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Crystal growth and characterization of ytterbium or neodymium
doped type III-KGd(POs3)4. A new bifunctional nonlinear and laser
crystal.

Isabel Parreu 1 Alberich

Abstract

Bifunctional nonlinear and laser crystals are nonlinear optical crystals with sites
that are suitable for laser active ions such as neodymium or ytterbium, which can
combine the 1pm infrared laser emission with the second harmonic generation
properties of the host to generate blue or green laser radiation by self-frequency
doubling.

The aim of this doctoral thesis is to investigate how to synthesize a new nonlinear
crystal, type III-KGd(PO,), alternatively doped with ytterbium or neodymium,
and to evaluate its potentiality as a self-frequency doubling laser crystal. The
thesis focuses on the growth, the optical and spectroscopic properties, and the
laser generation of Yb:KGd(PO,), and Nd:KGd(PO,), crystals, which are very
promising candidates for self-frequency doubling. The interest and originality of
the investigations lie in different areas of Physics, Crystallography, Chemistry and
Materials Science.

The chapters describe the crystal growth process of macrodefect-free single
crystals of a size and doping level that are suitable for laser action and, thus, make
self-frequency doubling possible. Both the linear and nonlinear optical properties
of type-III KGd(PO,), indicate that it can be used as a nonlinear host. The
spectroscopic properties of both ions suggest that efficient laser generation can
be achieved and has been in Yb:KGd(PO,),.

Keywords: Top seeded solution growth, X-ray diffraction, Laser crystals,

Nonlinear optics, Second harmonic generation, Self-frequency doubling.
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Chapter 1: Introduction

Chapter 1: Introduction

In 1917, Albert Einstein' first theorized about the quantum basis of laser physics,
the stimulation emission effect. In 1954, Chatles Townes and Arthur Schalow
created the first maser (microwave amplification by stimulated emission of
radiation)’. In December 1958, the same authors reported the possibility of maser
action in the infrared and visible spectrum, which Gordon Gould was later to
refer to as laser (light amplification by stimulated emission of radiation)’. In 1960),
Theodore Maiman created the first successful solid-state laser’. Pulsed laser
emission was obtained by using high energy flashes to stimulate a synthetic ruby
crystal (Cr:AlL,O;). In the same year, Ali Javan created the first gas laser (He-Ne)
which emitted a continuous beam after initiating the laser action by an electric
discharge. The next 20 years were dominated by gas lasers even though first dye
lasers and semi-conductor lasers were created in 1962 and 1963. In the mid-80s,
cheap semi-conductor or diode lasers took over. Advances in diode lasers made a

decisive contribution to the development of solid-state lasers (SSL).
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1.1. Solid state lasetrs

A solid-state laser (SSL) is generally made up of three components: a solid active
medium, a pump source to excite the gain medium, and a laser cavity or laser
resonator in which the laser radiation circulates and pass through the gain
medium to amplify the power of the emitted light.

Active medium

The active medium is composed by the host and the active ions, which are able
to generate and amplify light. The host should be thermically and mechanically
stable and transparent in both the absorption and emission wavelength ranges of
the active ions. These active ions substitute some of the constitutive ions of the
solid host, e.g. a crystal or a glass, either partially or totally. So, the host carry the
active ions as impurities or dopants or even as stoichiometric elements.
Lanthanide or transition-metal ions are the most used as laser-active ions whose
light amplification have been proved in more than 500 active media.

Optical amplification takes place in an active medium as a result of the stimulated
emission of additional photons. Electronic transitions of laser-active ions from an
excited level to a lower level are induced by an input light with the appropriate
frequency verifying the Boht’s relation, E,-E,=hV. Therefore, electrons must be
previously transferred to the excited level by external pumping in order to invert
the electronic population between the energy levels. The generation of this
inverted population is highly dependent on the energy-level scheme of the active
ion. Here, there is a distinction between the four-level and three-level active
media.

In a four-level active medium, the lower laser level is quickly depopulated by non-
radiative transitions e.g. multiphonon transitions, to lower lying levels. Thus,
there can be no appreciable population in this level and reabsorption of the laser
radiation is avoided. In a quasi-three-level active medium, the lower laser level is

the ground level so the population can be appreciable in thermal equilibrium at
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the operating temperature. Consequently, amplification is only possible above a
particular threshold pump power, when the laser threshold has just been reached.
Below the laser threshold, the excited ions return to the ground state by
spontaneous emission. High-intensity sources are needed therefore to pump
quasi-three-level active media and longer radiative lifetime of the fluorescent level
to reach the population inversion. However, quasi-three-level active media
present a small quantum defect because this scheme just enforces a small energy
difference between the lower laser level and the ground state. The most
prominent examples of such media are ytterbium-doped active media,
neodymium-doped media, on the other hand, are four-level active media. The
optical, spectroscopic, and laser properties of both ions in the KGd(PO,), host
have been investigated in this thesis.

Pump source

Generally, solid-state lasers are optically pumped. From the mid-80s, the most
efficient pump source is the diode laser. These lasers emit radiation at
wavelengths that are close to the strong absorption bands of several active laser
ions, so the diode pump output can lead to an efficient population inversion.
This good spectral match improves the pumping efficiency and thus reduces the
operating temperature of the laser, which alleviates the thermo-optical effects and
leads to better beam quality. The fact that the pumping efficiency of diodes is
higher than that of lamps led to the design of more efficient, simple, and compact
SSL. Some very useful active media such as Nd:Y;ALO,, (YAG), Nd:YVO,, or
Nd:LiYF, (YLF) can be both lamp- and diode- pumped but they only rose to
prominence with diode pumps. In spite of this, they continued to be lamp-
pumped for a long time because the price per watt of generated pump power was
cheaper than that of diode lasers. Both active ions studied in this thesis, ytterbium

and neodymium, can be directly pumped with high-power diode lasers such as
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InGaAs or AlGaAs, respectively. The InGaAs diodes are more robust than the
AlGaAs ones.

However, diode lasers have a narrow tuning range. Broad band tunable laser
operation can be reached using the Ti:sapphire laser as a continuous-wave (cw)
pump source. Wavelengths can be tuned because the strong coupling between
titanium and the sapphire host causes broad and widely separated absorption and
fluorescence bands, which in turn means that titanium has a very large gain
bandwidth. A very important application of this laser is the generation and
amplification of femtosecond mode-locked pulses. Ti:sapphire was introduced’ in
1986 and it quickly replaced most dye lasers which had dominated the ultrashort
pulse generation field. Ti:sapphire is also suitable for pumping test setups of new
SSL because it can be easily tuned to the required pump wavelength with a high
pump brightness. This pump source has been used for the laser operation of
ytterbium-doped KGd(PO,), in this thesis.

Laser cavity

The efficiency of the laser system heavily depends on the pumping efficiency. A
laser resonator efficiently transfers radiation between the pump source and the
active media. It also controls the pump density distribution in the active media
and thus the uniformity, divergence, and optical distortions of the output laser
beam. The design of the pump geometry plays an important role in the laser
system to optimize the mode matching, that is the overlap between the pumped
volume and the volume occupied by a low-order resonator mode. For low-power
SSL pumped by a diode laser, the end-pumping geometry has become more
common than face- or side-pumping geometries. In the end-pumping technique,
pump radiation is introduced longitudinally to the active medium i.e. co-linear
with the resonator axis, whereas in the side-pumping technique, it enters
transverse to the resonator axis. However, there is an increasingly large number

of cavity designs that has been employed in lasers such as Z-, X- or V-shaped
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resonators in which the sample is placed under Brewster angle to avoid pump
reflections. In this thesis, a Z-shaped cavity has been used for laser experiments.
The laser resonator requires mirrors in both sides: a high-reflective mirror (HR)
in one of them and a partially transmissive output-coupler (OC) in the other.
Output intensity will be maximum for a unique output-coupler reflectivity. The
design of the laser cavity - basically comprising optical elements, angles of
incidence, and the distance between components - determines the cavity modes,
which can be longitudinal or transverse at resonance frequencies.

The gain in a laser is basically determined by the active medium and the optical
pump source. As far as the active medium is concerned, the laser gain is directly
related to the absorption and emission cross-sections and to the population
inversion, thus to the inversion dependent gain cross section. The spectral match
with the pump source determines the population inversion besides the

fluorescent level lifetime.

1.2. Bifunctional nonlinear and laser materials. The self-frequency

doubling (SFD)

Since 1960, when Maiman* demonstrated the first SSL,, the importance of lasers
has increased dramatically and they are now used not only in science but also in
society. Lasers emitting at wavelengths ranging from the ultraviolet to the
infrared are needed for the huge variety of new applications that have emerged
since then. By the late 70s and early 80s the interest was mainly focused on
developing powerful and compact sources of blue and green light.

The development of SSL together with the improvement in nonlinear optical
materials opened up the possibility of applying the second-harmonic generation
to the infrared outputs of the diode-pumped SSL. In 1988, the interest in this
type of configuration increased after demonstrations’ of compact green-sources

based on intracavity frequency doubling of diode-pumped neodymium lasers.
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One alternative to this are upconversion lasers in which the pump wavelength
can be longer than the lasing wavelength (i.e. infrared light can be used to directly
pump a green laser). Upconversion was first demonstrated’ in 1971 but was not
focused on until 1986, by which time efficient diode-pumping was reached. Bulk
crystals were the first to be developed followed by optical fibres *’.

Solid-state laser sources in the visible spectral region play an important role in
laser technology because they are potentially interesting for numerous

),1

applications such as high-density optical data storage'™"', reprographics®, colour

14,15 16

displays", medicine, biotechnology'*", submarine communications'’, transparent
atmosphere applications, etc.'”

As stated above, such laser sources can be managed from either upconversion or
frequency conversion by nonlinear optical processes such as frequency doubling
and sum-frequency mixing. Promising investigations into second-harmonic
generation by phase-matching in nonlinear crystals have increased the interest in
this latter kind of design'®. Harmonic generation is one of the main nonlinear
optical effects, first observed by Franklen in 1961". Nonlinear optical
interactions can be only generated when the intensity of the applied electric field
is high enough (i.e. a laser beam). Hence, nonlinear optics and laser spectroscopy
are necessarily related. Why not combine them?

Bifunctional optical and laser materials, in which the nonlinear optical process
and the laser effect occur simultaneously, are very promising for such compact
laser designs because solid-state lasers operate mainly in the infrared. Such self-
frequency doubling (SFD) lasers involve fewer losses (absorption, refection and
scattering) than the intracavity frequency doubling lasers, which means that
resonator designs are simpler and more compact™.

The first SFD lasers were Tm:LiNbO,” and Nd:LiNbO,;:MgO? and today these
systems are efficient and can be diode pumped. As a rule, if a nonlinear optical

crystal is to be used as a SFD laser it must (i) accept fluorescent ion doping
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(usually neodymium or ytterbium) and (ii) be phase-matchable for its laser
emission. The potentiality of these crystals relies on a strong and wide pump
absorption bandwidth as well as on a relative gain cross-section. The crystal
should also be transparent in the infrared and second harmonic generated
wavelength ranges, to prevent re-absorption losses. So far, only a few
noncentrosymmetric crystals satisfy all these requirements and they are mainly
doped with neodymium®. Nonlinear optical crystals with suitable sites for Nd**
ions can combine the 1um infrared laser emission (‘F, /= I, /») with the second-
harmonic generation properties of the host to produce green laser radiation by
self-frequency doubling. The main results of Nd-doped SFD lasers that have
been described recently by Brenier in ref. 23 and they are reprinted below in

Table 1.1.

