the factor ¢ is less than unity and is given as

_ 2
P Chs COSQ)S COSO)” e 217)

where 0 is the contact angle between liquid and solid surface. The contact angle

0 is determined by Young’s relation.

Os;p — O¢s
O¢i

cosf = e e e (2.18)

where o IS the solid-liquid interfacial tension, ocs IS crystal-solid interfacial

tension and o¢ crystal-liquid interfacial tension.

2.1.4 Secondary nucleation

Secondary nucleation occurs only in the presence of crystals of the material
being grown or crystallized. The secondary nucleation is described by the mechanisms
such as initial breeding as crystalline dust swept off a newly introduced seed crystal in

the solution [43,96,97].

2.2 Fundamental of crystal growth techniques

Single crystals and growth of single crystals have attracted considerable
attention of the researchers due to the strategic applications. It has become the thrust
area of research & demands advancement in the crystal growth technologies. There are
various techniques for growing crystals that have been developed over the decades
depending on the material and its applications. Scientists and researchers are constantly
working on the existing technologies along with new one and doing research on

different materials based on their requirement for societal as well as commercial
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applications. Researchers are still striving to get high quality single crystals for its best
performance because the development of device quality single crystal is basically a

challenging task.

The single crystal can be grown from a polycrystalline material by slow and
gradual transformation from melt, solution or vapor phase [50]. Any growth technique
for a particular crystal is decided by material properties like congruent melting, thermal
conductivities, thermal expansion, viscosity of melt, chemical stabilities of melt or
solid, etc. There are different growth methods, which are selected on the basis of growth
from solution, growth from vapor and growth from melt [99]. Figure 2.4 shows the flow

chart of various crystal growth techniques.

Single crystal growth techniques

Melt Growth Solution Growth Vapor Growth
» Czochralski technique (Cz) | | » Low temperature solution * Physical vapor

= Floating zone technique growth deposition (PVD)

* Bridgmann technique * High temperature solution * Chemical vapor

* Verneuil technique growth deposition (CVD)

Figure 2.4 Flow chart of various crystal growth techniques

2.2.1 Melt growth technique
Among various growth techniques to grow the single crystals, the melt growth
technique is the most well-known and versatile method of growing bigger size crystals

with relatively high growth rate. Materials having congruent melting, manageable vapor
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pressure, no polymorphic transitions and without undergoing any decomposition are
usually grown by melt growth techniques. Melt growth method is mostly used for

growing metals oxides, halides, semiconductors, etc.

In this technique, an orientated seed crystal is touched to the melt for initiating
the growth. The problem of uncontrolled nucleation is also suppressed in the melt
growth due to large super-cooling of melt phase. Here, crystals are grown in a
temperature gradient to achieve super-heated fluid and super-cooled crystal. This super-

cooling provides the necessary atomic driving force for crystallization.

There are number of melt growth techniques such as Czochralski (Cz), Zone
melting, Bridgman, Verneuil, etc. [96-98]. The particular technique is selected on the
basis of the physical and chemical properties of material to be grown [98]. The details

of few melt growth techniques are explained in the following section 2.3.

2.2.2 Solution growth technique

The most general and familiar technique for growing single crystals is solution
growth. This technique is based on the precipitation of solute from the solution. In this
technique, single crystals are usually grown at a temperature, which is well below the
melting point of the material. Most of the crystals using these techniques are grown at
room temperature and this is one of the biggest advantage of solution growth method.
The nucleation in the solution and subsequent growth of crystal occurs from the
critically supersaturated solution. The supersaturation of solution can be achieved by
the decreasing the temperature or slow evaporation of the solution. The solution growth
methods can be classified on basis of the temperature and the nature of the solvents

used. So, the solution growth is broadly categorized as low temperature and high
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temperature solution growth. The most common solution growth techniques used to
grow the crystals are named as slow cooling, slow evaporation method, hydrothermal
growth, gel growth and high temperature solution growth. The solution growth
techniques are characterized with slow growth rates. The typical growth duration is in
the range of days to months. The crystals grown from solution are very good quality in

optical as well as other physical properties.

2.2.3 Vapor growth technique

The vapor growth technique is generally used for growing those materials which
have high vapor pressure and suitable solvents are not available. This growth method is
utilized to grow the bulk crystals, semiconductor, photonic devices, and complex thin
layers on crystal substrate having a high degree of crystalline quality and purity.
Generally, the crystal growth from vapor phase is broadly classified into two techniques
named as physical vapor transport (PVT) and chemical vapor transport (CVT). Using
this technique very fine and complex structure for photonic applications can be grow in

the form of single crystals.

2.3 Melt growth techniques

In the melt growth techniques, single crystal is formed by re-solidification of the
melted polycrystalline material. All materials, which melt congruently without any
decomposition at the melting point and have no phase transformation can be grown in
the form of single crystal. The growth rate in the melt growth method is fastest as
compared to all other growth techniques. The single crystals with high quality and

purity can be grown using melt growth techniques. These techniques are mostly used to
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develop commercially important laser host, nonlinear optical, semiconductor and

metals crystal. The most common melt growth techniques are

o Czochralski technique
o Zone melting technique
o Bridgman technique

o Verneuil technique

2.3.1 Czochralski technique

The Czochralski (CZ) method is the most versatile and preferred technique for
the growth of single crystals. The bigger size and high-quality silicon, other
semiconductors and optical single crystals are grown by Czochralski technique. This
method is used for those materials, which are congruent melting, having high melting
point and volume expansion coefficients. This technique was first developed by Jan

Czochralski, a polish chemist, in 1918.

2.3.1.1 Growth process

The material or polycrystalline powder is melted in a suitable non-reacting
crucible (platinum or iridium) under a controlled atmosphere. Heating of crucible is
done by induction or resistive heating, mostly induction heating is preferred. For the
growth, a seed crystal with preferred orientation is used. When the temperature of the
molten charge, which is just above the M.P., is stabilized, seed crystal is touched to
molten charge and withdrawn slowly with the proper pulling and rotation. Rotation of
seed crystal is given to control the interface shape of the growing crystal for minimizing
the defects. The pulling and rotations rate depend on the material to material. When the

crystal of desired length is grown, the growth process is terminated by rapid pulling of
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the crystals with slight increase in the melt temperature. After that, it is retained close
to the melt surface and cooled down to the room temperature with proper cooling rate.
In the Cz technique, the diameter of the crystals are controlled by automatic diameter
control software. The growth condition like temperature gradient, growth orientation
and ambience can be modified depending on the material to grow. In this method, the
crystallization establishes a dynamic equilibrium between the two phases. Figure 2.5

shows the typical growth of crystals by Cz technique.
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Figure 2.5 The schematic of CZ growth process

2.3.1.2 Fundamental consideration for the growth

In Cz technique the parameters for growing the crystals are selected on basis of
(a) chemical properties of material (b) thermal conductivity of material in the solid and
liquid phase (c) segregation coefficient of dopant (d) melt viscosity (e) anisotropy in
thermal expansion (f) requirement of size and quality of crystal, etc. The shape of solid-

liquid interface during growth may be flat, convex or concave as shown in Figure 2.6.

36



The interface shape decides the stability of growth process & the quality of crystals.
The interface generates strain and dislocation in growing crystals. The flat interface is
ideally desirable as it provides homogeneity in the crystal and minimal lattice stresses.
The convex shape interface towards the melt gives the stable molten zone for growth,
though it leads to dislocation and lattice defects in the crystals. If the interface shape is
highly concave then the growing crystal can get detached from the melt unpredictably

(Figure 2.6) [96-98].
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Figure 2.6 The different growth interface shape

The heat/mass flow pattern decides the shape of the interface. The various
possible heat flow paths are shown in the Figure 2.7 during growth of single crystals by
CZ technique [99-104]. These heat flow patterns depend on the temperature gradients,
crystal rotation, viscosity and thermal conductivity of the melt. It is a complex function
of radial and axial thermal gradients. This can be changed by modify the insulation
geometry of growth station, pulling and rotation of seed crystal and gas flow rate [99—

104]. The schematic of Cz equipment is shown in the Figure 2.8.
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Figure 2.7 Various possible heat flow paths
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Figure 2.8 Crystal growth by Cz machine
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2.3.1.3 Advantages of Cz technique

o High quality single crystals can be grown
o High melting compound can be grown
o High vapor pressure material with modified Cz technique can be

grown

2.3.2 Zone melting technique

Zone melting technique is another melt growth technique for growing single
crystals and it is well known for refining or purification of the materials. In this
technique, the 'zone' means molten zone. For the purification of the materials, a portion
of the solid material is first melted and then the molten zone is passed along the length
together with heating elements. The floating zone technique is being used since half a
century ago. Now a day the commercial equipment of floating zone technique is
available with adaptability, compactness of design and high efficiency. Therefore, this
technique is excessively used to grow single crystals of variety of oxides materials,
metals, inter-metallics, etc. This method is usually applied to materials having large

surface tension.

2.3.2.1 Fundamental consideration for growth

In the floating zone technique, the refinement or purification of material depends
on the segregation coefficient of the impurity present in the material. When
crystallization takes place, it rejects impurities on basis of distribution coefficient at the
interface. If the zone refining is applied to a crystal having impurity with low
segregation coefficient, then the resulting crystal is more pure compared to the original

one. The crystals of high degree of purity can be obtained by more than one pass. Such
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process is called 'zone refining'. For getting the high purity silicon and germanium, zone
refining process is used. The simplicity of the process, the capability to produce a
variety of organic and inorganic materials of extreme high purity is the main reasons
for the importance of zone refining. This technique is able to produce dislocation free
crystal with a low defect density. Keck [105] proposed floating zone technique and
Golay [106] used a variant of the zone melting technique in which there is no need of
crucible. Optical floating zone technique is one of its variants, which is a crucible less
growth technique. In this technique, heating of material is done by the optical lamps

[105,106].

In the optical floating zone technique, the heating of material is done by IR
radiation, which is produced by a set of halogen/xenon lamps. Halogen/Xenon lamps
(which may be either two or four depending on the system) are placed at one of the
focal points of ellipsoid mirrors [Figure 2.9]. The radiation is reflected from the mirrors
and focused at the other focal point of the mirrors, where the material to be grown is

placed. The temperature profile can be changed by the adjustment of the power of the

Feed rod

Ellipsoidal mirror
(4 nos.)

Halogen lamp

Molten zone
Growing crystal
Seed rod

Controlled
atmosphere

Quartz tube

Figure 2.9 Schematic of the Optical floating zone process
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lamps on the basis of our requirements. The schematic of four halogen lamps with

ellipsoidal mirror based optical floating zone machine is shown in Figure 2.9.

2.4 Introduction of optical floating zone technique

2.4.1 Details of optical floating zone technique

The different types of the single crystals are grown by using optical floating
zone (OFZ) technique. OFZ technique is a crucible less technique; hence it allows
accessibility of favorable oxygen-rich ambience during the growth that leads to high
quality single crystals. The crystals grown by OFZ method are free from impurities
arising from the crucible material and defects such as oxygen vacancies and color
centers. The three orthovanadate single crystals like YVO4, GdVO4 and LuVO4 (part of
the present work) are grown by OFZ technique in our Lab. The available OFZ
equipment used for the growth single crystals is a four halogen lamped based machine.
The photographs of the complete and inside view of floating zone are shown in the

Figure 2.10-2.11 respectively.

Floating zone

CCD
Monitoring SRSy
screen

MFC

Figure 2.10 Complete setup of the optical floating zone equipment (MFC:
Mass flow controller)
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Upper soft Ellipsoidal mirror

Lower soft Halogen lamp

Figure 2.11 An inside view of the optical floating zone equipment

For growth of single crystal using floating zone technique, there is requirement
of the polycrystalline feed rod in the form of cylindrical shape. The feed-rod is prepared
from synthesized powder and sintered. Subsequently this feed rod is hanged in the
holder of the upper shaft of machine. The seed crystal of a particular orientation is kept
in the seed holder of the lower shaft (Figure 2.11). IR radiation of halogen lamps is
focused at the focal point of the mirrors and at this point, the temperature is maximum
because of the absorption of light by the material which is under growth. The tip of the
feed rod and seed crystal are kept at the focal point to melt the feed rod for the growth
of single crystals. The power of the lamps is increased slowly and melting of feed rod
started as soon as the temperature at the feed rod reaches to the melting point of the

material corresponding to a particular power of the lamps. The pulling rate, counter
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rotation rate of feed rod and seed crystal are optimized for the growth of single crystal.
The growth of single crystal is started with optimized translation rate of both shafts. The
molten materials start solidifying at the melt—seed interface and growth of the single
crystal begins on the seed crystal. The feeding of the material is stopped after the growth
of crystal upto the desired length, and detached from the grown crystals. The quality of
single crystal highly depends on quality of the feed rod, growth rate or pulling rate,
rotation rate, growth ambience, temperature profile of molten zone and pressure of
applied gas. A set of mass-flow controllers, are attached with OFZ machine, which
controls the flow rates and pressure of gas atmosphere or mixture of gas (N2, O2) or dry
air. The floating of molten materials against the gravity, which is sustained by the higher
surface tension of the molten materials, is the foundation of the growth of single crystal
in optical floating zone technique. Further, during the growth of crystal, the stability of
the molten zone is very crucial parameter for avoiding over-flow of melt. In the OFZ
techniques, there are three possible shapes of melt-solid interface such as convex, flat
or concave interface like Cz technique. The most stable molten zones are observed in
the slightly concave interface whereas the convex interfaces are not considered for
growth of crystals. There are many advantage and disadvantage of floating zone

technique, which have been listed below [98,102]:

2.4.2 Advantages of OFZ method

e Asitis crucible free growth, hence there is no impurity imbedded from
crucible.

¢ Higher level of oxygen ambient can be used even for high melting oxide
material.

e [Faster growth rate is possible in this technique.
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e Both the congruent and incongruent melting materials can be grown by
OFZ method.

2.4.3 Drawbacks of OFZ method

e OFZ technique is not able to grow large diameter size crystals.
e The low surface tension or high viscosity materials is difficult to grow by
OFZ technique.

The specifications of OFZ equipment which is available in our Lab, LFMD, RRCAT

are listed in the following Table 2.1.

Table 2.1 Specifications of OFZ equipment (FZ-T-10000-H-HR-I-VPM-PC)

1 Maximum operating temperature | 2200 °C

2 Maximum crystal growth length | 250 mm

3 Maximum gap adjusting length 250 mm

4 Growth speed 0.1-300 mm/hr.
5 High speed movement 1-160 mm/min.
6 Rotation rate 3-100 rpm

7 Number of mirrors / lamps 4 sets

8 Ultimate achievable vacuum 5x107 torr

9 Maximum Pressure 9.5 atm

10 Monitoring CCD camera

44



2.5 Introduction of experimental techniques for characterization

2.5.1 X-Ray diffraction techniques

In 1913, W. L. Bragg used the diffraction of X-ray light from the single crystals
to explore structural properties of the various material. W. L. Bragg and his father was
awarded the Nobel Prize in the field of Physics in 1915. Their works were published
and formed abridged in X-rays and crystal structure. After the discovery of diffraction
of X-rays from the crystal, the X-ray diffraction has been widely used for the analysis
of molecular structure of different kind of materials in form of monocrystalline or
polycrystalline powder forms. W. L. Bragg demonstrated the diffraction of X-ray light
from a single crystal, which behave like the diffraction grating such as the individual
atoms periodically aligned on plane of the crystal. X-ray is diffracted from these lattice

planes and interfered constructively as per the condition of Bragg’s law
nA =2 dna sinf............. (2.19)

where n integer number, A is X-ray wavelength, dna is the spacing distance
between to consecutive lattice planes, and 0 is the incident angle of the X-ray beam
[107,108]. Further, there are different type of X-rays diffraction based techniques for

analyzing the structure of the materials.

2.5.1.1 Powder X-Ray diffraction measurement

The powder X-ray diffraction (XRD) method is the most common and efficient
technique for the determination of phase identification of the materials as well as
structure. The powder XRD is an appropriate method to examine whether the particular
material has form of amorphous or crystalline. Crystalline phases or phase formation of

the materials can be identified with the comparison of the powder XRD pattern of the
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samples along with the fundamental data available in Joint Committee on Powder
Diffraction Standards (JCPDS). The XRD technique is also used to live analysis of the
cell parameters of material as a function of the temperature, pressure and phase
diagrams & phase transitions. Also, effect of the doping concentration, on the lattice

parameters and structure of materials can be determined.

In the present research work, the powder X—rays diffraction (XRD) patterns
were recorded for the synthesized powder and powder of grown crystals using a Rigaku
Ultrax-18 powder diffractometer operated at 40 kV, 50 mA in Bragg-Brentano
geometry with a curved crystal graphite 224-R monochromator. The XRD data were
recorded using Cu-K, in the range 20-70° with step of 0.01° and a scan rate of 1° min-
1. All the measurements were carried out under the similar conditions. The photograph

of Rigaku Ultrax-18 powder diffractometer is shown in Figure 2.12 [109-111].

Detector

Mono-chromator

Figure 2.12 Powder X-ray diffractometer set up

2.5.1.2 High-resolution X-rays diffraction method (HRXRD)

High-resolution X-rays diffraction method (HRXRD) is used for the assessment

of crystalline quality of single crystal and characterization of thin film. In this technique,
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the monochromatic and highly collimated X-rays light is used. Principle is similar to
the powder x-rays diffraction. This method is based on Bragg’s condition. Whenever
Bragg’s condition is satisfied, the Bragg’s peak appears. HRXRD usually measures
scattered X-ray intensity as a function of omega and/or 2theta. This technique is used
to check the strain, mismatch of lattice of thin film and orientation, strain and crystalline
quality of grown crystals. When diffracted X-rays intensity at angle 2theta is measured
with respect to omega (angle between the incident x-ray and surface of the sample) then

it is called the rocking curve.

In the present work, for evaluating the crystalline quality of grown crystals the
rocking curve measurements of three orthovanadates crystals were carried out using the
synchrotron radiation source INDUS-2 on [100] sample for the (200) diffraction peak.
The experiments were performed in the ADXRD beam-line (BL-12) of the Indus-2
synchrotron facility at RRCAT, Indore, India. The ADXRD beam-line (BL-12) has a Si
(111) double crystal monochromator and a six circle Huber (model 5020)
diffractometer. The instrumental broadening was found to be <15". The wavelength of

the X-ray used for the rocking curve measurement was ~0.857A (14.43 keV) [112].

2.5.1.3 Laue diffraction method

Laue diffraction method is the oldest technique of X-rays diffraction. First, X-
ray diffraction experiments were carried out by M. von Laue. He did experiments using
the continuous X-ray spectrum called Bremsstrahlung. In the experiment, he obtained a
picture containing a pattern of spots and each spots corresponds to coherent reflection
or diffraction of the X-ray light from one set of the crystal planes. In the Laue method,
a continuous spectrum of X- rays is incident in a fixed angle on the single crystal and

for each set of planes (hkl), the inter-planer distance d, and the Bragg’s angle are fixed.
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The diffracted x-rays spots are obtained whenever the Bragg’s condition is satisfied.
The symmetry pattern of diffracted spots on the photographic plate make it possible to
deduce whether the crystals are cubic, tetragonal, or other crystal structures in the

sample [109].

In the present work, Proto make Laue machine has been used to record the Laue
pattern of the plate of grown crystals. The machine has Mo source used as target for X-
rays and is operated in the reflection geometry. The photograph of instrument is shown

in the following Figure 2.13.

Fiaure 2.13 Proto-make Laue instruments

48



2.5.1.4 X-ray photo-electron spectroscopy Measurements

X-ray Photoelectron spectroscopy is used for finding the elemental composition,
chemical and electronic state of elements. In this method, photo-ionization of atoms and
analysis of the kinetic energy distribution of the emitted photoelectrons are involved.
This technique is generally used to study the electronic state of elements on the surface
of a sample [113]. The elemental composition of samples upto around 1000 ppm levels
can be obtained by using this technique. In the X-ray photoelectron spectroscopy (XPS),
the excitation photon energy is normally used in the range from 200 to 2000 eV [113].
A photon with energy of E=h v [h-Planck constant= 6.62 x 10* J-s and v— frequency]
is incident on the sample surface, which is absorbed by an atom of sample that results
ionization with ejection of an inner shell (core) electron [113]. When the kinetic energy
of photo-electrons is more than the work-function of the sample and it comes out from
the surface of the sample with a finite kinetic energy. The distribution of kinetic energy
of the emitted photoelectrons (i.e. the number of emitted photoelectrons as a function
of their Kinetic energy) can be measured using any appropriate electron energy analyzer

and a photoelectron spectrum.
The equation for conservation of energy is given as
hv= KE+¢+BE ................... (2.20)

Now using above formula, the binding energy (BE) of the emitted photo-electron are

written as

For each and every element, there will be a characteristic binding energy

associated with each core atomic orbital electron that will be emitted with specific
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kinetic energy. Therefore, these emitted photo-electrons with specified kinetic energies,
will give rise to a characteristic set of peaks of each element in the photoelectron
spectrum. The presence of peaks at particular energies indicates the presence of a
specific element and specific oxidation state in the sample, and also the intensity of the
peaks is related to the concentration of the elements in sample. Hence the XPS technique
provides a quantitative analysis and qualitative analysis of elements present on the

surface (in depth around 30-50A) of the sample.

In the present work, X-ray photoelectron spectroscopy measurements were
carried using hard x-ray photoelectron spectroscopy (HAXPES) beamline BL-14, at
synchrotron radiation facility Indus-2 (2.5 GeV, 200 mA) [113]. The excitation energy
of X-rays from double crystal monochromator (Si(111)) was 4.311 keV. The
experimental station of beamline is equipped with Hemispherical analyzer and detector
system (Phoibos 225, Specs make). The typical pressure in the experimental station is
5x10°° mbar. Initially, the survey spectra were recorded over a range of 0 to 1000 eV
for each sample. The energy calibration has been done with respect to the reference (Cis

peak at a binding energy value of 284.8 eV adventitious carbon) for all edges [113].

2.5.1.5 X-ray fluorescence (XRF) measurements

X-ray fluorescence spectrometry (XRF) is a non-destructive and most efficient
method to find composition of the elementals present in the materials by measuring the
emission of characteristic X-rays from the relevant materials, which have been excited
by high-energy X-rays radiations [114]. Qualitative and quantitative analysis can be
done for all elements starting from beryllium (Z= 4) to uranium (Z= 92). This technique
offers high accuracy and precision for the detection of wide range of elements beyond

beryllium in the periodic table with concentration as low as the ppm-level depending
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upon the source intensity. When materials are excited with X-ray with energy higher
than the respective absorption edge of elements under investigation, the tightly-held
inner electrons are dislodged and the atom becomes unstable [109,110]. Subsequently
an electron in the outer shell occupies the inner shell with the missing electron via

emission of X-ray photon as shown in Figure 2.14.
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Figure 2.14 X-ray fluorescence process

The emitted X-ray photon is X-ray fluorescence whose energy is lower than the
primary incident X-rays but is the characteristic to the individual elements. So the
emitted fluorescent X-rays are used for detection of the elements present in the sample.
A typical X-ray fluorescence spectrum consists of multiple peaks at different energy
and of different intensities resulted from several transitions [109,110]. In most of the
cases, the fluorescence from the innermost K and L shells are used in XRF detection.
The name of the X- ray emission lines or transitions, are labeled by K, L, or M, which

corresponds to the shell from which the electrons are initially removed. The X-ray
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photons emitted from K lines are the highest energy, and then followed by L, then M
and so on. Further the different transitions to the particular shell from the upper energy
shells are denoted by the subscripts a, 3, y etc. and this subscripts indicate the quantum

state of that upper energy shell [109,110].

2.5.1.5.1 Qualitative and quantitative Analysis

The X-rays fluorescence wavelength is the characteristics of the particular
elements present in the sample. Therefore, the qualitative analysis of elements can be
obtained with help of the wavelength of characteristic fluorescence. The quantitative
analysis of elements can be done by comparing the sample spectra with the known
standard reference spectra. The concentration of each element upto ppm level in the
sample can be determined from area under the peak. In the present study, to estimate
the dopant concentration in the grown crystals, X-ray fluorescence measurements were
carried out on the samples obtained from the grown single crystals and prepared
standard samples. The experiments were performed in the Microprobe X-ray
fluorescence Beam-line (BL-16) of the Indus-2 synchrotron facility. The beam-line
works in the X-ray energy range of 4-20 keV. The beam-line (BL-16) layout is shown

in Figure 2.15 [114,115].
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Figure 2.15 Schematic of beam-line 16 [114]
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2.5.2 Refractive index measurements

Refractive index (RI) and thermo-optic coefficient of the gain medium are
important parameters for the designing of a laser system. The temperature dependent
refractive indices of the grown crystals are determined along the principal directions
using Prism coupling technique at different wavelengths. The basic schematic and
mechanism of RI measurements by Prism coupling technique is shown in the Figure
2.16-2.17. In this technique, an oriented polished sample plate of thickness preferably
0.5 to 1mm fabricated from the grown crystals is brought in intimate contact with the
optical prism having known refractive index (np) using an in-built coupling head, which
is pressed pneumatically with a pressure typically of the order of 4-6 bar. A
monochromatic laser beam with selected polarization TE (s) or TM (p) is directed into
the sample prism-plate interface through the prism. The intensity of the reflected light
from the prism sample interface is recorded at various incident angles with an
appropriate detector [Figure 2.17] and critical angle (8¢) is monitored. As the angle of
incidence (i) is decreased with respect to critical angle (6¢), a fraction of the incident
light will propagate along the interface that results in an abrupt decrease in the reflected
light at the detector [116] and a knee is observed in the reflected intensity vs incident
angle plot. A typical intensity vs angle of incidence plot of the laser light from the

sample surface is shown in Figure 2.17.

The refractive index of the specimen of interest (ns) is estimated by detecting
the critical angle for both TE and TM modes of incident light i.e orthogonal polarization
mode. From the measured 6. the refractive index along two orthogonal principle
direction depending on the sample orientation can be determined using the relation ns=

npsinBc [116]. The value of nx (ne) of a—cut uniaxial crystals is obtained for TE mode
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and ny (no) of same crystal is obtained for the TM mode of incident light. This technique
is simpler compared to minimum deviation method as it avoids the need of fabrication

of prism of the material under investigation.
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Figure 2.16 Schematic of Rl measurements by Prism coupling technique
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Onodera et al. [117] have shown that the accuracy of the prism coupling method
is comparable to that of the minimum deviation method if the prism refractive index
and coupling-prism apex angle are known with accuracy better than 10* and 10s,

respectively [117-120].

In the Crystal Growth Laboratory, at LFMD, for measurement of refractive
index a commercial Prism coupler (model 2010/M; manufactured by Metricon
Corporation, UK) equipped with five laser inputs (wavelengths 408, 532, 828, 1064 and

1551 nm) is available as shown in Figure 2.18.

In the equipment, a Rutile (TiO>) prisms, (200-P-4) which have refractive index
higher than most of the samples, was used. The refractive index calibration of the
instrument was done by using standard fused silica (ICS 14) and the experimental error
was estimated by comparing the measured refractive index of Schott LASF18A with
the data sheet. The error is ~1x10~3. During the measurement of the refractive index of

material, two major sources of error are [116,121-123]:

o The inaccuracy in the orientation of the sample

o The inaccuracy in temperature value during measurements

Figure 2.18 RI measurements setup
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2.5.3 Optical transmission and absorption measurement

The absorption characteristics of the gain medium provide useful information in
context to the pumping of the gain medium. As population inversion is achieved in the
gain medium via absorption of pumping light, an amplified emission of light at the laser
wavelength via stimulated emission takes place. Therefore, it is mandatory to
investigate the absorption properties of the gain medium. Absorption characteristics are

measured by Ultraviolet, visible and NIR (UV-VIS-NIR) absorption spectroscopy.
In this measurement the possible spectral ranges (wavelengths) of interest are:

o Ultraviolet (UV) 200-400 nm
o Visible (VIS) 400-700 nm
o NIR 700-3000 nm

When electromagnetic radiation is passed through a sample and selective
absorption takes place depending upon the transitions associated with dopant or in the
impurities in materials. These absorption lines or bands are the direct manifestation of
the sample absorption characteristics. The inter band transitions corresponding the band
gap of the materials occur from the valance band to conduction band and other
transitions occur by the impurity or defect levels and molecular vibration levels

associated with host medium [124,125].

The UV-VIS-NIR spectrophotometer made by JASCO (model no. JASCO 670)
has two light sources, a deuterium (D) lamp for ultraviolet light and a Halogen lamp to
cover the visible and NIR spectrum [124,125]. The photograph of JASCO 670 is shown

in the Figure 2.19
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Figure 2.19 UV-visible-NIR spectrophotometer set up

2.5.3.1 Principle

When light is incident on a homogeneous dielectric medium, a part of incident
light is reflected, a part is absorbed by the medium and remaining part is transmitted
(Figure 2.20). The absorption of light by an optical medium is quantified by absorption

coefficient a. This is defined as the fraction of light absorbed per unit length of medium.

Incident light Light propagation

EEE—
Transmitted light

Reflected light
amm———

Absorption

Figure 2.20 Light through an optical medium

Let us consider an incident light having intensity lo is propagating into the
sample along the z direction and intensity of light at a depth z inside the sample is given

as 1(z) as shown in Figure 2.21.
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/=0 dz Z=d

Figure 2.21 Schematic of propagation of light inside the sample
Now the change of intensity with the propagation light of an infinitesimal small

distance dz (neglecting both the scattering and reflection loss) is

di=-adz1z) ...cccovnnn. (2.22)
On the integration from Z=0 to d, we get
I=lhe™ ... (2.22)

This equation is called Beer’s law.
Now consider the reflection loss (R: and R2) from the both the front and back surface
of the sample, the transmittance of light is given as

T=(1-R)e™ (I-R2) .................... (2.23)

Using the above equation the absorption coefficient can be calculated as per the
following [126-129]:

a=1mn [“‘TR)Z] .................... (2.25)

where, T is transmittance, R is reflectivity [calculated from Sellmeier’s equation

using, R ~ (n-1)%/(n+1)?] and d is the sample thickness [126—129].

2.5.4 Photoluminescence measurement

Fluorescence property of the gain medium is important parameters for designing

and assembling the laser cavity and fabrication of laser system, particularly for selecting
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the pumping and lasing wavelength. Photoluminescence (PL) is one form of
luminescence (light emission) and is distinguished by photo-excitation (excitation by
photons). Photoluminescence (PL) is a process in which the active ions absorb photons
and go to a higher energy state and then come down to an intermediate state or
metastable state via radiation less transition. The excited atoms finally relax into the
lower or ground state via emission of photons [130]. In the PL process, the time of
relaxation is extremely short and it may be the of order of ~ns, ps, second, minutes
depending on the material as well as active ion. The main requirement for the measuring
the photoluminescence are stable monochromatic light source, optic to focus light on
the sample, sample holder, collection optics, monochromator and detector. Actual
excitation and emission wavelength and collection optics for emission of light depends
on the nature of the materials. Typically, the excitation and collection of emission of

light are at 90 degrees. Figure 2.22 shows photograph of PL setup.

Figure 2.22 Schematic of PL measurements setup

In the present study, for investigating the emission characteristics of the

samples, photoluminescence (PL) spectra of grown crystals of orthovanadate are
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recorded for the [100] oriented plates at room temperature using Edinburg instrument
PL spectrometer (FL-FS90-S). The samples are excited at desired wavelength and the
corresponding PL spectra are recorded. An InGaAs with integrated lock-in steady state

(NIR 300/2, G5852-23) is used to detect IR luminescence spectra. [130].