Table 1.1. Main results of Nd-doped SFD lasers (reprinted from Brenier, ref. 23)

Input Output

Crystal (W) (W) Pumping Reference
LiNbO;:MgO 215 1 Dye Fan,1986*
YAL(BO,), 870 10 D/CW Schiitz,1990”
YAL(BO,), 280 3 D/CW Wang,1991%
YAL(BO,), 400 69 D/CW Amano,1991%
YAL(BO,), 1380 51 D/CW Hemmati,1992*
YAL(BO,), 369 35 D/CW Qui, 1993%
LiNbO;:MgO 850 18 Dye Li,1993"
LiNbO;:Sc,0, 65 0.14 TS/QCW  Yamamoto,1994°
LiNbO;:MgO 100 0.2 D/QCW Ishibashi, 1996
YAL(BO,), 1600 225 D/CW Bartschke, 1997
YAL(BO,), 2200 450 TS/CW Bartschke, 1997
LaBGeOq 600 0.09 TS/CW Capmany,1999*
Nd,Lu:YAB 880 24 D/CW Dekker, 1998
LiINbO;:Zn 430 0.65 TS/CW Capmany,1999*
Ba,NaNb.O,; 270 46 TS/CW Kaminskii,1999"
YCa,O(BO,), 900 62 D/CW  Einchenholtz,1999%
GdCa,O(BO,), 1600 192 TS/CW Zhang,1999”
GdCa,O(BO;), 1250 115 D/CW Augé, 1999"
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Results are best with YAL(BO,), (YAB) and those of GdCa,O(BO;), (GACOB)
and YCa,O(BO,); (YCOB) remain below. Ba,NaNb,O,; (BNN) remains in a
good position. The SFD power extracted from LiNbO; (LNB) and LaBGeO;,
(LBG) is much weaker.

The ytterbium ion is an interesting alternative to neodymium in the same

wavelength range near 1 um (Fs = °F, /») while the second harmonic is also in
the green region. It has several important advantages*"****,

The simple two-manifold energy level scheme of ytterbium excludes a number of
competitive processes such as excited-state absorption (ESA), upconversion and
cross relaxation, which can depopulate the upper laser level and hence reduce the
laser efficiency. The small Stokes shift between absorption and emission (i.e. the
small quantum defect) reduces the thermal load and leads to efficient operation at
high powers. The ytterbium ion possesses higher energy-storage capability
because the radiative lifetime of the upper laser manifold is substantially longer
than that of the neodymium ion. Moreover, the pump band of ytterbium is well
matched for diode pumping near 980 nm such as with high-power InGaAs diode
lasers. Finally, ytterbium has no bands in the green region, so the inevitable
reabsorption losses of neodymium in the wavelength range of the second
harmonic can be avoided. The introduction of ytterbium into the nonlinear host
is favoured by the fact that the ionic radius of ytterbium is smaller than that of
neodymium and other rare-earth ions, so doping levels can be high. The
ytterbium ion also has also some disadvantages as a result of the quasi-three level
scheme: higher threshold, reabsorption loses and temperature related defects®.
However, the advantages of ytterbium outweigh the disadvantages'*".

Recently, highly efficient laser operation in some nonlinear crystals doped with

ytterbium has been reported "> and even a better laser efficiency than

ever reported for a Nd-doped SFD laser®™. In all cases, the intensity of the



Chapter 1: Introduction

generated green light is quadratically dependent on the incident infrared pumping
light. Table 1.2 shows the main results of Yb-doped SFD lasers.

The very low green output power of Yb:GdCOB may be caused by its broad
emission spectra®™”. The results are best with YYAB, which can produce record

CW green powers of 1.1 W.

Table 1.2. Main results of Yb-doped SFD lasers

Input Output

Crystal (W) (W) Pumping Reference
LiNbO;:MgO 101 30 TS/CW Montoya,1999*
GdCa,0O(BO,), 600 180 D/CW Augue,199956
YCa,O(BO,), 3800 245 HBMLS*  Richardson,2000*
YAL(BO,), 220 1 D/CW \Wang,ZOOO57
YAL(BO,), 160 1.4 D/CW \Wzmg,ZOOO5 i
LiINbO;:MgO 421 58 TS/CW Montoya,200059
YAL(BO,), 11000 1100 D/CW Jiang,200160
YALBO,), 11000 1100 D/CW Dekker,2001%
YCa,OBO,), — 1 TS/CW Aron,2001%
GdCa,0O(BO,), 1200 0.15 DCW Zhang,ZO()l(’3
YAL(BO,), --- 1 D/CW Burns,2002%
YAL(BO,), --- 270 D/CW Lederer,2002%
YAL(BO,), 11100 65 TS/CW Dekker,2003%
LiNbO;MgO 900 58 TS/CW Bausa,2004%

(*) HBMLS: high-brightness multi-laser source

1.3. Structural framework of KGd(PO,),

KGdPO,), (KGP) belongs to the wide and versatile family of condensed
phosphates”. Though this class of phosphates has been widely studied because of
its range of applications, even today it is relatively poorly understood. Corbridge
wrote that the word phosphates must apply to any compound in which the
phosphorus atoms are surrounded by a tetrahedron of four oxygen atoms®.
Hence, condensed phosphates are various phosphoric anions built from corner-

sharing PO, tetrahedra in which the O/P ratio is from 5/2 to 4. The simplest
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process by which condensed phosphates can be obtained is the reorganization of
monohydrogenmonophosphate (HPO,) molecules after water elimination. The
condensation phenomenon can generate numerous phosphoric anions with three
very different types of geometries. A linear linkage of PO, tetrahedra that shares
two of their oxygen atoms leading to long-chains; a cyclic linkage that also shares
two of their oxygen atoms and leading to rings; and some PO, tetrahedra that
share three of their oxygen atoms leading to various possible geometries such as
infinite ribbons or layers or three-dimensional networks. These are called long-
chain polyphosphates, cyclophosphates, and ultraphosphates, respectively.
Surprising though it may seem, it is now well recognized that any classification of
condensed phosphates must be based on the geometry of the ions rather than on
chemistry. Therefore, the nomenclature used for condensed phosphates over the
years has often been very confusing.

KGd(PO,), belongs to the wide family of condensed phosphates, more
specifically to the class of double phosphates of alkali and lanthanide ions with
the general formula M'Ln"'(PO,),. Compounds of this type can be either double
polyphosphates, the phosphoric anions of which have a long-chain geometry,
M'La"(PO,),, or cyclotretraphosphates, the phosphoric anions of which have a
cycling geometry, M'Ln""P,O ..

Most of the literature dealing with double phosphates was rather confusing for a
long time but it is currently well established that they can be classified into ten
structural types.

Palkina et al. first proposed the classification in 1981". The six structural types of
polyphosphates were denoted by roman numerals (I-VI) and the three
cyclophosphates by Latin letters (A-C). Palkina noted that the nine structural
types probably did not exhaust the whole diversity of double phosphates of alkali

and lanthanide ions and, as new compounds were synthesized and studied, the
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list would be extended. However, up to now, only one more type has been added:
the seventh structural type of polyphosphates (VII)™"".

Table 1.3 shows the main structural features of each of these ten structural types.
Soviet and Tunisian researchers discovered most of these double phosphates
during investigations into numerous M,0O-Ln,0;-P,O; systems. Whereas the

Soviets used flux methods, the Tunisians systematically produced the MPO;-

Ln(PO,); phase-equilibrium diagrams.

Table 1.3. Main structural features of double polyphosphates and cyclophosphates

Type Space group 7 Geometry cn(M) cn.(Ln™) Ref.

I 12/¢ 4 (PO,), 4 8 7
I P2,/n 4 (PO,), 7 8 7
111 P2, 2 (PO,), 8 8 ™
v P2,/n 4 (PO,), 10 8 7
Vv P2,/n 4 (PO,), 8 7 76
VI P2, 4 (PO,), 8 8 7

VII C222, 8 (PO,), 8 9 7

A B2/b 4 (PO, 8 8 7
B C2/¢ 4 (PO, 8 8 80
C 14 34 12 (PO, 9 8 .

Table 1.4 shows how the structural types are distributed among the series of
double phosphates of lanthanide and the alkali ions Li, Na, K, Rb, and Cs. This
table includes the classification first made by Palkina in ref. 70, which was later
updated by Durif in ref. 68 and by us in our exhaustive review of the literature.

Some of these compounds are polymorphic because of the versatility of the
condensation process. The number of polymorphs seems to increase as the ionic
radius of the alkali ion also increases. Moreover, the structure is highly dependent
not only on the size of this ion, but also on the size of the lanthanide. When the
alkali ion remains constant, there are two groups throughout the lanthanide

series, one of ions belonging to the first part and another of ions belonging to the
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second part. Since the gadolinium ion is placed just in the middle of the series, it
can have structural types that have characteristics of both parts. Palkina™ has
already suggested two structural types for the double phosphate of potassium and
gadolinium: type III-KGd(PO,), and type A-KGdP,O,,. The crystal structures of
type III (see paper III) and type A* have recently been solved by single-crystal
diffraction analysis. Both structural types are characteristic of the first part of the
lanthanide series. Structural type IV, typical of the second part of the series, has
been reported recently and its crystal structure solved®.

During the synthesis and subsequent structural characterization of the double

phosphate of potassium and gadolinium, the first two polymorphs will often

appear.

Table 1.4. Distribution of structural types of double phosphates among lanthanide series and
alkali metals

Ia Ce Pr Nd Sm FEu Gd Tb Dy Ho Er Tm Yb Lu

Li 1T I I I I I I I I I I I I I
Na II IT II II II II I II II II 1II
K III IIr Ir I1r IIr I IIm I III I III

vV v Iv. 1Iv IV 1V
A% v VvV V
VII
A A A A A A A A A A A
Rb v Iv 1Iv 1Iv IV IV IV IV IV IV IV 1V
VI vl VI VI VI VI VI VI VI VI
C A A A A A
B B B B B
Cs IV v 1Iv IV IV 1Iv IV IV IV IV IV IV 1V

vVl VI VI VI VI VI VI VI VI VI VI
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The aim of the doctoral thesis

As stated above, solid-state lasers are part of everyday life. New SSL are
continually being developed to be used in new applications and to improve
existing ones. Therefore, the design and development of new promising materials
does not stop.

In the mid 70s, the miniaturization of neodymium laser sources for optical fiber
communications was of considerable interest because of the lower dispersion of
silica at the neodymium emissions of 1.05 and 1.32 um®*. Stoichiometric laser
materials of neodymium are very attractive for this purpose. Several of them were
developed and were largely shown to have LED-pumped cw laser action. The
, and LiNd(PO,),**”" but also
NaNd(PO,),” and KNd(PO,),” wete also tepotted to be promising. KNd(PO,),

. 85,86,87
most prominent were NdP,O,,”™

(KINP) has the advantage that it is noncentrosymmetric (Table 1.3 and 1.4) so it
can be regarded as a highly Nd-doped self-frequency doubling crystal. In fact, the
nonlinear optical properties of KNd(PO,),, theoretically predicted from its
structural data, showed that it is a promising SFD crystal”. However, the
spectroscopic related problems of the neodymium ion could be aggravated by its
high concentration in the structure. We attempt, therefore, to reduce the doping
level in the host to reduce concentration-quenching effects. A good alternative
should be to replace neodymium with ytterbium, the benefits of which are
extensively explained in Section 1.2 of this introduction. It should also be pointed
out that the stoichiometric KYb(PO;), does not crystallize as type III but as type
IV and V, which are both centrosymmetric (Tables 1.3 and 1.4).

Taking all these aspects into account, we propose the isostructural KGd(PO,),
(KGP) as a solid-state laser host to be doped with either ytterbium or
neodymium. KGd(PO;), should maintain all the good properties of KNd(PO,),

and because of the high capacity of the gadolinium ion to be substituted by any
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other lanthanide ion, it should easily doped with ytterbium and neodymium or
even by any other lanthanide ion.

Thus, the aim of the doctoral thesis is to synthesize and characterize undoped
type I KGd(PO,), crystals and ytterbium- and neodymium-doped type III
KGd(PO,), crystals.

The method chosen to grow the crystals was the top seeded solution growth
(TSSG)—slow cooling because of the incongruent melting of KGd(POj;),. Despite
of the high viscosity of the growth solution, we decided not to introduce a
solvent to avoid impurities and crystals were grown in their self-flux. The
crystallization region was determined for type III KGd(PO,),, Yb:KGd(PO,),,
Nd:KGd(PO;), and KNd(PO,), in the ternary system of the corresponding
oxides (L.n,0;,+Gd,0,)-K,0-P,0;, with Ln=Yb’* and Nd’".

To our knowledge, KGd(PO,), has never been previously reported, so we made
structural characterizations of pure KGd(PO,), and Yb- and Nd-doped
KGd(PO,),. The literature dealing with the synthesis and structural
characterization of the stoichiometric KNd(PO,), is rather poor and often
confusing, as with other condensed phosphates, so we also included this crystal
in our investigations.

If it is to be a potential SSL or a SFD laser, the crystal must fulfil some
requirements, some of which have been mentioned above. Hence, it is necessary
to characterize physically the crystals, maybe especially to determine the optical
properties of the host. The spectroscopic properties of the lanthanide ion in the
host must be also studied since the potentiality of the new laser directly depends
on them. All these studies have been made here for the following isostructurals:
KGd(PO,),, Yb:KGd(PO,),, Nd: KGd(PO,),, and KNd(PO,),.

Finally, we made a more in-depth study of ytterbium-doped KGd(POj),. Lasing
experiments have been done and laser action has been achieved in this material

for the first time.
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Chapter 2: Experimental techniques and methodologies

In this chapter, we summarise the main experimental techniques used in the
thesis. We give a brief description of the theoretical fundamentals and the
procedure related to each technique. The experimental equipment is described in
detail and schematic views and illustrations of some of the systems we used are
included.

The experimental techniques described are available at the Universitat Rovira i
Virgili, the Universitat de Barcelona, the Universitat Autonoma de, the Université
Joseph Fourier (Laboratoire de Spectrométrie Physique) and the CNRS
(Laboratoire de Crystallographie) in Grenoble, and the Max-Born Institute for

Non-linear Optics and Ultrafast Spectroscopy in Berlin.
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2.1. Ternary phase diagram. Determination of the crystallization region

The first step for growing a new crystal is to choose the suitable growth method
to use. As KGd(PO;), melts incongruently, a flux method has to be used. Flux
methods enable to grow crystals that cannot grow from their stoichiometric melts
because they melt incongruently or undergo a phase transition before melting.
From the flux, which contains the components of the final desired material
dissolved in a solvent, crystals can grow below the melting temperature.

The flux compositions solute/solvent from which the material crystallizes as the
desired single phase has to be determined. The process consists in growing small
crystals at different flux compositions and determining later their crystalline
phase. So, as we decided to grow KGd(PO,), crystals from its self-flux, the
crystallization region of type III KGd(PO,), in the ternary system of the
corresponding oxides Gd,0;-K,0-P,0O; was determined. Variations of this
region introduced by doping were also analyzed. We determined therefore the
type III KGd(PO;), crystallization of Yb:KGd(PO,),, Nd:KGd(PO,), and
KNd(PO,), in the ternary system of the corresponding oxides Ln,O;-K,O-P,0O;,
with Ln=Yb** and Nd*".

To perform the experiments, a vertical tubular furnace heated by a Kantal AF
resistance heating wire was used. The whole system was thermically insulated
using thermal wool and an external steel cover. The temperature in the furnace
was measured with an S-type thermocouple Pt/Pt-Rh 10% placed near the
resistances in the central zone to guarantee a reliable and stable measurement. We
controlled the temperature using a Eurotherm 818 P controller/programmer
depending on the cooling program used. It was connected to a thyristor that
controls the power of the furnace.

Around 20 g of solution were prepared mixing the desired ratios of the
corresponding oxides, 1n,O,, K,0, and P,O,, with Ln=Gd>, Yb’", or Nd*,

using an excess of phosphorous and potassium oxides as a solvent. The solution
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was homogenised at 50-100 K above the crystallization temperature, which was
accurately determined by observing the growth or dissolution of small crystals
freely nucleated on the solution surface or on an immersed platinum wire. From
the crystallization temperature, a typical slow cooling program of 1 or 0.5 K/h,
depending on the material, was applied to a final temperature of around 25 K
below. The crystals were grown on a platinum disk with a constant rotation of 45
rpm, which was kept in contact with the solution surface. The axial gradient in
the crucible was rather high, 10 K/mm, to enhance the mass transport in the
solution and to the disk by free convection because the flux was very viscous.

The small crystals obtained were cleaned with water and identified by direct
observation of their shape by optical microscopy. To determine the phase

crystallized, the crystals were analysed by X-ray powder diffraction technique.

2.2. Characterization of the growth solution

High-temperature growth techniques are related with the thermofluodynamics of
the liquid phase. The quality of the single crystals heavily depends on whether the
flow mechanisms coexisting in solution are free or forced convection and
thermocapillarity”. Thus, the thermal dependence of some physical properties of
the solution such as density, viscosity, and surface tension needs to be
determined if the thermohydrodynamical conditions of the crystal growth process
are to be optimized™.

To measure the density, viscosity, and surface tension of the growth solution
under controlled and reproducible conditions, we developed a polyvalent device
and specific experimental methodologies, which allow us to work in a wide range
of temperatures. The reliability of the measurements and the calibration of the
equipment were determined using as a standard some liquids whose physical
properties were known. Figure 2.1 shows the experimental equipment used in the

thesis and which is available from the FiCMA (Fisica i Cristal Jografia de Materials)
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group of the Universitat Rovira 1 Virgili. It consists of a thermal subsystem and a

mechanical subsystem.

K Higher mechanical
structure

Precision scale
4

h & Tubular furnace

| it F;, "—"

A Lower mechanical

structure

2]

T L

Figure 2.1. Schematic of the experimental device used in viscosity, density, and surface tension
measurements

The thermal subsystem includes a tubular furnace heated by Kantal AF resistance
heating wire of 1 mm in diameter rolled on an alumina tube. The temperature is
measured with an S-type thermocouple (Pt/Pt - Rh 10%) and controlled by a
Eurotherm 818 P (£ 0.1 °C) controller/programmer connected to a thytistor.

The mechanical subsystem has two structures placed under and above the
furnace. They allow the crucible to move axially and the various immersors used
as sensors for the measurements (Figure 2.2) to move axially and rotationally.

To measure the density and the viscosity we used the spherical immersors that
are made of Pt/Pt-Rh 10%. They are 10 mm and 12 mm in diameter, and weigh
11.3192 and 18.1110 g, respectively. The open cylindrical immersor was used to
measure the surface tension. It is 15 mm long and 16 mm in diameter, weighs

4.8802 g, and is made of 0.25 mm-thick walls of Pt/Pt-Rh 10%.
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Figure 2.2. Pt/Pt-Rh 10% immersors used as sensors for density, viscosity, and surface tension
measurements

The main part of the lower mechanical structure is a platform, which contains the
held axis of the crucible. The platform can be automatically raised or lowered
with an asynchronous-reduction combined engine attached to the base of the
structure. The upper mechanical structure works in the same way as the lower
one but, in this case, on the platform there are either a Mettler PM 200 precision
scales with 1 mg of sensitivity, used to determine the density or the surface
tension, or a torsion wire to determine the viscosity. Specific software was
designed to digitalize the acquisition of the output scales data. The frequency of
the digital lecture in all experimental determinations was fixed at 1 Hz.

The symmetry axes of the lower and upper mechanical structures and the axis of
the useful thermal area inside the furnace are aligned to coincide with the vertical
axis of the whole device.

Before making any measurements, the useful thermal area of the furnace must be
thermally characterized using previously calibrated thermocouples. The axial
gradient must be low around the centre of the thermal area. The solution
contained in the crucible and placed in this region will be thermally stable during
the measurements, which were made in a temperature range that was always
above the crystallization temperature to prevent the nucleation of small crystals
on the solution surface. For the same reason, the immersor was kept above the
solution surface for about two hours before the measurements to reach the
thermal equilibrium between the immersor and the solution surface.
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2.2.1. Density

To determine the density of the solution from which KGd(PO,), single crystals
were grown, we used the Archimedean method, which determines the apparent
weight of an immersor submerged in a solution. We digitally recorded the
apparent weight of a spherical immersor submerged in the solution and
suspended from the scales on the platform of the upper mechanical system. The
difference between the immersor weight in air and in solution is due to the
Archimedean buoyancy. However, the wire where the immersor is suspended
undergoes some residual effects because of the surface tension, air friction and
the buoyancy on the part that is submerged.
Consequently, the apparent weight of the suspended wire-spherical immersor
system can be calculated with the expression:

W =W =Vo0(1)&(Psy = Pup) T T+E =1, eq. 2.1

where, W

, and W are the immersor weights in the solution and in air,

respectively; 17, is the immersor volume at room temperature (1,); J1) is a
correction factor of the immersor dilation at the working temperature (1); o, and
P... are the solution and air densities, respectively; 7 is the vertical component of
the surface tension in the meniscus of the suspended wire; F is the vertical
component of the friction between the suspended wire and the ascending hot air;
and /; is the buoyancy exerted on the submerged part of the suspended wire.
Using two spherical immersors of different diameters, 10 and 12 mm (Figure 2.2),
suspended on an identical wire, the correction factors 7, F, and /, can be
eliminated because they are the same for both of them.
Thus, using the previous expression for the bigger immersor (2) and the smaller
one (1), the analytical expression of the density is finally:
(W =W1)=(Wpo =W 1)
(12 =1)a(T)g

pm/ = paz'r + 1050/ = loair + €q. 22
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The correction factor of the immersor dilation at the working temperature J(T) is
defined as:
,
[3acrar
O(T)=¢' eq. 2.3
taking into account that the volumical thermal expansion coefficient (@) is three
times the lineal one (@), which in the case of platinum corresponds to
- -6 9. -14.7.2
a(T)=88810"+1.2810°T +410 "1 eq. 2.4
where T'is the working temperature (K).
To control the submersion depth, the position of the free surface of the solution
was accurately determined by measuring the immersor weight. Because of surface
tension effects, the immersor weight undergoes a drastic discontinuity just at the

moment of contact between the immersor and the solution surface.

2.2.2. Viscosity

Accurately measuring the viscosity of solutions at high temperatures with
sufficient accuracy is a difficult challenge. Of the various methods for measuring
the viscosity of high-temperature solutions, we chose the torsion pendulum
method”™”, which is based on the logarithmic decrement of damping caused by
the friction in the melt.