2.5.5 Fluorescence life time measurement

The fluorescence lifetime is a measure of the time a fluorophore that spends in
the excited state before returning to the ground state by emitting a photon. Absorption
and emission processes are related to the populations or number density of atom or
molecules available in ground or excited state [130]. In general, the behavior of an
excited population of fluorophores (atoms or molecules) is described by the rate

equation:

dn* (t)
dt

= —kn*(t) + f(t) ... .. ... ... (2.26)

where n* is the number of excited atoms at time t, k is the rate constant of all de-
excitation processes and f(t) is an arbitrary function of the time, describing the time
course of the excitation. The dimensions of k are s (defined as number of transitions

per molecule per unit time).
If excitation is switched off at t = 0, then above equation becomes

dn* (t)
dt

= —kn*(0) v e (2.27)

and the solution of this equations becomes
n*(t) = n*(0)exp(—kt) ... .........(2.28)

The lifetime 7 is equal to k .
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The lifetime of excited fluorophores (atoms or molecules) is the time that it takes
for the number of excited molecules to decay to 1/e or 36.8% of the original population

according to the following equation

n'(t) .
)~ € /T i i e (2.29)

The de-excitation rate K is the sum of the rates of all possible de-excitation paths:

where ks is the rate of fluorescence, ki the rate of internal conversion and
vibrational relaxation, kx the rate of intersystem crossing, ket the rate of inter-molecular
energy transfer and Kk is the sum of rates of radiation less de-excitation paths. Atoms
or molecules also decay via non-radiative process in addition to the radiative process.
The non-radiative process occurs under different conditions, such as in the case of
isolated molecules in “gas-phase” where they decay due to only internal conversion and
intersystem crossing. In the case of condensed phase, an additional pathway of decay
of atoms or molecules is due to interaction with molecular environment via excited state
reactions, energy transfer, etc. In addition to this, the non-radiation transition occurs
due to the presence of polar environment that results into the decrease in the
fluorescence lifetime. It happens because of larger dipole moments of surrounding
molecules that can increase the efficiency of energy transfer. Therefore, the radiative

lifetime t, = k¢ for a given molecule is a constant.
The fluorescence lifetime of molecules or atoms is given as

t =kt = (K + kpy) L. (231)
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It depends on the environment of the molecule through knr. The fluorescence

quantum yield (QY) is proportional to the fluorescence lifetime:

L .

= - R e (232
kp +kny K (232)

t
t,

However, the measurement of fluorescence lifetime is more robust than
measurement of fluorescence intensity (from which the QY is determined), because it
depends on the intensity of excitation and the concentration of the fluorophores
[130].The fluorescence intensity I(t) = ks n*(t) is proportional to n*(t). There are various
techniques to measure the lifetime of excited atoms or molecule. In the present study

the pulsed (or time) excitation technique was used to measure the fluorescence life time

of excited atoms or molecule.

In this method the atoms or molecules are excited by a very short pulse (at t =
0) and the decay of florescence intensity with de-excitation of atoms or molecules is
measured using a detector based on time correlated single photon counting [Figure

2.23].

— Excitation pulse
— Fluorescence

Intensity (a.u)

Time

Figure 2.23 Fluorescence decay of atoms or molecules
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The decay of fluorescence intensity (at t = 0) is given as [130]

t) e (233)

1(t) =1(0) exp (—;

The instrument response function (irer) is measured as a response of the
instrument to scattered excitation pulse. The parameters of I(t) (the lifetime t) are
usually obtained by nonlinear fitting combined with a deconvolution procedure. The
deconvolution is not necessary, when the excitation pulse is very short (fs-lasers)

compared to the lifetime (t) and/or high precision of lifetime determination is not

required.

In the present works, the fluorescence lifetime measurements were carried out
using ultrafast technique. In this measurement the sample was excited using a
Ti:Sapphire femto-second laser operating at desired wavelength with 35 fs pulse width
(FWHM) and repetition rate of 1 kHz (Coherent legend Elite, USA). The fluorescence
decay profile of the emission of rare earth ion was recorded using IR detector and 1

GHz bandwidth oscilloscope.

2.5.6 Optically  homogeneous measurement by  birefringence
interferometry

Optically homogeneous crystal is an important requirement for laser application.
As a part of checking the quality of the grown crystal, the optical homogeneity of the
crystal can be further investigated by birefringence interferometry as it provides

qualitative assessment about the overall optical uniformity of the crystal [130].
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Birefringence interferogram, which is a set of fringes, gives a collective information

about all the flaws or defects in crystals.

The optical homogeneity/birefringence of crystal is influenced by residual
stress, micro-cracks, inclusions, bubbles, spatial variation in the defects density across
the crystal, and sub grain structures in the lattice (misorientation) due to these defects.
Any type of optical inhomogeneity in the crystal is clearly revealed in this measurement.
The technique is based on the formation of interference fringes between the component
of ordinary ray and extra-ordinary ray when they pass through the birefringence sample.
For this measurement a [100]-oriented polished sample of grown crystal of 1 mm

thickness was prepared. A schematic of the measurement setup is shown in Figure 2.24.

[100]-Crystal plate
Lens

He-Ne Laser Collimator — 7
1632 nm 7. o

Polarizer Analyzer

Screen

Figure 2.24 Schematic of birefringence interferometry set up

A collimated linearly polarized light (45° with respect to c-axis of the sample)
of He-Ne laser (632.8 nm) incident normally on the sample and passes through the
cross-polarizer (at 90° to the incident light polarization) and lens. The interference
fringes form due to superposition and delay (birefringence induced path difference)
between the component of extra-ordinary ray (ne) and ordinary ray (no) is observed on

the screen and recorded [131,132].
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2.5.7 Judd- Ofelt analysis

Judd-Ofelt theory describes the intensities of lanthanide and actinide transitions
in solids and solutions. The utility of the Judd-Ofelt theory is that it provides a
theoretical expression for the line strength. The 4f-4f intra-band (mostly) electric dipole
(ED) transitions of rare earth ion which are generally not allowed because of the same
parity of initial and final states (ED operator is of odd parity) but become allowed due
to resultant mixed parity in D2g non-centrosymmetric crystal field of YVO4 /GdVO4/
LuVO4. However, shielding by outer shells of completely filled 5s? and 5p® is enough
to makes the f-f transitions sharp and distinct. The f-f transitions strength of rare earth
ion can be analyzed by using Judd-Ofelt theory [14]. According to this theory the line

strength of force electric dipole transition between an initial J manifold |4f°[L, S] J) and

final J” manifold [4f°[L’, S'] J') is given as the relation:

SU=J) = Z QIS LLINUINS LI oo e e (2.38)

i=2,4,6

(IUily are the doubly reduced matrix elements of the unit-tensor operators for the
transitions from the ground-state to the excited-state manifold, and the coefficients Q»,
Q4 and Qg are phenomenological Judd-Ofelt (J-O) intensity parameters [2]. These
matrix elements, especially for the rare earth elements, are calculated in the intermediate
coupling approximation [133]. The numerical values of the doubly reduced matrix
elements for rare earth ion are computed by Carnall et al. [134]. The matrix elements
are invariant irrespective of the environment of the ion and used for the present
calculations. The experimental line strength of forced electric dipole transition S is

calculated using [2,53]:
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[a(A)da
8m3ple? [(n? + 2)2
9ch(2] +1) [ 3n

where c is the velocity of light, h is the Planck’s constant, e is the charge of
electron, p is the number density of RE ions per cc, J and J' are the total angular
momentum of initial and final states, 1 is the mean wavelength and a(}) is the absorption
coefficient of absorption band, n is the refractive index of the material obtained using

Sellmeier’s equation and the integral in the numerator is the area under the absorption

band [53].

The line strengths (Sexp) for all the transitions can be calculated from the
absorption spectra using the above equation. Subsequently the JO parameters are
calculated using the equation (2.34) and (2.35) by least mean-square fitting for all the
transitions. As the number of the absorption lines are more than three it was possible to
obtain over-deterministic solutions. Spectroscopic quality factor X = Q4/Qg IS an

important parameter for predicting the stimulated emission for the laser active media.

Further, the emission characteristic can be evaluated using JO theory. Einstein’s

A coefficient (radiative transition rate) of emission can be estimated as:

4G > ) = 64mte? In(nz + 2)?

3h(zJ + DB| 9 ]Z 2 (IS LIS L1 - 236)

i=2,4,6

The Einstein A coefficient , can be estimated by using JO parameters calculated
for the absorption spectra. However, the matrix values of (IUil) for emission are
different as the transitions are reversed. The radiative lifetime of an excited state J is

calculated as 7=1/ JA(J — J)).

66



The fluorescence branching ratio are givenby g3 —3) =A@l - J)/>. A0 - J)
where the sum is taken over all possible terminal states. The life-time and branching
ratio of emission transitions can be calculated. From the PL spectra the emission cross-

section of the transition can be calculated by the following relation:

14

o.(1) = A(J-]") R ¢ VA

8mn2cAless

where X is the mean wavelength of emission band and Alerr is the effective line-
width of the transition [133-137]. Detail of Judd-Ofelt theory is given in the Annexure-

2.5.8 Measurement of laser performance of grown crystals
To check the laser performance of the grown single crystals, a laser testing

experimental setup has been developed [Figure 2.25].

L1 L2

b '. —
-
Diode Laser Laser Crystal

M1 M2

Figure 2.25 Schematic of experimental setup for CW laser operation

Some of the grown crystals, which have been oriented using Laue diffraction
method, are used for the measurement. A plane-parallel resonator cavity has been
designed for evaluating lasing characteristic of the oriented Nd:GdVO4 and Nd:LuVO4
laser element. The length of the designed cavity is kept ~ 50 mm. Reflectivity of the

output coupler is varied and optimized at ~ 89% for maximum power output. The testing
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of lasing has been carried out using 808 nm diode laser in end pumped configurations.
The CW laser emission of the grown crystals has been demonstrated. The schematic

diagram of laser cavity setup is shown in the Figure 2.25.
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Chapter-3 Growth of Orthovanadate Single Crystals

The complete growth process of doped orthovanadate single crystals by using
optical floating zone technique (OFZ) can be divided into three steps namely (1)

synthesis of starting charge, (2) feed rod preparation, and (3) growth of single crystals.

3.1 Synthesis of starting charge

The synthesis and formation of proper phase of any material especially having
volatile components are important for the growth of single crystals. The synthesis of
orthovanadate materials, such as YVOs, GdVO4 and LuVOg, requires careful attention
because these materials have tendency to form secondary phase due to the volatility of

V20s, which is one of the starting precursors of orthovanadate.

3.1.1 Starting precursors for doped YVO4

For growth of Yb doped YVOs single crystals, starting chemical was
synthesized using AR grade Y203, V205 and Yb20s with purity level of 99.99%
[Make:Alfa aesar] [Table 3.1]. The reaction equation of YbxY (1xVOs is formulized as

below:
XYb20s3 + (1-X)Y203+ V205 — 2YbxY (1xVO4

Table 3.1 List of molecular weights in g/mol for Yb:YVO,

Yb203 Y203 V205 Ybo.008Y0.992 VO4
394.078 225.781 181.833 204.480
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Calculation of required materials:

For 1mole of Yb doped YVOu (Ybo.00sY0.992VO4)

0.008Yb203 + 0.992Y203 + V205 —>  2YbooosYo0.992 VOs

3.152gm + 223.975gm +181.833gm > 408.960 gm

For one gram charge of Ybo.o0sY0.992VO4

0.0077 gm + 0.5476+ 0.4447 gm ——  1gm

In the similar manner the chemicals required for 1.5, 3.0, 5.0, 8.0 and 15.0 at.%
doping were calculated. Further, according to the our earlier report on the synthesis of
YVO4 materials [43], around 3% of amount of V20s extra has been be added for
complete phase formation of YVO4 to the compensate the loss of V20s. For each
concentration of Yb doping, a batch of 30 gm of total charge was calculated and
synthesized as listed in Table 3.2. The accuracy of the measurement of weight of

chemical by weighing machine is 1 mg.

Table 3.2 Calculated weight of the precursors for synthesis of Yb:YVO4

Yb (at.%) Yb20s3 (gm) Y203 (gm) V205 (gm)
0.8% 0.231 16.429 | 13.339
1.5% 0.432 16.266 | 13.301
3.0% 0.859 15.920 | 13.220
5.0% 1.420 15466 | 13.113
8.0% 2.245 14.798 | 12.955
15.0% 4.096 13.300 | 12.603

Further, for growth of co-doped YVOs single crystals, primary Yb co-doped

Er:YVO4 materials were synthesized. In this the required chemicals for synthesis were
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calculated as per the solid-state reaction equation for 30 gm batch and tabulated in the

Table 3.3.
XYb203 + (1-X-2) Y203 +ZEr203+V205 ——» 2YbxEr:Y (1-x2)VOas

Table 3.3 Calculated weight of the precursors for synthesis of Er co-doped Yb:YVO4

Yb Er Yb203 | Y203 | V205 | Er203
(at.%) | (@at.%) | (gm) | (@m) | (gm) | (gm)
1.5 0.7 0.431 | 16.107 | 13.265 | 0.195

3.0 0.7 0.857 | 15.763 | 13.184 | 0.194
8.0 0.7 2.239 | 14.647 | 12.922 | 0.190
12.0 0.7 3.307 | 13.786 | 12.719 | 0.187

Similarly, for the growth of Nd co-doped Yb:YVOs single crystals, starting
chemical were taken for synthesis of the materials. Required amount of chemicals were
calculated according to the solid-state reaction equation for 30 gm charge. The table for

required amount of chemicals are given in the Table 3.4.

xYb20s3 + (1-x-2) Y203 +zNd203+V205 — 2YbxNd:Y (1x2)VO4

Table 3.4 Calculated weight of the precursors for synthesis of Nd co-doped Yb:YVO4

Yb Nd Yb203 | Y203 | V205 | Nd203
(at.%) | (at.%) | (gm) | (@m) | (@m) | (gm)
15 0.8 0.431 | 16.099 | 13.272 | 0.196

3.0 0.8 0.857 | 15.755 | 13.192 | 0.195
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3.1.2 Starting precursors for doped GdVO4

In case of Nd doped GdVO4 materials, the starting precursors such as Gd20s,
V205 and Nd>Oz powder with purity of 99.99% [Make:Alfa aesar] are needed for
synthesis. The 30 gm of charges for each doping concentration of Nd were calculated
using solid-state reaction equations [Table 3.5]. Additional 2% of amount of VV2Os were

added during the synthesis to compensate for the loss of V20s as it is volatile in nature.

0.008 Nd203 + 0.992Gd203 + V205 —>» 2Ndo.00sGdo.g992 VOa4

Table 3.5 Calculated weight of the precursors for synthesis of

Nd:GdVO4
Nd (at.%) Nd203 (gm) | Gd203(gm) | V205 (gm)
0.2% 0.037 19.939 10.024
0.6% 0.111 19.863 10.026
0.8% 0.148 19.825 10.027
1.0% 0.186 19.787 10.028
1.2% 0.223 19.748 10.029
1.6% 0.297 19.672 10.031

Further, for the growth of Cr co-doped Nd:GdV O single crystals, the chemicals
such as Cr.03, Gd203, V205 and Nd2O3 are required for synthesis and their required
amount were calculated for 30 gm batch as per the solid-state reaction equation and

given in the Table 3.6.
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0.005Nd203+ 0.995Gd203 + 0.01 Cr203 + 0.99V205—»2Ndo.005Gdo.995 Cro.01V0.9904

Table 3.6 Calculated weight of the precursors for synthesis of Nd:Cr:GdVO4

Nd Cr Nd203 | Gd203 | V205 | Cr203
(at.%) | (at.%) | (gm) | (gm) | (@m) | (gm)
0.5 1.0 0.093 | 19.893 | 9.931 | 0.084
0.5 1.2 0.093 |19.895|9.912 | 0.101
0.5 15 0.093 | 19.899 | 9.883 | 0.126

3.1.3 Starting precursors for Nd doped LuVOg4

For the synthesis of Nd doped LuVO4 materials, the initial precursors such as
Nd2O3, V20s and Lu.Oz powder with purity of 99.99% [Make:Alfa aesar] were
calculated by using solid-state reaction equation. The 30 gm of charge for each doping
concentration of Nd were taken as per the equation [Table 3.7]. The 3% extra amount
of V205 were added during the synthesis to compensate the loss of V20s due to its

volatility.

0.005 Nd203 + 0.995Lu203 + V205 —  2Ndo.005Y0.995 VO4

Table 3.7 Calculated weight of the precursors for synthesis of Nd:LuVOa

Nd (at.%) Nd203 (gm) | Lu203(gm) | V20s (gm)
0.25% 0.044 20.543 9.413
0.50% 0.087 20.497 9.416
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3.1.4 Ball milling

The required amount of chemicals for each orthovanadate materials were taken
for synthesis and subsequently for mixing of the powders, the 30 gm chemicals for each
orthovanadate were kept inside the polystyrene bottle along with 15 zirconia balls. The
bottle was clamped in the Tarbula ball-milling machine [Figure 3.1] and chemicals were
mixed homogeneously using Turbula 3D rotation mixer. The chemicals were mixed for
5-6 hours at a rotational speed of 72 rpm for proper and homogeneous mixing of

powders.

Figure 3.1 Turbula mixer

3.1.5 Solid-state reaction

The homogenous mixed powders for each orthovanadate were taken out form
bottle and put inside the platinum crucible. The platinum crucible having 30gm of
chemicals was kept inside the muffle furnace for solid-state reaction. The solid-state

reaction was done in two steps. In the first step, the charge was kept at 650°C for the 10
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hours and in the second step, it was put for 750 °C for 10 hours after the grinding and
mixing of the powders. The temperature profile for the solid-state reaction for

orthovanadate is shown in Figure 3.2.

25°C Mixing
+Grinding

Figure 3.2 Temperature profile of solid-state reaction

3.1.6 Confirmation of phase of orthovanadate by powder XRD

The powder X-ray diffraction (XRD) pattern was measured for synthesized
charge of each orthovanadate for confirmation of formation of desired phase. The XRD
patterns were recorded using Rigaku Ultrax-18 powder diffractometer in the range 20-

70°.

3.1.6.1 Powder XRD measurement of synthesized powder of doped and co-doped

YVOq4

Powder X-ray diffraction (XRD) pattern of YVO4 was measured for synthesized
powders and compared with the corresponding JCPDS file. Peak positions of the
diffraction pattern for each doped and co-doped synthesized powders of YVO4 were
matched with the reference JCPDS file.76-1649. The peaks matched well and there was
no additional peak, thus confirming the formation of single desired phase. The XRD
pattern of Yb doped and Er co-doped Yb:YVO4 & Nd co-doped Yh:YVO4 with JCPDS

file are shown in the Figure 3.3 (a-c).
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Figure 3.3 Powder XRD patterns of synthesized charge of YVOg4 with different
dopants

During the synthesis of chemicals, the phase formation of YVO4 was the major
issue due to the volatile nature of V2Os. The problem in the synthesis was optimized by
adding 3% extra of V20s in the chemicals for exact phase of YVOas. Figure 3.4 shows

XRD pattern of YVO4 with extra 3% and without adding extra of V20s.
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Figure 3.4 Powder XRD patterns of YVOq after adding 3% extra of V20s

3.1.6.2 Powder XRD measurement of synthesized powder of doped & co-doped

GdVOq

The powder X-ray diffraction (XRD) patterns of doped and co-doped GVOq
were recorded for confirming the desire phase of GdVO4 materials. These XRD patterns
were compared with relevant JCPDS file # 170260. The pattern exactly matched with

the reference file that results the phase of GdVO4 materials. The XRD pattern was

plotted along with reference file as shown in the Figure 3.5.
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Figure 3.5 Powder XRD patterns of synthesized chemicals of
GdVO4
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Due to the volatile nature of V20s the phase formation of GdVO4 was the main
problem at time of the synthesis of chemicals. The problem in the synthesis was solved

by adding 2% extra of V20s in the chemicals for exact phase of GdVOa.

3.1.6.3 Powder XRD measurement of synthesized powder of Nd doped LuVO4

For confirming the desire phase of Nd doped LuVO4 materials, the powder X-
ray diffraction (XRD) patterns were recorded for both synthesized powders (0.25 and
0.50 at.% of Nd doping). The recorded XRD patterns exactly matched well with the
corresponding JCPDS file # 821917, hence, this confirming the desired phase of LuVO4
materials. The XRD patterns and reference file is shown in Figure 3.6. During the
synthesis of LuVOs. The 3% extra of V20s was added for the complete phase formation
of LuVO4 material. As already mentioned, the problem of phase arise due to the volatile

characteristics and lesser melting point of V20s.
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Figure 3.6 Powder XRD patterns of synthesized charge of LuVO4
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3.2 Feed rod preparation

3.2.1 Packing of rod

A polycrystalline cylindrical shaped feed-rod is required for the growth of the
single crystals by OFZ technique and the feed rod was prepared from the synthesized
powders of different orthovanadate. The crystalline quality of crystal depends on the
quality of the feed rods. For making the feed rods, the nozzle of a glass funnel was
inserted into the long rubber tube as shown in the Figure 3.7. The grinded synthesized
powder was filled inside the rubber tube using spatula. The powder was continuously
filled and moved towards the bottom of the rubber tube and subsequently it was pressed
by long ceramic rod. The powder was packed homogenously upto the desired length
nearly 40-70 mm and diameter around 5-7 mm. The trapped air inside the packed
powder rod was sucked by rotary pump after removing the funnel and inserting the

cotton inside the rubber tube. [Figure 3.8].

Figure 3.7 Packing of synthesized powder
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Figure 3.8 Rotary pump sucking the air from the packed rod

Further, the packed rod was pressed to 70 MPa by using the hydrostatic system
for 3-5 minutes for the densification [Figure 3.9]. The rubber tube was cut carefully and
feed rod was removed as shown in Figure 3.10. A hole on the feed rod was made for

hanging the feed rod for sintering.

Figure 3.9 Pressing of rod by hydrostatic péss system
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Figure 3.10 Cutting of rubber tube

3.2.2 Sintering of feed rod

Sintering is a process for densification of feed rod. In this process, the atoms
diffuses across the grains boundaries and fuses the grains for forming the larger grain,
which results in the formation of densified polycrystalline feed rod. For sintering, the
feed rod was heated to the temperature around ¥th of melting point of the material for
the faster rate of diffusion of atoms through grains. In the present work, the sintering of

feed rod was done in the Vertical Molisili furnace as shown in Figure 3.11.

The desired temperature profile for sintering was set using temperature
programmer attached with Molisili furnace [Figure 3.12 and Figure 3.13]. The present
feed rods were sintered in the range of 1250-1400°C for 10 hours depending on the

orthovanadate material.

The up down motion and rotation of feed-rod was done inside the furnace for
proper densification and homogeneous sintering of rod. The up down translational
speed and rotation was kept at 10 mm/min and 10 rpm respectively during the entire
sintering process. Figure 3.14 shows photograph of one of sintered feed rods. A range
of dimensions of the sintered feed-rods for all three orthovanadate are listed in Table

3.8.
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Figure 3.11 Vertical molisili furnace along with rotating lifter
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Figure 3.12 Control unit of vertical molisili furnace
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Target, 1250-1400°C Dwell, 10 hrs.
\

. Ramp rate, 200°C / hr.
Ramp rate, 200°C / hr.

=

Room Temp. Room Temp.

Figure 3.13 Sintering profile of feed-rod

Figure 3.14 Sintered feed rod

Table 3.8 Length and diameter of prepared feed-rod

YV0O4/GdVO4/LuVOq Feed rod ~30- 65 mm ~4-7 mm
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3.3 Growth of single crystal by OFZ technique

3.3.1 Assembling of feed-rod and seed crystal

For the growth of the single crystals, an important and necessary step is
alignment and assemble of the feed rod and seed crystal inside the optical floating zone
machine. The oriented seed crystal is tightened to seed holder and put into the lower
shaft. The feed rod is hanged into the upper shaft and aligned properly [Figure 3.15]. It
is important to make the alignment of the feed rod and seed crystal such that, the vertical
axis of both is perfectly matched. The alignment is important steps for achieving
stability of the molten zone and preventing the melt overflow for obtaining the good
quality crystal. Further, the quartz tube is inserted inside the OFZ machine after moving
upwards and downwards to upper and lower shafts respectively. Finally, the tip of the
feed rod and seed crystal separated by a few mm were placed at the focal point of the

mirrors as shown in the Figure 3.15 and 3.16.

Figure 3.15 Mounting of seed and feed rod
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Figure 3.16 Complete assembly after mounting of
the seed and feed rod

3.3.2 Crystal growth process

For the growth of orthovanadate single crystals, the heating of the lamps was
started with help of the control panel attached with OFZ machine. The power of halogen
lamps was initially set at 67% of the maximum power (4 kW). The program was pre-
set in such a way that the power reaches to 67% in one hour with a linear slope.
Subsequently power of lamps was increased manually to control the melting of the
orthovanadate. The rotation of the feed rod and seed crystal was set in counter directions
as per the optimized parameters of respective orthovanadate. The ambience flow (air or
02+N32) inside the growth chamber were normally put around at 1-2 Ipm. When the
power of lamps reaches to the melting point of orthovanadate (melting point: 1810°C
for YVOs, 1780°C for GdVO4 and 1800°C for LuVOa), the tip of feed rod started
melting as shown in the Figure 3.17. Further, when the tip of the feed-rod was

completely melted, the lower shaft holding the seed crystals was attached with molten
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feed rod by moving seed crystals upward in a control manner [Figure 3.18] and the
growth of the single crystal was started after the given optimized downward translation
of both the shafts [Figure 3.18]. We had to monitor and adjust the power of the lamps
according to the condition of the molten zone during the growth process. As the desired
length of the crystals of the particular material was grown, the feed rod was detached
from the growing crystal by stopping the feeding of the material [Figure 3.19]. Further,
the power of the halogen lamps was decreased to 0% in 1 hour using power software

controller.

Figure 3.17 Melting of feed rod

Figure 3.18 Attachment of molten tip to the seed and
subsequent crystal growth process
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Figure 3.19 Detachment of feed rod

In the present work, all the crystals were grown by optical floating zone
technique and there are various parameters such as quality of feed rod, growth
ambience, gas flow rate, power of lamps, and feed & growth rate as well as rotation,
which were optimized by performing several growth experiments. The major issues
faced during the growth of the crystals are described in the individual growth of
particular materials. The major issues faced during the growth of the crystals are
described in the individual growth section corresponding to the particular material.
However, the general description of optimization of the process parameters for growing

good quality crystals are given below.

The good quality feed rod is characterized by uniform densification. A poor
quality feed rod results into abrupt change in the melt volume during the growth
experiment leading to instability in the molten zone. To ensure uniform densification of
a polycrystalline rod, the powder was properly grinded, homogenously packed and
sintered in the vertical Molisili furnace with simultaneous rotation as well as

translations motion.
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The growth ambience and gas flow rate inside the growth chamber are also
important for obtaining good quality crystals. During the growth of some crystals
(GdVO4) when oxygen contents in the growth ambience is high then a problem of
melting of the feed rod was experienced. Hence, the optimized amount of oxygen in the
growth ambience is in the range of 10-50%. The gas flow rate influences the melting as
well as freezing of the rod. If the flow rate is high then the freezing of feed rod and
improper melting of feed rod occurs. On the other hand, if the flow rate is low then
solidification does not take place properly and melt overflow occurs. Therefore, the gas

flow rate were kept around 1-2 Ipm inside the growth chamber.

The power of lamp is also an important factor for the growth of good quality
crystals. If the power of lamp is lower than the optimized span of lamp power (72-74%
for YVO,) then freezing and shaking as well as improper melting of feed rod are
experienced. If the power of lamp is higher then overflow of melt takes place, which
spoils the growth experiment. Power of the lamps depends on the melting point of

materials.

Rotation rate of feed-rod and seed crystal has a significant influence on the
crystalline quality of the grown crystal. The rotation of feed rod and seed crystal are
kept counter clockwise to maintain temperature homogenous and mixing of melt. The
rotation rate is kept in the range of 30-40 rpm. If the rotation rate is higher than the
optimized value wobbling of feed rod and overflow of melt occur, and if the rotation is
lower than the optimized value then thermal inhomogeniety at the interface as well as

in the molten zone is introduced that result poor crystalline quality in the grown crystal.
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The crystalline quality also highly depends on the growth rate. If growth rate is
higher than the optimized growth rate (10-15 mm/hours for YVO,), the grown crystals
may contain low angle grain boundaries, strain and hairline cracks. If growth rate is
lower than the optimized value, the grown crystal is exposed to high thermal gradient
for longer time, therefore it results strains and defects in crystals. The pulling rate
depends on the surface tension, thermal conductivity and viscosity of the melt of the

material.

3.4 Growth of Yb doped and co-doped YVOssingle crystals

Single crystals of doped and co-doped (Yb and Yb;Er & Yb;Nd) YVOs were
grown by using optical floating zone method [119,127,138-141]. The doping
concertation of Yb in YVOs; was 0.8, 1.5, 3.0, 5.0, 8.0 and 1.5 at.%. The co-doped YVO4
samples such as Er (0.7 at.%) co-doped Yb:YVO4 with Yb concentration, 1.5, 3.0, 8.0
& 12.0 at.% and Nd (0.8 at.%) co-doped Yb:YVOs, with Yb concentration 0.8 &
3.0 at.% were grown. For the growth of doped and co-doped ytterbium orthovanadate
(YVOs), [100]-oriented seeds were used for all the crystal growth experiments. During
the growth the rotation of feed-rod and seed crystal was optimized to be 60-30 rpm, but
in the mutually opposite directions. The growth and feed rate was kept ~10-15 mm/h
for obtaining good quality crystal. The rate of gas flow (Air or 80% of N2 +20% of O5)
inside the quartz growth encloser was kept as 1-2 liter per minute. The optimized
parameters resulted a stable growth condition with no overflow of the molten zone. The
size of the grown crystals is typical in the range of diameter 4-6 mm and length

10-45 mm. Photographs of as-grown crystals are shown in Figure 3.20-3.22.
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Figure 3.20 Photograph of as-grown single crystals of Yb:YVO4

Figure 3.21 Photograph of as-grown single crystals of Er:Yb:YVO,
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Figure 3.22 Photograph of as-grown single crystals
of Nd:Yb:YVOq

During the growth of single crystals of YVO4 by OFZ method, there are various
growth challenges such as overflow problems, bubble formation, cracking of the crystal,
and core formation, etc. These growth problems have been resolved by the optimizing
the various growth parameters such as quality of feed rod, rotation rate of feed rod and
seed crystal, power of lamp, gas flow rate and growth ambience. Good crystalline
quality of single crystals were grown as per optimized parameters [Figure 3.20-3.22].
Figure 3.23 shows the growth problems such as overflow, cracking and core formation

when growth parameters are not optimized.

Figure 3.23 Photograph of (a) overflow of melt (b) cracking of crystal (c)
core-formation
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3.5 Growth of Nd doped and co-doped GdVOssingle crystals

Nd doped GdVOs single crystals with different doping concentrations of Nd ion
in GdVOs4 were grown by using optical floating zone method [61,142-144]. In the
present work Nd doping of 0.0, 0.2, 0.6, 0.8, 1.0, 1.2 and 1.6 at.% was chosen for growth
and subsequently for the investigation. For growing single crystals of Nd:GdVOg,
[100]-oriented seed was used. Growth parameters for the growth of GdVOs crystals
were optimized in the initial growth experiments. Growth atmosphere was kept same in
all the growth experiments. Crystals of length ~ 15-25 mm and diameter 4-6 mm were

grown. Figure 3.24 shows photographs of as-grown crystals.

Figure 3.24 Photograph of as-grown single crystals of Nd:GdVO,

92



The optimized growth rate and rotation of feed/seed was 12 mm/h and
40/30 rpm respectively for obtaining good quality crystal. During the growth of all the
single crystals, a mixture of 50% of O, and 50% of N2 was used at a flow rate of 1 liter

per minute.