Thus, the viscosity of the growth solution was measured by determining the
oscillatory motion of the pendulum, made up of the small spherical immersor (10
mm) hung from a tungsten wire. To make more precise measurements, the
pendulum oscillations were transported to a graduate pattern with the aid of a
laser beam and a reflector system placed on the axial plane of the pendulum. The
immersor was totally submerged in the solution to a depth that fulfilled the
geometrical condition that the distance between the crucible base and the lower
part of the sphere and between the free surface and the upper part of the sphere

was the same. Then, a torque was applied to excite the torsion of the pendulum
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system. When the torque of the torsion wire compensates the viscous pair, the
pendulum system oscillates.
The dynamic viscosity (1) can be obtained from the expression of the cinematic

viscosity (V):

V=£=Cdé eq. 2.5
0

where pis the solution density; C and £ are apparatus constants; and  is the
logarithmic decrement, which is calculated from the logarithmic slope of the
angular amplitude of oscillation versus the number of oscillations.

Note that the solution density needs to be known. To evaluate the apparatus
constants, C and £, the whole system was calibrated by measuring the logarithmic
decrement of at least two several Newtonian liquids of dynamic viscosities of

0.0992, 0.928 and 1.7596 Pa s (or 99.2, 925 and 1759.6 Cp) at room temperature.

2.2.3. Surface tension

The surface tension is measures by determining the maximum traction applied on
the open cylindrical immersor (Figure 2.2) just at the moment when the surface
film of the solution is going to break. This method can be called as the open

cylinder method”'™'"". The analytical expression for the surface tension (0) is:

0— — ﬂ Wmax 2 6
_— —_— €q. Z.
ATRA(T) 4

where IV, is the maximum traction applied; R is the average cylinder radius; A(T)
is a correction factor of the immersor dilation at the working temperature; and
is a correction factor of the effects of the cylinder walls (Verschaffelt

101

correction) , which is expressed as:

p=q- 28280 06095 35° 03717
JiR R RJIR  R?

eq. 2.7
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|14

where 20is the thickness of the cylinder walls and 5 =——=%— eq. 2.8

TR P&
Note that the solution density also needs to be known.
The correction factor A(T) for the linear thermal expansion of the cylinder walls is
calculated using the expression
,
[a(r)dr
AT)=e ™ eq. 2.9

To determine accurately the value of I, , the free solution surface is determined

s>
by the discontinuity of the immersor weight, as in the case of density
measurements. We measured the cylinder weight while it was being extracted
from the solution. The extraction velocity was set at 1 cm per minute to ensure
that the geometrical shape of the solution film adhered to the cylinder base.
During a typical extraction, the cylinder weight initially increases to a maximum
value because the adhered film increased to a maximum length. Then, when the
film breaks, it drops sharply to a stable value when the immersor is totally
separated from the solution surface. The W, . value was then determined from

max

the maximum weight recorded just before the separation.

2.3. Crystal growth: the top-seeded solution growth-slow cooling method

The top seeded solution growth (TSSG) technique is a flux growth technique
commonly used to growth crystals from high temperature solutions. In TSSG,
crystals are completely submerged in the flux, which allows the crystal facets to
grow freely. The crystal begins to grow on a crystalline seed in contact with the
solution surface, which should be placed at the coldest point of the solution to
avoid secondary nucleation. The growth starts when the solution becomes
supersaturated. To reach this situation, we slowly cool the solution from its
crystallization temperature, which is previously accurately determined by

observing the growth or dissolution of the crystalline seed in contact with the
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solution surface. While the solution temperature decreases steadily, the crystal
continues to grow. The top seeded solution growth-slow cooling (TSSG-SC)
technique enables bulk single crystals of a few millimetres to be grown free of
macroscopic defects. The convection flow in the solution must be good in order
to obtain macrodefect-free crystals since this is what determines the shape and
stability of the crystal-solution interface”™'"”. The free convection flow caused by
the axial temperature gradient in the solution is compensated by the forced
convection flow generated by the seed/ctystal rotation. To avoid flux
inhomogeneities or asymmetrical flow rates, the direction of rotation should be
periodically reversed'”.

Figure 2.3 schematically shows the vertical tubular furnace that we use at the
FiCMA to grow single crystals of KGd(PO,), (see paper I), Yb:KGd(PO;), (see
paper II), Nd:KGd(PO,), (see paper I1]), and KINd(PO;), (see paper I1).

1. Platinum crucible
2. Crucible base
3. Alumina tube

<12 4. Thermocouple
5. Alumina rod
6. Top of the furnace
7. Alumina insulator
8. Thermal wool insulator
9. Internal alumina tube
10. Resistance heating coil
11. External alumina tube
12. Steel cover

Figure 2.3. Scheme of the lateral section of a vertical tubular furnace

The furnace is heated using Kantal AF resistance-heating wire (1 mm in diameter)
rolled into an alumina tube. The whole system is thermically insulated using
thermal wool and an external steel cover. The temperature in the furnace is
measured with an S-type thermocouple Pt/Pt-Rh 10% placed near the resistances

in the central zone to guarantee a reliable and stable measurement. The
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temperature is controlled by a Eurotherm 902 controller/programmer. It is
connected to a thyristor that controls the power of the furnace.

To identify the best location of the crucible inside the furnace, both the axial and
radial thermal gradients of the furnace must be determined. An alumina column,
which supports the crucible, can be manually moved to place the crucible in the
right position. The axial gradient inside the solution is also important and it is
different from that of the empty furnace because of the crucible and the solution.
Because the growth solution is very viscous, we used a rather high axial gradient
inside the growth solution (see papers I-I1”) to guarantee the convection flow.

The mechanical part of the growth device, placed above the furnace, supports,
vertically displaces and rotates the crystalline seed. It compromises a vertical
metal structure that is extremely rigid and stable from which an alumina rod is
hung. The seed is attached to a platinum holder, which is also attached to the rod,
both of which are laced with platinum wire. We used a holder equipped with a
platinum turbine to increase the mass transport in the solution (see Figure 2 in
paper 1). To measure the position of the seed we used a Mitutoyo comparer to
determine the crystallization temperature to an accuracy of 0.01 mm.

A platinum conical crucible of 125 cm”’ is used to hold the solution in the crystal
growth experiments. The platinum melts at a temperature (2041.4 K) much
higher than the crystallization temperature of our crystals and, in addition, it does
not react with the oxides used as starting materials. In the experiments on
preliminary crystal growth, 25 cm’ conical or cylindrical crucibles were used.
Consequently, a smaller furnace was used.

Around 200 or 20 g of solution, depending on the size of the crucible, was
prepared by mixing the desired ratios of the corresponding oxides: Ln,O;, K,O,
and P,0., with Ln=Gd>", Yb**, or Nd’*. The crystals were grown from their self-
flux using an excess of phosphorous and potassium oxides as a solvent. The

solution was homogenised at 50-100 K above the crystallization temperature.
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From the crystallization temperature, a slow cooling program from 1 to 0.02
K/h, depending on the material, was applied to a final temperature of around 20
K below. The crystal was then slowly extracted from the solution and slowly
cooled to room temperature. The growth methodologies are extensively

explained in papers I-[1.

2.4. Sample preparation: orientation, cutting and polishing

When anisotropic materials are being characterized, the samples must be
appropriately prepared in order to evaluate each property as a function of their
directions. The first step is to orientate the sample either along the
crystallographic directions a*, b and c* for structural, chemical, or mechanical
studies; or along the principal optical axes N, , N, and N, for optical and
spectroscopic studies.

The as-grown faces that appeared on the crystals are used as a reference to
prepare the samples perpendicular to the a*, b and c* directions. a*- and c*-
oriented plates are prepared by cutting a slice of the desired thickness parallel to

the (100 and (001) faces, respectively. To prepare b-oriented plates the crystal

must be put on an aluminium holder cut at the right angle between the (011 and
(011) faces (87°) and a plane normal to the [010 direction must be cut. The b-

oriented slice is then cut parallel to this plane.

We verify the orientation of the b-oriented plates by texture analysis. These were
made using a D5000 Siemens diffractometer with a Bragg-Brentano parafocusing
geometry and a horizontal 8-20 goniometer with an open Eulerian cradle, which
is available at the Servei de Recursos Cientifics i Tecnies of the Universitat Rovira i
Virgili. The samples are supported on a goniometric head in case disorientations
are detected and need to be corrected by polishing.

We measure the pole figure of the (020) plane. A pole figure is a stereographic
projection, with a specified orientation relative to the crystalline sample that
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shows the variation of pole density with pole orientation for a selected set of
crystal planes, which in our case are{020 . The orientation of the crystal plane of
the sample is defined by three angles with respect to the diffraction plane: the
Bragg diffraction angle (6), the rotation angle around the axis of the intersection
between the sample and diffraction plane (), and the rotation angle around the
normal axis to the sample plane (@). In the measurements, the Y angle was
increased from 0 to 5° with Ay a of 0.5° and the ¢ angle was increased from 0 to
360° with a A¢ of 3° and 3s of counting time for the 28 angle corresponding to
the diffraction of the (020) reflection (21.119°). Figure 2.4 plots the intensities
recorded in a stereographic projection with level lines (pole figure) and the

corresponding 2@scan at fixed Y and ¢ angles obtained from the pole figure.
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Figure 2.4. Pole figutre corresponding to the (020) reflection with a 26=21.119° and 2&scan for
(x$=1.82°,1.72°

The procedure for preparing the samples oriented along the principal optical
axes, N,, N, and N, is rather similar to the one for preparing b-oriented plates.
Typical samples are plate- or cube-shaped. Cutting crystals as cubes saves crystals

since the three axes are contained in a single sample. Therefore, we prepared
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optically oriented cubes whether the crystal size and quality made it possible for

us to do so.
The first step is to cut sample with planes normal to the [010 and lOIOJ

directions and transform the crystal into a cube oriented along the
crystallographic axes. The first plane is prepared exactly as a b-oriented plate
though, in this case, no slices are cut. Its orientation is also verified by texture
analysis and corrected, if necessary. The second plane is cut planoparallel to the
first one. The parallelism between the opposite planes is measured with an
autocollimator. The following step is to build a cube with planes normal to the

principal optical axes instead of the crystallographic ones. As the [010 direction

coincides with one of the optical axes, N, the (010 and (010) planes are not
modified. A new plane normal to IV, is cut at a particular angle from the (003
face. This angle is 39.0° for KGd(PO,), and 37.6° for KNP (see paper I1I). Then,
because the N, N, and NV, are orthogonal by definition, the plane normal to N,
is cut at 90° to the plane normal to IV, Finally, planoparallel planes to N, and
N, are cut and their parallelism checked.

We used a diamond wire Logytech model 15 saw to cut the samples in order to
avold cleaving and fractures. We chose this technique because it induces less
mechanical stress than other techniques such as the diamond disk saw. In spite of
their considerable hardness (around 7 in the Mohs hardness scale) (see paper 1),
this family of materials easily spilt up parallel to the (100 and (001 faces
because of cleavage planes. For the same reason, the load applied to the sample
during the cut was as minimal as it could be for the sample weight and the wire
rotation velocity is kept rather high.

The samples were polished in a Logytech PM5 polisher with an oscillatory arm
that enabled the samples to be rotated and pressurised according to their
hardness. Depending on the quality that was required of the samples, alumina or
diamond abrasive powders were used. The final quality of the polish was
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measured with such parameters as roughness, flatness and parallelism. An average
roughness value was obtained by a confocal microscope (see section 2.6.3). The
flatness and parallelism were measured with the autocollimator.

All the samples were completely prepared at the FiCMA where the diamond wire
and disk saws, the polisher, the confocal microscope and the autocollimator are
available. Figure 2.5 shows some of the KGd(PO;), and KNd(PO,), prepared at
the FICMA such as plates, cubes or prisms oriented along the optical principal

axes.

Figure 2.5. Typical KGd(PO3)4 and KNd(PO3)4 samples plate-, cube- and prism-shaped.

2.5. Concentration analysis of the dopant elements: electron probe

microanalysis (EPMA)

The dopant concentration in the crystals was measured by electron probe
microanalysis (EPMA) in a Cameca SX-50 microprobe analyzer available at the
Servei de Recursos Cientifico-Técnics of the Universitat de Barcelona.

This technique measures the characteristic X-rays emitted by the sample after
they have been excited with a focused electron beam generated at an intensity of
30 nA at an accelerating voltage of 20kV. A wavelength-dispersive spectrometer
(WDS) detects and characterizes these X-rays.

The most commonly used spectrometer crystals are: lithium fluoride 200 (LIF),

pentaerythritol 002 (PET), thallium acid phthalate 1011 (TAP), and
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PC1:W/simultilayered pseudo-crystal. These crystals cover the wavelength range
from 1 to 24 A. The chemical composition is determined by comparing the X-ray
intensity of the sample with that of standard samples of known concentration.
Table 2.1 summarizes the measurement conditions and the standards used, which
are detailed in papers Il and III and in Table 2.1.

Quantitative analysis requires the absorption, fluorescence and atomic number

effects to be corrected, which we did with PAP'™.

Table 2.1. Measurement conditions used in EMPA analysis

. Spectrometer Detection  Experimental
Blement  Line " crystals Standard limit (Yowt) eiror (%)
P Kaq PET KGd(PO,), 0.08 1
K Kq PET KGd(PO,), 0.05 1
Gd La LIF KGd(PO,), 0.03 1
Nd Tq LIF ree4 0.04 2
Yb Lq LIF KYb(WO,), 0.03 3
O Kq PC1 KGd(PO,), 0.24 1

“The integration time of the measurements is 10 s

To prepare the sample, a small piece of macrodefect-free crystal is put in a plastic
cylindrical container and included in a polyester resin with its corresponding
catalyst. After around 12 hours, the mixture is completely solidified. The solid
sample is initially planed with a SiC disk and with distilled water as coolant. It is
then polished with 3um- and 1pm-diamond disks cooled with lubricant MGS.
This preparation is made at the FiCMA using a Struers DAP-7 polisher, which
allows the simultaneous and inverse rotation of the disk and the sample. The
sample is finally cleaned with alcohol. Before the analysis, the sample must be
coated with a fine layer of a conductor metal such as carbon or gold because of
the low electric conduction of the crystals.

The experimental error (£) of the measurements for all the elements analysed was

determined using equation 2.12, particularly for those with low concentration:
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I,/t,+1,/t, IS/t +1;/1
gz\/ p/f * I/t W b/bxloo eq. 2.10

I, =10 =1
where [, and I, are the intensities of the peak of the sample and the background

of the sample (c/s), respectively; 7, and #, are the is the integration times of the
peak of the sample and the background of the sample (s); I}, and I} are the
intensities of the peak of the standard and the background of the standard (c/s);
andsjand 7, are the integration times of the peak of the standard and the

background of the standard (s).
We also determined the detection limit of each analysed element with the

expression:

2
s 1
DL = ¢ 32| L eq. 2.11
(I, -1, 7,

where C is the concentration of the element in the standard (wt %).

2.6. X-ray diffraction techniques

In 1913, W. L. Bragg was the first to use the diffraction of X-rays by crystals to
explore matter. He and his father earned the Nobel Prize for Physics in 1915 for
their work published in an abridged form in X-rays and Crystal Structure'™. Since
then, X-ray diffraction has been used to go deeper into the molecular structure of
all kinds of species in their monocrystalline or powder forms.

W. L. Bragg showed that the diffracted beam from a crystal behaves as if the
radiation is scattered by individual atoms periodically aligned on planes acting as
reflecting mirrors. The waves “reflected” by these lattice planes interfere
constructively in accordance with Bragg’s law:

nA =2d,,, sin(6) eq. 2.12
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where 74 is the path difference between waves scattered by adjacent lattice planes
with equivalent indices; 4., is the spacing distance between to consecutive lattice

planes, and 8is the incident angle of the X-ray beam'”.

2.6.1. X-ray powder diffraction

When the sample is a powdered crystalline specimen, many different tiny crystals
are present simultaneously. Bragg’s law will be fulfilled in some of crystallites, so
the complete diffraction pattern will be observed for any orientation of the
crystalline powder with respect to the X-ray beam'”.

Powder diffraction is an extremely powerful technique for identifying crystalline
phases and analysing mixtures. It compares the recorded diffraction patterns with
those compiled by the Joint committee for powder diffraction standards (JCPDS)
"%, This technique is also used to analyse how the cell parameters evolve as a
function of the temperature, the pressure, or the dopant concentration, and to
determine phase diagrams and phase transitions.

We wused a Siemens D-5000 powder diffractometer with Bragg-Brentano
parafocusing geometry and 8- configuration using a Cu source (Ae=1.540560
A) available at the Servei de Recursos Cientifics i Téenics of the Universitat Rovira i
Virgili. In this system, the source, the sample and the detector occupy three
consecutive positions on a circumference. The source and the detector vary
synchronously, always symmetrically and the sample is kept fixed. By varying the
20 angle of the source and the detector, we can obtain a discrete pattern of the
reflection for the families of planes parallel to the sample surface.

For thermal characterizations, the diffractometer is equipped with an Anton-Paar
HTK10 camera with a platinum ribbon-heating holder. This is connected to a
thermocouple and to a controller, which allows different heating/cooling
programs (temperature ranges and velocities). We used a scintillation counter and

a Braun position-sensitive detector (PSD) as detectors for the measurements.
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Powder diffraction does not allow three-dimensional crystallographic information
and solving structures is therefore very hard work. However, some methods give
the possibility to precise cell-parameters, atomic coordinates, and temperature
factors by adjusting parameters with an experimental powder diffraction pattern.
We used the FULLPROF program'” to refine the parameters with the Rietveld

method'™.

2.6.2. X-ray texture diffraction

The orientation of a monocrystalline sample can be determined using X-ray

texture diffraction'”

. To determine a (h&/) pole figure, the counter is fixed at the
proper 20 angle to receive the A&/ reflection from the X-ray source and the
sample is rotated on its own plane about an axis normal to its surface (@) and

about a horizontal axis (). We used the Schulz reflection method'", which

enables to explore the central region of the pole figure. The horizontal axis lies in
the sample surface and it is initially adjusted, by rotation about the diffractometer
axis, to make equal angles with the incident and diffracted beams. Once it is
done, no further rotation of the diffractometer axis is made. Since the horizontal
axis remains in a fixed position during the other rotations of the sample, the
irradiated sample surface is always tangent to a focusing circle passing through
the X-ray source and the counter slit and the diffracted beam will converge to a
focus at the counter.

The D5000 Siemens diffractometer available at the Serve; de Recursos Cientifics i
Tecnies of the Universitat Rovira i Virgili enables this kind of analysis since it has a
Bragg-Brentano parafocusing geometry and a horizontal 8-260 goniometer with an
open Bulerian cradle. The diffractometer is fitted with an aperture slit close to the
sample (70 mm long) and 0.03° receiving slit. The Ni-filtered Cu Kq radiation (30
mA, 40 kV) generated in a point focus Cu tube is detected by a scintillation

counter.
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2.6.3. X-ray single crystal diffraction

X-ray single crystal diffraction is still the method of choice for determining
crystal structures. It is used to determine the basic geometry (the space group and
the cell parameters) of the crystal, its structure and the position of the atoms in
the lattice. The X-ray diffraction pattern of a single crystal is the sampling at the
reciprocal lattice points of the contents of a single unit cell. Analysis of the
diffraction angles produces an electron density map since the X-rays are
diffracted by the electrons of the atoms. Whereas the spatial arrangement of the
diffracted beams is determined by the geometry of the crystal lattice, the
intensities are determined by the arrangement of atoms within one unit cell. The
entire crystal structure is given by repeating the unit cell according to the direct
lattice.

To collect all the intensities, the single crystal is rotated with respect to the X-ray
beam. The result of the data collection is a complete list of reflections (bk/
indices) with their corresponding peak positions and intensities. The electron
density map is calculated from these results; this map, in turn, enables the atomic
positions to be obtained by Fourier synthesis and they are improved with
mathematical refinement techniques. Finally, the coordinates and anisotropic
displacement parameters for each atomic position are obtained. From the atomic
coordinates, the atomic bond lengths and torsion angles can be calculated.

We made the single crystal X-ray diffraction analysis at the Serve/ de Recursos
Cientifico-Técnics of the Universitat de Barcelona in a CAD4 Enraf-nonius

diffractometer with Mo monochromatic radiation.

2.7. Microscopy techniques

Reflection optical microscopy was the first technique we used to get an
immediate and detailed view of the crystals. We used scanning electron

microscopy (SEM) to visualize the forms appeared on etched and indented
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planes and confocal microscopy to study the micromorphologies on as-grown
crystal faces. The cleavage planes of the crystals were analyzed using both

confocal microscopy and atomic force microscopy (AFM).

2.7.1. Reflection optical microscopy

Reflection optical microscopy is based on the simultaneous normal incidence of
visible light on the sample surface and normal visualization through the objective.
This specific configuration of the incident and reflected light paths gives a
reflected unobscured image that is highly illuminated. The high contrast enhances
the observation of details on the sample surface. This technique is immediate
since no sample preparation is needed. We used Olympus BH-2 and Olympus
TL-2 microscopes available at the FICMA.

2.7.2. Scanning electron microscopy (SEM)

The scanning electron microscopy (SEM) is one of the most commonly used
techniques in a wide number of research areas today. This is because its
magnification, depth of focus, and resolution are all greater than those of other
microscopic techniques. SEM can focus on a large amount of the sample
simultaneously because of its large depth of field. High-resolution images can be
produced, so closely spaced features can be examined at a high magnification. In
addition, the samples are relatively easy to prepare since the only requirement is
that they be conductive. Crystals are therefore coated with a fine layer of a
conductor metal such as carbon or gold.

With this technique, the surface of the crystal is scanned with a fine electron
beam. When the electron beam impinges on the sample, it is scattered by the
atomic layers near the surface, which leads to energy loss. Among other types of
quanta generated, the most commonly used are the secondary electrons and the

backscattered electrons, which carry information about the topography and
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atomic number of the sample, respectively. Whereas the secondary electron
detector produces a clear and focused topographical image of the sample, the
backscatter electron detector produces an image that is useful for determining the
composition of the sample. This information is converted into a video signal that
is displayed on a screen where each topographical feature or element in the
sample appears as a different shade, from almost white to black. This technique
can provide between 20 and 30000 magnifications.

We used a Jeol JSM 6400 electron microscope to do the SEM studies. The
crystalline samples were coated with gold using a Bal-Tec SCDO004 sputter
coating. Both apparatus are available at the Serwes de Recursos Cientifics i Teécnics of

the Universitat Rovira i Virgili.

2.7.3. Confocal microscopy

Confocal microscopy has several advantages over conventional optical
microscopy, for example, controllable depth of field and elimination of out-of-
focus information that degrades the image. It also enables serial optical sections
from thick specimens to be collected. In recent years, this technique has become
popular in many areas of current research interest, partly because of the relative
ease with which high-quality images can be obtained from specimens prepared
for conventional optical microscopy.