Further, the single crystals of Cr co-doped Nd:GdVOs single crystals with
different doping concentrations were grown by optical floating zone method. In this
work, Nd doping was kept as 0.5 at.%, and Cr concentration was varied to be 1.0, 1.2
and 1.5 at.%. Each of the Cr co-doped Nd:GdVOs crystals were grown with varied
mixed ambiance: 10% O2+90% N, 20% 0O2+80% N2 and 25% 0O.+75% N [Figure

3.25]. The flow rate of the mixed ambience was 1 Ipm. The single crystals were grown

Figure 3.25 Photograph of as-grown single crystals of Cr co-doped Nd:GdVO4
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along [100]-direction. Growth rate and rotation rate used were in the range of

12-15 mm/h and 30-40 rpm, respectively for obtaining good quality crystals.

All the growth parameters were kept nearly same except growth ambience,
which was varies to see the effect of oxygen on the growth and optical properties.
Crystals of length ~10-30 mm and diameter 4-6 mm were grown. Figure 3.25 shows the

photograph of some of the grown crystals.

Initially lot of problems during the growth of GdVO4 have been faced for the
growing the Nd doped GdVOs crystals. Melt overflow and feed rod melting was the

major issues in the growth of GdVOg4 crystals [Figure 3.26].

Many runs for crystal growth were conducted to overcome the problems and
subsequently optimized the quality of feed rod, growth ambience, power of lamp and
growth pulling rate as well as the rotations. After the optimization, the good crystals

were obtained as shown in the Figure 3.24-3.25.

Figure 3.26 Photograph of (a) overflow of melt (b) melting problem of
feed rod (c) cracking of the crystals.
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3.6 Growth of Nd doped LuVOs single crystals

The single crystals of Nd doped LuVO4 were grown by using optical floating
zone method with different doping concentrations Nd ion in LuVOa. In the present work
Nd doping of 0.25 and 0.5 at.% was chosen for the investigation. The single crystals of
Nd doped LuVOs4 were grown by using the [100]-oriented seed. Growth rate was
optimized and kept 12-16 mm/h for obtaining good quality crystal. During the growth
of the single crystals, a mixture of 20% of O and 80% of N2 was used at a flow rate of
1 liter per minute. During growth process all the growth parameters including the
growth atmosphere was kept same for the sake of conformity in the subsequent
measurement. Crystals of length ~ 10-25 mm and diameter 4-5 mm were grown. Figure

3.27 shows the photographs of some of the as grown crystals.

Figure 3.27 Photograph of as-grown single crystals of Nd:LuVO,
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During the growth of Nd doped LuVO4 crystals, initially the melting of feed rod,
pulling rate for growth and overflow problems have been faced. To overcome these
major issues for the growth of LuVVOs crystals, growth runs of LuVO;4 crystals were
conducted so many times and then optimized power of lamp and growth pulling rate,
etc. After the optimization, the good crystals were grown as shown in the Figure 3.27.
The problems like overflow, cracking of crystal, bubble formation are shown in the

Figure 3.28.

Figure 3.28 Photograph of (a) overflow of melt (b) bubble formation (c)
cracking of the crystals.

3.7 Fabrication and polishing of elements for characterization

After the completion of the growth of orthovanadate, the grown crystals were
oriented using Proto-make Laue machine for cutting the crystal in the particular
direction such as [100] and [001]. Figure 3.29 shows the Laue pattern of [100]-oriented

crystal.

Further, the oriented crystals were cut using the diamond blade as shown in Figure
3.30. The samples and elements were cut of dimension ~ 1.0 mm and 3x3x5-6 &
Ax4x5-6 mm? respectively and subsequently subjected for polishing using polisher

machine as shown in Figure 3.31.

96



Figure 3.29 Laue pattern of [100]-oriented crystals

Figure 3.30 Cutting machine

Figure 3.31 Polishing machine
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The samples of thickness ~ 1 mm and laser elements of dimension 3x3x5-6 and
4x4x5-6 mm® of three orthovanadate are shown in the Fig 3.32 for various

characterizations.

.

Nd:GdVO,  Nd&Cr: de04

Figure 3.32 Photograph of fabricated elements of orthovanadate crystals

98



Chapter-4 Optical and Structural Investigations of Yb Doped

and Co-doped YVOq4 crystals

4.1 Characterization of Yb doped YVOs crystals

The importance of Yb doped and co-doped YVO:s single crystals and their
growth have been described in the chapter 1 and chapter 3 respectively. This chapter
deals with the characterization of their optical and structural properties. For
characterization of the crystals, the sample plates of ~1-1.5 mm thickness were cut from
the grown crystals after orientating the crystal along [100]-direction. Further, the sample

plates were polished using alumina powder of different particle size.

4.1.1 Rocking curves measurement

The optical properties of single crystals depend on the crystalline quality of the
grown crystals and quality of grown crystal can be checked by HRXRD. Hence, the
assessment of crystalline quality of the grown crystals was carried out by the rocking
curve measurements on [100]-oriented sample for the (200) diffraction peak in the
ADXRD beam-line (BL-12) [112] of the Indus-2 synchrotron facility [112]. The
wavelength of the X-ray used was 0.857A (14.43 keV). Figure 4.1 shows a rocking
curve of the plate of 3.0 at.% Yb doped crystal. The presence of single and symmetrical
diffraction peak corresponding to (200) planes confirms the orientation of the plate.
Occurrence of single diffraction peak confirms these crystals are free from internal sub-

grain structures and low-angle grain boundary.
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Figure 4.1 Rocking curve of (200)-peak of Yb doped crystals

The FWHM of the diffraction peak was evaluated by Lorentz fitting. The value
of the FWHM for the samples of different doping of Yb are ~40-55 arc-second. The

lower value of the FWHM reveals good crystalline quality of the grown crystals [141].

4.1.2 Estimation of Yb doping concentration in the grown crystals

The evaluation of the actual concentration of Yb in the grown crystals is useful
for laser pumping point of view. Therefore, the X-ray fluorescence (XRF)
measurements were carried out on the samples of different Yb concentrations and the
standard samples. The standard samples in the form of pellets with known Yb
concentrations (1.0, 5.0, 10.0 and 15.0 at. %) in YVVO4 matrix were prepared by applying
the 3-ton pressure for 200 second for quantitative estimation of Yb in the grown crystals.
The experiments were performed in the Microprobe X-ray Fluorescence Beam-line

(BL-16) of the Indus-2 synchrotron facility. The crystal and standard samples were

100



excited at 12 keV for 300 seconds and corresponding to the XRF spectra for all Yb
doping concentrations were measured. The XRF intensity pattern of Yb doped single
crystals are shown in the Figure 4.2. The XRF spectra are characterized by the K
emission lines of vanadium and the L emission lines of Yb. The strongest lines of Yb
i.e L, emission at 7.4 keV was used for the quantitative analysis. It was observed that
the intensity of Yb-L, peak increased as the doping of Yb was increased. The ratio of
the area of V-K, and Yb-L, peaks of XRF was calculated by fitting Gaussian peak. The
ratio was plotted with respect to the doping concentration of Yb of pellets (standards)
and fitted with linear fit and generated the standard plot. Further, the Yb concentration
in the grown crystals was estimated using the standard curve and tabulated in the Table

4.1.
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Figure 4.2 X-Ray fluorescence of Yb doped crystals, excitation at 12 keV
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It was found that the doping concentration of Yb in the grown crystals is slightly
less than the doping concentration added in the synthesized powder used for the growth.
The results signify the value of the effective segregation coefficient to be close but not
equals to one. The estimated effective segregation coefficient of the grown crystals was

~0.95 [119,141].

Table 4.1 Concentration of Yb in the grown crystals estimated by XRF

Sr. Doped Yb Conc. Actual Yb conc. (at.%) Yb/Y
No. (at.%) evaluated by XRF
1 1.5 1.48 0.015022
2 3.0 2.94 0.030291
3 8.0 7.88 0.085541
4 15.0 14.3 0.166861

4.1.3 Effect of Yb doping on lattice parameters of YVOq

To investigate the effect of Yb doping on the lattice parameters of YVOs, X-
rays diffraction patterns were recorded from crystal powders of undoped and Yb doped
YVOs using Rigaku Ultrax-18 powder diffractometer, Cu-Ka in the range 20-70° as
shown in the Figure 4.3. The lattice parameters for different Yb doped crystals were
calculated from the diffraction pattern using Le bail fitting to reduce the systematic
error. The calculated values of the lattice parameters for 0.75 at.% doped sample are:
a=7.12(6) A and c=6.29(1) A. It was observed that the lattice volume showed a small
but systematic decrease above 2.94 at.% of Yb doping [Table 4.2]. For 14.3 at.% Yb
doped sample the lattice parameters are a= 7.11(8) A and c= 6.28(2) A. As per the study
by Zhong et al. [38] on 0.11 and 0.26 at% Yb doped sample, it exhibited the contraction
of lattice. On the other hand study by Chen et al. [21] on the higher Yb doped sample

i.e., for 4.8, 9.5 and 18.1 at.% Yb, has shown that the lattice shows shrinkage at doping
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concentration of 9.5 and 18.1 at.%. Our systematic study on the whole range of the
doping concentration clearly revealed that the lattice volume is indeed not affected at
lower doping concentrations but exhibits slight systematic decrease only at higher
doping concentration above 2.94 at.%. It is to be noted that the ionic radii of
Yb (1.01 A) [145] and Y (1.04 A )[140] are close and both are trivalent ion. Hence, it
is expected that the substitution will result no change in the lattice parameters at lower

concentration and a significant change can only be observed at higher concentrations

[119,127].
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Figure 4.3 Powder X-Ray diffraction pattern of Yb doped crystals
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Table 4.2 Lattice parameters and volume of Yb doped YVOs crystals

Yb conc. (at.%)

Lattice Actual Yb concentrations evaluated by XRF are shown in the bracket
parameter
Undoped | o g 1.5 3.0 5.0 8.0 15.0
YVO, (0.75) (1.48) (2.94) (4.79) (7.88) (14.3)
a(A)&b(A) | 7.12(5) | 7.12(6) | 7.12(4) | 7.12(0) | 7.12(0) | 7.12(1) | 7.11(8)
c(A) 6.29(2) |629(1) |6296) |6288) |6.286) |6283) |6.2802)
Volume (A%) | 319.41(7) | 319.45(6) | 319.53(1) | 318.76(6) | 318.66(4) | 318.60(2) | 318.28(3)

4.1.4 Effect of Yb doping on optical absorption of YVOs crystals

The absorption of light by the molecule/ion depends on the angle between the

polarization of electric field (E) of the incident light and the electric dipole moment ()

of the molecule/ion in the lattice. The line-strength equations of different polarization

of light for an electric dipole (ED) transition from initial Ii)

multiplet is expressed as [146][147]:

2
1)].
SEP, ~ €? |<f|DC§ )|l>| s (A1)
SEP . = SEPy ........(4.2)

1
SFE}?U = 2 (5151[,)+1 + 51]5:11,)—1

multiplet to final (fl

g (g=0 for zand +1 for o) represents the polarization of the incident light and

IDgql represents the polarization dependent irreducible matrix. The absorption for a

particular polarization for a specific transition depends on the strength of the IDgl. From

the projection along a-[100] direction [Figure 4.4] it is evident that the symmetry of the
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atomic arrangement are different for both the polarization direction resulting in different

line strength and absorption characteristics.

Figure 4.4 a-cut projection of YVOg4 crystal structure

Hence, the optical transmission spectra of [100] oriented polished plates of
~1 mm thickness were recorded at room temperature using polarized light from 200 to
1200 nm. The absorption coefficient was calculated from the transmission spectra at

room temperature, using the following relation [128]:
T ~ (1 —R)?exp(—ad) e een v en e e e s (424

where, T is transmittance, R is reflectivity (calculated from Sellmeier’s

equation using R ~ [(n-1)?/(n+1)?] and d is the sample thickness.
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The significant polarization dependence is observed in the absorption spectra of
YVOs, because it possesses tetragonal crystal structure [Figure 4.4]. So the absorption
spectra of [100] plate was measured with two different polarized light having E || to c-

axis (m-polarization) and E-Lc to c-axis (o-polarization).

Figure 4.5 shows the measured absorption spectra for different doping
concentration of Yb crystals. The absorption for n-polarization is higher compared to
the absorption for o-polarization. Both the intensities of the absorption increases as the
Yb concentration is increased in the sample for both the polarization. The spectra for
the o-polarization are characterized by strong absorption around 972 and 985 nm
whereas the spectra for m-polarization are dominated by the absorption at ~985 nm as

shown in the Figure 4.5.

In the literature report, the Yb ion has quasi three level energy. Hence, on
analyzing the energy level diagram of Yb in YVO4 matrix [2], it was observed that the
energy difference between the ground state and the second Stark level of 2F7;
(~12 meV) is less than the thermal energy at room temperature (around 25 meV). In the
present measurement the optical absorption spectra was measured at room temperature,
the second Stark level should have non-zero population, which may cause transition

between the second Stark level of 2F7.2 to the higher Stark levels of 2Fsj, [Figure 4.6].

Therefore, for evaluating the actual absorption cross-section for each transition
of Yb ion, the absorption spectra were fitted with four peak corresponding to the Yb
transitions. The value of R?>0.999 of the fit confirmed goodness of fit. The absorption
from the second stark level of ground state of 2F7; to highest Stark level of 2Fs

corresponds to the ~ 962 nm wavelength. Also, as expected, the absorption
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corresponding to each peak increases individually as the doping of Yb is increased. The
absorption band of Yb in YVO4 at 985 nm comprises of four transitions. Therefore, the
absorption cross-section for each transition was estimated and tabulated in the Table

4.3.

From the table of the absorption cross-section, it is evident that the cross-section
is maximum for the doping concentration around 2.94 at.%. At higher doping
concentration the Yb ions in the lattice comes close to each other resulting into
interaction among themselves. This leads to concentration quenching which

consequently decreases the absorption cross-section [119].

Table 4.3 Absorption cross-section of different Yb transitions

Absorption cross-section (x 102° cm?)
Yb

(at.%) 7 polarization o polarization

985nmm | 972nm | 962nm | 952nm | 985 nm | 972nm | 962 nm | 952 nm

0.75 4.528 0.868 0.469 0.451 1.071 0.951 0.976 0.785

1.48 4.572 0.916 0.555 0.436 1.138 1.063 0.953 0.804

2.94 5.088 1.249 0.683 0.585 1.512 1.493 1.043 1.011

4.79 4.086 0.997 0.492 0.419 1.092 1.094 0.967 0.769

7.88 2.402 1.223 0.526 0.468 1.071 1.241 0.891 0.881

14.3 1.860 1.263 0.415 0.429 1.007 1.138 0.795 0.741
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Figure 4.5 Absorption spectra of Yb doped crystals in & and c-polarized light
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Figure 4.6 Energy level diagram of Yb ion

4.1.5 Effect of Yb concentration on the emission characteristics

The absorption study reveals that there are three prominent absorption
transitions of Yb ion at 952, 972 and 985 nm. Therefore, to investigate the emission
characteristics of Yb doped samples, the photoluminescence (PL) was measured on the
[100] oriented plates of the Yb doped crystals using Edinburgh FL-FS90-s PL
spectrometer. All Yb doped samples were excited at 952, 972 and 985 nm and the
corresponding PL spectra were recorded in the range of 950-1100 nm. The emission
spectra are characterized by two overlapped broad emission bands centered around 985

and 1010 nm [Figure 4.7], which are due to the transitions among different manifolds
[Figure 4.6] of the involving energy levels arising due to the 22m (Dzq) site symmetric
crystal field of YVOq crystal matrix and the Wyckoff’s position of ions like Y, V and
O inYVOaare such as (0; 3/4; 1/8) (0; 1/4; 3/8) and (0.0; 0.43510; 0.20280) respectively

[2]. The PL intensity of Yb ion corresponding to 952 nm and 972 nm excitation is higher

as compared to 985 nm excitation.
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The emission at 985 nm dominates over 1010 nm at lower doping concentration.
As the doping concentration of Yb is increased, the relative intensity of the fluorescence
peak at 1010 nm with respect to the intensity at 985 nm increases. The PL intensity of
1010 nm crosses over the PL intensity of 985 nm as Yb doping increased beyond
4.79 at.%. The PL intensity corresponding to 952 nm and 972 nm excitation are of same
order whereas the PL intensity corresponding to 985 nm excitation are very less as

compared to 952 and 985 nm excitations [Figure 4.7].

Hence, for Yb doped YVOs laser gain medium, pumping with the 952 and 972

nm diode laser would be more efficient for YVOa laser gain medium [119].
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Figure 4.7 Emission spectra of Yb doped YVOs crystals with
excitation @ 952, 972 and 985 nm
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4.1.6 Effect of Yb doping on refractive index of YVOg4

Refractive index and thermo-optic coefficient of Yb:YVO; single crystal are
important parameters for designing high power laser system. Therefore, the refractive
index of Yb doped YVO; for Yb doping concentrations 1.5, 3.0, 8.0 and 15.0 at.% was
measured using the prism coupling technique equipped with a monochromatic laser
beam with orthogonal polarization of light such as TE(s-polarized) and TM(p-
polarized) modes. The refractive index of the specimen of interest (ns) is estimated by
detecting the critical angle for both the TE and TM modes of incident light. From the
measured 6. for TM mode one gets the value of ny and for the TE mode one gets ny

using the relation n = npsinf. [117,120,121,148-150].

Measurement was carried out on [100] oriented polished plate for both the
orthogonal polarization. As YVOg4 belongs to tetragonal crystal structure, for the a-cut
plate, used in the measurement, b[010] and c[001] directions are on the plane of the
sample and a[100] direction along the thickness of the sample [Figure 4.4]. During the
measurement contact with the prism was made such a way that TE polarization would
give refractive index values along crystallographic c[001] direction (ne) whereas TM
polarization would give value of refractive index along a[100] (no= na= ny). Refractive
indices of Yb doped YVO4 along c[001] and a[100] were measured at room temperature
(30°C) for four different wavelengths i.e., 532, 828, 1064 and 1551 nm and have been
tabulated in Table 4.4. On referring to Table 4.4, it can be observed that Yb doping in
general increases the refractive index (both ne & no) of YVO4. However, the variation
of no is relatively larger in comparison to ne. Also, no increases for all the concentration
of Yb whereas ne increases up to 8.0 at.% of Yb doping and thereafter decreases at

15 at. % of the doping. It is interesting to note that our earlier measurement of lattice
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parameters of Yb doped sample [119] show that the lattice volume was almost
independent of the doping concentration of Yb upto a doping concentration of 8 at.%,
but for doping of 15 at. % of Yb the lattice parameters decrease, which influence the

macroscopic polarizability which can be explained by the Classius-Mossotte relation.

The birefringence present in YVOg facilitates the generation of direct polarized
laser output unlike for the case of YAG (which is isotropic). Also due to high
birefringence, proper parallelism and axis matching of laser system during the designing
of laser become crucial as it adversely influences the output beam quality and decreases
of output power of laser. It is evident from Table 4.4 and Figure 4.8 that the
birefringence was found to be maximum for 2.94 at.% of doping. So, a special care

should be taken in terms of parallelism and axis matching during fabrication of laser

element.
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Figure 4.8 Birefringence of Yb doped YVO; single crystals
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Further, the measured refractive index data were fitted to the Sellmeier equation

[122][123]:

n*(4,T) = Ao(T) + 3 BoD)

T " Do i (45)

where Ao(T), Bo(T), Co(T) and Do(T) are Sellmeier coefficients at temperature T
(in °C) and A is the wavelength (in um). The plots for Sellmeier fitting for all the

samples for no and ne are shown in Figure 4.9.
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Figure 4.9 Fitting of Sellmeier equation for 1.5, 3.0, 8.0 and 15.0 at.% Yb
doped YVOs single crystal

Table 4.4 Refractive index for different doping of Yb concentration in YVOa4

Mnm) | Ybl5at% Yb 3.0at.% Yb 8.0 at.% Yb 15 at.%

(ne) (no) (ne) (no) (ne) (no) (ne) (no)
532 2.249(8) | 2.018(9) | 2.252(8) 2.019(2) 2.253(9) | 2.021(9) 2.250(7) | 2.023(2)
828 2.181(4) | 1.971(0) | 2.184(9) 1.971(7) 2.185(3) | 1.973(2) 2.182(2) | 1.975(0)
1064 | 2.164(4) | 1.958(8) | 2.167(0) 1.959(1) 2.168(3) | 1.961(0) 2.165(2) | 1.962(5)
1551 2.147(6) | 1.946(9) | 2.149(5) 1.947(0) 2.151(0) | 1.948(4) 2.148(2) | 1.950(2)
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The values of Sellmeier coefficients for different wavelengths have been listed
in Table 4.5. It was observed that the Sellmeier coefficients of YVO4 for TM (no) mode

increase as the doping of Yb increases [141].

Table 4.5 Sellmeier coefficients at different temperature for YVOq crystals
doped with different Yb concentrations

Sellmeier Temperature (°C)
coefficients 30RTD | 50 | 75 | 100 | 125 | 150

Yb 15 at.%: ne

Ao 4.58303 4.58931 459885 4.60829 461737 4.62223

Bo 0.11596 0.1171 0.11592 0.11719 0.11631 0.11942

Co 0.03689 0.03756 0.04177 0.04078 0.04421 0.04099

Do 0.01191 0.01219 0.0119 0.01229 0.0127 0.01253
Yb 15 at.%: no

Ao 3.77555 3.78687 3.79529 3.79895 3.80554 3.81086

Bo 0.07525 0.07152 0.0698 0.07104 0.07187 0.07373

Co 0.03514 0.04496 0.05639 0.05331 0.04852 0.04293

Do 0.00823 0.01015 0.01077 0.00949 0.0102 0.0112
Yb 3.0 at.%: ne

Ao 461202 461422 462576 4.62898 4.63572 4.64512

Bo 0.10807 0.11267 0.111 0.1152 0.11657 0.11679

Co 0.05125 0.04536 0.04903 0.04517 0.04521 0.04554

Do 0.01634 0.01497 0.01549 0.01403 0.01368 0.01427
Yb3.0at% :no

Ao 3.78117 3.78655 3.79332 3.79549 3.80262 3.82101

Bo 0.07472 0.07606 0.07512 0.07948 0.07863 0.06925

Co 0.03474 0.03159 0.03668 0.02799 0.03055 0.05325

Do 0.01057 0.01095 0.01049 0.01036 0.01035 0.01408
Yb80at%: ne

Ao 459192 4.6052 461671 461833 4.62756 4.64035

Bo 0.12247 0.11856 0.11694 0.12212 0.12227 0.1214

Co 0.02893 0.03604 0.03939 0.03541 0.03597 0.03749

Do 0.01184 0.01366 0.01439 0.0124 0.01284 0.01478
Yb8.0at%:no

Ao 3.79196 3.79531 3.80035 3.80916 3.81818 3.81943

Bo 0.07107 0.07337 0.07375 0.06993 0.06866 0.0738

Co 0.0445 0.04053 0.04252 0.05513 0.05865 0.04415

Do 0.01083 0.01037 0.00967 0.00995 0.01178 0.01059
Yb15at.9%: ne

Ao 461244 46209 463126 4.63985 46411 4.65072

Bo 0.11162 0.11157 0.11168 0.1115 0.11763 0.11519

Co 0.04585 0.04786 0.04863 0.05171 0.04442 0.04949

Do 0.01395 0.01437 0.01498 0.01559 0.01393 0.01348
Yb15at.%: no

Ao 3.80704 3.80941 3.81304 3.83008 3.82777 3.83714

Bo 0.06646 0.0691 0.072 0.06268 0.06796 0.06627

Co 0.05446 0.04986 0.04384 0.06995 0.05896 0.06406

Do 0.01307 0.01251 0.0118 0.0148 0.01159 0.01372
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4.1.7 Temperature dependence of refractive index

Thermal coefficient of refractive index is a useful parameter for designing and
fabrication of laser. Measurement of temperature dependent refractive index was carried
out in the range 30-150 °C in the interval of 25 °C. Accuracy in the temperature control
is £1 °C [116]. Measurement was carried out for the samples with different doping
concentrations of Yb i.e., for 1.5, 3.0, 8.0 and 15.0 at. % doped samples. Temperature
dependent Sellmeier coefficients for all the doping concentrations of Yb were calculated
by fitting Sellmeier equation. For all the doping concentrations of Yb, the Sellmeier
fitting is shown in Figure 4.10 and Sellmeier coefficients for all the dopants were
tabulated in Table 4.5. It was observed that as the temperature increases the refractive

index also increases for all the doping concentrations.

It was found that the “Ao” coefficient increases significantly, (which is in-line
with the variation of n with respect to the temperature) in comparison to other Sellmeier
coefficients with increasing temperature. In the Sellmeier equation the dimensionless
parameter Ao (the first term) predominantly influence the value of the refractive index
whereas the second and third term signifies the wavelength dependence of the refractive
index. Hence, the change in the refractive index with temperature is primarily the

depiction of the variation of Ao with respect to the temperature.

Further, the temperature coefficient of the refractive index (the thermo-optic
coefficient) was calculated. Figure 4.11 shows the measured refractive indices with
different doping concentrations of Yb as a function of temperature for different
wavelengths. The temperature dependent refractive index data was found to be linear
on fitting (standard deviation ~10®, R?-value ~0.9997) as per the following relation for

all the doping concentrations:
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n(A,T) =

dn(2)

no(A) + [ T

]T T € )

where T is temperature in °C, no(A) refers to the refractive index (RI) at 0°C for

a specific wavelength and

dn/dT is the temperature coefficient of RI.
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Figure 4.10 Fitting of Sellmeier equation of ne and n, of YVOg4
single crystal for all the doping concentrations of Yb
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The thermal coefficient of Rl was order of 10°/°C. The values of the thermo-
optic coefficient for all the Yb doped YVOs crystals are provided in the Table 4.6 It
shows that thermo-optic coefficient for extraordinary RI is always higher than that of
ordinary RI. Also, significant variation in the thermo-optic coefficients for n, of

Yb:YVO4 was observed with increasing concentration of Yb in the crystal.

Refractive index depends on the polarizability of the constituent ions and
governed by the Clausius-Mossotti equation (also known as Lorentz-Lorenz relation
when used in optics). It relates the atomic polarizability of a linear dielectric to the
permittivity (dielectric constant) and hence to the refractive index. The variation of

dn/dT can be explained on the basis of macroscopic Clausius-Mossotti relation given

by:

-1 -1 4nay
(g + 2) - (le + 2) - ?7

e (A7)

where, gis the permittivity and am is the polarizability of the macroscopic sphere
of volume V. The macroscopic polarizability is proportional to the number of unit cell
in the sphere and depends on the polarizabilities of the particles and structure of the
lattice. This macroscopic equation is valid for non-cubic symmetry as well. In the
Clausius-Mossotti formalism the long-range influence of the material outside the
sphere, due to dipole-dipole interactions is taken into account. Also, the polarizability
being a macroscopic quantity, is highly sensitive to the short-range ordering and

perturbations.
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For example, the internal fields due to the non-cubic environments are sensitive
over short distances [151]. Differentiation of equation (4.7) with respect to temperature

at constant pressure results [151]:

(e + 2)1(8 ) (2—;) =B+ [B—(%>T] +%(%’,")V RN C'%:)

where, 3 is the thermal expansion coefficient.

If the thermal expansion coefficient is large compared to the other two positive
terms, the slope dn/dT is negative. In general, the material with high melting point and
mechanical hardness leads to low thermal expansion [can be understood through

Grineisen parameter] [152].

Yb:YVO4 being a material with high melting point and mechanical hardness,
the contribution of the first term is expected to be low resulting into the observed

positive thermo-optic coefficient.
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Figure 4.11 dn/dT for all the Yb doped YVO4 crystals
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Table 4.6 Thermo-optic coefficient of Yb doped YVOQg4 single crystals

Thermo-optic coefficient (x107°/°C)
For ne For no
Yb 1.5 at.% 532 nm 11.27 7.79
828 nm 8.64 6.65
1064 nm 8.25 6.70
1551 nm 7.78 6.02
Yb 3.0 at.% 532 nm 11.02 8.14
828 nm 8.84 6.88
1064 nm 8.13 6.53
1551 nm 8.08 6.26
Yb 8.0 at.% 532 nm 11.1 8.08
828 nm 8.85 6.44
1064 nm 8.56 6.30
1551 nm 7.93 6.19
Yb 15 at.% 532 nm 11.3 8.54
828 nm 8.60 6.41
1064 nm 8.10 6.31
1551 nm 7.71 6.31

Further, the wavelength dependence of the thermo-optic coefficient was

obtained by fitting the dn/dT vs wavelength data in cubic polynomial [141]:

(dn)1.5 atk (4 005 4 7.852  6.752 . 2.329) X 10-5 /°C
e : - =
(dn)“‘ at% ( L8944 22.279 18.834 \ 5.173) 1075 /°C
dn — (-1 _ X °C...
dT v A AZ /13
(dn)3'0 at.% (12 op 14761 . 13.164 3.118) 10-5/°C
dn _ . _ _ X °C...
dT " /1 AZ /13
(dn)s-o at.% (6 Jgg 0764 1244 0.166) 1075 /oC
an — (6. _ — X °Cin .
aT v Jl /12 A3
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<dn>8-° ath (2 goa 4 13949 11669 3.510) X 1075 /°C 113

), - . o vE et e e (413)
<dn>8-° ath s gy 4 S475 3641 1.405) < 1075 /°C 414
), = > Ve vE et e e e (414)
(dn)15-° ath (6 g3 4 2570 2112 1.103) X 1075 /°C 415
7). = (6. > vE vE IRURERIN ¢ % 1))
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7)., = (5. ~ = vE et en eee e e+ (4.16)

These relations are useful for calculating the thermo-optic coefficient at any
temperature and wavelength in the range of the measurement. The estimation of the
value of thermo-optic coefficient will be useful to determine the criticality of the

requirement of cooling of the gain medium [1].

4.2 Characterization of Er co-doped Yb:YVO; single crystals

To investigate the effect of doping concentration of Yb on the optical and
spectral properties of Er (0.7 at.%) dopedYVOs, the different concentrations of Yb i.e.,

1.5, 3.0, 8.0 and 12.0 at% were chosen for the present investigation.

4.2.1 Effect of Yb doping on lattice parameters of Er:YVOs crystals

The powder X-rays diffraction patterns were recorded using a Rigaku Ultrax-
18 powder diffractometer in the range of 20-70°. The lattice parameters of the crystals
were calculated using Le Bail fitting. It was observed that the lattice parameters increase
in the both direction (a and c) as the Yb concentration in the crystal was increased which

signifies the expansion in the lattice volume [138].
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4.2.2 Effect of Yb doping on the spectroscopic properties of Er:YVO4

To investigate the spectroscopic properties of Yb co-doped Er:YVOs single
crystals, the transmission spectra of [100] oriented polished plates of ~1 mm thickness
were recorded at room temperature using unpolarized and polarized light from 300 to

1200 nm [Figure 4.12-4.14].
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Figure 4.12 Absorption spectra of Yb:Er:YVOq crystal using unpolarized
light

The absorption coefficient was calculated from the transmission spectra using

the equation (4.4).
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Figure 4.14 Absorption spectra of Yb co-doped Er:YVO; crystal for o-
polarization
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The absorption spectra exhibit several sharp peaks corresponding to electric
dipole (ED) transitions between 4f-4f intra-band of Er ion in both unpolarized and
polarized measurement. These transitions are generally not allowed as they violate the
parity conservation (ED operator is of odd parity) because of the same parity of initial
and final states but become allowed due to resultant mixed parity of the states in Dag
non-centrosymmetric crystal field of YVO4. However, the shielding effect of the outer
5s and 5p® shells is enough to makes the f-f transitions sharp and distinct. In addition,
the spectra are also characterized by the prominent absorption at 985 nm due to Yb ion

for all the Yb co-doped samples.