Confocal microscopy illuminates the sample with a laser beam at a selected
wavelength, normally in the blue spectral region. When the laser beam impinges
on the sample, it fluoresces at a higher wavelength. The image is constructed
from this emitted electromagnetic radiation. In fact, this is the basis of
fluorescence microscopy. Confocal microscopy, however, illuminates only one
point in the sample. It is the focal point of the lens, where the excitation light is
the most intense. So, only the fluorescence of this individual point instead of that

of the whole sample is measured and this drastically reduces the background haze
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in the resulting image. A complete image of the sample is never given: at any
given instant, only one point of the sample is observed. The detector is attached
to a computer, which builds up the image, one pixel at a time by scanning the
volume of the sample layer by layer.

This restricted illumination of the sample can be managed by adding a pinhole at
the point where the focal point of the objective lens of the microscope forms the
image. These two points are known as “conjugate points”. So, the pinhole is

conjugate to the focal point of the lens, and is thus a confocal pinhole.
In these studies, we used a Sensofar PIu 2300 confocal microscope illuminated

with blue laser light at A=470 nm available at the FICMA.

2.7.4. Atomic force microscopy (AFM)

Atomic force microscopy (AFM) is a scanned-proximity probe microscopy,
which measures the local attractive/repulsive forces with a probe or tip placed
very close to the sample. The small probe-sample separation enables
measurements to be made in a very small area.

The resolution of a scanned-probe system is determined by the size of the probe
rather than by the diffraction effects of traditional microscopes. AFM can achieve
a resolution of 10 pm.

To acquire the image, the microscope moves an atomically sharp probe over the
sample surface while measuring the local attractive/repulsive forces, which
consist of many rows or lines of information, one on top of the other.

In the repulsive or contact mode, the probe at the end of a cantilever lightly
touches the sample. The piezo-electric scanners maintain the probe at a constant
force and the microscope measures the vertical deflection of the cantilever that
indicates the local height from the sample.

In the attractive or tapping mode, the probe is kept at a fixed height from the

sample surface and the microscope derives topographic images from
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measurements of attractive forces. This mode allows high-resolution topographic
imaging, which overcomes problems caused by friction, adhesion, electrostatic
forces among others of conventional AFM scanning. As the sample does not
need to be coated, AFM provides extraordinary topographic contrast and direct
height measurements.

We used atomic force microscopes available at the Serve: de Recursos Cientifies i
Tecnzes of the Universitat Rovira 1 Virgili and at the Servei de Recursos Cientifico-

Técnics of the Universitat de Barcelona.

2.8. Differential thermal analysis (DTA)

The thermal analysis of a specimen involves studying the evolution of several
physical properties as a function of the temperature. When the material is
subjected to heating or cooling, its chemical composition and crystal structure
undergo such changes as reaction, oxidation, decomposition, fusion, expansion,
contraction, crystallization, or phase transition. All these changes can be detected
using differential thermal analysis.

Differential thermal analysis (DTA) measures the temperature, the direction and
the magnitude of thermal transitions induced by heating or cooling a material in a
controlled way. DTA measures these properties by comparing the temperature of
the sample and that of a reference material, which is inert under similar
conditions.

This temperature difference is measured as a function of time or temperature
under a controlled atmosphere and it provides useful information about the
transition temperature but also about its thermodynamics and kinetics.
Thermogravimetric analysis (TGA) determines the weight gain or loss of a phase
due to gas absorption or release as a function of temperature under a controlled

atmosphere. This technique provides information about the purity of the sample,
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as well as its water, carbonate and organic content. It is also useful for studying
decomposition reactions.

In the combined DAT-TGA system, both thermal and mass transfers of the
sample are measured simultaneously. We made these analyses at the FiCMA using
a SDT 2960 analysis instrument from TA Instruments. These measurements
make it possible to differentiate between endothermic/exothermic transitions

with (e.g. degradation) and without weight change (e.g. fusion or crystallization).

2.9. Mechanical studies: microhardness measurements

Hardness is the property of a material that enables it to resist plastic deformation,
usually by penetration. However, the term hardness may also refer to resistance
to bending, scratching, abrasion or cutting.

The usual way of finding the hardness value is to measure the depth or area of an
indentation left by an indenter of a specific shape, applied with a specific force
for a specific time. There are three principal standard test methods for expressing
the relationship between hardness and the size of the impression: Brinell, Vickers,
and Rockwell. Microhardness tests usually use static indentations made with loads
not exceeding 1 N'"". The procedure for testing is very similar to that of the
standard Vickers hardness test, except that it is done on a microscopic scale with
higher precision instruments. The indenter is either the Vickers diamond pyramid
or the Knoop elongated diamond pyramid.

We used the Vickers diamond pyramid as the indenter to measure the
microhardness of KGd(PO;), and KNd(PO,),. The measurements were made at
the Physics Department of the Universitat Autonoma de Barcelona.

The Vickers microhardness method consists of indenting the test material with a
diamond indenter, in the form of a right pyramid with a square base and an angle
of 136° between opposite faces, subjected to a load of 0.1 to 100 N. In our

measurements, we used loads from 0.1 to 1 N, which were normally applied for 2
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seconds. The two diagonals of the indentation in the surface of the material after
the load was removed were measured using the scanning electron microscope
described above and their average calculated. The area of the sloping surface of
the indentation was calculated. The Vickers hardness is the quotient obtained by
dividing the load by the square area of indentation with the expression:

_ 2145n(136/2)
- 2

H, = l.8544gd£2 eq.2.13

where L is the standard load applied (N) and 4 is the arithmetic mean of the two
diagonals of the pyramid (mm).

The experimental methodology consists of measuring the H, by applying various
indenter forces for during different exposure times. To evaluate the
microhardness anisotropy, measurements were taken on about 1mm-thick plates

cut normal to the a* b, and c* directions (see paper ).

2.10. Linear and non-linear optical characterization

It is essential to optically characterize the crystal to evaluate its potentialities as a
good candidate for solid state or self-frequency doubling laser. In this section, we
describe the methodology used to determine the main optical properties of the

crystals.

2.10.1. Orientation of the optical frame

Type III KGd(PO,), and isostructurals crystallize in the monoclinic system and
belong to the P2, space group (Tables 1.2 and 1.3). So, the optical frame N, N,,
N, does not correspond to the main directions of the crystallographic coordinate
system a, b, c. However, for monoclinic crystals, one of the principal optical axes
is always parallel to the 2-fold axis along the b crystallographic direction. The
other two principal axes lie on the a-c plane because it is normal to the b

direction. The orientation of the optical frame is determined by the angle
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between one of the principal axes and one of the crystallographic axes on this
plane.

To localize the principal axes, we used two crossed polarizers. Two ideal
polarizers would eliminate all light if their transmission directions were placed at
90°. In a general case, when anisotropic material is placed between the crossed
polarizers, light is transmitted because the crystal splits the light into two
orthogonal components (Figure 2.6). However, if the incident beam is polarized
parallel to one of these directions, only this component will be transmitted, the
polarisation state will remain unchanged and the analyser will block the beam.
This is an extinction position. There will be another extinction position when the
crystal is rotated 90° so that the polarization of incident light is parallel to the

other component.

Unpolarized laser beam

Polarizer 2,
horizontal transmission

Figure 2.6. General situation when an anisotropic crystal is placed between two crossed
polarizers.

If the anisotropic crystal is an a-c plane, the incident light propagates along b so
that the two orthogonal components are the principal optical axes. Therefore, we
used a polished plate oriented normal to the b direction and determined the
position of one of the principal axes with respect to the c direction by rotating
the crystal until an extinction position was reached. The experimental set-up used
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to determine the orientation of the optical frame of KGd(PO;), and KNd(PO,),
is available at the FiCMA and it comprises an oscillator arm where the sample can
be placed between two fixed Glan-Taylor polarizers under normal illumination of
a diode laser (A=632.8 nm). The uncertainty associated to the angle measurement
is 3x10™".

The orientation of the optical frame can vary as a function of the wavelength.
This is critical if nonlinear materials are to reach phase matching. Therefore, we
check this effect by using the conoscopy technique at the Laboratoire de
Crystallographie of CNRS under illumination by a He-Ne laser (A=632.8 nm) and a
Zn-Cd-Hg lamp (A=546 nm). This technique observes interference figures of
polarized convergent light. The interference effects at each point in the
interference field are the result of all the individual emergent waves that enter the
objective in a particular direction converging on a focus above the objective lens.
For a monoclinic crystal, a complete figure of interference consists of isogyres,
which can be geometrically related to the principal optical axes, superimposed on
isochromatic curves (isochromes). The isogyres are black areas produced by the
extinction of light that appear in the form of crosses, bars, or hyperbolic
segments. The figure of interference of a plate oriented normal to a principal axis,
so a principal plane, consist of a black cross that is superimposed on colour
curves (Figure 2.7). Two black points indicate the two optic axes in the N,-N,

plane because a monoclinic crystal belongs to the optical biaxial class.

optic axes

Figure 2.7. Interference figure for a biaxial crystal section normal to a principal optical axis
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2.10.2. Determination of the refractive indices

The refractive indices must be accurately determined for nonlinear optical
materials since they determine the phase matching directions and the spectral
bandwidth acceptances.
An electric field (E) induces dipoles in a dielectric medium, so it generates a
polarisation field (P). They are related by X, an adimensional constant of
proportionality called optical susceptibility:

P(w) = g XE(w) eq. 2.14
In an anisotropic medium, the optical susceptibility is not a unique value because
the polarization field is not parallel to the electric field. It cannot be written as a
scalar quantity, only as a second rank tensor ().

Hence, we can also represent the refractive index as a second rank tensor (n):

NESNES PPN TSR mq Mo M3
z E\/l*'/Yy =| 1+ Xo1 1% Yoo N1+ Yoz || 121 1192 7123 eq. 2.15
1+ Xa1 1+ Xap 1+ Xa3 | \731 #32 7133

The Onsager theorem''? demonstrates the symmetric nature of this tensor. So, we
need only six values to fully determine the index tensor. A symmetric matrix can
always be diagonalised by calculating the eigenvalues using the orthogonal system
of the principal axes as eigenvectors. The refractive index tensor is described,

therefore, as a diagonal matrix, in which each value represents a principal

direction:
n11 O 0
ﬂy = 0 799 O €q. 2.16
0 O 733

This diagonalised tensor can be assimilated to the Fresnel ellipsoid, which can be

expressed as:

R eq. 2.17
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This ellipsoid represents the refractive index value for any spatial direction and it
is called the optical ellipsoid. It intercepts the principal axes N,, N, and N, at

Zn, £n,and £n,
The crystal symmetry gives additional conditions over the symmetry type of the
second order tensor by the Neumann principle. For the monoclinic P2,
symmetry of KGd(PO;), and isostructurals, the three diagonal elements of the
tensor 7, are different. Thus, the refractive indices along the principal directions

are different so that NV, N, and N, correspond to the directions with minimum,

medium, and maximum values of refractive indices: #

,, 1,,and 7,.

We measure the refractive indices using the minimum deviation angle
method'>'"* with a slight modification. A monochromatic light beam passing
through a prism of angular directrix @ and refractive index 7 is deviated from its
incident path a certain angle 0. For a particular incident angle, the deviation angle
is minimal (9,,,). The refractive index is then:
_sin(@+90,,,/2)
" sin(a / 2)

eq. 2.18

This configuration is fulfilled when the beam symmetrically propagates
throughout the prism in a direction normal to the bisecting plane of the prism.