Further, in the absorption spectra, it was also found that the absorption
corresponding to all the transitions in the Er ions, including the transition at 808 nm,
decreases as the doping concentration of Yb was increased. This is because both Er and
Yb ion replace the yttrium ions in the lattice and as a result as the doping concentration
of Yb increases, it may inhibit the occupation of Er at the same site. This is attributed
to higher ionic radii of Er (1.03 A) than that of Yb (1.00 A) and lesser that of Y
(1.04 A) favouring preferential occupation of Yb at Y site. It is evident that the
absorption corresponding to the 808 nm, used for pumping in Er laser, is very weak in
unpolarized as well as polarized spectra and also as the doping concentration of Yb
increases, the absorption of Er ions decreases. However, as it is apparent from the
absorption plot, in the Yb co-doped Er:YVOg crystals, pumping can be done using the
stronger absorption band of Yb ion at 985 nm for emission of Er ions at 1.55 and
2.9 um. Here, Yb ion acts as sensitizer for Er doped YVO4 laser gain medium.
Therefore, optimization of Yb concentration in this gain medium is important for

efficient laser performance.
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Therefore, for a better insight, spectroscopic analysis of Er ion having f—f
transitions are evaluated by the Judd—-Ofelt theory [43,129,135] with respect to varied
doping concentration of Yb. Further, Judd-Ofelt parameters calculated from
unpolarized and polarized absorption spectra, were used for obtaining the emission
parameters of Yb co-doped Er:YVO4 were compared with the parameters of the Er

doped YVO..

4.2.2.1 The spectroscopic properties of Er in Yb:YVO4 using unpolarized light

The absorption characteristics of the f-f transitions of Er®* ion were investigated
using Judd-Ofelt (JO) theory [134-136] for unpolarized incident light. According to JO
theory the line strength of force electric dipole transition between an initial manifold
|4f°[L, S] J) and final manifold 4f°[L’, S'] J') is

SU -] = Z QIS LIS LTI e e (417)

i=2,4,6

where (Uil ) are the doubly reduced matrix elements of the unit-tensor operators
for the transitions from the ground-state to the excited-state manifold, and the
coefficients (2, £ and € are phenomenological JO intensity parameters [134]. These
matrix elements, especially for the rare earth elements, are calculated with in the
intermediate coupling approximation [134][133][135]. The numerical values of the
doubly reduced matrix elements for Er [Table 4.7] were computed by Carnall et al.
[134]. As the matrix elements do not depend on the environment of the ion, these were
used in the present calculations [134]. The experimental line strength of forced electric
dipole transition S was calculated from the absorption spectra using following equation

[134][135].
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where c is the velocity of light, h is the Planck’s constant, e is the charge of
electron, p is the number density of Er®* ions per cc, J and J' are the total angular
momentum of initial and final states, A is the mean wavelength and a(J) is the absorption
coefficient of absorption band, n is the refractive index of the material obtained using
Sellmeier’s equation and the integral in the numerator is the area under the absorption

band [43].

Table 4.7 Doubly reduced matrix elements for transition of Er [134]

[SL1Ji — [SL]J [V [U? Vel
*Ga12— *l1sp2 0.9183 0.5262 0.1172
Hoa— *l1sy2 00  0.0189 0.2256
Foo— sz 00 0.0 0.2232
*Friz— *lisrz 00 0.1469 0.6266
Hitz— *lisr2 0.7125 0.4125 0.0925
*For— *l1sr2 00 05354 0.4618
*lo— *l1s2 00 0.1733 0.0099

The line strengths (Sexp) for all the transitions were calculated for Yb 1.5, 3.0,
8.0 and 12.0 at.% in Er 0.7 at.%:YVOa from the absorption spectra using the equation
(4.18) [Table 4.8]. Subsequently the JO parameters were calculated using equation

(4.17) by least mean-square fitting and tabulated in Table 4.9. As the number of the
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absorption lines are more than three, it was possible to obtain over-deterministic

solutions.

From absorption spectra, the calculated line strength of all absorption transition
of Er ions decreases as the doping concentration of Yb increases as shown in Table 4.8
and this is because of Er and Yb both replace the yttrium ions in the lattice. Further, for
investigating, the emission characteristics, photoluminescence (PL) was recorded for
the [100] oriented plates using excitation at wavelength at 808, 952, 972 and 985 nm
and the corresponding PL spectra were recorded in the range of 1000-1700 nm under

the similar conditions [Figure 4.15].

Table 4.8 Line strength of Er transition line in doped Yb:YVO4

i [SL]J Line strength Sexp. (x10%°) cm?
(nm) Yb 1.5 Yb 3.0 Yb8.0 | Yb12.0at.%
at.% at.% at.%

381 4G 15.0325 | 14.9013 | 14.7524 14.6604
410 “Hor 0.4442 | 0.5389 0.531 0.5294
452 “Fs/p 0.4626 0.6202 0.4974 0.6873
491 “Fri2 1.1017 | 1.1703 | 1.4081 1.4073
525 2Hy1p 10.4399 | 10.6221 | 10.6891 10.8376
658 “Far 1.9302 2.1921 2.4592 2.6067
803 *los 0.488 0.615 0.5816 0.5815

Table 4.9 Judd-Ofelt parameters for Er doped Yb:YVO4

Er (0.7 at.%) JO parameters (x102%) cm? X=Qu4/ Qs
Yb _ Qo Q4 Qs
concentration
Yb 1.5 at.% 14.1597 2.4188 1.3495 1.7924
YDb 3.0 at.% 13.9262 2.8094 1.4727 1.9076
Yb 8.0 at.% 13.6541 3.1255 1.6621 1.8805
Yb 12.0 at.% 13.5723 3.2771 1.7436 1.8796
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Figure 4.15 Relative PL intensity for Er with 1.5, 3.0, 8.0 and 12.0 at.%

Yb when excited at (a) 808

nm and (b) 952 nm (c) 972 nm (d) 985 nm
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The emission spectra exhibits a broad band centered around 1550 nm which is

associated with *l132—*l1s2 transition. The band is characterized by multiple peaks

caused by transitions among the multiplets of *liz2 and *lis2 levels due to Dyg site

symmetric crystal field of YVOg4 crystal matrix. From the spectra, it is evident that when

samples were excited at 952, 972 and 985 nm, the PL intensity is stronger as compared

to that for excited at 808 nm. Hence, Yb sensitized excitation of Yb co-doped Er:YVO4

crystal may help in creating efficient population inversion in the upper state of Er ion

[138].

Table 4.10 Emission transition strength of Er ions in the Yb co-doped 0.7 at.% of Er: YVOq
for some important emission lines (* includes magnetic dipole transition)

0 s |y |00 Ay | e o
iz — Hisi” 1550 | 2.85 446.2 2.24 1.0
15 112 — *lisr2 976 0.97 638.1
e — e | 2940 | 2.2 166 1461 0.068
*haz —*hse” | 1550 | 2.66 478.3 209 1.0
3.0 112 — s 976 0.9 668.6
11z — *liar 2040 | 2.06 50.6 139 0.070
132 — Hase” 1550 | 2.74 523.0 192 1.0
8.0 112 — s 976 0.91 716.9
11z — *liar 2040 | 2.11 55.9 199 0.072
Yb12.0 |“ln — sz | 1550 | 3.1892 | 542.8 ™ 10
112 — *lisr2 976 1.0482 738.1
e — *la 1550 2.4588 58.3 195 0.073
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Further, the emission characteristic was investigated using JO theory. Einstein’s
A coefficient (radiative transition rate) of emission in Er-ion can be evaluated using

following relation:

4G > ") = 64mte? [n(n2 + 2)?

Sh@ +DB| 9 l 0 [(Is L1Vl L1 - (429)

1=2,4,6

Here, for the calculation of ‘A’ the JO parameters calculated for the absorption
lines were used. The values of (Uil ) used in this case are different as the transitions are
reversed and taken from ref. [137]. For Er*® ion, the magnetic dipole (MD) transitions
are insignificant or not allowed except for the “*liz2—"lis2 transition. Radiative

transition rate of MD for *l13,—*115/2 transition was calculated as described in ref. [43].

The radiative lifetime of an excited state J was calculated as 7 =1/2A(J — J)
and the fluorescence branching ratio are A —J)=AJ —»J)/> A0 —>J) given by
where the sum is taken over all the possible terminal states. The life-time and branching
ratio of three prominent emission transitions of Er with different Yb concentrations is
tabulated in Table 4.11. From the PL spectra [Figure 4.15], the emission cross-section

of the transition was calculated by using the following relations

14

0,(1) = VYR 10 N RRN ¢ 1)

8mn?cAAers

where 1 is the mean wavelength of emission band and AZcyy is the effective

line-width of the transition.

I max
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The emission cross-section of *l132—*l1572 line for excitation at 952, 972 and 985 nm is
calculated for Yb doping concentration of 1.5, 3.0, 8.0 and 12.0 at.% and the values free
from the excitations wavelengths are ~2.29x10?° cm?, 2.43x10%° cm?, 2.59x10"%° and

2.70x10°% cm? respectively.

4.2.2.2 The spectroscopic properties of Er in Yb:YVO4 using polarized light

In an anisotropic media, the absorption depend on the polarization of the
incident light. The effect of polarization on the spectroscopic, especially the line
strengths and Judd-Ofelt parameters were also investigated. The effective JO parameter
was calculated. The effective JO parameters was calculated using the relation Qe

=(Qr1+2Q)/3 [137] and the values are summarized in Table 4.13.

Table 4.11 Line strength of forced electric dipole transition of Yb co-doped 0.7 at.% Er:YVOs
samples for m and o polarization for all Yb doped samples (initial state for all the transition is

*lisp).
T Line strength Sexp. (x10°2%) cm?
[SL]Jf Yb 1.5 at.% Yb3.0at% |Yb8.0at% Yb 12.0 at.%
(nm) npol. | 6 pol. | wpol. | wpol. [ wpol. | o pol. | tpol. | ¢ pol.

381 |“Gup [155 |145 [13.9 [129 |134 |127 14.894 | 13.802
410 |%Hgp |0.288 |0.369 | 0.297 | 0.382 | 0.325 | 0.404 | 0.4923 | 0.5027
452 | *Fspp | 0.475|0.478 | 0.457 | 0.46 | 0.439 | 0.462 | 0.4898 | 0.4898
491 |“Frp [ 141 138 1304|121 |129 [1.27 |1.5739 |1.2610
525 |°Hup [11.1 [104 [11.01 935 [9.97 [9.32 |10.454 |10.157
658 |“*Fop 275 |[1.97 |2.61 |1.81 [2.81 |1.86 |2.4896 |2.2437
803 | “lor2 0.641 | 0.647 | 0.598 | 0.418 | 0.595 | 0.359 | 0.6128 | 0.5101
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Table 4.12 Judd-Ofelt parameters of Yb co-doped 0.7 at.% Er:YVO4 samples for
and o polarization

JO parameters (x10-%%) cm?

Yb concentration Q, Q Qs

7 Pol. o Pol. Qetf 7 Pol. o Pol. Qs | mPol. | o Pol. Qetf

(2x) () (Qr) Qo) Q) | (Q)
Yb 1.5 at.% 13.991 | 13.742 | 13.825 3.856 2.423 2901 | 1.413 | 1.603 | 1.540
YDb 3.0 at.% 12.971 | 12.314 | 12.533 3.679 2.071 2.607 | 1.312 | 1.516 | 1.448
Yb 8.0 at.% 11.881 | 12.169 | 12.073 4,042 2.036 2.705 | 1.256 | 1.626 | 1.503
Yb 12.0 at.% 13.632 | 12.919 | 13.156 | 3.0780 | 2.8225 | 2.927 | 1.837 | 1.526 | 1.629

Further, the emission characteristic was investigated using effective JO theory.
Einstein’s A coefficient (radiative transition rate) of emission in Er-ion can be evaluated

using above relations:

The effective JO parameters estimated for absorption transitions were used for
the calculation of ‘A’ coefficient. For the emission, characteristics the values of matrix
AUil ) are different as the transitions are reversed. In the case of Er*® ion, the magnetic
dipole (MD) transitions for the *lis—*l152 transition are significant or allowed.
Radiative transition rate of magnetic dipole for *l13,—*l15/2 transition was calculated

and described in ref. [43].

The radiative lifetime of an excited state J and the fluorescence branching ratio
was also calculated for three prominent emission transitions of Er with different Yb
concentrations is tabulated in Table 4.14. From the photoluminescence (PL) spectra
[Figure 4.15], the emission cross-section of the transition was calculated by using the
above equations (4.20-4.21). The emission cross-section of *lizp—*l1s2 line for
excitation at 952, 972 and 985 nm is calculated for Yb doping concentration of 1.5, 3.0,
8.0 and 12.0 at.% and the values are ~ 2.33x10%° cm?, ~2.25x102° cm?, ~2.33x10%°
cm? and ~2.55x10°%° cm? respectively. The emission cross-section does not depend on

the excitation wavelengths [138].
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Table 4.13 Emission line strength of Yb co-doped 0.7 at.% of Er doped YVO4 for

some important emission lines (* includes magnetic dipole transition)

_ Scal. . . .
Yb conc. _ 2 20 1 Life time | Branching
@ogy | BHIZBImy  8TTACD sy ratio (9
*haz —*hsz” | 1550 | 2.85 510.38(5) | 1.96 1.0
15 112 — *lisrz 976 | 0.97 683.21(9) |, 4, 0071
1272 — *lap 2940 | 2.21 52.37(3) | '
sz — *hs2” | 1550 | 2.66 481.69(3) | 2.08 1.0
3.0 e — “hsrz 976 | 0.9 633.91(4)
7 7 1.36 0.071
l112 — “laar 2940 | 2.06 48.81(8)
“hae —*hsz | 1550 | 2.74 493.77(4) | 2.03 1.0
8.0 1wz — sz 976 | 0.91 640.95(8)
7 7 1.45 0.072
l112 — “luzr2 2940 |2.11 50.00(3)
iz — Hasr” 1550 | 2.9727 511.40 1.95 1.0
12.0 112 — s 976 0.9917 698.50
iz — *hae 2940 | 2.2924 54.32 132 0.072

Further, it was found that the value of Q», which strongly depends on the

environment of ligand (i.e. the value of Qo> is related to the symmetry of the hosts),

decreases as doping of Yb is increased. The value of Q» signifying the dependence of

co-valency between the rare earth ions and ligand anions clearly reflects the presence

of asymmetry of the local environment in the proximity of RE ion site. The

characteristic feature of Qo parameter is therefore related to asymmetry of coordinate

structure, bonding nature and polarizability of the ligand ions or molecule and is

sensitive to the local environment of the RE ions. The smaller value of Q4 and larger Q¢

are favorable for the luminescence transition. The Q4 and Qs two parameters are

important for calculating spectroscopic quality factor, which predicts the dominance of

stimulated emission for the laser gain medium [2][43].
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Spectroscopic quality factor is given as X = Q4/Qs and calculated from values
of JO intensity parameters for unpolarized light and polarized absorption spectra. The
value of spectroscopic quality factor for 0.7 at.% Er co-doped Yb 1.5, 3.0, 8.0 at.% and
12. at.% in YVO4 was found be same for all the samples with value around 1.80 for
unpolarized and polarized absorption spectra. In general, the trend for the Q parameters
in the crystal system follows Q2 > Q4 > Qs. It was found that the value of spectroscopic
quality factor (X) is almost constant (around ~ 1.80) for different Yb concentration and
better as compared to 1.31 reported for Er (1.0 at.%) doped YVOs [43]. A higher value
of spectroscopic quality factor indicates that the Yb co-doping in Er:YVO4 makes it an

efficient laser gain medium [153,154].

In the emission characteristics, for #1132 —*l15:2 transition radiative lifetime is ~
2.00 ms which was calculated from JO parameters for polarized and unpolarized
measurement and branching ratio is unity as there is only one possible transition from
*l1372. For Er doped YVOys, the reported radiative life-time for a #l132—*l15/ transitions
is 2.45 ms [43]. For emission at 2.9 um (transition *l112 —*l132) the estimated life times
were found to be in the range of 1.29-1.45 ms for unpolarized and 134- 1.45 ms for
polarized absorption data. The corresponding branching ratio is 0.070, which is

independent of doping concentrations and state of polarization.

Hence it was found that the radiative life time of Er ions is almost constant
(t~2.0 ms) for 1550 nm transition with the increasing Yb doping concentration but it is
slightly less than the YV O4 gain medium doping with only Er. Hence the lifetime of Er
ions is independent of Yb doping at least upto a concentration of 12 at.% Yb which has

been investigated in the present work. This is the biggest advantage of Yb co-doping in
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the Er doped YVO; laser system that results in high population density in the upper

level of Er ions and an efficient pumping of the gain medium [138].

Estimated emission cross-section from JO parameters for polarized and
unpolarized measurement is also independent of doping concentration of Yb. For only
Er doped YVOs,, the reported emission cross-section for the *l1s,—*l15/, transitions is
~2.59x107%° cm? [43]. The estimated values for Yb co-doped crystals are in agreement
with the above reported value. Similarly, for all the doping concentrations of Yb, the
emission cross-section for 808 nm excitation were calculated for the same transitions
and the values were found to be of the same order as for the excitation with 952, 972
and 985 nm. It shows that the emission cross-section does not depend on the excitation

wavelength as well as Yb doping concentrations [138].

It, therefore, reflects that Yb as co-dopant in Er gain medium acts as good
sensitizer and it does not affect the emission cross-section and lifetime of Er ions. Also,
the emission cross-section of Er ions are of the same order for the excitation wavelength
at 808 nm (absorption due to Er) and 952, 972 and 985 nm (absorptions due to Yb)

[138].

4.3 Characterization of Nd co-doped Yb:YVO: single crystals

The growth of Nd (0.8 at.%) co-doped Yb (0.8 and 3.0 at.%):YVOs single
crystal were carried out in OFZ system. The dimension of grown crystals was ~4- 5 mm

in diameter and 10-15 mm in length [139,140].
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4.3.1 Effect of doping on the lattice parameters

The effect of Nd doping on the lattice parameters of Yb:YVOQ;4 crystals were
investigated by powder X-rays diffraction (XRD). The diffraction patterns were
recorded using Rigaku Ultrax-18 powder diffractometer in the range 20-70°. The

recorded XRD pattern is shown in Figure 4.16.
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Figure 4.16 XRD pattern of Nd:Yb:YVO;4 crystals
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On 0.8 at.% doping of Nd in the Yb ( 0.8 and 3.0 at.%):YVOs crystal it was
observed that the peaks exhibit a small shift towards the lower angle signifying
expansion of the lattice volume. This is because of the higher ionic radius of Nd (112
pm) in comparison to the ion radii of Y (104 pm) it is substituting. The ionic radii of
Yb is 100 pm which is similar to Y. The estimated lattice parameters and unit cell

volume of Nd:Yb:YVOs crystals are listed in the Table 4.14 [139,140].

Table 4.14 Lattice parameters of Nd:Yb:YVO;, crystals

Sr.no Lattice parameters of YVO4
e Yb:0.8at.% | Nd:0.8 at.%-Yb:0.8 at.%
1. aand b (A) 7.125(9) 7.126(8)
2. c (A) 6.291(4) 6.291(9)
3. Volume (A3 | 319.46(7) 319.57(3)

4.3.2 Evaluation of crystalline quality by rocking curve measurement
Investigation of defect or crystalline perfection in a laser host crystal is
important as it influences the laser performance. The evaluation of the crystalline
quality of the grown crystals was carried out by rocking curve measurement at angle
dispersive X-rays diffraction (ADXRD) beamline (BL-12) of Indus-2 synchrotron
radiation source [116]. For this, sample was cut perpendicular to [100] direction from
the grown crystals and then it was polished using alumina powder. The rocking curve
measurement was performed for (200) diffraction peak is shown in Figure 4.17. The
diffraction peak is symmetric and consisting of single peak which signifies that the
crystals have single grain. Further, the peak was analyzed by Lorentz fitting and the

full width at half maxima of (200) diffraction peak was found to be around 200+3 arc-
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second which confirms good crystalline quality of Nd co-doped Yb:YVOs single

crystals grown by OFZ technique [139,140].
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Figure 4.17 Rocking curve of Nd:Yb:YVO; crystal

4.3.3 X-ray photoelectron spectroscopy (XPS) measurement

X-ray photoelectron spectroscopy measurements were carried using hard x-ray
photoelectron spectroscopy (HAXPES) beamline (BL-14) at synchrotron radiation
facility Indus-2 [113]. The X-rays from double crystal monochromator [Si(111)] of
energy 4.311 keV was used for excitation. To explore the oxidation state of vanadium
in the host of YVOg crystal, XPS measurement was carried out and the recorded XPS

spectrum is shown in Figure 4.18.
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Figure 4.18 XPS spectrum of the Nd-Yb co-doped YVOs crystal

Initially, a survey spectrum was recorded over a range of 0 to 1000 eV and the
energy calibration was done for all the edges with respect to the reference (C 1s peak at
a binding energy value of 284.8 eV of adventitious carbon). From the XPS spectrum it
was observed that the V-2p peaks consist of two spin-splitted peaks for S = 3/2 and 1/2.
Both the spin-splitted peaks of VV-2p could be fitted with single peak. The peak position
of these vanadium lines are at around 517.22 and 524.81 eV respectively, which is
attributed due to V°* ions [155]. Hence, this confirms that the V in the grown crystal is
in the pentavalent state. As the crystals are grown in oxygen rich environment, unlike
Cz technique [156], the concentration of oxygen vacancy is relatively less in the OFZ
grown crystal [20], which further promotes the pentavalent state of the vanadium ion in

the lattice site [139,140].
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4.3.4 Defect study by chemical etch method

High crystalline quality is the essential requirement of a material to be used as
laser gain medium. The preferential chemical etching of the crystal surface provides an
easier way to explore the crystal defects, particularly the line and surface defects and to
determine the quality of crystals. For the evaluation of dislocation or etch pit density,
the polished plate of 1 mm thickness was used. For observing the etch pit on the crystal
plate the concentration of the etchant hydrochloric acid, temperature and time period of
etching were optimized. It was found that the optimized condition for etching to carry
out the treatment for 1 h using diluted hydrochloric acid (25 % of H.O and 75% of HCI)
at 100°C. The etched surface was investigated using OLYMPUS BX60 optical

microscope.

Figure 4.19 (a) shows photograph of the pristine sample plate as viewed under
the optical microscope before chemical etching. Finally under the optimized conditions,
the proper etch pits were formed on the crystals as shown in Figure 4.19 (b). The
dislocation etch pit density were calculated by observing the pits on the plate of crystal.

The dislocation etch pit density was estimated to be ~1.25x10*/cm?[139,140].

Figure 4.19 Sample surface as seen under optical microscope: (a) before
etching and (b) after etching
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4.3.5 Optical homogeneity measurement

Optically homogeneous crystal is an important requirement for laser application.
As a part of checking the quality of the grown crystal, the optical homogeneity of the
crystal was further investigated by birefringence interferometry. The technique is based
on the formation of interference fringes between the component of ordinary ray and
extra-ordinary ray when they pass through the birefringence sample. For this the
measurement a [100]-oriented polished sample of Nd:Yb:YVO4 crystal of 1 mm
thickness was prepared. A collimated linearly polarized light (45° with respect to
sample c-axis) of He-Ne laser (632.8 nm) incident normally on the sample and passes
through the cross-polarizer (at 90° to the incident light polarization) and lens. The
interference fringes form due to superposition and delay (birefringence induced path
difference) between the component of extra-ordinary ray (ne) and ordinary ray (no) is

observed on the screen and recorded.

The birefringence patterns recorded in the present experiment are characterized
by a sharp, distinguished and closely spaced nearly straight fringes as shown in Figure
4.20. The straightness of the fringes is the characteristic of the high optical homogeneity
of the crystal and depicts uniform dopant distribution in the crystal under investigation.
The observed fringes of nearly uniform thickness and spacing indicates the optical
uniformity of the crystal across the cross-section and having a small wedge across the
length. Also, the uniform periodic nature of the fringes depicts that the crystal is free

from local residual stresses [139,140].
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Figure 4.20 Nearly straight fringes of Nd:Yb:YVO4 plate as seen by
birefringence interferometry

Further, on close examination of the fringes, a very small distortion in the shape
of the fringes i.e. a slight deviation from the straightness and variation in the fringe
spacing was observed. This indicates the presence of small optical inhomogeneities
associated with local compositional (doping/impurities) fluctuations which are very
commonly observed particularly, in case of growth from high temperature melt and
melts with added dopants [131,132]. Such compositional fluctuations or other growth
defects are primarily arising because of unavoidable random temperature fluctuations
at the growth interface during the growth and hence give rise to small variation in

birefringence (An).

The order of optical homogeneity i.e. variation in the refractive index &(An)
associated with the observed fringe distortion can be analyzed by estimating the per

fringe variation in d(An) across the sample aperture. The formation of fringes is
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attributed to the variation in refractive index/birefringence and variation in the sample
thickness due to the presence of wedge in the sample, which is given by: 6(An)(L+8L)
~\, where A is wavelength of the laser, L is sample thickness, dL is change in sample
thickness due to the presence of finite wedge in the sample. The parallel and equidistant
fringes can be assigned to the variation in the thickness (wedge of the sample) and the
distortion in the fringe i.e. the deviation from the linearity can be correlated to the 6(An).
Practically 8L << L, and so the variation in An associated with the fringes across the
aperture is given by 8(An)= A/L = 5.64x107*. On referring to Figure 4.20, the observed
fringe distortion is appreciably lesser than the spacing between two subsequent fringes.
So the order of optical homogeneity [§(An)] of the test sample should be < 5.64x1074,
It is therefore inferred that the observed nearly straight fringes depict the overall good

optical and compositional homogeneity of the crystals [139,140].

4.3.6 Refractive index measurement

Refractive index (RI) of Nd co-doped in Yb:YVOs single crystals were
measured by prism coupling technique (Metricon 2010/M system) at wavelength 532,
828, 1064 and 1551 nm with polarization TE (s) or TM (p). Figure 4.21 shows the
ordinary and extra-ordinary refractive indices measured for Nd(0.8 at.%)Yb(0.8 at.%)
'YV Qg4 at room temperature. The measured data were fitted using Sellmeier’s equation
and the Sellemeier coefficients were determined. The fitted Sellemeier equations for the

ordinary and extraordinary refractive index are given below:

nZ = 4.6229 + —0.02057% ... ... ... ... (4.22)

(12 — 0.0678)

nZ = 3.7867 + —0.01247% ... oo s e e (4.23)

(12 — 0.0479)
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The estimated Sellemeier coefficients for Nd co-doped Yb:YVOs were in
agreement with the reported for Yb:YVO; crystal [119]. These relations can be used to

the calculate the refractive index in the wavelength range of 532- 1551 nm [139,140].
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Figure 4.21 Sellmeier fitting on measured refractive index with different
wavelengths

4.3.7 Fluorescence lifetime measurement

To investigate the energy transfer from Nd ion to Yb ion in YVOs host, the
fluorescence lifetime measurements were carried out using ultrafast technique. The Nd
co-doped Yb:YVO4 sample was excited using a Ti:Sapphire femto-second laser
operating at 808 nm wavelength. Figure 4.22 shows the fluorescence decay of Nd co-
doped Yb:YVO4 sample. The emission profile consists of emission due to Nd ion as
well as YD ion. The total emission decay profile, which is combination of the rise time,
decay of Nd ion and Yb ion, was fitted by exponential function. Therefore, the decay

profile was fitted by the following equation:
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Y=Yy +Ae 1t Ae /a4 Aze s s (4.24)

where Yo is constant and t1, T2 and t3 IS the rise time for excitation, decay of

Nd ion and Yb ion, respectively.

The measured fluorescence lifetime of Nd ion and Yb ion in Nd,Yb:YVO4
sample ~66 and 581 us respectively. The reported fluorescence life-time of Nd in the
Nd:YVOq is around 101 ps [157] whereas in our study the measured fluorescence life-
time of Nd, co-doped in theYb:YVOs is 66 us. Hence, the measurement shows that the
Nd ion transferred sufficient energy to the Yb ion. The energy transfer efficiency can
be calculated by measuring the fluorescence lifetime of Nd ion present in the lattice of
YVOsand Yb:YVO; crystal. The fluorescence life-time of Nd ion is around 101 ps (tp)
reported by Bhaumik et al. [157]. In the present investigation it was observed that the
fluorescence lifetime of Nd ion in Yb (0.8 and 3.0 at.%):YVOa is ~ 66us (tm). The

efficiency of energy transfer from Nd ion to Yb ion is given by [2]:

7= (1 - T—’") e e e e (425)

where 1p is the fluorescence lifetime of Nd in YVO4 and n is fluorescence life

time of Nd in Yb:YVO..

The calculated energy transfer efficiency is around ~35%. This efficient energy
transfer confirms that the Nd ion, used as co-dopant, acts as sensitizer and will enable
efficient pumping as the transfers of energy from the Nd to Yb ion provides a powerful
channel for pumping. The Nd**co-doped and Yb*" doped combination laser crystals

provide the multiple pump possibilities in the gain medium [50,54,56]. The lifetime of
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Nd transition measured on the OFZ grown crystal is similar to that of the Cz grown

crystal [50].
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Figure 4.22 Fluorescence decay of Nd 0.8 at. % co-doped
Yb(0.8at.%):YVOq4 crystal

4.4 Optical absorption measurement of Nd co-doped Yb:YVO4

[100]-oriented polished plates of Nd co-doped Yb:YVO4 crystal with thickness
~1.5 mm were used to investigate the optical transmission of the co-doped crystal. The
transmission spectra were measured by spectrophotometer (JASCO V670) for polarized
incident light [n-polarization (E||c) and o-polarization (E-L c)]. All the measurements
were carried out in the range 300-1200 nm. Using the equation (4.4) the absorption
coefficient was calculated from the transmission spectra. The polarized optical
absorption characteristics of [100]-oriented Nd co-doped Yb:YVOs crystal plates are

shown in the Figure 4.23-4.24.
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Figure 4.23 Absorption spectra of Nd co-doped Yb:YVOs crystal for -polarization
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Figure 4.24 Absorption spectra of Nd co-doped Yb:YVO;4 crystal for n- polarization
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4.5 Spectroscopy parameters of Nd:Yb:YVO. by Judd-Ofelt theory

The absorption spectra for polarized light exhibit several sharp absorption peaks
due to Nd ion and a broad peak around 985 nm due to Yb ion. Theses absorption peaks
are because of forced electric dipole (ED) transitions between 4f-4f intra-band of Nd
and Yb ion. The absorption spectra are characterized by different features in the
different polarization of light. According to Laporte rule, the f-f transitions are not
allowed because of the same parity of the initial and final states, as this violates the
selection rule of the conservation of parity (ED operator is of odd parity). However, due
to the presence of D2g non-centrosymmetric crystal field of YVOg, the states are
characterized by mixed parity and these transitions become allowed [146]. These f-to-f
transitions are sharp and distinct due to the shielding effect of outer shells (5s% and 5p®)

of Nd ion [2,43,135,138].

The detail investigation reveals that the absorption spectra of Nd co-doped
Yb:YVOs crystals are polarized sensitive. The overall absorption spectra for -
polarization (E || to c-axis) is observed to be stronger than o-polarization (E L to c-axis)

as shown in Figure 4.23 and 4.24.

It is important to note that the absorption coefficients are same (within the range
of experimental error) for the Nd related absorption for both the samples having
different Yb concentrations. The absorption coefficient corresponding to Nd (0.8 at.%)
ion at 808 nm in both the crystals is ~26 cm™ for r-polarization (E||c) and ~8 cm for
o-polarization (E-c), whereas the absorption coefficient of Yb at 985 nm for 0.8 at.%
and 3.0 at.% Yb are ~10.6 and ~22 cm™* for n-polarization (E||c) and ~4 and ~7.0 cm™

for o-polarization (E-Lc) respectively. These values are significant as the absorption

148



band of Nd ion at 808 nm can be used for pumping the gain medium for emission of
Yb. The relative values of the absorption coefficient suggest that w-polarized (E||c)
absorption line of Nd ion at 808 nm can be used for efficient pumping of the Yb:YVQO4

laser gain medium [139,140].

Further, on the comparison of Cz and OFZ grown crystals, it was noted that Xia
et al. [158] had reported the occurrence of wide absorption band near the band edge of
Yb doped YVO; crystal grown by Cz method due to presence of the oxygen vacancies
in the grown crystal. However, in the present experiment there is no evidence of such
an absorption corresponding to the oxygen vacancy in the absorption spectra. Also they
have reported that the band gap due to the valence-conduction band transition for the
YVO; crystal is ~3.44 eV (~360 nm) whereas in present work the estimated band gap
of the OFZ grown crystal (ambience of 20% O,) Nd:Yb:YV O34 depicts a blue shift with
the value around 3.49 eV for n-polarization and 3.56 eV for o-polarization. This also
reflects the presence of lesser defect density states close to the bands in the OFZ grown
crystal. The absorption cross-sections of the Yb transitions in Nd-Yb co-doped YVO4
crystals and only Yb doped YVO;q crystal, grown by OFZ method, are of the same order
[25,119]. However, there is a significant enhancement in the absorption characteristics
corresponding to the Yb ions in comparison to the values reported in the literature for
only Yb doped YVO; crystals that are grown by Cz method: (a) Kisel et al. [37] reported
the absorption coefficient at 985 nm for 2.0-3.0 at.% Yb is 14.7 cm™ for n-polarization;
(b) Zhang et al. [10] showed that the absorption coefficient at 985 nm is 14.9 cm™ for
2.0 at.% Yb (estimated from the absorbance data); (c) Su-Mei et al. [50] showed that
the absorption coefficient at 985 nm is 6 cm™ for m-polarization for a doping

concentration of 1.0 at.% Yb. Hence, in the present report the OFZ grown crystals show
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better properties in context of the Yb absorption characteristics compared the Cz grown
Yb doped YVO; crystals, possibly because of the lesser oxygen vacancy as these are

grown in oxygen rich ambience unlike the Cz method.

For a detailed insight of the absorption characteristics of Nd ion in the lattice of
YVOs in the presence of Yb as the second dopant, the spectroscopic properties of Nd
ion having f—f transitions were estimated by the Judd-Ofelt theory [2,43,135,138].
Judd-Ofelt parameters were determined from the absorption spectra of Nd co-doped
Yb:YVOs crystals for both the polarization of light, and then those were used for
obtaining the characteristic emission properties of the Nd ion as discussed in the

subsequent sections.

4.5.1 Absorption characteristic of Nd:Yb:YVO; crystals

Judd-Ofelt parameters were estimated for both the Nd-Yb co-doped samples
from the absorption spectra using Judd-Ofelt (JO) theory [2,43,135,138]. The
experimental line strengths of the forced electric dipole transition S for various
transitions of Nd ion were calculated using the above equation (4.8) [2,43,135,138]. (2,
Qs and Qg are the Judd-Ofelt intensity parameters [2,135]. The matrix elements for the
rare earth ions are computed within the intermediate coupling approximation [2,135].
In the present investigation, the values of the doubly reduced matrix elements computed
by Carnall et al. [133] for Nd ion (Table 4.17) were used. These the matrix elements do

not depend on the surroundings of the ion [146].

As the absorption coefficients (Figure 4.23 and 4.24 ) for all the transitions of
Nd ions are same (within the range of the experimental error) for both the samples

having different Yb doping concentrations, all the parameters related to JO analysis
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calculated for both the samples were found to be same. So, henceforth the result has
been discussed for only one sample (0.8% Yb doped sample). The line strengths (Sexp)
for all the absorption transitions having Nd concentrations 0.992x10%%/cc (0.8 at.% Nd)

in 0.8 at.%Yb:YVO4 crystals are tabulated in Table 4.16.

Table 4.15 Line strength of Nd ion in Yb (0.8 at.%):YVOs crystals

Pi polarized sigma polarized
Initial Final Central Sexp Saal Sexp Seal
transition | transition | wavelength | (x10-% (x10%° (x10%° (x10%
state level (nm) cm?) cm?) cm?) cm?)
[SL]J; [SL]J
*lorz 2Py 437 0.1732 0.3237 0.2247 0.1329
o 4G112,%P32 | 476 0.9466 0.6494 0.6222 0.4259

°D312,°Gor2

4o 4Gop, *G72 | 520 3.1134 3.2827 2.2594 2.1634
*lorz *Gsr2 598 14.4383 14.4286 12.2677 12.2751
*lorz *For2 685 0.5116 0.3798 0.2677 0.3237
4o 4Sap *F7p | 743 5.2663 5.3530 4.9293 4.9922
o 2Hgp2,*Fs/2 808 6.1853 6.0751 4.8204 4.7463
*lorz *Fai2 879 2.3717 2.3643 1.0075 1.2017

The line strength of the force electric dipole transition from an initial manifold
|4f9[L’, S'] J"), to a final manifold |4f°[L’, S'] J"), according to JO theory, is given by the

equation (4.17) in the above section.

The line strength of absorption transition of Nd ions, particularly the absorption
at 808 nm which is used as pumping wavelength, depends on the polarization of light
[Table 4.17]. The line strength or oscillator strength of the transitions depends on the
site symmetry of rare earth (RE) ion present in the lattice. The smaller value of the
oscillator strength indicates higher site symmetry of the RE ion whereas the higher value

of the line strength corresponds to the lower symmetry around the ion [138] [43].
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Further, Judd-Ofelt parameters Q>, Q4 and Qs Were evaluated using all the line
strengths of the absorption spectra by least square method for both the polarization of
incident light. As YVOQu is polarization sensitive, the Judd-Ofelt parameters are different
for both the polarization namely sigma and pi polarization of absorption spectra. From
the Judd-Ofelt parameters for sigma and pi polarization the effective value of Judd-
Ofelt parameter were estimated using the relation Qeft =(Qx+2%*Q)/3 and listed in Table

4.18 [137].

The Q4 and Qs parameters are important for calculating the spectroscopic quality
factor (X) which is given by X=0Q4/Q¢ [2,146]. The higher spectroscopic quality factor
is correlated to the degree of dominance of the stimulated emission for the laser gain
medium. The value of X for Nd doped 0.8 at.%Yb:YVO4 is 0.70. It is important to note
that the spectroscopic quality factor of this co-doped crystal is lower than the
spectroscopic quality factor (0.97) of Nd (1.0 at.%) doped YVO4 [157]. This suggests
that there is energy transfer from Nd ion to Yb ion, which are shown in emission spectra

of the sample when excited at 808 nm.

The process can be understood from the schematic of energy level of Nd and Yb
ion as shown in the Figure 4.24 [50]. When Nd ion is excited by 808 nm pumped
wavelength (absorption line of Nd ion), it goes to the upper level *Fsp+ 2Hgy, from
ground state *lg2. The excited Nd ions come down to the energy level of *Fs/ via non-
radiative decay. Then some of the excited Nd atoms transfer their energy to nearby state
2Fs/o of YD ions before undergoing radiative transition to its own state *l11/> as shown in

the Figure 4.25.
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This clearly shows that there is transfer of energy from Nd to Yb ion in the Nd
co-doped Yb:YVOQs single crystals and moreover the lower spectroscopic quality factor
indicates an efficient energy conversion from Nd to Yb ion that can ease the lasing

action in Yb:YVOs laser gain medium [139,140].
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Figure 4.25 Schematic of energy level of Nd and Yb [50]

Table 4.16 Doubly reduced matrix elements for transition of Nd [134]

Final transition level | Wavelength | [1Ual U4l [Usl
[SL]J
nm
2Py 432 0 0.0381 0
*G1112,2P312,2D312,°Gopo 475 0.010 | 0.0431 | 0.0361
*Gorz, *Grp 532 0.0597 | 0.2180 | 0.0954
*Gs2 594 0.8968 | 0.4049 | 0.0355
*For2 685 0.0010 | 0.0096 | 0.0381
*Ss12,*F12 751 0.0010 | 0.0447 | 0.6603
2Horz,*Fsr2 808 0.0101 | 0.2437 | 0.5169
*Farn 879 0 0.2299 | 0.0547

Table 4.17 Judd Ofelt parameters of
Nd:Yb:YVO4 samples for n and ¢ polarization

JO parameters (x102%) cm?

7 pol. () | o pol. (Qs) | Qe

Q> | 11.9556 11.8234 11.8675
Qs | 8.4962 3.4885 5.1577
Qe | 7.5137 7.3064 7.3755
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4.5.2 Emission characteristic of Nd:Yb:YVOs crystals

In order to investigate the effect of Nd concentration on the emission
characteristics of Yb (0.8 and 3.0 at.%):YVOs, photo-luminescence (PL) spectra were
recorded for ~1 mm [100] oriented sample by exciting the samples at 808 nm. The PL
emission spectra were recorded in the range of 900 to 1150 nm (Figure 4.26). The
emission spectra were characterized by one broad emission around 1010 nm due to Yb
ion and sharp emission lines at 914, 1064, 1072 and 1085 nm due to Nd ion. From the
plot it is evident that as the Yb concentration increases in the lattice the PL intensity
around 1010 nm due to Yb significantly increases. Further the relative emission
intensity of the ~1010 nm peak is nearly 2.3 times less compared to the emission of Nd
ion at ~1064 nm for 0.8 at.% Yb. It is to be noted that according to the report by Su-
Mei et al. [50] the relative emission intensity of Yb emission peak is 4.5 times smaller
compared to the emission of Nd ion at 1064 nm even for 1.0 at.% (higher than 0.8 at.%)
Nd co-doped 1.0 at.% Yb:YVOs [50]. Therefore, the efficacy of energy transfer is
higher in the present case. As can be seen in Figure 4.26, as the Yb concentration
becomes 3.0 at.% the relative intensity of the Yb emission becomes almost same as the
Nd emission intensity for the same Nd doping level (0.8 at.%). This is because the Nd
ion more effectively excites the Yb ion in the upper state. This can be understood from
Figure 4.25. As the Nd ion has higher absorption cross-section compared to Yb ion,
when the Yb concentration is increased in the lattice more number of Yb ions are in the
excited state because of energy transfer from Nd. Hence, Nd ions transfer their energy
efficiently to Yb ion and act as good sensitizer. Therefore using Nd excitation peak 808

nm one can easily achieve laser action in Yb:YVO4 gain medium. Also the lasing
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wavelength can be tuned due to the inherent characteristics of broad emission peak of

Yb ion.

2.0)(1 04 - Excitation @ 8$08nm — Nd 0.8 at.% Yb 0.8 at.% YVO4
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Figure 4.26 PL intensity of Nd:Yb:YVO4 with excitation 808 nm

Further, the emission properties of Nd co-doped Yb (0.8 at.%):YVOQOs single
crystals were investigated using the JO theory. The luminescence line strength of
different transitions were calculated using the effective Judd-Ofelt parameters given in
Table 4.18. Further the radiative transition rate i.e. the Einstein’s A coefficient of

emission of Nd-ion was estimated using the above equations (4.19) [2,43,135,138]:

In calculation for different luminescence transitions of Nd ion in Yb:YVOyg, the
values of matrix elements (IUil)for emission lines used are different from that for the

absorption lines and obtained from ref. [43].

1

Y EID) (4.26)

T
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The radiative lifetime (tr) of *Fs12 energy level of Nd ion was calculated using
the equation (4.26) and then the fluorescence branching ratio ( ) were estimated using

equation (4.27). In both the equations, the sum is over all possible final states:

The estimated radiative life-time (*Fss level) and branching ratio are given in
Table 4.18 for four prominent emission transitions of Nd. The calculated radiative life
time of *Fssz level of Nd ion is ~111 ps [Table 4.18]. The calculated branching ratio of
different transitions of Nd ion is maximum for #Fs;» —*l112 transition and it is ~51% of
all the transitions of Nd ion. Now using the Einstein’s A coefficient of *Fa —*l1112
transition of Nd-ion and the photoluminescence (PL) spectra [Figure 4.26] of Nd co-
doped Yb:YVOs4 samples, the emission cross-section was calculated by using the

equations (4.20) and (4.21) [2,43,134-136,138].

Table 4.18 Luminescence spectral parameters for Nd (0.8 at.%):Yb(0.8
at.%):YVOs crystals

Transition Central Scal A(J- B Radiative | Emission
final state | wavelength | (x10% | ) life -time cross
(nm) cm?) x10% (us) section
for 4|:3/2
=112
transition
(x10°%
cm?)
*lor2 914 1.5995 | 3.2289 | 0.3728 ~111
i 1064 3.7358 | 4.7123 | 0.5178 4.1
iz 1350 1.5614 | 0.9700 | 0.1046
*lisr 1880 0.2028 | 0.0447 | 0.0048

The estimated emission cross-section of *Fs» —*l112 transition line with an

excitation at 808 nm is 4.1x107® cm? which is almost same as estimated by Bhaumik et

156



al. (3.2x10*® cm?) [157] for only Nd doped sample. Hence emission cross-section of
*Far2 —*111/2 (Nd) transition is not influenced by the presence of Yb (0.8 and 3.0 at.%)
doping in YVOa. Therefore Nd ion acts as excellent sensitizer for Yb:YVO4 laser gain

medium and make efficient pumping in the gain medium for getting laser action easily.

Therefore, in the Yb:YVO;4 laser gain medium, the strongest absorption band of
Yb ion at 985 nm is primarily used for excitation or pumping of the laser gain medium.
As seen in the absorption spectra of Nd:Yb:YVOj4 the stronger absorption band of Nd
ion at 808 nm can be used for the excitation of Yb ions in YVO4 that would provide an
efficient pumping by avoiding the re-absorption of emission of light due to Yb ion (at
985 nm). The present findings further reveal that the stronger m-polarized (E||c)
absorption band of Nd ion at 808 nm can be effectively utilized for pumping Yb:YVO4

laser gain medium for developing an efficient laser system [139,140].
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Chapter-5 Characterization of Nd Doped and Co-doped

GdVO4 Crystals

5.1 Characterization of Nd doped GdVOs crystals

Single crystals of undoped and Nd doped GdVOs with different Nd
concentrations of 0.2, 0.6, 0.8, 1.0, 1.2 and 1.6 at.% were grown by optical floating zone
technique. Crystals of length ~ 15-25 mm and diameter 5-6 mm were grown. The details
of crystal growth have been presented in the Chapter 3. Further, for characterization of
crystals, sample plates of ~1.0-1.5 mm thickness were cut from the grown crystals after

orientating crystal in the [100] direction.

5.1.1 Rocking curve measurement

The crystalline quality of the Nd doped GdVOs single crystals was evaluated by
the rocking curve measurements for [100]-oriented sample plate for (200) diffraction
peak [Figure 5.1-5.2]. The experiments were done at the ADXRD beam-line (BL-12)

[10] of the Indus-2 synchrotron facility [112] [Figure 5.1-5.2].

The wavelength of the X-ray used was 0.857A (14.43 keV). Figure 5.1 and 5.2
shows a recorded rocking curve of the sample plate of 1.2 and 0.6 at. % Nd doped
crystal. The presence of single and symmetrical diffraction peak corresponding to (200)
planes confirms the orientation of the plate and these crystals are free from internal sub-
grain structures and low-angle grain boundary. The FWHM of the diffraction peak was
evaluated by Lorentz fitting. The observed value of the FWHM for the samples of
different doping of Nd are ~43-56 arc-sec, which reveals the good crystalline quality of

the grown crystals.
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Figure 5.1 Rocking curve of (200)-peak of Nd (1.2 at.%):GdVO4 doped crystal
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Figure 5.2 Rocking curve of (200)-peak of Nd (0.6 at.%):GdVO4
doped crystal
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5.1.2 Estimation of Nd concentration in the grown crystals

To estimate the actual Nd concentration and segregation coefficient of Nd in the
grown GdVOgs crystals, X-ray fluorescence measurements were carried out on the
samples with different Nd concentrations. The experiments were performed in the
Microprobe X-ray Fluorescence Beam-line (BL-16) of the Indus-2 synchrotron facility.
For standard, polycrystalline pellets with known doping concentration of 0.2, 0.5, 1.0
& 2.0 at.% Nd in GdVO4 were synthesized for generating the standard fluorescence
reference curve and comparing with the fluorescence data of grown crystal samples for
quantitative analysis. To ensure accuracy, experiments were performed at similar
conditions. The actual Nd concentration in the grown GdV O crystals were determined
by comparing with standard data and the segregation coefficient of Nd ion in the GdVO4

is found ~ 0.92

5.1.3 Defect study by chemical etching

The dislocation density on [100]-orientated plate of different Nd doped GdVO4
grown crystal was estimated by chemical etching using diluted HCI after optimizing the
etching parameters (75% of HCI and 25% of H2O solution for 60 minutes at 100°C)

[Figure 5.3]. The etch pit density is in the range of 10% — 10* /cm?,

Figure 5.3 Photo-graphs of Nd:GdVOyq plate before and after chemical etching
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5.1.4 Effect of Nd doping on structural property of GdVOs crystals
The powder X—rays diffraction measurement was carried out by Rigaku make
Ultrax-18 powder diffractometer using Cu-K, in the range 20-70° for investigating the

effect of Nd doping on the lattice parameters of GdVOs crystals [Figure 5.4 (a)].
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Figure 5.4 (a) Powder X-ray diffraction pattern of Nd doped
GdVO;s single crystals, (b) (200) diffraction peak.
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The lattice parameters of undoped and doped GdVVO4 samples with six different
doping concentrations of Nd were evaluated using all the diffraction peaks in the range
of 20-70° to minimize the systematic error. It was found that the diffraction peaks shift
systematically towards the lower angle as the Nd concentration varies from 0.2 to

1.6 at.% in the crystal signifying expansion of the lattice volume [Figure 5.4 (b)][144].

The observed expansion of lattice on Nd doping in GdVOg is due to the larger
ionic size of Nd** ion (112.3pm) compared to the Gd®* ion (107.8pm), which it replaces.

The change in the lattice parameters and volume is listed in Table 5.1.

Table 5.1 Lattice parameters of Nd:GdVOg single crystals

Lattice Nd concentration
Parameters undoped 02at% | 06at% | 0B8at% | l0at% | l2at% | l6at%
a(A) and b (A) 7.21(5) 7.22(2) 7.22(4) 7.22(5) 7.22(6) 7.22(6) 7.22(7)
c(R) 6.36(9 ) 6.37(1) 6.37(9) 6.38(7) 6.41(3) 6.43 (4) 6.45(8)
Volume (A3) 331.53(9) 332.29(4) | 332.89(8) | 333.36(5) | 334.83(3) | 335.97(3) | 337.29(8)

5.1.5 Effect of Nd doping on the optical properties of GdVOs crystal
Polished plates of thickness ~1 mm having [100]-orientation were used to study
the optical absorption characteristics of the grown crystals. The optical transmission
spectra were recorded using UV-VIS-NIR spectrophotometer (JASCO V670) for both
the unpolarized and polarized incident light at room temperature. The recorded spectra
range was 300 -1000 nm [Figure 5.5]. For investigating the influence of Nd
incorporation in GdVOs, the absorption coefficient was evaluated from the recorded

transmission spectra using the relation:
T~ (1 =R)?exp(—ad) e iee et et et e e et et et et e e eet v et ee e e (521)

where, R, T, d and a stand for reflectance, transmission, thickness of the samples

and absorption coefficient respectively. The reflectivity was calculated from the relation
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R =[n(A)-1]%[n(})+1]? using the refractive index n(.) of Nd doped in GdVO;s single
crystals which were measured using the prism coupling technique. The extra-ordinary
refractive index and ordinary refractive were measured for all the doping concentration

of Nd and given in section 5.1.6.

Figure 5.5 shows the recorded unpolarized absorption spectra of Nd doped
GdVOq single crystals in the range of 300 -1000 nm. The absorption spectra depicts
multiple absorption corresponding to different transition of Nd and absorption increases

with the increase in the doping concentration of Nd.
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Figure 5.5 Absorption spectra of Nd doped GdVOs crystals in unpolarized
light

The polarized absorption spectra of all the samples for both the polarization are

shown in Figure 5.6-5.7. The absorption spectra for unpolarized and polarized light are
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characterized by several absorption peaks, which are due to forced electric dipole (ED)

intra-band (4f-4f) transitions of Nd ions [146,157].

The absorption spectra exhibit different feature in the polarized and unpolarized
light. It is well known that the f-f transitions are forbidden because of the same parity
of the initial and final wave function as it violates the conservation of parity (ED
operator is of odd parity). But these transitions become allowed in the presence of
asymmetric crystal field associated non-centrosymmetric (D2q) site of GdVOs as the
parity of the initial and final states gets modified to the mixed parity. The screening
associated with outer 5s? and 5p°® shells of Nd ion makes these f-to-f transitions sharp

and distinct [2,146,157].

Polarized absorption spectra revealed that the Nd:GdVOs single crystals are
polarization sensitive [119]. The absorption peak for n-polarization is higher than that
for the o-polarization as shown in Figure 5.6 and 5.7. The absorption coefficient of Nd
1.2 at.% corresponding to the 808 and 879 nm are ~38 and 11 cm™ for r-polarization
and ~11 and 2 cm* for o-polarization respectively. Whereas, in the case of unpolarized
light the absorption coefficient corresponding to these 808 and 879 nm transition for Nd
1.2 at.% are ~15 and 3 cm™ which can also be obtained from both polarization data
using a proper waiting factor. The strong m-polarized (E||c) absorption band of
Nd:GdVOs laser gain medium centered at 808 nm is usually used to make efficient
pumping of Nd:GdVO4 gain medium using an AlGaAs diode laser operating around
808 nm wavelength. Also, the absorption coefficient for all the transitions increases
with the increase in the doping concentration of Nd [143]. Further, for any laser gain

medium, it is important to optimize the dopant (Nd) concentration for efficient lasing
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performance. However, from the absorption spectra, it was observed that the absorption

of Nd ions increases with increase in the doping concentration of Nd. But, emission

spectra may have different characteristics due to ion - ion interaction at higher doping

concentration that leads to an increase in non-radiative transitions probability. Hence,

finding an optimum Nd doping concentration is therefore essential. For a proper insight,

spectroscopic properties of Nd ion for all the f—f transitions were evaluated using the

Judd-Ofelt theory [2,146,157] for different concentration of Nd. Hence, Judd-Ofelt

parameters for all the samples for both polarization of light were evaluated from the

absorption spectra, and used for calculating the fluorescence spectroscopic parameters

of Nd ion [143].
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Figure 5.6 Absorption spectra of Nd doped GdVOs crystals in ©- polarized light
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Figure 5.7 Absorption spectra of Nd doped GdVOs crystals in o- polarized light

5.1.5.1 Effect of Nd doping on the absorption characteristic of Nd:GdVO4

Judd-Ofelt parameters were estimated from the absorption characteristics of Nd

ion having the f to f transitions for both the polarization of light using Judd-Ofelt (JO)

theory [2,43,146,157]. The line strengths of forced ED transition ‘S’ were

experimentally evaluated from the absorption spectrum by the following relation

[

2,43,146,157):
. [ a()da
21" 8n3ple? [(n2 + 2)2
9ch(2] +1) 3n
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where e is charge of electron, h is the Planck’s constant, p is the density of Nd**
ions per cc, c is the velocity of light, J and J’ are the total angular momentum of the
initial and final state respectively, a(4) is the absorption coefficient of absorption band

and A is the mean wavelength and n is the refractive index of the host material.

Using the above equation, the line-strengths (Sexp) Of all the transitions were
calculated for different Nd concentrations in GdVO4: 0.727x10%%/cc, 0.970x10%%/cc,
1.213x10%/cc and 1.456x10%%cc. The value of line strength are summarized in the

Table 5.3-5.6.

The line strengths of force ED transitions from an initial manifold [4f°[L, S] J)
to a final manifold |4f°[L’, S'] J') was calculated according to JO theory by using
following relation [2,43,146,157]:

SU=1Y= D S LINUIS LI i (53)

i=2,4,6

where ({|Ui||) represents the doubly-reduced matrix elements of the unit-tensor
operator and the coefficients », ( and % are phenomenological JO intensity
parameters [2,43,146,157]. The matrix elements of rare earth ions were evaluated with
the help of the intermediate coupling approximation [2,43,146,157]. In the present
calculation, the values of doubly reduced matrix elements for Nd [Table 5.2] used are
the ones computed by Carnall et al. [134]. It is to be noted that these matrix elements
are independent of the environment of the rare earth ion within a reasonable
approximation [2,43,146,157]. The line strengths (oscillator strength) of the transition
related to the absorption at 808 and 879 nm, which are used as pumping wavelengths,

as well as other the wavelengths were calculated from the absorption spectrum and are
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given in Table 5.3-5.6. The line strength of a particular transition depends on the

symmetry around rare earth (RE) ion present in the lattice. The stronger oscillator

strength implies stronger covalent bonding among the ligands whereas the smaller line

strength tells higher symmetry around the rare earth ion [143].

Table 5.2 Doubly reduced matrix elements for different transition of Nd [134]

Final transition | Wavelength | ||U2]| |Ua4| | Us||
state [SL]Jf (nm)

P 432 0 0.0381 0

*G11/2,%P312,°D312,°Gor2 475 0.010 0.0431 0.0361

*Gor2 "Gz 532 0.0597 | 0.2180 0.0954

*Gs/2 594 0.8968 | 0.4049 0.0355

*Forz 685 0.0010 | 0.0096 0.0381

*Sai2,*Frr2 751 0.0010 | 0.0447 0.6603

Horz,"Fsia 808 0.0101 | 0.2437 0.5169

*Fap 879 0 0.2299 0.0547

Table 5.3 Line strength of Nd ion for Nd (0.6 at. %):GdVOa4
Initial Final Central Pi polarized Sigma polarized
transition transition wavelength Sexp Scal Sexp Scal
state [SL]Ji | state [SL]J: | (nm) (x10%0 (x10%° (x10% | (x10%°
cm?) cm?) cm?) cm?)
o 2Py 432 0.1876 0.3981 0.1989 | 0.2076
oz *Gur, 2Pap, | 475 1.0516 0.7954 0.6969 | 0.5025
*D312,°Gor

o ‘G, "G 532 2.9609 3.8375 3.2709 | 2.5838
o 4Gsp2 594 14.7906 14.7427 13.2413 | 13.2846
*lor2 *For2 685 0.3054 0.4639 0.2697 | 0.3341
o 4Sa12 *F712 751 5.9466 6.5824 5.0442 4.9305
o 2Hg; ,*Fsp2 808 8.4225 7.4392 4.8713 5.1092
*lorz “Fan 879 2.7293 2.9076 1.2622 1.6397
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Table 5.4 Line strength of Nd ion for Nd (0.8 at. %):GdVO4

Initial Final Central Pi polarized Sigma polarized
transition transition wavelength | Sep Scal Sexp Scal
state [SL]J; | state [SL]Js | (nm) (x10% (x10% (x1020 (x10%°
cm?) cm?) cm?) cm?)
*lor2 2Py 432 0.1072 0.3395 0.1825 0.1920
o ‘Gui, %P3, | 475 0.7912 0.6504 0.5962 0.4370
*D312,°Gorz
*lo ‘G, "G 532 2.3244 3.1263 2.5538 2.3129
*lor2 4Gsp 594 11.4507 11.4061 12.1838 12.2020
*lor2 *For 685 0.7146 0.3661 0.2409 0.2798
*lo Sai2 ,*F712 751 4.6044 5.1240 3.8938 4.0543
*lo 2Hgs ,*Fsp2 808 6.7271 5.9492 4.5247 4.3289
*lor2 *Fai 879 2.3951 2.4393 1.0752 1.4747
Table 5.5 Line strength of Nd ion for Nd (1.0 at. %):GdVO4
Initial Final Central Pi polarized Sigma polarized
transition transition wavelength | Sep Seal Sexp Scal
state [SL]Ji | state [SL]J; | (nm) (x10%0 (x10%° (x10% | (x10%°
cm?) cm?) cm?) cm?)
*lor2 2Py 432 0.1872 0.3840 | 0.1884 0.2041
o ‘Guup, %P3, | 475 1.0990 0.7659 | 0.6320 0.4640
’D312,°Gorz
o 4Go,* G 532 2.8217 3.6896 | 3.1770 2.3923
*lor2 4Gsyo 594 14.1305 14.0837 | 11.8991 | 11.9497
*lor2 *For2 685 0.2769 0.4461 | 0.2953 0.2969
o 4S32,*F 751 5.6580 6.3289 | 4.3716 4.3187
o 2Hg/ *Fsp 808 8.1871 7.1583 | 4.4328 4.5983
*lorz *Fan 879 2.5606 2.8029 1.0503 1.5688
Table 5.6 Line strength of Nd ion for Nd (1.2 at. %):GdVO4
Initial Final Central Pi polarized Sigma polarized
transition transition state | wavelength | Se Scal Sexp Seal
state [SL]Ji | [SL]J (nm) (x10® | (x10% (x10%° (x10%0
cm?) cm?) cm?) cm?)
*lor2 P 432 0.1676 0.3303 0.1613 0.1755
o 4G, %Pap, 475 0.8845 0.6709 0.6009 0.4291
’Daj2,°Gar
o 4Go,* G 532 2.5735 3.2347 2.7805 2.2044
*lorz 4Gsy2 594 12.6203 12.5850 11.3355 11.3720
*lorz *For2 685 0.2713 0.3964 0.2670 0.2870
o 4Sa,*F 751 5.1187 5.6541 4.3309 4.2447
o 2Hgpp *Fsp2 808 7.1468 6.3269 4.1907 4.3805
*lorz *Fa 879 2.2207 2.4286 1.0659 1.3924
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Further, Judd-Ofelt parameters Q2, Q4 and Qs were calculated using the line
strength with the help of least square fitting. The Judd-Ofelt parameters are different for
sigma and pi polarization of absorption spectra that shows the line strength and Judd-
Ofelt parameters depend on the nature of polarization of the incident light [Table 5.7].
The effective Judd- Ofelt parameters (Qeff) were evaluated using Qerr =(Qrt2Q5)/3
[137]. The spectroscopic quality factor (X) depends on the Q4 and Qe parameters as per
the relation X = Q4/Q¢. The higher value of the parameter X signifies dominant
stimulated emission in the gain medium [2,43,146,157]. The calculated spectroscopic
quality factor for Nd doped GdVO4 along [100] are 0.91, 1.02, 0.98 and 0.88 for Nd
doping concentrations of 0.6, 0.8, 1.0 and 1.2 at.%, respectively. The estimated value
of spectroscopic quality factor was found to be maximum for 0.8 at.% Nd doped GdVO4
crystals. It indicates that the optimum doping concentration of Nd in GdVO4 for

efficient lasing is around 0.8 at.% [143].

Table 5.7 Effective Judd-Ofelt parameters of Nd:GdVO4 samples

Judd Ofelt parameters (x10%°) cm?

Nd conc. | €22 Q Qs
7 Pol. o Pol. Qetf 7 Pol. o Pol. Qetf nPol. | cPol. | Qe
(2x) Q) (Qx) (£0) (Qx) ()

0.6at.% | 11.3562 | 12.0735 | 11.8344 | 10.4478 7.1143 | 9.2443 | 7.0800

5.4476 7.8014
0.8at% | 8.4128 | 11.1023 | 10.2058 | 8.9104 | 5.0388 | 6.3293 | 7.1441 | 5.7822 | 6.2362
1.0at.% | 10.8027 | 10.6620 | 10.7089 | 10.0775 | 5.3576 | 6.9309 | 8.8863 | 6.1617 | 7.0699
1.2 at% | 9.8038 | 10.3600 | 10.1746 | 8.6695 | 4.6050 | 5.9598 | 7.9612 | 6.1010 | 6.7211

5.1.5.2 Effect of Nd doping on the emission characteristics

For investigating the effect of Nd doping concentration on the emission
properties of GdVO4 the photo-luminescence (PL) spectra of the samples were recorded
in the range of 1050 to 1100 nm with an excitation at 808 nm under similar experimental

conditions [Figure 5.8]. The emission spectra were characterized by emission at 912
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and 1062 nm. It also has other emissions at 1340 and 1880 nm [65]. Among these, the
PL intensity at 1062 nm is the highest. This peak is characterized by three sharp peaks
at around 1062, 1069 and 1081 nm. The emission intensity at ~1062 nm is the largest

for all Nd concentrations (0.6, 0.8 1.0 and 1.2 at. %) at an excitation of 808 nm.