The slight modification we made to this method consists of using a semi-prism
with an angular directrix @/2 and the partial reflection on the second face of the
semi-prism, which would correspond to the bisecting plane of a prism'”. If this
second face is a principal plane and the light beam propagates parallel to a
principal axis, and so normal to a principal plane, we can measure the refractive
indices corresponding to the principal axes on the plane. This is because the
anisotropic behaviour of the crystal allows two beams with orthogonal
polarizations to propagate throughout it and so the refractive indices in these
directions can be measured. Therefore, we cut and polished two semi-prisms with

an angle of about 22.5° between faces, one of which was a principal plane:
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N,-N, and N,-N,,. We measured 7, and #, with one prism and 7, and 7, with the

other Note that as » »

was measured twice, we were able to estimate the error in

the measurements. This error is limited by the encoder accuracy, which is of 10™*.

We prepared semi-prisms for both KGd(PO,), (Figure 2.8) and KNd(PO,),.

Figure 2.8. KGd(POs3)4 semiprisms Np-Ngand Np-Nm

The first face of the semi-prism was illuminated by an unpolarized laser beam

under normal incidence. The prism was then rotated until incidence on the

second face (the principal plane) was normal. The minimum deviation angle (9,,)

was then measured. Figure 2.9 shows the experimental set-up used to determine
the refractive indices at the FICMA. We used a BMI VEGA optical parametric
oscillator (OPO) pumped by a BMI SAGA seeded Nd:YAG laser to determine

the refractive indices as a function of the wavelength.
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Figure 2.9. Experimental set-up for measuring the refraction indices
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The prisms were placed on a rotating goniometric palatine connected to an
encoder to accurately measure the minimum deviation angle (J,,). Reflected
spots corresponding to the beams propagating parallel to the two principal
directions were visualized (with the aid of an infrared viewing in the IR range) on
a screen that functions as a 1 mm-thick aperture at the same time.

The thermal dependence of the principal refractive indices of KGd(PO;), was
analyzed using a prism coupler (Metricon model 2010), which scans the incident
angle to determine the critical angle for total internal reflection (TIR). The
refractive indices were measured at A=632.8 nm and between room temperature
and 293 K, which cover the range of temperature that suffers the crystal during
laser operation. We used very thin (around 200 pm) sample in order to assure its
good coupling with the prism. We prepared KGd(PO;), plate-shaped samples of
around 6 mm’ cut and polished normal to N, and N, Note that the thermal
evolution along IV, was measured twice, which provided an accuracy estimation

of the measurements of 10™,

2.10.3. Second harmonic generation (SHG) efficiency in powder

116

Kurtz and Perry ” demonstrated that it was possible to perform second harmonic
generation (SHG) studies on microcrystalline powders to predict the phase
matching direction in crystals and determine their averaged nonlinear efficiency.
The SHG intensity generated by a powder in a solid angle of 360° depends on the
averaged nonlinear efficiency of the material but also on the particle size and the
total number of small crystals irradiated by the incident beam. Only if we
consider that all the crystallographic orientations are equally represented in the
powder, will an averaged nonlinear intensity of the material be measured.
Obviously, several simple assumptions are needed to reduce a theoretical analysis

of SHG in powders to manageable portions. The basic assumptions made by

Kurtz and Perry were that the powder particles were small crystals of almost
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identical size, randomly orientated and densely packed. These assumptions mean
that form factors, polycrystallinity, and voids are avoided. Taking these
assumptions into account the small crystals of undoped and Yb- and Nd-doped
KGd(PO,), and KNd(PO,), were powdered and graded with standard sieves to
obtain a uniform particle size between 5 and 20 pm. Then, they were uniformly
packed in a 2 mm-thick quartz cell. Figure 2.10 shows the experimental set-up

used to make the measurements, which is available at the FiCMA.

sample
Nd:YAG
A=1.0641m THler] 4
Si Si
donbled detection Sfundamental detection

Figure 2.10. Experimental set-up used to measure SHG efficiency in powder

To irradiate the sample, we used a Nd:YAG laser emitting at 1.064 pm. The
fundamental power at 1.064 pm reflected by the sample was measured using a
silicon photodiode. The doubled beam generated by the sample was focalized
with a lens to a silicon photodiode and an interferometric filter to eliminate the
non-doubled portion of the incident power. We used the ratio between the
fundamental and the doubled powers, calculated as the average of about 100 laser
shots, to estimate the SHG efficiency of the sample. Signals were collected and
analysed using a digital oscilloscope. We also measured the SHG efficiency of

KH,PO, (KDP)"" and used it as a standard.

2.10.4. Second harmonic generation (SHG) efficiency in crystal

Preliminary attempts of second harmonic generation (SHG) from a single crystal

of KNd(PO,), were performed by propagating a laser beam successively along
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the three principal optical axes N, , N, and N, of a parallelepipedic sample
accurately oriented along them. Figure 2.11 shows the experimental set-up used
for the SHG experiments. This equipment is available at the Laboratoire de

Spectrométrie Physigue of the Université Joseph Fourier.

A=1.064, 0.532, 0.355 Pm
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2.11. Experimental set-up used for second harmonic generation experiments on KNd(POs3)s.
SFG: sum frequency generation, DFG: difference frequency generation

48



Chapter 2: Experimental techniques & methodologies

To pump the sample, we used an optical parametric oscillator (OPO) Continuum
Panther, pumped with a Nd:YAG laser Continuum SLI-10. The exit laser
wavelength of the OPO was measured in order to avoid calibration problems. It

ranges between 0.4 and 2.4 um.

2.10.5. Determination of the phase-matching directions

For collinear waves, the power of the doubled wave P(8,¢, a3, 1.) generated by

a sum-frequency generation (SFG) process is highly dependent on the phase

mismatch (4k) according to the equation:

P(6,¢,05,1.) 0 P(6,0,.64,0) P(6,0,0,.0) X;i” (8, 0,03 )1.* sinc® (1-Lk/2)
eq.2.19

Ak is the phase-mismatch between the nonlinear polarisation P™" (@, 8¢ and the

electromagnetic field E(w, 6 ¢ inside a crystal:

AL = n‘(%,@,(ﬂ)% _[”_(a)l)e)w)a)l + ”_(Caz’g’w)a)zJ eq. 2.20

c c c

In the case of collinear waves depending on (6,9, the phase-matching condition
(4k=0) for a SFG process is given by:

7 (0,0,@) = n* (@, 0,9)@, +n™ (0, 6,9)w, eq. 221
with w,=w,+w.
In the particular case of second harmonic generation, W,=2wand w,=w,=a&), the
phase-matching condition in given by:

n* (20,0,0)2w=n* (w,6,pw+n* (w0, pw eq. 2.22
Under normal dispersion, the refractive index increases with the frequency and
therefore 7, > n7,. The phase-matching interactions must fulfil this condition.

For type I collinear phase-matching, the fundamental waves have the same

polarization:
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n"(20,0,0)2w=n" (0,0, 9w+ n" (w0, pw=21" (w,0,p)w eq.2.23
For type II collinear phase-matching, the fundamental waves have orthogonal
polarizations:

n~(20,8,02w=n" (w,0,p)w+n" (W0, P)w eq. 2.24
The phase-matching directions for type I and II SHG can be determined by
measuring the refractive indices of the fundamental and doubled waves as a

function of the propagation direction (8,¢ using the Fresnel equation:

.2 2 L 2,002 2

sin g@) cos 2((0) L sin 2(9) sin 2((0) N czos (9)2 -0 eq.2.25

Yit=Yno  Yig=Vnio Yug=Yniy
where 74 corresponds to the refractive index for the propagation direction and
w05 1,00 and 7,0 are the principal refractive indices. This set of solutions of this
equation leads to the index surface with two sheets (+) and (-) corresponding to
#"and #~ shown in Figure 2.12'" for both positive and negative biaxial crystals.
For a positive biaxial crystal 7,.<#<n, thus Z\/;,/ /x, N,.//y and ]\{g/ /z for a
negative biaxial crystal 7,>7>7,, thus ]\CJ/ /z, N,/ /yand Z\(g/ /x.
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Figure 2.12. Index surfaces of the positive and negative biaxial classes. e* and e are the electric
field vectors relative to the external (+) or internal (-) sheets for a propagation in the principal
planes. OA is the optic axis.
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2.11. Spectroscopic techniques

In this section, we analyse the fundamentals of the spectroscopic techniques we

used in this thesis.

2.11.1. Absorption and transmission

Most materials absorb some light to a degree that depends on the wavelength. In
the near ultraviolet (UV), visible, and infrared (IR) spectral ranges of light,
radiation is mainly absorbed by electrons in atoms, ions, or molecules. Thus, the
absorption is due to electronic transitions. The Beer-Lambert law, also known as
Beer's law, is an empirical relationship that relates the absorption of light to the
properties of the material through which it is travelling:

[=1ge™™ eq. 2.26

where [, is the incident light intensity; & is the absorption coefficient; and dis the
thickness of the sample.
The absorption is reflected in the variation of the intensity of the electromagnetic
radiation () as a function of the wavelength. To measure this absorption, we
experimentally measure the optical density (OD) wusing a double ray
spectrophotometer:

OD =~log(I/Iy) eq. 2.27
Combining the equations 2.26 and 2.27, we can correlate the absorption

coefficient with the optical density:

a=0D 1 eq. 2.28
dloge

We can also correlate a with the absorption cross-section of every absorbing

atom ot ion as:

a
o=— eq. 2.29
N
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where N is the density of absorbent centres. In this expression @ is given in cm’
and N in atoms cm”; thus, the units of gare atoms cm™ or simply cm”.

The absorption was measured at the FICMA using a Varian Cary 500 Scan
spectrophotometer. It is a double ray spectrophotometer with an effective spectra
range from 0.175 to 3.3 um and it measures optical densities up to 10. This
spectrophotometer has two monochromators that can separate 1200 lines/mm in
the UV-visible region and 300 lines/mm in the IR region. The UV light source is
a deuterium lamp and the visible-IR one a quartz halogen lamp. The UV-visible
light is detected by a photomultiplier and the IR light by a lead sulphide detector.
When we expected absorption dichroism, we used a Glan-Thompson polarizer
located before the sample. The light emitted by the lamps is partially polarized
when it passes through the optical components of the spectrophotometer.
Therefore, we used a polarizer to ensure a unique polarization component of the
incident light in the sample. In all experiments, we set an aperture diameter
appropriate for the sample size to avoid crystal-edge obscurations.

To measure absorption at low temperatures (6K), we used a Leybold helium close
circuit cryostat with a temperature controller that stabilises the temperature to a
precision of £3 and £5 K in the 6-100 and 100-300 K ranges, respectively.

The same spectrophotometer also enables the transmission to be measured. We
determined the transparency window of the crystals in the 0.175-3.3 um range.
To determine their transmission in the IR region, we use a FTIR Midac Prospect
spectrophotometer in the 3.0-10.0 um range. This is available at the Sewes de
Recursos Cientifics i Téenies of the Universitat Rovira i Virgili. The UV and IR cut-

off were calculated as the maximum transmission value divided by the ¢ number.