PL intensity at 1062 nm (the lasing wavelength), 1069 and 1081 nm increases
as the doping concentration of Nd was increased up to 0.8 at.% of Nd doping, but
thereafter it decreases for 1.0 and 1.2 at.% of Nd doping as shown in the Figure 5.8.
Therefore, the emission characteristics also revealed that the optimum concentration of
Nd in GdVO; single crystals for lasing application is around 0.8 at.% of Nd [143]. The
decrease in PL intensity for 1.0 and 1.2 at.% Nd:GdVOs is attributed to the
concentration quenching [64], which occurs due to ion-to-ion interaction resulting into

the reduction of fluorescence life-time [143].

4000
Excitation @ 808 nm — — Nd06at%
1062 nm e —— Nd 0.8 at.%
--=- Nd 1.0 at.%
---= Nd 1.2 at.%
3000 4
3
& il
2 2000- e
7] [T
c R
3 iy
£ Ay
= Y
1000 - kY
R 1>
- -\
l\\/ A Iff "\_,:\\
L ""\ 4 N
5 o .{_: < .'—"’ A Sy
v 1 L} 1 1 N .
1050 1060 1070 1080 1090 1100

Wavelength(nm)

Figure 5.8 Emission spectra of Nd doped GdVOs single crystals
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Further, the emission characteristics of Nd doped GdVOs single crystals were
investigated using the JO theory. Using the effective JO parameters of the luminescence

line-strength for different transitions were calculated and tabulated in Table 5.8.

The radiative transition rate of emission in Nd-ion, i.e. Einstein’s coefficient

(A), are calculated using the relation [2,43,146,157].

64rte?
3n(2] + 1)A3

2 2 2 ) 2
A( - ") = In(n 9+ )l Z Q[ LIS LI o (5.4)

1=2,4,6

The JO parameters obtained for the absorption spectra were used in the
calculation. In the calculation of luminescence transition, the values of matrix elements
(||Ui||y are different from the ones used for absorption and were taken from ref. [2]. The
radiative lifetime was evaluated using the following equation (5.5) and the fluorescence

branching ratio are given by equation (5.6).

1
T=SI05T) (5.5)
N AU -]
By -] = SAG ST e eee ene e (5.6)

The summation in both the expressions is over all possible final states or
terminal states. The branching ratio for different transitions and radiative life-time of
“F312 state of Nd ion for all Nd concentrations are given in Table 5.9. The experimentally
calculated fluorescence lifetime was ~100 and 101 ps for 0.6 and 0.8 at.% whereas, it
decreases to ~92 and ~93 us for 1.0 and 1.2 at.% of Nd doping respectively. The

branching ratio is maximum for *Fs2 —*l11,2 transition and the total contribution of this
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in the all transitions is around ~ 50% , which is almost independent of doping

concentrations of Nd ion [143].

Table 5.8 Luminescence parameters of Nd:GdVO4 samples for different transition

Transition Wavelength Nd 0.6 at.% Nd 0.8 at.% Nd1.0at% | Nd1.2at. %
from *Fs; level (nm) Sal Seal Seal Seal

(x10%° cm?) (x10%° cm?) (x10°° cm?) | (x10%° cm?)
*lor2 912 2.0727 1.8043 1.9894 1.8468
112 1062 4.1876 3.4388 3.8637 3.5836
1312 1340[65] 1.6516 1.3202 1.4967 1.6228
*1s2 1880[65] 0.2145 0.1715 0.1944 0.1848

5.1.5.3 Fluorescence lifetime measurement

Experimentally fluorescence lifetime measurement of Nd doped GdVOg single
crystals were carried out using ultrafast technique. The sample was excited at 808 nm
by Ti:Sapphire femto-second laser (Pulse width: 35fs, repetition rate: 1kHz) and
corresponding fluorescence decay profile of sample was recorded using IR detector and
digital oscilloscope. Figure 5.9 shows the fluorescence decay of 0.6 at.% of Nd doped
sample as a representative data. The fluorescence decay plot has rising part as well as

decaying part.

Therefore, the fluorescence data for all the samples was analyzed and fitted
using the exponential function which has rising as well as decaying part. The decaying
part of fluorescence yield results the fluorescence life-time of Nd:GdVO, samples and
found to be ~100+0.03, 101+0.03, 92+0.03 and 93+0.03 us corresponding to the doping
concentration 0.6, 0.8, 1.0 and 1.2 at.% of Nd respectively. It shows that the
fluorescence life-time of “Fs/, level starts decreasing after 0.8 at.% of Nd doping which

implies that the quenching of Nd ion occurs beyond 0.8 at.% of Nd doping [143].
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Figure 5.9 Fluorescence decay profile of 0.6 at.% Nd ion
Further using the calculated Einstein’s coefficient and the photoluminescence
(PL) spectra [Figure 5.8], the emission cross-section of the *Fs;; —*l11/2 transition for all

doping concentration of Nd:GdVO4 samples was evaluated by the following relations

[2,43,146,157]:

A :
O'e(/l) = WA(] —>] ) e ee aee ren eee ees eee was es wes ee s ees aees (57)
1(A)dA

where 1 is the mean wavelength and A2, is the effective line-width of

emission band.

The emission cross-section of *Fs;» —*l11/» transition for all Nd concentrations

for an excitation at 808 nm was estimated and their values are ~ 4.5x10*° cm?, 4.5x10
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19 em?, 4.0x10%° cm? and 3.98x107° cm? for 0.6, 0.8, 1.0 and 1.2 at.% of Nd

respectively [Table 5.9-5.12].

It shows that the estimated value of emission cross-section for *Faz —*l11/2
transition was found to be nearly same for all Nd doping concentrations. Our finding
shows that the emission cross section is independent of Nd doping concentration
whereas quenching effect reduces the fluorescence life-time as well as the emission

intensity after 0.8 at.% of Nd doping concentration [143].

Table 5.9 Luminescence parameters for Nd (0.6 at.%) :GdVO4 sample

Transition Central Scal A@J-J) B T (ps) Emission cross
from *Fay wavelength | (x102%° | (x10%sec) section for *Fs;
level (nm) cm?) —441p
(x101° cm?)

*lor2 912 2.0727 | 4.3602 0.39745 | ~91

*li1p 1062 4.1876 | 5.4997 0.50133 ~4.5

*l13 1340 1.6516 | 1.0615 0.09676

*l1s2 1880 0.2145 | 0.0489 0.00446

Table 5.10 Luminescence parameters for Nd (0.8 at.%) :GdVO4 sample

Transition Central Scal A@-T) B T Emission cross
from*Fs, | wavelength | (x102° | (x10%sec™) (us) | section for “Fap
level (nm) cm?) —*117
(x10%° cm?)
*lor2 912 1.8043 | 3.7956 0.41259 | ~109
112 1062 3.4388 | 4.5163 0.49093 ~4.5
*l13i2 1340 1.3202 | 0.8485 0.09223
*l1s2 1880 0.1715 | 0.0391 0.00425

Table 5.11 Luminescence parameters for Nd (1.0 at.%) :GdVOs sample

Transition Central Seal A(J-T) B T Emission cross
from “F3, | wavelength | (x102° | (x10%sec™?) (us) | section for *Fgp
level (nm) cm?) —*11
(x10*° cm?)
*lor2 912 1.9894 4.1850 0.40767 | ~97
112 1062 3.8637 5.0743 0.49430 ~4.0
#1372 1340 1.4967 0.9620 0.09371
*lis2 1880 0.1944 0.0443 0.00432

175



Table 5.12 Luminescence parameters for Nd (1.2 at.%) :GdVO4 sample

Transition Central Saal A(-T) B T Emission cross
from *Fap, wavelength | (x102° | (x10%sec?) (1s) section for
level (hm) cm?) *Fa —>*p
(x10° cm?)
*lo 912 1.8468 3.8850 0.40148 | ~103
112 1062 3.5836 4.7065 0.48638 ~3.98
132 1340 1.6228 1.0430 0.10779
#1572 1880 0.1848 0.0421 0.00435

Therefore, to summarize, our findings suggest that the optimum concentration of Nd
ion in GdVOq single crystals is around ~ 0.8 at.% at which the best lasing performance

can be obtained.

5.1.6 Effect of Nd doping on refractive index of GdVOs crystals

Refractive index of undoped and Nd doped in GdVOs single crystals was
measured using the prism coupling technique having four lasers (wavelength: 532, 828,
1064 and 1551 nm) by two orthogonal polarization corresponding to TE and TM modes.
Figure 5.10 shows the variation of detector intensity with respect to angle of incidence

of the laser light recorded in one of the experiments [144].

The refractive index is calculated using the relation n = npsin6; where 6 is
critical angle and np is prism refractive index [117,120,141,148]. As GdVOs is a
uniaxial crystal (tetragonal), [100]-oriented sample plate is having b[010] and c[001]
directions is on the plane of the sample [Inset of Figure 5.10]. The measurement of
refractive index on a [100] plate would provide the value of ordinary refractive index,
(no) for TM mode of incident laser light, whereas TE mode would give the extra
ordinary refractive index (ne) along any direction perpendicular to [100] depending on

the contact made with the prism face.
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During the measurement the sample was placed in such a manner that the TE
mode would result into n[001] (extra-ordinary refractive index, ne) [inset of Figure
5.10]. Refractive indices of undoped and Nd doped GdVOs crystal and doped with
different doping concentrations of Nd ion i.e., 0.2, 0.6, 0.8, 1.0, 1.2 and 1.6 at.% were
measured for four different wavelengths along c[001] and a[100]-direction at room

temperature (30 °C) and the values are tabulated in Table 5.13.

Sample orientation

Intensity of detector (a.u.)

~—
Figure 5.10 Variation of intensity of detector as function of angle of
incidence. Inset shows the orientation of the sample

Table 5.13 Refractive index of different Nd doping concentration in GdVOg crystals

Wavelength 532 nm 828 nm 1064 nm 1551 nm

_)

Nd conc.4 Ne No Ne No Ne No Ne No
undoped 2.279(5) 2.033(0) | 2.209(2) | 1.984(8) | 2.191(1) 1.972(1) 2.173(0) | 1.959(1)
0.2 at.% 2.276(1) 2.033(7) | 2.205(3) | 1.984(8) | 2.187(8) 1.972(4) 2.169(7) | 1.959(8)
0.6 at.% 2.273(7) 2.033(3) | 2.203(9) | 1.984(9) | 2.186(2) 1.972(1) 2.168(7) | 1.959(2)
0.8 at.% 2.277(7) 2.033(5) | 2.206(3) | 1.984(5) | 2.189(1) 1.972(1) 2.171(8) | 1.959(4)
1.0 at.% 2.279(4) 2.033(8) | 2.208(7) | 1.984(2) | 2.191(1) 1.971(5) 2.173(0) | 1.958(9)
1.2 at.% 2.280(3) 2.033(2) | 2.209(9) | 1.984(5) | 2.191(7) 1.972(0) 2.173(9) | 1.959(4)
1.6 at.% 2.281(8) 2.034(4) | 2.211(0) | 1.984(6) | 2.192(9) 1.972(6) 2.175(0) | 1.960(0)
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Referring to Figure 5.11 (a-d), it was observed that extra-ordinary refractive
index initially decreases with increasing Nd doping concentration and thereafter it
gradually increases and surpasses the value of undoped GdVOg for the concentration
higher than 1.0 at.% Nd. For 1.2 and 1.6 at.% Nd, the extra-ordinary Rl of GdVO4
crystal become higher than that of undoped GdVOg4 crystal as shown in Figure 5.11 (a-

d) and listed in Table 5.13 [144].
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Figure 5.11 Variation of refractive index with different doping concentration of Nd in
GdVOq at different wavelength (joining lines are for guiding the eye).

The refractive index depends on the electron density of the bound valence
electron of the constituent atoms in the lattice, lattice parameters and the macroscopic
polarizability of the material, which is certainly influenced by doping. The macroscopic

polarizability depends on the ease of polarization of the molecules and structure of the
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lattice. The variation of refractive index (n) with macroscopic polarizability of a

material is given by Classius-Mossotte relation:

(e-1) (*-1) dmay
(e+2) (m?+2) 3V

e (5.9)

where, am is the polarizability of the macroscopic sphere of volume V.

In the crystal lattice, on doping, the Nd ions replace the Gd ions of the host
medium [59,159]. The electron density of Gd*" ion (having seven unpaired valance
electrons and ionic radii: 107.8 pm) is higher than Nd** ion (having three unpaired
valance electrons and ionic radii: 112.3 pm) [159,160]. When Nd ion is doped in GdVO4
crystals, the electron density of the material decreases that in turn decreases the extra-
ordinary refractive index of the material. On the contrary, the XRD result shows that

because of Nd substitution the lattice elongates along the c-direction.

The macroscopic polarizability is, therefore, higher for an electric field parallel
to the c-direction that leads to an increase in the extra-ordinary refractive index of the
material. The variation of extra-ordinary RI on doping is, therefore, attributed to both
these phenomena. As per our findings, at lesser Nd* doping concentration, the
contribution of decrease in electron density sue to Nd** ions dominates that leads to a
decrease in the RI and at higher doping concentration, RI increases due to lattice
expansion induced increase in the polarizability. Possibly the effect of the lattice
elongation dominates over the reduction in the electron density beyond 0.6 at.% of
doping, resulting into the trend observed in the RI. Subsequently the extra-ordinary RI
becomes equal to that for the undoped samples when the doping concentration is

1.0 at.% Nd [144].
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The ordinary RI remains more or less unaffected on Nd doping within the
measurement limit of the present investigation [Table 5.13]. It is to be noted that Nd ion
occupies the octahedral site in the lattice [119,159] and also the structural analysis
carried out in present investigation shows that the oxygen octahedra elongates only
along the c-direction with an increase in Nd doping concentration. Hence doping of Nd
only influences the refractive index for extra-ordinary polarization of incident light

significantly in comparison to the ordinary polarization [144].

Further the measured refractive index data for undoped and Nd doped crystals
was fitted to the Sellmeier equation [116,121,122,141]:

By (T)

le(/l, T) = Ay(T) + m

— D(T)A% oo eee e (5.10)

where Ao(T), Bo(T), Co(T) and Do(T) are the Sellmeier coefficients at a
temperature T (in °C) and A is the wavelength (in um). The plots for Sellmeier fitting
for no and ne for all the Nd oped and undoped GdVVO4 samples are shown in Figure 5.12
(a-g). Sellmeier coefficients of all the samples were estimated and are listed in Table

5.14.

Table 5.14 Sellmeier coefficients for undoped and doped with 0.2, 0.6, 0.8, 1.0, 1.2
and 1.6 at.% Nd in GdVOs single crystals

Sellmeier coefficients | undoped ’ Nd 0.2 at.% ’ Nd 0.6 at.% | Nd 0.8 at.% | Nd 1.0 at.% } Nd 1.2 at.% | Nd 1.6 at%
TE mode (n.) at 30 °C

Ag 4727 (14) | 4.721(67) | 4.703(84) | 4.725(56) | 4.734(08) | 4.728(00) | 4.730(57)

Bo 0.106(23) | 0.095(74) | 0.103(24) | 0.094(45) | 0.097(57) | 0.105(76) | 0.106(67)

Co 0.060(59) | 0.077(32) | 0.063(89) | 0.081(28) | 0.074(52) | 0.062(26) | 0.061(44)

Do 0.019(75) | 0.022(95) | 0.018(57) | 0.020(57) | 0.022(45) | 0.018(83) | 0.018(89)
TM mode (n,) at 30 °C

Ao 3.850(64) | 3.845(68) | 3.835(77) | 3.845(51) | 3.837(75) | 3.842(17) | 3.853(96)

Bo 0.062(58) | 0.063(73) | 0.072(54) | 0.063(13) | 0.067(29) | 0.065(45) | 0.057(15)

Co 0.065(95) | 0.066(29) | 0.062(69) | 0.067(96) | 0.060(21) [ 0.061(44) [ 0.085(39)

Do 0.017(81) | 0.013(35) | 0.011(64) | 0.013(83) | 0.012(12) | 0.012(82) | 0.015(38)
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Table: 5.14 show the variation of the Sellmeier coefficients with respect to the
doping concentration of Nd ion. It was found that the Sellmeier coefficients for TE
mode (ne) is higher than the Sellmeier coefficients of TM (no) mode for all the Nd

doping concentrations.

This is because of higher value of the extra-ordinary refractive index compared
to the ordinary refractive index. Also, the Sellmeier coefficients for TM mode (no) are
nearly unaffected by the Nd doping concentrations which is expected as the n, does not

change appreciably with doping concentration of Nd [144].

5.1.6.1 Temperature dependence of refractive index

The thermo-optic coefficient of laser gain medium is an important thermal
parameter for designing and developing a laser system. The temperature dependent
refractive index measurement was carried out in the temperature range of 30-150 °C in

the interval of 25 °C in the similar geometry.

The temperature of both the sample and the prism could be controlled with an
accuracy of around +1°C. From the measurement, it was observed that as the
temperature of all the Nd doped samples was increased, the refractive index of sample
also increases that results positive thermo-optic coefficient of GdVOs crystals. The
occurrence of positive or negative of thermo-optic coefficient of any material can be

understood from the equation (5.11) in combination with the equation (5.9) [151].

(e + 2)1(8 N (g—;)P =—p+ [ﬁ%(%}”u + %(‘%’f)v e (5.11)

where, ¢ is the permittivity and £ is the thermal expansion coefficient. Generally

the material which has high melting point and mechanical hardness exhibits relatively
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low thermal expansion (which can be understood through Griineisen parameter) [152].

Nd:GdVOs crystals having high melting point (1780°C) and mechanical hardness

(~5 mohs) shows positive thermo-optic coefficient due to the relatively low contribution

of the first term in equation (5.3).

Sellmeier coefficients Ao(T), Bo(T), Co(T) and Do(T) for all the samples were

calculated at different temperature by fitting Sellmeier equation and are tabulated in

Table 5.15 and 5.16. In the Sellmeier equation, value of the refractive index is mainly

governed by the dimensionless parameter Ao(T). The other terms in the Sellmeier

equation signifies the wavelength dependence of the refractive index [144].

Table 5.15 Sellmeier coefficients of ne for all the doping concentrations of Nd at different

temperature

Temp.({)/ Nd conc.— | 0.0at.% | 0.2at% |0.6at% |08at% |1.0at% |12at% | 1.6at.%
Ao 4.741(06) | 4.722(31) | 4.712(37) | 4.750(17) | 4.737(63) | 4.724(73) | 4.727(94)
Bo 0.099(69) | 0.100(79) | 0.103(62) | 0.085(01) | 0.100(13) | 0.113(24) | 0.114(09)
@50°C Co 0.072(55) | 0.070(31) | 0.064(85) | 0.096(63) | 0.072(14) | 0.052(49) | 0.050(08)
Do | 0.022(10) | 0.020(99) | 0.018(76) | 0.026(14) | 0.020(57) | 0.016(83) | 0.016(67)
Ao 4.741(22) | 4.732(79) | 4.714(21) | 4.760(75) | 4.737(65) | 4.740(24) | 4.773(04)
Bo 0.107(51) | 0.101(78) | 0.109(41) | 0.085(21) | 0.107(25) | 0.108(14) | 0.090(03)
@75°C Co 0.061(85) | 0.069(18) | 0.058(21) | 0.097(17) | 0.062(89) | 0.062(86) | 0.087(82)
Do | 0.019(62) | 0.022(08) | 0.016(89) | 0.026(78) | 0.017(61) | 0.018(30) | 0.026(72)
Ao 4.750(97) | 4.747(49) | 4.731(91) | 4.749(22) | 4.759(83) | 4.746(09) | 4.770(84)
Bo 0.105(81) | 0.098(58) | 0.104(17) | 0.098(88) | 0.098(77) | 0.111(66) | 0.098(19)
@ 100°C Co 0.067(52) | 0.076(16) | 0.066(52) | 0.077(65) | 0.077(24) | 0.058(82) | 0.077(24)
Do | 0.020(03) | 0.024(42) | 0.019(59) | 0.020(50) | 0.021(99) | 0.017(88) | 0.025(01)
Ao 4.757(19) | 4.754(91) | 4.747(11) | 4.763(55) | 4.764(75) | 4.745(92) | 4.774(37)
Bo 0.108(82) | 0.099(62) | 0.100(52) | 0.094(32) | 0.103(93) | 0.121(15) | 0.101(72)
@ 125°C Co 0.063(05) | 0.075(87) | 0.073(82) | 0.086(70) | 0.069(12) | 0.044(87) | 0.073(40)
Do | 0.019(49) | 0.024(07) | 0.022(42) | 0.022(27) | 0.021(45) | 0.016(10) | 0.024(18)
Ao 4.776(10) | 4.769(18) | 4.747(90) | 4.762(57) | 4.778(70) | 4.754(80) | 4.789(11)
. Bo 0.102(91) | 0.096(33) | 0.105(79) | 0.101(77) | 0.099(42) | 0.124(68) | 0.096(42)
@150°C Co 0.072(61) | 0.081(40) | 0.067(51) | 0.076(26) | 0.079(32) | 0.042(40) | 0.084(78)
Do | 0.022(75) | 0.026(20) | 0.020(02) | 0.019(85) | 0.023(44) | 0.014(25) | 0.025(09)
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Table 5.16 Sellmeier coefficients of n, for all the doping concentrations of Nd at different

temperature
Temp.(1)/ Nd conc.(—) | 0.0at% | 0.2at% |06at% |08at% |10at% |1.2at% | 1.6at%
Ao | 3.843(20) | 3.857(61) | 3.847(97) | 3.840(32) | 3.856(50) | 3.857(23) | 3.875(97)
Bo | 0.072(09) | 0.059(44) | 0.064(43) | 0.071(23) | 0.060(29) | 0.059(08) | 0.048(80)
@ 50 °C Co | 0.045(95) | 0.078(35) | 0.066(79) | 0.049(47) | 0.074(73) | 0.078(78) | 0.106(37)
Dy | 0.014(18) | 0.015(32) | 0.013(99) | 0.010(08) | 0.016(62) | 0.015(75) | 0.021(64)
Ao | 3.851(06) | 3.884(08) | 3.848(69) | 3.854(10) | 3.857(15) | 3.853(27) | 3.874(35)
Bo | 0.070(04) | 0.045(34) | 0.070(42) | 0.066(45) | 0.062(58) | 0.067(48) | 0.054(88)
@ 75°C Co | 0.052(21) | 0.117(49) | 0.053(32) | 0.062(26) | 0.074(06) | 0.059(76) | 0.090(19)
D, | 0.013(86) | 0.021(17) | 0.012(13) | 0.013(07) | 0.014(20) | 0.013(06) | 0.018(09)
Ao | 3.867(27) | 3.866(74) | 3.852(41) | 3.863(93) | 3.862(15) | 3.850(44) | 3.875(33)
Bo | 0.063(35) | 0.061(31) | 0.073(01) | 0.062(98) | 0.066(13) | 0.073(03) | 0.057(22)
@ 100 °C Co | 0.068(37) | 0.077(23) | 0.047(84) | 0.072(27) | 0.062(41) | 0.049(31) | 0.086(99)
Dy | 0.017(21) | 0.013(73) | 0.011(66) | 0.014(14) | 0.015(38) | 0.010(36) | 0.016(94)
Ao | 3.863(42) | 3.868(53) | 3.857(22) | 3.860(93) | 3.884(78) | 3.860(51) | 3.885(36)
Bo | 0.069(83) | 0.065(47) | 0.073(29) | 0.070(34) | 0.054(02) | 0.071(52) | 0.054(33)
@ 125°C Co | 0.055(21) | 0.066(43) | 0.048(17) | 0.055(62) | 0.097(91) | 0.051(44) | 0.095(25)
D, | 0.013(59) | 0.013(69) | 0.011(26) | 0.011(83) | 0.021(32) | 0.012(16) | 0.018(83)
Ao | 3.872(36) | 3.844(39) | 3.858(39) | 3.866(05) | 3.871(75) | 3.869(62) | 3.880(09)
Bo | 0.067(46) | 0.084(01) | 0.083(84) | 0.069(81) | 0.064(08) | 0.067(35) | 0.062(30)
@ 150 °C Co | 0.061(72) | 0.030(88) | 0.026(31) | 0.059(77) | 0.073(65) | 0.065(16) | 0.075(05)
Dy | 0.014(63) | 0.004(44) | 0.006(86) | 0.011(60) | 0.014(00) | 0.013(00) | 0.014(70)

Further, the thermo-optic coefficient (temperature coefficient of the refractive
index) was estimated from the refractive indices measured as a function of temperature
for different wavelength for undoped and all Nd doped samples [Figure 5.13(a)-
5.13(e)]. The variation of refractive index with respect temperature for both the ne and
no of samples was found to be linear on fitting (standard deviation ~10°, R2-value ~0.
0.9977) as per the following relation [151]:

dn;(2)
dT

where j represents ordinary or extraordinary refractive index (o, e), T is

temperature in °C, n°(L) refers to the refractive index at 0°C for a specific wavelength

and dn/dT is the temperature coefficient of RI.

The thermo-optic coefficients for both the ne and no of undoped and Nd doped

GdVOs crystal was found almost independent of doping concentration of Nd which is
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favorable in terms of laser designing, whereas in the refractive index measurement we
observed that there is a variation in extra-ordinary refractive index with Nd doping
concentration. However, the thermo-optic coefficients for both ne and n, of all samples
decreases as the wavelength was increased. This is because of refractive index is
inversely proportional to the wavelength of the light and small variation of refractive
index takes place at higher wavelength according the Sellmeier equation. In the present
measurement, the values of the thermo-optic coefficient for undoped and all the Nd
doped GdVOs crystal is ~10° /°C [Table 5.17]. In literature, the thermo-optic
coefficient of RI for Nd doped GdVO4 samples are characterized by a range of values:
in some of the reports, the value is ~10° /°C [123,161,162] whereas in some cases the

value is ~10%/°C [152,163-165].

One interesting observation of the present investigation is that the thermo-optic
coefficient for extraordinary RI is always higher than that of ordinary RI, whereas
Mukhopadhyay et al. [163], Shen et al. [123], Sato et al. [164] and Qin et al. [161]
reported that the thermo-optic coefficient for ordinary RI is always higher than that of
extraordinary RI. However, it is noteworthy that Soulard et al. [165] reported that the
dn/dT for ne is higher than that for no, which is in line with the present observation. This
can be understood from the fact that thermal expansion in the c-direction is higher
compared to the other two directions [164]. As a result easy of change of macroscopic
polarization (polarizability) in the c-direction causes the increase in extra-ordinary
refractive index with increase in temperature and can be explained using the equation

(5.9) and (5.11) on the basis of macroscopic polarizability at constant pressure.
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An empirical relation is proposed for calculating the thermo-optic coefficient at
any desired wavelength in the range of 532 to 1551 nm, the measured thermo-optic

coefficients were fitted by employing to cubic polynomial.

The fitted equations for undoped GdVO4 and Nd doped GdVOs crystals are
listed as equation 5.13-5.26 for both orthogonal polarization of light [R? value~ 0.9977-
0. 9998]. This is an important set of equations, as it will enable the estimation of the
thermo-optic coefficient in this wavelength range, which is a critical parameter for

designing laser cavity [144].

(dn)Undoped (6 145 5.643 4.863 1.777> % 10-5/°C 5.13
dT/n, ' A 22 23 [7C e (5:13)
(dn)Undoped (9 c33 7.045 4.328 5.847) % 10-5/°C 5.14
dT/, ' PR 3 [7C e (514)
<dn)°-2 at (1 Log 4 17182 13.334 3-721> x 1075/°C 5.15
dT/, ' A 22 23 [7C e (513)
(dn)O.Z at.% (5 313 1.741 1.615 0781> % 10_5 oc 5.16
dT/n,, ' A 22 3 [7€ e (3:16)
(dn>0'6 at.% (2 784 13.678 11.065 3326) x 1075/°C 5.17
dT/n, ' A 22 A3 f7C e (317)
<dn)0.6 at% <5 16 2.068 3.412 9.115) % 10-5/°C 5.18
dT/p, ' A 22 A3 / v (5:18)
dny 28 % 15498 14.310 3.5011 e
(dT>n - (13-022 — ' 22 FE > xX107>/°C ..........(5.19)
<dn)O.B at.% <6 506 2.762 4.509 1282) x 1075/°C 5.20
dT/p, ' A 22 A3 / e (5:20)
(dn>1.0 at.% (5 009 5.232 6.511 2126) v 10_5 oc 5.21
dT/n, ' PR A3 76 e (521)
(dn)l‘o at.% (9 017 8.297 6.443 1.217) % 10-5/°C 5.22
dT/, ' PR 3 [7C e (322)
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<dn>1.z at.% ~ (13 205 18.408 N 18.405 4.882) % 10-5/°C 5.23
dr/n,  \7 A 22 23 [7C e (3:23)
(dn)l.Z at.% ~ (8 960 9.894 N 9.368 2.297) % 10-5/°C 5.24
dT/p, 7 A 22 23 [PC e (3:29)
(dn)1'6 awh (4 043 + 4.630 s 1.604 5.181> % 10-5/°C 5.25
dr/n, \7 A 22 3 L (5:25)
(dn)1'6 at.% ~ (10 049 11.694 N 10.895 2.864) % 10-5/°C 5.26
dT/), — \ 2 e 23 [7C e (5:26)

Further, the effect of Nd doping on the birefringence of GdVO4 crystals was
estimated at different temperature and wavelength. It was found that the birefringence
increases with respect to the temperature of the sample and decreases with the increase

in wavelength as shown in Figure 5.14(a)-5.14(qg).

It was observed that the birefringence of undoped GdVOs crystal was higher
than the Nd doped GdVOs crystals. As the doping of Nd ion in GdVOg4 crystal was
increased, the birefringence of GdVO4 increases for full temperature range due to the

increase of extra-ordinary refractive index with increase in Nd doping concentration.

The birefringence of Nd (1.2 and 1.6 at.%) doped GdVOs crystals crosses over
the undoped GdVO, crystal at all the wavelength. The refractive index analysis
therefore concludes that a lesser concentration of Nd ions exhibit lesser birefringence,

which is an important laser design parameters [144].
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Figure 5.14 Dependence of birefringence on temperature for different Nd doping concentrations
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The thermo-optic coefficient of birefringence of crystals were estimated by the

linear fitting using the equation (5.27).

An(A,T) = An(A), + (

dAn(A)
dr

where An(A). is the birefringence at 0 °C.

>T e (5.27)

The value of thermo-optic coefficient of birefringence is ~10°/°C. It decreases

with the increase in wavelength. Also An(\)o is higher for undoped GdVO4 compared

to the Nd doped GdVOas. The value An(A)o of Nd doped GdVOs crystal increases as the

doping of Nd concentration increases and it became equal at 1.0 at .% of Nd to undoped

GdVOs and then crosses over to it. Also An(L), decreases as the wavelength increases

[Table 5.18]. The TOC of birefringence is nearly three time lesser than that of RI of the

crystal [144]. Therefore, the uniaxial GdVOs crystal has favourable birefringence

properties and can be used in the field of generating polarized light, optical isolator and

in the measurement of optical transmission system as a passive fiber-optic component

[123].
Table 5.18 Thermo-optic coefficient of birefringence
Undoped GdVO4 Nd 0.2 at.% Nd 0.6 at.% Nd 0.8 at.% Nd 1.0 at.% Nd 1.2 at.% Nd 1.6 at.%
Wavelength | An(r)o dAn/dT | An(A)o dAn/dT | An(A)o dan/dT | An(A)o dAn/dT | An(A)o dAn/dT | An(A)o dAn/dT | An(A)o dAn/dT
(um) 10%/°C 10%/°C 105/°C 10%/°C 105/°C 10%/°C 10%/°C
0.532 0.245(1) | 3.(6) 0.241(4) | 3.0 0.239(1) | 3.8) 0.243(3) | 3.(2) 0.244(6) | 3.(8) 0.246(1) | 3.2) 0.246(5) | 3.(8)
0.828 0.223(4) | 2.(3) 0.219(8) | 2.(2) 0.218(4) | 2.(7) 0.221(0) | 2.(5) 0.223(4) | 2.(9) 0.224(2) | 2.(9) 0.225(7) | 2.(8)
1.064 0.218(5) | 2.(5) 0.214(0) | 2.(5) 0.213(3) | 2.(6) 0.216(7) | 2.(1) 0.218(4) | 2.(6) 0.218(8) | 2.(3) 0.219(3) | 2.(2)
1.551 0.214(5) | 1.(5) 0.209(2) | 1.(7) 0.209(1) | 1.(8) 0.211(6) | 2.(1) 0.213(5) | 2.(5) 0.213(8) | 2.(0) 0.214(7) | 1.9
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5.2 Laser testing of Nd doped GdVOs elements

Finally, the laser testing of the elements fabricated from grown Nd doped

GdVOq crystals has been carried out for the two different orientation of crystal.

5.2.1 Orientation of crystal and fabrication of element

One of the grown crystals of Nd doped GdVO;4 crystals were oriented using
Proto make X-rays Laue diffraction setup working in the back-reflection geometry. The
crystal was mounted in a 3-axis goniometer and X-ray Laue diffraction pattern was
recorded at 30kV tube voltage and 30mA current. Laue pattern of the (100) plane is

shown in Figure 5.15.

Figure 5.15 Laue pattern of the (100) plane of Nd:GdVOs crystal

The observed sharp and symmetrical diffraction spots depicts the two-fold
symmetry of the (100) face of the crystal, which is slightly off-axis, but having good
crystalline perfection [61,142]. The grown crystal was oriented based on the recorded

Laue pattern and cut using the diamond wheel crystal cutter. [100] and [001] oriented
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elements of dimension 4x4x5-6 and 3x3x5-6 mm? were prepared as shown in Figure

5.16. The fabricated element was lapped and polished.

Figure 5.16 (100) and (001)-oriented laser elements of Nd:GdVOg crystals

5.2.2 Deposition of Anti-reflection coating on Nd:GdVOg elements

The anti-reflection (AR) coating on the [100]-and [001]-oriented Nd doped
GdVO;q laser element was done on both the entrance and exit faces of the element to
minimize the cavity reflection losses and improve the lasing output power. For the
deposition of AR coating ion-assisted electron beam evaporation was used. To improve
the uniformity of the thickness, the element was rotated at 5rpm during deposition. SiO2
(purity 99.99%) granules were evaporated for deposition. Chamber base pressure was
kept at 2x107 mbar. Deposition temperature was maintained at 150+1°C. lon assisted
deposition was carried out using a grid less end hall ion source (90 eV, 3.0 A, gases: 20
sccm Oz & 10 scem Ar) and neutralizer combination. High purity (99.995%) Oz and Ar
were injected in the ion source and hollow cathode electron source respectively. The
deposition rate was maintained at 0.5+0.01 nm/s, controlled by quartz crystal monitor
providing a feedback to the e-beam gun. The optical thicknesses monitoring was used

for in-situ transmission measurement. Deposited AR coating on dummy substrate was
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characterized using spectrophotometer (CARY5000 & CARY50) and found as per

design and in-situ measured values [142].

5.2.3 Laser performance of AR coated Nd:GdVOa single crystal

Lasing characteristic of the AR coated [001]-oriented element was evaluated
using plane-plane mirror geometry with 808 nm pumping. The details of the
experimental setup and measurement is presented in section 2.10. For the AR coated
element maximum output power ~2.7 W at 11.2 W of incident pump power with slope
efficiency ~39% was obtained for 95% reflectivity of the output coupler [Figure 5.17].

Also the laser threshold was found to 3.1 W.

3.0
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Figure 5.17 Laser performance of [001]-cut Nd:GdVOq crystal
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The testing of lasing for [100]-oriented element carried out using plane-plane
resonator geometry (output coupler reflectivity =89%) with 808 nm pumping. The
length of the cavity was 50 mm. CW laser emission at 1064 nm was demonstrated. The
laser output power of 4.57 W at 1064 nm was achieved for 11.94 W of incident pump
power as shown in Figure 5.18. The slope efficiency was around 49.7%. The laser
emission profile was recorded by beam profiler and it was nearly Gaussians as shown

Figure 5.19 [142].
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Figure 5.18 Laser performance of [100]-cut Nd:GdV O3 crystal

Figure 5.19 Laser beam profile of Nd:GdVO4 elements
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5.3 Characterization of Cr co-doped Nd:GdVOs single crystals

The single crystals with Cr (1.0, 1.2 and 1.5 at.%) co-doped Nd (0.5
at.%):GdV O, are grown by OFZ method in the varied oxygen ambience such as, 10%,
20% and 25 % O». The dimension of grown Cr:Nd:GdVOs single crystals are 4-5 mm

in diameter and 15-30 mm in length [166].

5.3.1 Optical absorption measurement of Cr co-doped Nd:GdVOs crystals

The transmission spectra for the Cr co-doped Nd (0.5 at.%):GdVOs crystals
were recorded for all the Cr co-doped samples using JASCO spectrophotometer in the
two orthogonal polarization of light. The corresponding absorption coefficient were
calculated using the equations (5.1) and the recorded absorption spectra are shown in
the Figure 5.20-5.22. The absorption spectra are characterized by the multiple peaks at
594, 751, 808 & 879 nm due to Nd** ion & broad peak at 1100 nm (900-1300nm) and
650 nm due to Cr°* ion. The broad absorption peak at 1100 nm and 650 nm due to Cr**
ion are sensitive to polarization of incident light. The transitions peak of Cr at 1100 nm
are allowed for n- polarization of light whereas the transitions at 650 nm are allowed
for o- polarization of light. The broad peak at 1100 nm due to Cr°* ion may used for
self Q-switching application in Nd:GdVO4 crystals emitting at 1064 nm. The absorption
spectra for m- polarization and o- polarization are shown in the Figure 5.20-5.22 for
three Cr doping concentrations at different oxygen ambience during growth respectively

[166].
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In addition, the absorption spectra exhibit few interesting facts. When Cr
concentration is low, i.e. around 1.0 at.% in the crystals, and the oxygen content is
increased in the growth ambience, the absorption of Cr®* ion at 1100 and 650 nm
decreases as can be seen in Figure 5.23. On the other hand, when the Cr concentration
is high, i.e. around 1.2 and 1.5 at.% in the crystals, as expected, the absorption of Cr**
ion at 1100 and 650 nm increases with increase of the oxygen content in the growth
ambience (for 10, 20 and 25 %). This is entirely a different feature or reverse effect to
what is observed for low Cr concentration. A similar anomaly had been observed for Cr
co-doped Nd:YVO; single crystals as well [20]. To have a comparative understanding
of lower and higher doping concentration of Cr, the optical absorption spectra for the

7t- polarization of light are re-plotted in the range of 900 to 1500 nm in Figure 5.23[166].

Growth @ 10% Q, Nd 0.5 at.% Cr 1.2 at.% Growth @ 10% 0,

Nd 0.5 at.% Cr 1.0 at.%

- G th @ 20 % O
| rowth @ un 2 104 - - Growth @ 20% O,
- — Growth @ 25% O, ---- Growth @ 25 % 0,
44 8 2,
n-Polarized :

n-Polarized

Abs. coeff. (cm A )
Abs. coeff. (cm'1)

Tyt 0

— T - T T T T T T =are T T T T T T T T T T
900 950 1000 1050 1100 1150 1200 1250 1300 1350 140 900 950 1000 1050 1100 1150 1200 1250 1300 1350 1400
Wavelength (nm) Wavelength (nm)

1 Nd 0.5at.% Cr1.5 at.% Growth @ 10% O,
74 - — Growth @ 20% 05
P -+ -~ Growth @ 25 % 04

= % n-Polarized

Abs. coeff. (cm'1)
FY
1

or-y———"7— 77T 7T T T T T
900 950 1000 1050 1100 1150 1200 1250 1300 1350 1400

Wavelength (nm)
Figure 5.23 n-Polarized absorption spectra for all Cr concentration in the Nd:GdVO4

grown in different ambience
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The integrated area of Cr at 1100 nm for all the samples grown in different oxygen

containing ambience were calculated after baseline correction and listed in Table 5.19.

Table 5.19 Integrated area of absorption centered at 1100 nm for all the samples

Integrated area (nm cm-1)
Oxygen in growth ambience 10 % 20% 25%
Cr 1.0 at.% Nd 0.5 at.% GdVOg4 851 346 174
Cr 1.2 at.% Nd 0.5 at.% GdVOg4 136 265 1681
Cr1.5at.% Nd 0.5 at.% GdVO4 464 532 1368

5.3.2 Comparative absorption study of Cr co-doped Nd:GdVOs4 and
Nd:YVOs crystals

To compare the optical absorption properties of Cr, co-doped Nd:GdVO4 and
Nd:YVOs single crystals, the optical absorption spectra of lower and higher doping of
concentration of Cr for the =t- polarization of light are plotted with increasing the oxygen

contain in the growth ambience [Figure 5.24-5.25].

It was observed that both the crystals show the similar behavior at lower
concentration as well as higher concentration of Cr. At lower concentration of Cr, both
crystals show a decrease of absorption at 1100 nm with increase of oxygen
concentrations as shown in the Figure 5.24 and for higher concentration of Cr, both
crystals show an increase of absorption at 1100 nm with increase of oxygen

concentrations as shown in the Figure 5.25.
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The comparison of absorption data around 1100 nm between the Nd:Cr:GdVO4
and Nd:Cr:YVOq [167] crystals grown in oxygen ambience reveals a very interesting
fact. For Cr doping concentration of 2.0 at.%, in Nd:YVOsand 1.5 at.% in Nd:GdVO4
the absorption is found to increase as the oxygen content in the growth ambience
increased [Figure 5.24] [167]. This is expected as reported in Ref [20]. When the
crystals are grown in lower oxygen-containing ambience, a higher concentration of
oxygen vacancies is generated in the grown crystal, as oxygen tends to escape from the
lattice [168]. This in turn reduces the Cr°* present in the lattice to Cr®* to compensate

the charge imbalance arising due to the presence of oxygen vacancies [20]:
Oo —1/2 02 + Vo + 2e (generation of oxygen vacancy),
Cr’* + 2e — Cr® (reduction of Cr®*

Here O, represents the oxygen occupancy at the oxygen site and Vs is the oxygen
vacancy. When the oxygen content in the ambience is increased, the number of oxygen
vacancies decreases and as a result Cr retains its desired pentavalent state. As the
absorption around 1100 nm is a characteristic of Cr in the pentavalent state [74,169],
the crystals grown in ambience containing higher oxygen exhibits higher absorption at
1100 nm, as the crystals contain a higher concentration of Cr in the pentavalent state

(Figure 5.23 (b-c)).

However, when the comparison was made with the crystals having Cr
concentration of 1.0 at.% in the both crystals (Nd:GdVO4 and Nd:YVO4[167]) areverse
effect was observed. It was found that the absorption around 1100 nm decreases with
the increase in the oxygen content in the growth ambience (Figure 5.23 (a)). This

implies that at lower concentration of Cr, the presence of oxygen in the growth
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ambience inhibits the formation of Cr®" A possible explanation for this may be as
follows: YVOs crystal has defects like vanadium and oxygen vacancies as studied in

the literature [20,170].

When the crystals with lesser concentration of doping are grown in lower
oxygen-containing ambience, for crystals grown with a lower concentration of doping,
the Cr gets easily incorporated in the intrinsic vanadium vacancy (Vcr), as there would
be sufficient vacant sites promoted by the growth condition. However, as the oxygen
content in the ambience is increased, the concentration of oxygen vacancy in the crystal
decreases, which in turn decreases the vanadium vacancy for overall charge balancing.
Thus, the concentration of Cr incorporated in the lattice decreases in the absence of
sufficient vanadium vacancy. The results have been published in Applied physics A

[167].

5.3.3 Optical emission characteristics of Cr co-doped Nd:GdVOs crystals
For investigating the effect of Cr (1.0, 1.2 and 1.5 at.%) doping concentration
on the emission properties of Nd (0.5 at.%) GdVOa the photo-luminescence (PL)
spectra of Cr doped Nd:GdVO4 samples were measured in the range of 900 t01500 nm
with an excitation at 808 nm. It was observed that the intensity of photo-luminescence
at 1064 nm for 1.0 at.% Cr co-doped Nd:GdV O crystals is minimum for the crystal
grown in 10% of oxygen ambience and PL intensity increases with increasing the

oxygen contain in the growth ambience (Figure 5.26).

This is inline with the absorption data, where the absorption of Cr°* at 1064 nm
is maximum for the same oxygen level (10%) for 1.0 at.% Cr doping concentration, and

the absorption decreased with the increase of oxygen level. Hence, the generated PL is
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absorbed more compared to the crystals grown in higher oxygen containing ambience

(20 and 25%)[166].

Similarly, the intensity of PL at 1064 nm is minimum for the crystal grown in
25% of oxygen ambience for 1.2 and 1.5 at.% of Cr doping concentrations in the
Nd:GdVO;s crystals and the PL intensity further decreases with the increase of the
oxygen in the growth ambience (Figure 5.27). This is because the absorption of Cr°* at
1064 nm was found to be maximum for the same oxygen level (25%) and these doping

concentrations, thus more PL is absorbed [166].
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Figure 5.26 Photo-luminescence spectra of Cr (1.0 at.%) co-doped
Nd:GdVOyq crystals
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Figure 5.27 Photo-luminescence spectra of Cr (1.2 and 1.5 at.%) co-doped
Nd:GdVOs crystals
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5.3.4 Saturable absorption measurement of Cr co-doped Nd:GdVOs
crystal

The saturable absorption characteristics of Cr co-doped Nd:GdVOs crystal was
measured by using Z-scan technique with continuous wave Nd:YVOs laser operating at
1064 nm. The a-cut plate of thickness ~1mm of Cr co-doped Nd:GdVOs crystal was
scanned through focused (50 mm) Gaussian beam. An intensity dependent
transmittance of the sample was recorded. An increase of transmission from 0.57 to
0.66 (9%) was observed for an incident power of 200 mW as shown in Figure 5.28. The
increase in intensity dependent transmittance is attributed to saturation of absorption of
the Cr°* ions causing bleaching of the 1064 nm absorption. This decrease of intensity
dependent transmission in absorption feature can be utilized for passive self-Q-

switching.
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Figure 5.28 Z-scan of Nd:Cr:GdVOs crystal for saturation absorption
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Chapter-6 Optical and Structural Investigations of Nd Doped

LuVO4 Crystals

6.1 Structural characterization of Nd doped LuVOscrystals

Single crystals of Nd doped LuVO4 with 0.25 and 0.5 at.% of Nd concentrations
were grown by optical floating zone technique. The dimension of the grown crystals
was around 10-25 mm in the length and 4-6 mm in the diameter. Sample plates of ~1mm
thickness from grown Nd doped LuV O, crystals were used for characterization of the

crystals.

6.1.1 Rocking curves measurement

The rocking curve measurements of Nd doped LuVOg crystals were carried out
to check the crystalline quality. The measurements were done on [100]-oriented
samples for the (200) diffraction peak at the ADXRD beam-line (BL-12) of the Indus-
2 synchrotron facility [112]. The X-ray photons of energy 14.43 keV (wavelength
0.857A) were used for the measurement. Figure 6.1 shows the rocking curve of

0.5 at. % Nd doped LuVVO4 crystal.

The FWHM of the diffraction peak was evaluated by Lorenz fitting. The value
of the FWHM for the samples of different doping of Nd are ~130 arc-sec and signifies
the good crystalline quality of the grown crystals. A single and symmetrical diffraction
peak corresponding to (200) planes of LuVOg4 crystal confirms the orientation of the
sample plate of the grown crystals and also, shows that the grown single crystals are

free from low-angle grain boundary and internal sub-grain structures.
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Figure 6.1 Rocking curve of (200)-peak of Nd:LuVOs crystal

6.1.2 Effect of Nd doping on lattice parameters of LuVOs crystals

For investigating the effect of Nd doping on the lattice parameters of LuVO4
crystals. The powder XRD data was recorded using Cu-Ka in the range 20-70° [Figure
6.2]. The lattice parameters of Nd doped LuVO4 samples were evaluated using XRD
pattern peaks in the range of 20-70° and the XRD pattern profile was fitted by Le Bail

fitting to minimize the systematic error.

It was found that the (200) diffraction peaks slightly shift systematically towards
the lower angle as the Nd concentration varies from 0.25 to 0.5 at.% in the crystal
signifying a small expansion of the lattice volume [Figure 6.2]. The observed slightly
expansion of lattice on Nd doping in LuVOua is due to the larger ionic size of Nd®** ion
(112.3pm) compared to the Lu*" ion (100.1pm) which it replaces. The change in the

lattice parameters and volume is listed in Table 6.1.
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Table 6.1 Lattice parameters of Nd:LuVOas single crystals

Lattice parameters Nd 0.25 at.% Nd 0.50 at.%
a(A) and b (A) 7.021(7) 7.023(1)
c(A) 6.229(1) 6.232(4)
Volume (A% 307.12(1) 307.40(6)

6.2 Effect of Nd doping on the optical properties of LuVOscrystals

6.2.1 Effect of Nd doping on the absorption characteristics

The optical transmission spectra were recorded using spectrophotometer
(JASCO V670) for two orthogonal polarized incident light at room temperature. For the
investigation of the optical absorption characteristics of the grown crystals, the [100]-
orientated polished plate of thickness ~1.0 mm was used for the measurement. The
absorption spectra were measured in the wavelength range 300 to 1000 nm for both
polarization of light [Figure 6.3-6.4]. Further, the coefficient of absorption of Nd ion
doped in the LuVO4 host was evaluated from the recorded transmission spectra using

the relation [126]:
T~ (1—=R)?2exp(—ad) oo e et et et e e e e e e w2 (6.1)

where, R, T, d and a stand for reflectance, transmission, thickness of the samples
and absorption coefficient respectively. The reflectivity R =[n(A)-1]%/[n(A)+1]? was
calculated from the refractive index n() of Nd doped LuVOg4 single crystals which was

measured using the prism coupling technique.
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Figure 6.3 Absorption spectra of Nd doped LuVOgs single crystals n- polarized light

The absorption spectra for both the polarization are shown in Figure 6.3 and 6.4.
Several absorption peaks of Nd ion were observed in the polarized absorption spectra.
The observed absorption peaks are due to forced electric dipole (ED) intra-band (4f-4f)
transitions of Nd ion [2]. Due to anisotropic nature of the LuVOg crystal, the absorption
spectra was found to be polarization sensitive. In the rare earth ions, generally the f-f
transitions are forbidden due to the same parity of the initial and final states as per
Laporte transition rule and it violates the conservation of parity for any optical
transitions. The forbidden f-f transitions of Nd ions due to the parity conservation are

allowed in the presence of D24 non-centrosymmetric crystal field of LuVO4 host. The
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observed sharp and distinct transitions are due to the screening effect of outer shells

electrons (5s and 5p°®) [135].
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Figure 6.4 Absorption spectra of Nd doped LuVOs single crystals o- polarized
light

In the polarized absorption spectra of both Nd doped samples, the absorption
peak for m-polarization is higher than that for the o-polarization as shown in the Fig.
6.3. The absorption coefficient for Nd 0.25 and 0.5 at.% corresponding to the 810 nm
are ~8.3 and 14 cm™ for n-polarization whereas for c-polarization are ~ 2.4 and
4.6 cm™ respectively. The strong n-polarized (E||c) absorption band of Nd:LuVOyq laser
gain medium for m-polarized (E||c) light is centered at 810 nm and this 810 nm
absorption band of Nd can be used for efficient pumping of Nd:LuVOs laser gain

medium by using a diode laser operating at ~ 810 nm wavelength.

Further, the band gap of Nd doped LuVO4 crystals were estimated for both the
samples and polarization of light. There is no significant change in the band gap of

LuVOs crystals observed with Nd doping concentration upto 0.5 at.%. The value of
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band gap depends on the polarization of incident of light and was found to be ~ 3.50 eV

for n-polarized and 3.55eV for o-polarized.

6.2.2 Effect of Nd doping on the emission characteristics

The photo-luminescence (PL) spectra of the sample plates of Nd doped LuVO4
crystals were measured at two-excitation wavelengths 810 and 880 nm to investigate
the effect of Nd doping concentration on the emission properties of LuVOs single
crystals. The photo-luminescence (PL) spectra were recorded in the range of 900 to
1450 nm [Figure 6.5-6.6]. It depicts emission peaks at, 916, 1065, 1087 and at 1342 nm
for both excitations. Among these, the PL intensity at 1065 nm is the highest for the

both the samples for the both excitation wavelengths.
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Figure 6.5 PL spectra of Nd doped LuVOs single crystals at excitation 810 nm
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Figure 6.6 PL spectra of Nd doped LuVOg single crystals at excitation 880 nm

6.2.3 The fluorescence lifetime measurement

For measuring the fluorescence life-time of Nd ion the fluorescence lifetime
measurement of Nd doped LuVOs single crystals samples were carried out with
excitation at 810 nm by Ti:Sapphire femto-second (35 fs pulse width) laser and the
corresponding fluorescence decay profile of Nd doped LuVOs single crystals was
recorded using IR detector. The fluorescence decay of 0.5 at.% of Nd doped sample is
shown in the Figure 6.7. The measured fluorescence decay plot is combination of rising
part as well as decaying part. Therefore, the exponential function containing the rising
as well as decaying part was fitted to the measured fluorescence decay profile. The
decaying part of fluorescence yield results the fluorescence life-time of Nd ion in the

LuVO4 sample and it was found to be~ 95+0.02 us for doping concentration 0.5 at.%
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of Nd. The measured fluorescence life-time is in well agreement with the reported value

[5].
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Figure 6.7 Emission decay profile of Nd doped LuVOs single crystals

6.2.4 Testing of laser performance of Nd doped LuVOs crystals

For preliminary testing of laser performance of Nd doped LuVOgs crystals,
[100]-oriented element was fabricated and polished. The testing of lasing was carried
out using plane-plane resonator geometry (output coupler reflectivity =90%) with
pumping wavelength around 808 nm. The design cavity length was 45 mm. CW laser
emission at 1066 nm was obtained. Laser output power was ~360 mW with absorbed
pump power of 13.6 W as shown in Figure 6.8. The slope efficiency of laser crystal

was around 3.2 %.
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Chapter-7 General Conclusions and Scope for Future Work

7.1 Summary of works on doped and co-doped YVOs crystals

7.1.1 Yb doped YVO; crystals

Single crystals of Yb doped YVO4with dopant concentration in the range of 0.8
to 15 at.% with good crystalline quality (FWHM ~ 43-55 arc-sec of rocking curve) have
been grown by optical floating zone technique. The lattice parameters of YVO4 remain
unaffected up to 2.94 at.% doping of Yb but a contraction in the lattice volume was
observed at higher concentrations. Further, the absorption spectra exhibited significant
polarization dependence. It was found that for o-(E_Lc) polarized light, the absorption
band at ~ 972 nm and for n- (E||c) polarized light absorption at ~985 nm dominates. The
absorption cross-section at 952, 972 and 985 nm was found to be maximum at 2.94 at.%
of doping for both the polarization signifying quenching at higher concentration
(beyond 2.94 at.%). The emission spectra of Yb doped crystals were characterized by
two overlapped broad emissions centered at 985 and 1010 nm. It is interesting to note
that the PL intensity at 1010 nm is stronger for excitation at 952 and 972 nm in

comparison to that for 985 nm.

Further, the refractive index (RI) measurements were also measured at four
wavelengths as a function of temperature for different Yb concentration (1.5, 3.0, 8.0
and 15.0 at.%) doped YVO4. The measurements show that as the doping concentration
of Yb is increased, the refractive index varies marginally for extra-ordinary RI (ne)
whereas there is a significant change in the value of ordinary RI (no). The thermo-optic

coefficient (dn/dT) was found to be positive with a value ~ 10°/°C which is one order
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higher than that for the undoped YVOs crystal. The thermo-optic coefficient is higher
for ne compared to that of no. Also, a set of relations describing the wavelength
dependence of the thermo-optic coefficient were established (empirically) which are
useful for calculating the thermo-optic coefficient at any temperature in the range 30-

150°C and at any wavelength in the range 532-1551 nm.

7.1.2 Er co-doped Yb:YVOjs crystals

Single crystals of Er (0.7 at.%):YVO4 co-doped with varied concentrations of
Yb (1.5, 3.0, 8.0 and 12.0 at.%) have been grown by optical floating zone technique.
The absorption spectra of the grown crystal are characterized by the prominent
absorption at 985 nm due to Yb ion and multiple absorptions due to Er ions. The overall
characteristic absorption for w-polarization (E||c) is stronger than that for o-polarization
(E-Lc) due to alignment of dipole moments along c-direction. Judd-Ofelt parameter Qo,
which strongly depends on the environment of ligand, decreases with increasing Yb
concentration in the lattice. The value of spectroscopic quality factor for both polarized
and unpolarized absorption data was found to be nearly invariant (~1.80) with respect
to the Yb doping concentration but better than that for Er doped YVO4 (~1.31) [157].
The PL intensity of Er ion at 1550 nm was sufficient enhanced with excitation of three
prominent absorption line of Yb ion at 952, 972 and 985 nm. The emission cross-section
of *l13—*115/2 line for excitation at 808 nm (Er absorption line) and 952, 972 & 985 nm
(Yb absorption line) were found to be nearly same order. The radiative lifetime and
emission cross-section of “lisp—*l1s2 transition of Er ions was also found to be
independent of Yb doping concentration. This is one of the biggest advantages of Yb
co-dopant as a good sensitizer in the Er:YVQg as it results in high population density in

upper level of Er ions.
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7.1.3 Nd co-doped Yb:YVO; crystals

Nd co-doped Yb:YVOs single crystals have been grown for the first time by
using optical floating zone method to the best of our knowledge. The dimension of
grown crystals were ~4-5 mm in diameter and 10-15 mm in length. Powder crystal XRD
shows that there is a small shift of diffraction peaks towards the lower angle with Nd
doping in the crystal, signifying slight expansion of the lattice volume. The quality of
the crystal was estimated by rocking curve measurement. The observed nearly straight
fringes in birefringence interferogram ensured the good optical homogeneity of grown
crystals. The variation in birefringence was found to be less than 5.64x107*. The
dislocation etch pit density was estimated by chemical etching and found to be
~1.2x10%*cm?. The measured fluorescence life-time of Yb (0.8 at.%) and Nd (0.8 at.%)
co-doped YVOq crystal is around 581 and 66 us respectively. The polarized absorption
spectra depicted an overall higher absorption for m-polarization (E||c) than the o-
polarization (E-Lc). The absorption coefficient at 808 nm & 985 nm corresponding to
Nd (0.8 at.%) & Yb (0.8 at.%) ions are ~ 26 & 9.2 cm™ for n-polarization and ~13.7 &
4.6 cm for o-polarization, respectively, which is found to be better than the crystals
grown by conventional Cz technique. In the Judd-Ofelt analysis, the estimated effective
Judd-Ofelt parameters are 11.8675x10-%°, 5.1577 x 102 and 7.3755 x 102 cm™.
Spectroscopic quality factor of Nd co-doped Yb:YVOs is 0.70, which is lower than that
for Nd (1.0 at.%) doped YVO4 (0.97) [157], that indicates the energy transfer from Nd3*
ion to Yb®* ion. The estimated emission cross-section of “Fs, — #1112 Nd transition with
an excitation at 808 nm for both the concentrations of Yb is ~4.0 x10'1® cm?, which is
almost same as estimated by Bhaumik et al. [157]. Hence, emission cross section of

“Far, — *luz transition is not influenced by Yb co-doping. Also, the PL intensity of Yb
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at 1010 nm enhances with the increase in Yb co-doping for same Nd (0.8 at.%) doping
which is because the Nd** ion more effectively excite the Yb®* ion in the upper state in
sample with higher Yb doping concentration. Therefore Nd®* ion acts as excellent
sensitizer for Yb:YVOs laser gain medium and make efficient pumping in the gain

medium.

7.2 Summary of works on doped and co-doped GdVOs crystals

7.2.1 Nd doped GdVO;, crystals

Undoped and Nd (0.2, 0.6, 0.8, 1.0, 1.2 and 1.6 at.%) doped GdVOs single
crystals have been grown by optical floating zone technique. The value of the FWHM
of the (200) diffraction peak for the samples of different Nd doped samples are ~43-56
arc-sec. The low value of FWHM reveals the good crystalline quality of the grown
crystals. XRD analysis reveals small lattice expansion especially along c-axis on Nd
doping. In the refractive index measurement, it has been observed that the extra-
ordinary refractive index (RI) of undoped GdVOs crystals is higher than that of the
doped GdVOs single crystals upto 1.0 at.% Nd doping, beyond which it surpasses the
value of the undoped crystal. This is due to the competing effect of lattice elongation
and decrease in electron density on Nd doping. The increase in Rl with Nd doping is
attributed to macroscopic polarization effects. Moreover, the extra-ordinary refractive
index (ne) only increases on increasing Nd concentration, whereas ordinary refractive
index (no) remains unaffected within the measurement limits. The temperature
dependent Rl measurements depicted a positive thermo-optic coefficient (TOC) for RI
and birefringence, which is ~10°/°C and is independent of doping concentration. TOC

for ne is higher than no, which has been explained on the basis of anisotropic thermal
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expansion. An important set of relations between TOC and wavelength (532-1551 nm)
has been established which is useful for estimating TOC in the temperature range 30-

150 °C.

Further, in the absorption study, the calculated absorption coefficient for two
orthogonal polarization of light is different due to anisotropic structure in both the
direction. The evaluated line strengths and Judd-Ofelt parameters from the recorded
absorption spectra were also found to be dependent on the polarization of the incident
light. Further, the spectroscopic quality factor was estimated by Judd-Ofelt parameters
and found to be maximum for 0.8 at.% Nd doped GdVOs crystals. The emission study
shows that photoluminescence (PL) intensity at 1062 (lasing wavelength), 1069 and
1081 nm increases with the doping concentration of Nd up to 0.8 at.% and beyond that
the PL intensity decreases. The emission cross-section for the *Fz;; — *l11/2 transition
was estimated by Judd-Ofelt theory and it was found to be independent of doping of Nd
in GAVOa. The measured fluorescence life-time of Nd:GdVO4 samples is ~ 100, 101,
92 and 93 us corresponding to the doping concentration of 0.6, 0.8, 1.0 and 1.2 at.% of
Nd respectively. The measured fluorescence life-time exhibits the maximum value for
0.8 at.% of Nd doping. The decrease in the PL intensity as well as fluorescence life-
time for higher doping concentration is because of quenching due to ion-to-ion
interaction in the crystal. All the spectroscopic investigation presented here suggest that
the optimum concentration of Nd ion in GdVOs single crystals is 0.8 at.%, at which the

best lasing performance can be obtained.

The testing of lasing for [001] and [100]-oriented elements was carried out using
plane-plane resonator geometry (output coupler reflectivity =89%) with 808 nm

pumping. CW laser emission at 1064 nm was demonstrated. The laser output power for
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[001]-oriented element was 2.7 W at 11.2 W of incident pump power. The slope
efficiency was around 39%. However, the laser output power for [100]-oriented element
was 4.57 W at 11.94 W of incident pump power. The slope efficiency was around

49.7%.

7.2.2 Cr co-doped Nd:GdVO; crystals

The single crystals [diameter ~ 4-5 mm & length: 15-30 mm] with a Cr (1.5
at.%):Nd (0.5 at.%):GdVO4 were grown by OFZ method in the ambience of 10%, 20%
and 25 % O». The absorption spectra have multiple peaks at 594, 751, 808 & 879 nm
due to Nd** ion & broad peak at 1100 nm (900-1300nm) due to Cr®* jon. The absorption
spectra show that when Cr concentration is small around 1.0 at.% in the crystals and the
oxygen content increases in the growth ambience, then the absorption of Cr®* ion at
1100 and 650 nm decreases. Further, when Cr concentration is large around 1.2 and
1.5 at.% in the crystals then the revered effect is observed such that the absorption of
Cr*ion at 1100 and 650 nm increases with increase of the oxygen content in the growth
ambience (for 10, 20 and 25 %). The comparison of absorption at around 1100 nm
between grown crystals of Nd:Cr:GdVO4 and Nd:Cr:YVOs in the varied oxygen
ambience reveals a similar results. PL intensity increases for Cr 1.0 at.% whereas it
decreases for the Cr 1.2 and 1.5 at.% with increase of oxygen percentage in the growth
ambience, respectively and these results are inline with the absorption data. These
results have important technical significance. In practice, the concentration of Cr
required in GdVOs crystals for application related to saturable absorption might be
different for different experimental conditions. Our finding suggests that for the growth

of crystal with required concentration of Cr°* in Nd:GdVO, to achieve a certain
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desirable level of saturable absorption, the growth ambience have to be chosen as per

the result obtained.

Further, an intensity dependent transmittance was recorded. It was found that an
increase of transmission from 0.57 to 0.66 (9%). The increase in the intensity dependent
transmittance is attributed to saturation of absorption of the Cr®* ions causing bleaching

of the 1064 nm absorption that give rise to passive self Q-switching.

7.3 Summary of works on the Nd doped LuVOs crystals

Single crystals of Nd doped LuVO4 with 0.25 and 0.5 at.% of Nd concentrations
have been grown by optical floating zone technique. The dimension of grown crystals
are ~ 10-25 mm in length and 4-6 mm in diameter. The value of the FWHM (rocking
curve) of (200) diffraction peak for the samples are ~130 arc-sec which signifies the
good crystalline quality of the grown crystals. In XRD analysis, there was slightly
expansion of the lattice volume as the Nd concentration varies from 0.25 to 0.5 at.% in
the crystal. The absorption coefficients for Nd 0.25 and 0.5 at.% corresponding to the
810 nm are ~8.3 and 14 cm for n-polarization whereas for c-polarization the values
are ~ 2.4 and 4.6 cm™ respectively. The strong absorption band of Nd:LuVO4 laser gain
medium for n-polarized (E||c) light is centered at 810 nm and this 810 nm absorption
band of Nd can be used for efficient pumping to the Nd:LuVO4 laser gain medium by
using a diode laser operating ~ 810 nm wavelength. The emission spectra were
characterized by emission at 916, 1065, 1087 and at 1342 nm with the excitations at
810 and 880 nm. Among these, the PL intensity at 1065 nm was the highest for the both
samples as well both excitation wavelengths. The measured fluorescence life-time of

Nd3*ion in the Lu\VOys crystals was found to be ~ 9540.02 ps for doping concentration
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0.5 at.% of Nd. Laser output power for Nd:LuVO4 element was 360 mW with absorbed

power pump of 13.6W. Lasing wavelength was 1066 nm.

7.4 Scope for future work

This thesis highlights the structural and optical properties of the three excellent
orthovanadate single crystals for the laser applications. In this research work the details
investigations of effect of doping on the various optical properties of orthovanadate
crystals have been reported. However, there are several aspects and investigations that
can be further studied as a future scope of the work. The different investigations of the

orthovanadate crystals, which can be characterized, are given below.

7.4.1 Future Scope on the rare earth doped YVOs crystals

Our investigation shows that the PL intensity at 1010 nm of Yb®*ion is stronger
for excitation at 952 and 972 nm in comparison to that for 985 nm for Yb doped YVO4
laser crystals. Hence, the laser testing of Yb doped YV O crystal with pumped 952 972
and 985 nm diode laser can be investigated for better laser performance. Further, the
optical study of Yb co-doped Er:YVOs laser crystals shows that Yb is excellent
sensitizer for the Er doped crystal. Hence a comparative laser performance of different
Yb doped Er:YVO;q laser crystals can be done for optical communication application as
this crystal is used as eye safe laser and further, effect of Yb doping on the reflective
index and thermo-optic coefficient of Er doped YVOs can be investigated for high
power laser designing. In this area, the optimum concentration of Nd** and Yb3* ion in
the YV O4 laser crystal may be investigated to overcome the problem of Yb doped YVOg4
laser gain medium and better laser characteristics. Further, the detail investigation of
powder XRD of Yb doped YVO; crystals can be carried out and obtained results can be

compared with the some theoretical model.
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7.4.2 Future Scope on the rare earth doped GdVOs crystals

In the present work, Nd doped GdVOs crystals have been grown by OFZ method
with a wide range of solubility of Nd ion and investigated for crystalline quality, defect
study by etch pits, and optical properties like RI, absorption and emission. The defect
studies like topography and thermal luminescence of Nd doped GdVO, crystals and
oxidation state of Nd, V and Gd ion by XANES method can be carried out. In case of
Cr co-doped Nd:GdVOs crystals, the growth of single crystals by OFZ method and
optical investigation such as absorption and emission properties have been carried out.
The oxidation state of Cr ion in the lattice is very important for self Q-switching
applications and therefore, XANES and EXAFS measurement can be carried out.
Further, the optimization of Cr concentration in the Nd doped GdVOs crystals can be
carried out for desired pulse width and laser performance. In addition to this, the effect
of Cr co-doping on the refractive index and thermo-optical coefficient can be

investigated.

7.4.3 Future Scope on the rare earth doped LuV O, crystals

This thesis also contains the growth, structural and optical investigation of 0.25
and 0.5 at.% of Nd doped LuVOs single crystals. Therefore, the growth of Nd doped
LuVOg4 single crystals with wide range of Nd doping concentrations and investigations
for the optimum concentration may be carried out. Also, the comparative laser
performance for optimum and other Nd dopant concentrations can be investigated for

the better Nd doped laser gain medium.
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Annexure-I|
1. Introduction to Judd-Ofelt Theory
Judd-Ofelt theory describes the line strengths or intensities of lanthanide as well as the
actinide transitions in solid materials and solutions. In the year 1962, two identical
formulations of a theory on transition of rare earth ions doped solids, in the literature
were described simultaneously as well as independently namely one by Brian R. Judd
at the University of California at Berkeley and the other by a Ph.D. student, George S.
Ofelt, at the Johns Hopkins University in Baltimore. Although there are small
differences in these two formulations but their approach, assumptions and final-results
are more likely similar. These two formulations were published originally by Judd and
Ofelt and theory is known as the Judd-Ofelt theory for the intensities of rare earth ions.
J.H. Van Vleck published an article titled “The Puzzle of Rare-Earth Spectra in Solids”
in 1937 and called it a puzzle because the rare earths showed sharp spectral lines of the
transitions. These sharp spectral features are expected due to the various transitions
between the 4f electronic shell of the rare earth ion. The f - f transitions of rare earth
ions are generally forbidden by the Laporte selection rule of transitions, which tells that
the states or wave functions of active ions having even parity are linked with the electric
dipole (ED) transitions only with states of odd parity of the state, and similarly the odd
states are connected with even ones only. The electric dipole transitions are forbidden
for transitions within the 4f shell of rare earth ion, but the magnetic dipole (MD) and
electric quadrupole (EQP) transitions are allowed by Laporte selection rule. The terms
forbidden and allowed for particular transitions are not strictly accurate. The presence
of relatively strong intensities and sharp spectral features of rare earth spectra are due
to the following possibilities:
1. 4f to 5d transitions.
2. Magnetic dipole (MD) or electric quadrupole transitions (EQP).
3. Electric dipole transitions (ED).
The magnetic dipole transitions are considerably strong for some particular transitions
and gives strong contribution in the intensity. Quadrupole transitions give its
contributions for all the transitions, but EQP transitions are too weak and give very less
contributions in the observed intensities. Only ED transitions give the strong

contribution in the observed intensity but ED transitions is not allowed by Laporte
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selection rule. The allowed solution of ED transitions of rare earth ions can be described
with significant distortion of the electronic wave functions by crystalline fields in solids
and this effect can be observed for particular crystalline fields or symmetry of site. The
crystalline field must be noncentrosymmetric so that the even wave functions can mix
with odd parity and odd wave functions with even parity.

The odd-order terms of the crystalline field do the change of parity of states, the odd-
order terms can be expressed as a power series of the displacement from equilibrium of
elections, in the perturbations. The above terms vanish for a central field or
centrosymmetric materials, and does not change the parity of states. The coupling
between odd and even states can be forced by the odd-order terms of a noncentral
crystalline field, which results in the mixed parity states and moderates the Laporte’s
rule.

An active ion in a solid (crystalline and amorphous) can be considered as an impurity
ion, which is embedded in a solid host material and usually found in small quantities.
The impurity ions replace ions of the host substitutionally and form optically active
centers. The host lattice shows an important role for determining the nature of the
observed spectra of the optically active ions. The theory for calculation of wave-
functions of the active ion is known as Ligand field theory or crystal field theory for the
ordered periodic lattice.

The impurities or dopant ions are transition metal or lanthanide series ions which have
been characterized by unfilled shells in the interior of the active ion. All lanthanide ions
are characterized by a Xe core, an unfilled 4f shell, and the outer shells of 4f are
screened by other shells from outside perturbing influences. This screening effect upto
some level protects the optically active electrons from the influence of the crystal field
and provides characteristic sharp and well defined spectral features of the lanthanides.
In the case of transition metals, which have unfilled 3d shell and is not well screened
due to presence of only a single outer shell. Therefore, the transition metals shows broad
and undefined features of spectral line.

Hence, the crystal field plays a very important role to the features of optical spectra of
active ion and also plays an observable role in the Stark effect regarding the splitting of

energy levels of ions in solids. The crystalline field or ligand field is totally external to
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the optically active dopant ion and is determined by the symmetry and chemical
composition of the host.

In the ionic crystals, the optically active ions feel the repulsion to crystal host ions via
electrons, and an attraction with nuclei of the crystal host. These influences of crystal
host can be considered as a net electric field, which act on the active ions and known as
the crystalline field.

The crystalline field plays a fundamental role for making many laser transitions possible
in the laser host gain medium. To find out the maximum extension of energy levels
splitting as well as the number of energy levels generation by the crystal field, let us

consider the free ion Hamiltonian;

2 N N 2 N 2 N
Hy = — h_z v z 4 Z e Z ETD (S 1)) oo e (A1)
2m o 1 Tij —

i=1 i<j
In the above equation (A.1) the first term gives the sum of the kinetic energies of all the
electrons of a 4f ion. The second term provides the potential energy of all the electrons
in the field of the nucleus. The third term represents the repulsive Coulomb potential of
the interactions between pairs of electrons. The last term denotes the spin-orbit
interaction, which accounts for coupling between the spin angular momentum and the
orbital angular momentum.

According to the central field approximation, each electron of active ion is assumed to
be moving independently in the field of the nucleus and in a spherically averaged
potential of all the electrons. The Coulomb interaction of electrons generates different
spin and orbital angular momentum (SL) terms with different energies, but these
interactions do not effect on the total angular momentum (J) of the electrons. Simply
we can say that the spin-orbit interaction allows only coupling between states of
different SL (spin and orbital angular momentum) and not on the total angular
momentum. In other words we can say that the Coulomb interaction removes
degeneracy in S and L and the spin orbit interaction removes degeneracy in J. The
degeneracy in M; remains. This can be only removed by the crystal field or ligand field.
Therefore, the free atom provides the spherical symmetry and each levels have 2J+1
degeneracy. When the active ion is placed in a crystal environment and non-

centrosymmetric site then each level lifts their detergency under the influence of the
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crystal field. In fact, the spherical symmetry is reduced to the point symmetry at the ion
site. The degree of removing 2J+1 degeneracy, depends on the point symmetry of the
surrounding ions. The perturbed total Hamiltonian for an active ions in a crystal field
can be written as

Hr =Hr +Vep oo e ee e (A.2)

where Vcr is Hamiltonian of the perturbation by crystal field and is potential energy
created by the crystalline environment of host ions around the active ion. The eigen
functions of free atom possess complete spherical symmetry and their Hamiltonian can
be expressed in terms of spherical harmonics. Therefore, the perturbation Hamiltonian

Vcr can be written in terms of spherical harmonics:

VCF = Z Akq Z T'ikqu(ﬁl' B (pl) ben wes wee s ees we s (A 3)
Kq

i

) (- 1)

N N
e

=g Y V=Y Y

i=1 Py

i=1 i=

+ Z Aeq Z Y0 (00, 91) ... (A 4)
Kq

i

The summation “i" has been taken for all the electrons of the ion of interest in the
equation (A.4). The Axq term represents the structural g parameters in the static crystal
field expansion and depends only on the crystal host. This term can be calculated in a
point charges lattice by using crystallographic data and charges of the host lattice. In
the point charge model it has to assumed that the all the charges of the host lattice act
as a point charges. For the calculation of matrix elements («a|V.r|B), their resultant
matrix elements in the form of (nl|r*|nl) represents the average value of (r*).This
term corresponds to lifting of Stark levels. The term Akq can be expressed as:
Big = Ag (") v ci i e e (AL5)

Further, if the initial and final wave function of active ion have the same parity, then
value of k must be even and otherwise value of k must be odd for opposite parity of

initial and final wave function. If both conditions are not satisfied then the matrix
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elements of Vcr will be zero. Therefore, if an operator of rank k of a matrix element are
connected with angular momenta £ and £’ then the triangle condition, £ + £’ >k > |0 —
’|, must be hold. The 4f electrons of rare earth ion have £ = £’ = 3, and therefore the
value of k must be even for allowed transitions within the /" shell. The k value is limited
to k =0, 2, 4, 6. Further, if eigen function of the f" shell of rare earth are connected
with opposite parity states of higher lying configurations for example 4 f("V5d, then €
=3 and ' =2. Now for this condition the value of k should be odd and is limited to k =
1, 3, 5. These odd-order terms show an important role in the Judd-Ofelt theory for the
calculation of forced electric dipole transitions intensity in lanthanide and actinide ions
in solids. The values for k and q also depend on the point symmetry of the ion and are
limited. Hence, nonzero terms in the perturb Hamiltonian depends on the point
symmetry of active ion.

The Hamiltonian of active ion must be invariant under operations of the point symmetry
group. Therefore, the crystal field must also show the same symmetry as the point
symmetry of the active ion, which is also part of the total Hamiltonian.

The value corresponding to k = 0 and g = 0 indicates the spherically symmetry and
affects all energy levels in the same manner and results in an uniform shift of all energy
levels in the configuration.

2. Principles of Judd-Ofelt Theory

The Judd-Ofelt theory is based on three approximations namely the static, free-ion and
single configuration approximations. The first approximation called the static model
says that the active or central ions are affected by the surrounding host ions through a
static electric field. The static electric flied interaction between active ion and host are
called as the ligand or crystal field. The second approximation called the free-ion model
says that the host ions produce static crystal field on the active ions, and acts as a
perturbation on the free-ion Hamiltonian of active ion. Third approximations called the
single configuration model says that the electron-electrons interactions are neglected.
Judd-Ofelt theory provides a theoretical expression for the line strength of transition of
rare earth ion and is given as

Sy = Z Q; [(IS LLINUIES LI e e (A 6)

i=2,4,6
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where Q. corresponds to the Judd-Ofelt parameters. The bracket terms represent the
doubly reduced matrix elements for intermediate coupling approximations. The
intermediate coupling approximations states that the interaction of mutual repulsion
between 4f electrons of rare earth ion is of the same order of magnitude of the spin-orbit
coupling. The above effect can be be used for expanding the wave-functions of the 4f
states in a linear combination of Russel-Saunders, or LS-coupled states. Further, the full
intermediate coupled wave-functions (f*|SL|f") and the coupling coefficients can be
obtained by diagonalizing the combined electrostatic, spin orbit and configuration
interaction energy matrices. In case of free ions, the electric dipole transitions are
forbidden within the 4f shell of lanthanide ions. If opposite parity states from higher
lying configurations outside the 4f shell are mixed into the upper state, then forbidden
electric dipole transitions get modified and become allowed and are called as forced
electric dipole transitions. The above phenomenon happen, when the active ions are
situated in a non-centrosymmetric site of the perturbing crystal field of a host lattice.
However, for a central field or centrosymmetric materials the transition is not allowed
and the Hamiltonian of the system is invariant under coordinate inversion, and the wave
function retain definite parity. The odd-order terms of the crystal field, can be expanded
in a series of spherical harmonics. This perturbs the system and produces mixed parity
states because of which the electric dipole transitions become allowed. Now considering
crystal field as a first-order perturbation by is, then the initial (yr,| and final mixed

parity states [, of rare earth ion can be written as

alVer
(Wal = (@ql + Z % ((pﬁl cer e e e e e (A7)
7 a

Ver
RIS LTS P
B

where (s, | [and |ys,), are the initial and final states of single parity. The |(pﬂ) are states
of higher B energy having opposite parity configurations. The electric dipole matrix

elements can written as,

D = (WglPIWp) e vee e (A.9)

where P denotes the electric dipole (ED) operator and given by,

P = —ez Ti e ee ee e e . (A.10)

i
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z (0a|Ver|op)@p|P|ob)
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<‘Pa|P|‘Pﬁ><‘P/”|VCF|‘p”>] e (A1)

E, — Ep
It is suitable to introduce the tensor forms of the crystal field and ED operator because
these operators can be easily combined into a single effective tensor operator. The
crystal field and ED operators can be written in the tensor operator forms as:

W _ &
DO = D i [C] e (A12)
i

DY =D Ay ) i [6P] o (A.13)
tp L i

The C(gk)are tensor operators that can be expressed in form of spherical harmonics

1/2

Yig e vvsvos o oee- (AL 14)

c® = [
2k+1
A couple of assumptions can now be made to simplify the problem:

1. The states of |(pﬁ> are completely degenerate in J.
2. The energy term in denominators are equal (Ea— E; = Ep— Ep).

Once closure condition of wave function is applied then the angular parts of the crystal
field Cg) = (£[|C*||€") Ug and electric dipole operator Cf;) = (£]|C[|€") U can be

combined into an effective tensor operator such as,

vPU® = Z( DI+ (27 + 1){ A}(;; é) U .o (A 15)
AQ

where Q = — (q + p), and A = 1 + t. The 3j symbol ( ) corresponds to the coupling
probability for two angular momenta. The 6j symbol { } corresponds to the coupling
probability for 3 angular momenta. These notations are known as Wigner symbols. The
Wigner 3j and 6j symbols represents Clebsch-Gordon coefficients. The above equation
(A.15) can be further simplified by applying the Wigner-Eckart theorem:

248



<]M|U§”|]’M’>=(—1)J—M (_]M g &,)(]HU(A)HJ’)................(A.16)

U™ s the reduced matrix element. The complete solution can be written as

D

=—e > Y (DM @

tp AQ
1t A
+1) A, Y (8, 2) (q » Q) (_]M 0 1]\/1> (@al|[UP|J@p) wor vor vov v (A 17)
The Y (t, 1) term is expressed as
Y(t, 1)
(4f |r|nl)(nl'|r'|4f) 1t2
=2; . @leONICOA L | 2o A.18)

Where Ay are parameters of the static crystal field expansion. The equation (A.17) and
(A.18) provide the full solution of the Judd-Ofelt theory.

The form of equation (A.17) can be used to calculate electric dipole matrix elements
between mixed parity states of individual Stark level transitions. AEn is the energy
difference between the 4f and opposite parity, nl configuration.

The equation (A .17) and (A .18) is suitable for calculating transitions between
individual Stark levels. However, initially Judd and Ofelt took interest in active ions
embedded in the solution where individual Stark level transitions cannot be
distinguished. Therefore, further they simplified the problem and derived the formula
for manifold-to-manifold transitions, which is valid for active ions embedded in the
crystals as well as glasses. Additional assumptions are needed further to simplify the
problem:,

3. The ground manifold of all Stark energy levels are equally populated.

4. The host material is considered as optically isotropic.

For the quantitative analysis, the solution can be defined in the form of oscillator
strength, which is basically the cross section of the particular transitions. These
transitions are connected with multipole transitions and analogous to classical damped
oscillators. The oscillator strength (f-number) or line strength for an electric dipole

transition is well-defined as.
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f== mcn<" 3n > D HAMIIPI M . ... (A.19)

hle?
MM
The equation (A.17) can be simplified according the assumption three and it allows the

sum to be carried out a sum over M and M’ Stark split levels.

) A LA TSP

MM

The equation (A.17) can be simplified according the assumption four and it allows the

sum over @, the polarization term.

1 ¢t A1 ¢ ay_ 1
Z(q , Q)(q 5 Q)_2t+16”'6m" e (A21)
q

Where q=0, +1 for different state of polarizations.

Now the equation (A.19) can written as

2 2 2
! :3hiiz(:]w+ 1)n<n3jl 2) Z Z Z (24

A=2,46 p t=13,5

[ Aes] 2
+ 1) VD@ [UP @) e (A4.22)

The Judd-Ofelt parameters can be defined as

0, = Z Z 21 + 1)%1/2(@/1) e (A.23)

p t=1,35
The Qy, therefore, contain of odd-order parameters of the crystal field, radial integrals
over wave functions of the 4 /" and perturbing, opposite parity wave functions of higher
energy, and energies separating these states in terms of perturbation energy

denominators. The oscillator strength can be written as

8m?mc n® 42
f

2
=— n 0 UD||@p) e oo (A2
3h1e2(2] + 1) 3n > z l|<(pa|| ||(pb>| ( )
1=2,4,6
The summation over A is known as the line strength. This is the approximate solution
of the Judd-Ofelt theory, which is used to find the ED matrix elements between mixed

parity states for manifold-to-manifold transitions.
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3. Methodology of Judd-Ofelt Theory for calculation of spectral parameters
Judd-Ofelt theory can be used for the calculation of manifold to manifold transition
probabilities for absorption and emission lines of active ion. Also the radiative lifetimes
and branching ratios of various emission line of active ion can be determined. The
accurate absorption measurements specifically the integrated absorption cross section
over the wavelength range of a number of manifolds are necessary for a Judd-Ofelt
analysis. The line-strength, Sm can be calculated from the integrated absorption cross
section using following formula,
[ a()da

8m3ple? [(n2+2)2]
9ch(2] +1) 3n

where J denotes the total angular momentum of the initial ground manifold, can be

e (A.25)

found from the 25* L; designation. o()) represents the absorption cross section as a
function of wavelength. The mean wavelength A, can be calculated by the first moment
of the absorption cross section data.

Judd-Ofelt theory is used to determine a set of phenomenological parameters, Qy (A =
2, 4, 6), by using the equation (A.25), which is fitted with the experimental optical
absorption, and equation (A.6). This can be done most efficiently by a least squares
fitting method in the following way

3
i=1

Where, Mij represents the components of a N x 3 matrix for the square matrix elements
of U® U™ and U®). The Q. denotes components of a 1 x 3 matrix for the Judd-Ofelt
parameters (Q2, Q4 and Qs). N is the number of total transitions to fit and it is decided
by the number of measured absorption manifolds. There are only three Judd-Ofelt
parameters then N should be equal or more than 3. Now the sum of the squared
difference of both line strengths for minimization is given as below

3 2

i=1

e (A.26)

N
g% = E
j=1

Now take the derivative with respect to 2 for minimization and become equal to zero.
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The set of Judd-Ofelt parameters, which minimize the sum of the squared difference
between the measured and theoretical line strength, can be obtained. The matrix form
of it can be written as, Q@ = (MTM)~M, where MT is the adjoint of M. The large number
of calculations are required for obtaining the parameters, therefore be computer based
calculations has been done. Once the Judd-Ofelt parameters are calculated by computer
based programmed, then it can be used to estimate transition probabilities, A(J; J'), of

all excited states from the following equation,

. bamte? n(n? + 2)? Mrerim 2
AU_)])_Sh(2]+1)A_3([ 5 li=246rzil<[SL].1||U||[SL]J>|
+ nZSMD> e v e v (A.27)
24+2)? .
SED:l”("TJF)] Z 2 (IS LLINUIIS LTI oo o (A, 28)
i=2,4,6

where n denotes the refractive index of the solid, Sep and Smp represent the electric and
magnetic dipole line strengths respectively. J' symbol describes the total angular
momentum of the upper excited state of rare earth ions. Electric dipole line strengths,
(Sep) from each excited manifold to all lower lying manifolds are calculated using
equations (A. 6), matrix elements (U™) and Judd-Ofelt parameters.

Magnetic dipole (MD) transition are generally found to smaller orders of magnitude to
that the electric dipole (ED) transitions for free ions, but the electric dipole (ED)
transitions becomes allowed for active ions in solids as a result of a crystals field
perturbation. Therefore, Sep intensities are much smaller to the free ions. In the
particular ion sometimes, the magnetic dipole transitions make substantial contributions
to the observed intensities of active ion.

Now, the equation for calculation of the radiative lifetimes, tr, and the branching ratio,

B is given by,
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N _AU-T)
pU-J) = SAG ST e ee eee v (A.30)

Further, the emission cross-sections for the particular manifold-to-manifold transition

of rare earth ion are also estimated as per following formula.

74
O'e(l) = WAU —>] ) e ves e ee s ees see aes ees ees wees (A 31)
[1(A)da
A/leff = W NTRTTRITRILE (A 32)

The whole procedure of a Judd-Ofelt analysis for spectral parameters can be represented

by simple flow chart.

Absorption
measurements Least square fitting Judd-Ofelt

:> ch-m;ms 2 :> a(a?) _ parameters
f o(A)da {@al|[UD]| )] =0

Collect matrix

(3.0,( -QJ\

manifold

Transitions

Emission parameters rels
probabilities

7, p and 6.(}) A(J5D
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Annexure-I11

MATLAB program for calculation of spectral parameters for Nd or Er ion using
Judd-Ofelt theory.

In this section, MATLAB program written only for Nd ion to calculate the spectral
parameters is described. MATLAB program is same for the calculation of the spectral
parameters of Er ion, only difference is to change the matrix element, energy levels for
Er ion and refractive index for corresponding the doped host materials.

A. Calculation of line strengths and Judd-Ofelt parameters

clear all

clc

c=3*10"10;
e=4.8032*10"(-10);
h=6.6262*10"(=-27) ;
p=3.142;

C=(27*c*h)/ (8*p"3*e”2);
w=0.808;%wavelength in um
x=808; %wavelength in nm

%$%%%% Refractive index calculations for oc-polarization
no=sqrt (3.77834+ (0.069736 / (w"2 - 0.04724)) - 0.0108133*w"2);

o 000
5 oo O ©%556%70

ne=sqrt (4.59905 +(0.110534 /(w"2 - 0.04813)) - 0.0122676*w"2);

N=0.992*10720; $concentration/cc
J=9/2;% initial J value or ground state of Nd ion

$%%%%%% % integrated absorption calculations $%$%%%%%
Ab=133.76374; %integrated absorption for m or c-polarization

% %%%%%%%%% experimentally Line strength for m or c-polarization

Sm= (C* (2*J+1) *ne*Ab) / (N*x* ( (ne”2)+2) "2);

% $%%%%%%%% measured Line strength %%%%%%%%%%%%%%
S=[Sm];% for all the transitions of Nd ions and make it as matrix
form/%%
% % % matrix element for calculation of JO parameters $%%%%%%
U=[0.0000 0.0381 0.000;0.0010 0.0431 0.0361;0.0597 0.2180 0.0954;...
0.8968 0.4049 0.0355;0.0010 0.0096 0.0381;...
0.0010 0.0447 0.6603; 0.0101 0.2437 0.5169; 0 0.2299 0.05471]1;

$Judd Ofelt parameters X107720 for m or o-polarization
disp ('Judd-0Ofelt Parameter X107-20");
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JOP=U\S;

AA=[JOP]*10"-20;
5 % % A=[12.629;4.828;8.425]* 10"-20;
% %%%%%%%%% calculated Line strength $%%%%%%%%%%%%%%

UU=[0.0000 0.0381 0.000;0.0010 0.0431 0.0361;0.0597 0.2180 0.0954; ...

0.8968 0.4049 0.0355;0.0010 0.0096 0.0381;...

0.0010 0.0447 0.6603; 0.0101 0.2437 0.5169; 0 0.2299 0.0547];

% %$%%%%%%%% UU is matrix elements of Nd ion %$%%%%%%%%%%%%%%

disp ('S calulated")
Scal=UU*AA; % *10720cm”2
Sscal= Scal*10720;
$%%%%% error calculation %%%%%%
Line strength=[S Sscall;

o
o

MM=S-Sscal;
Ms=[sgrt (sum(MM."2) /n-1)1*107720; %£3%%%% n is number transitions

B. Calculation of emission line strengths

clear all
clc
clear

o o

% % % calculation of effective Judd-Ofelt parameters

OmP=[10.4957; 6.7350; 7.8825]; % % % taken as example
OmSig=[9.5331; 4.1574; 5.4806]; % % % taken as example

OmegaEff=[[OmP]+2* [OmSig]]/3;

AS=[OmegaEff]* 107-20;

oe
oe
oe

% Estimation of emission spectral parameters $%%%

[0 0.2296 0.0563; 0 0.1423 0.4070; 0 0 0.2117; 0 0 0.0275]1;
$%%%% matrix element of emission of Nd ion

disp ('S calculated for emission line')
Sem=US*AS;

disp ('S for Nd -———— at.% . %")

Scal _em=Sem*10720 %%%%% Line strength of emission line of Nd ion%%
C. Calculation of radiative lifetime and branching ratio

clear

clc
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clear all
c=3*10710;
e=4.8032*10"(-10) ;
h=6.6261*10"(-27);
p=3.142;

x=1.064; %in um
w=1064; %$in nm

o o

% % calculated line strength of emission line of Nd ion
S$=3.2455*10" (-20) ;

% % excited state of Nd ion from which emission occurs%%%

J=3/2; % % excited state J value %%%

% % % Refractive index calculation %%%%%
ne=sqrt (4.59905 + (0.110534 / (x"2 - 0.04813)) - 0.0122676*x"2);
no=sqrt (3.77834+ (0.069736 / (x"2 - 0.04724)) - 0.0108133*x"2);
% % % Average of refractive index calculation %$%%%%

n=(ne+2*no) /3;

X1=(64*pr4*e”2*nl* (((nl"2)+2)"2)*S1)/(27*h* (2*J+1) * (wl*10"=7)"3);

Note: calculate for all transition from state “Fi3,; and J=3/2

o)

$ Einstein A-coefficient %%%%%
AA=[X1;X2;X3;X4]
AT=X1+X2+X3+X4;

o)

$ Radiative life time %%%%%
Lifetime= (1/AT)*1000000 % (umsec)

D. Calculation of emission cross section

clear all

clc

clear

x=1.064; %$in um

w=1064*10%-7; %in nm Swavelength

p=3.142;

c=3*10"10;

W=[W1l;,W2;W3;W4]*10"-7; % emission Width for all the transitions

o o

% % A coefficient taken as example
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Al=[5.4997]1*1000;
A2=[4.5163]1*1000;
A3=[5.0743]*1000;
A4=[4.7065]*1000;

% % % Refractive index calculation %%%%%

no=sqrt (3.8357+(0.0725/(x172-0.0426))-0.0116*x1"2) ;
ne=sqrt (4.7038+(0.1032/(x172-0.06398))-0.01857*x1"2) ;

n=(ne+2*no) /3;

o Qo

% % % calculation of emission cross section%%%%

Ll=wl"4*Al;
L2=wl"4*A2;
L3=wl"4*A3;
Li=wl"4*A4;
M1=8*c*p* (nl"2);
M2=8*c*p* (n2"2);
)
)

M3=8*c* n3"2);
M4=8*c* n4~2
N1=M1*W1;
N2=M2*W2;
N3=M3*W3;
N4=M4*W4;
Cl=L1/N1;
C2=L2/N2;
C3=L3/N3;
C4=L4/N4;

’

p*(
p*(

o

% % % emission cross section is given as %%%

Cross-section=[Cl;C2;C3;C4]1*10"19;

258