2.11.2. Luminescence and lifetime measurements

Optical emission, or luminescence, is the result of a radiative transition of an

electron from an excited or higher energy level to a lower energy level. The
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luminescence spectra are determined by fixing the excitation wavelength and
changing the detection wavelength. It is also interesting to determine the
temporal evolution of the luminescence after excitation. Usually, the
luminescence intensity declines exponentially. The time at which the intensity has
decreased to 1/e of its initial value is called the radiative lifetime (7). The radiative
lifetime is an important parameter since it characterises how an electronic level is
depopulated and what the thermalisation mechanisms of this excitation are. To
determine the lifetime, a pulsed excitation source is needed. Moreover, the pulses
must be shorter than the mean lifetime of the electronic level of the ion we are
studying in a certain material.

The luminescence studies were made at the FICMA with the experimental set-up

shown in Figure 2.13.

lens lens
prism InGaAs diode laser
A=0.8/0.94 um
polarizer
monochromator -{ PM [ lock-in

sample

polarizer

lens

PC

Figure 2.13. Experimental set-up used to measure luminescence of Yb- and Nd-doped

KGd(POs)s

Excitation was provided by a 200 mW InGaAs diode laser emitting in the
wavelength range between 0.94 and 0.8 pm, which was modulated at 1 kHz. The
luminescence was recorded in a 90° geometry to minimize the influence of the

laser pump and it was dispersed by a Jobin Yvon-Spex HR 460 double
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monochromator, which has a focal length of 460 mm and a spectral resolution of
0.05 nm. The detector used was a cooled Hamamatsu NIR R5509-72
photomultiplier. The signals were processed by a EG&G 7265 DSP lock-in
amplifier. The signals for the lifetime measurements were treated with a
computer —controlled Tektronik TDS-714 digital oscilloscope.

To cool the sample for the low temperature measurements (10 K), an Oxford

CCC1104 closed-cycle helium cryostat was used.

2.12. Raman spectroscopy

Raman scattering provides useful information about the vibrational energy levels
of molecules (that is of the structure of a material). It allows therefore identifying
immediately solid, liquid, or gaseous substances. In addition, it is non-contact and
non-destructive, and requires minimal sample preparation. Together with infrared
absorption, which provides complimentary information, it completely
characterises the vibrational, rotational, and other low-frequency modes of
molecules, such as the lattice vibrations of the crystals.

When light impinges on a molecular system, it scatters. Most of the photons are
elastically scattered (Rayleigh scattering) and have the same wavelength as the
absorbing photon. But Raman scattering relies on inelastic scattering of
monochromatic light resulting in the energy of the scattered photons being
shifted down or up for the Stokes or anti-Stokes lines, respectively. The shift in
energy gives information about the phonon modes in the system because it is
related to the vibrational energy spacing at the ground level. The Stokes and anti-
Stokes lines are equally displaced from the Rayleigh line because in each case one
vibrational quantum energy is lost or gained. However, the anti-Stokes line is
much less intese than the Stokes line because only molecules that are vibrationally

excited prior to radiation can lead to the anti-Stokes line.
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Spontaneous Raman scattering is typically very weak and, as a result, the main
difficulty of Raman spectroscopy is separating the weak inelastically scattered
light from the intense Rayleigh scattered light. We need, therefore, a high power
monochromatic excitation source. Typically, a sample is illuminated with a laser
beam in the visible, near infrared, or near ultraviolet range. Light from the
illuminated spot is collected with a lens and sent through a monochromator.
Wavelengths close to the laser line (due to elastic Rayleigh scattering) are filtered
out and those in a particular spectral window away from the laser line are
dispersed onto a detector.

Raman scattering combined with an optical microscope make Raman
microstructural investigations possible. The experimental set-up we used for
these measurements consisted of Jobin-Yvon T64000 spectrometer with
excitation in the visible by a cw argon laser (Coherent INNOVA 300, A=514
nm). Behind the triple-monochromator (1800 g.mm™"), the light was detected by a
two-dimensional CCD matrix cooled with liquid N,. A pre-monochromator
eliminated the plasma discharge lines of the laser. A microscope (Olympus BH2)
with high resolution was used to locate the laser spot in the sample. The laser
power incident on the sample was about 60 mW. We chose a backward scattering
scheme to increase the signal-to-noise ratio. This equipment is available at the

Servei de Recursos Cientifico-Técnics of the Universitat de Barcelona.

2.13. Laser set-up

The laser experiments with ytterbium-doped KGd(PO;), crystals were made in a
standard astigmatically compensated Z-shaped cavity 129 cm long (Figure 2.14)
available at the Maxc-Born Institute for Non-linear Optics and Ultrafast Spectroscopy.

The sample was positioned in the focal region between the folding mirrors (M1
and M2). M2 was highly transmitting at the pump wavelength, A=977.1 nm and
M1 highly reflective at both the laser (A) and the pump (A ) wavelengths. There
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were two plane reflectors at the ends of the cavity, a rear mirror (M3) and an

output coupler (M4) whose transmission (1}, ) ranged from 1 to 5%.

Figure 2.14. Laser set-up for the CW experiments in ytterbium doped KGd(PO3)4 crystals

The pump source was a home-made Ti:sapphire laser optimized for operation at
relatively long wavelengths. This laser was tunable between 0.96-1.025 pum,
FWHM<1 nm, and had a maximal output power of 3 W. The pump radiation
was focused by an anti-reflection coated lens of /=6.28 cm (L), the focus of
which had a waist of around 30 um. The pumping was done in a single-pass.

The uncoated Yb:KGd(PO,), sample was attached to a Cu-holder without active

cooling and positioned under Brewster angle between the two folding mirrors.
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Chapter 3: Crystal growth and structural and morphological

characterization

Single crystals, once valued only for their beauty, are now found in many
electronic, optoelectronic and optical devices in one form or another. These
devices have entered almost every home throughout the world. In fact, it is hard
to imagine what our electronics or optical industry would have been like if large,
defect-free crystals could not be produced. The crystallographic characterization
of crystals is essential if they are to be fully understood. The structure and
symmetry of a crystal play an important role in determining its mechanical,

optical, and spectroscopic properties.
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3.1. Crystallization region of type III KGd(PO,), in its self-flux

The double phosphate of potassium and gadolinium, KGd(PO,), (KGP),
decomposes at 1142 K into other gadolinium phosphates before melting (see
Paper I). For this reason, KGP cannot be grown from its stoichiometric melt. The

literature reports that hydrothermal growth methods'”'*

or crystallization from
high-temperature solutions ™' have been used to synthesize the isostructural
KNd(PO,), (KNP), which incongruently melts at 1165 K (see Paper I1”). During
hydrothermal growth, OH groups are incorporated into the crystal lattice
resulting in detrimental changes to the optical properties, e.g. the optical
transmission or the nonlinear polarisability are reduced. Therefore, we grew KGP
single crystals and isostructurals from a high-temperature solution or flux.

The first important step when using high-temperature growth techniques is to
choose the appropriate solvent and to understand the properties of the solutions
obtained. If these factors are known, the best growth regimes can be chosen'”.
The solubility curves and the physical properties of the growth solution are
determined in the following sections of this chapter.

In order to avoid impurities in the single crystals, we grew KGP from its self-flux
using solution compositions in the ternary crystallization region of the
corresponding oxides, Gd,0;-K,0-P,0O;. An excess of phosphorous and
potassium oxides was used as a solvent. These solutions are very viscous (see
section 3.4) so it is recommended that a component such as tungstate, molibdate
or lead fluoride be added in order to reduce it. Unfortunately, this means that
impurities may find their way into the crystals. As long as growth is possible, it is
recommended that self-flux be used. In fact, we successfully grew KGP single
crystals free of macroscopic defects and of suitable sizes from their self-flux.
Before our study on the crystallization region of KGP (see paper I), there was no
data available about the solution composition regions and temperatures of type

III KGP crystallization. Several solution compositions, around 50, in the ternary
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system of the corresponding oxides, Gd,0,-K,O-P,O;, were investigated. The
phase crystallized from each composition was determined by X-ray powder
diffraction analysis and the shape of the small crystals was observed using
reflection optical microscopy and scanning electron microscopy (SEM).

Figure 1 in paper I shows the crystallization region of KGP in self-flux and the
crystallization temperature isotherms. These were roughly parallel to the
isoconcentrational lines of P,O; and increased from 825 to 963 K when the
Gd,0,/K,0 molar ratio also increased. In the same figute, we added SEM
pictures of the P2,-phase (type III) and its neighbouring phases. Up to five
neighbouring phases were identified: GdP,O,,, in the richest P,O; region, above
the KGP crystallization region; Gd(PO,),, KGdP,O, (type A), and GdPO,, in the
same P,O; concentration range as the crystallization region but richer in Gd,O5;
and KPOj; below the crystallization region. The KGP crystallization region was
rather irregular and therefore its limits are show in Table 2 of the same paper.
The gadolinium ion (Table 1.4) is in the middle of the lanthanide series (see 1.3
section) and it is therefore highly versatile. This is probably the reason for the
irregular crystallization region and the numerous neighbouring phases, one of
which is type A-KGdP,0,, (cycling geometry, S. G. C2/0).

Although varied the viscosity of the solutions is quite high throughout the
crystallization region. We qualitatively studied how the viscosity evolved with the
solution composition by comparing the growth rates, which are directly
influenced by the viscosity. We found that it increased when the P,O; molar
concentration was increased by keeping the Gd,0,/K,O molar ratio fixed. It also
increased when this ratio was decreased, probably because the crystallization
temperature also decreased. The KGP crystallization region was limited to a K,0
concentration of 98 mol %. Above this concentration, the solution was so

viscous that any crystal was able to grow at any P,O; concentration.
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Taking these results into account, we defined an optimal zone of the
crystallization region to grow KGP single crystals, where the P,O; concentration
was limited to 60 mol % and the Gd,0,/K,O molar ratio went from 15/85 to
10/90.

3.2. Changes in the crystallization region of KGd(PO;), when the ytterbium

and neodymium ions are added to the solution

As the main objective is to grow KGP single crystals doped with ytterbium or
neodymium, we studied how the KGP crystallization region evolved when these
lanthanide ions were added to the solution.

We studied how the crystallization region changed when ytterbium was added to
the optimal concentration zone of the solution, which had been previously
determined. In the solution compositions investigated, the P,O; concentration
was kept fixed at 60 mol % and the (Yb,0;+Gd,0;)/K,O molar ratio was varied
among 15/85, 10/90 and 5/95. The ytterbium concentration for each solution
composition ranged from 0.5 to 50 atomic %b.

Table 2 in paper II lists the crystalline phase identified for each composition. In
this zone, Yb:KGP crystallizes into two different polymorphs: type III and type
A. Both phases appeared in the crystallization region of KGP. The border
between them was at a2 Gd,0,/K,O molar ratio of 20/80 at 60 mol % P,O..
However, in this case, the border between these two phases depended on the
ytterbium concentration in solution. If the ytterbium content in solution was
between 3 and 10 atomic %, the border was similar to that of undoped KGP but
if it was either reduced or increased from this concentration, the border shifted to
a lower (Yb,0,+Gd,0,)/K,0 ratio, so the type III crystallization region was
slightly narrowed. In the crystallization region of Yb:KGP, the temperature
isotherms were also roughly parallel to the isoconcentrational lines of P,O; and

increased around the same temperature range when the Gd,0,/K,O molar ratio
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also increased. The morphological shape of both polymorphs was observed and
studied. In the same paper, 1 shows a SEM picture and a morphological scheme
for both of them.

The evolution of the KGP crystallization region when neodymium was added to
the solution was determined between the two stoichiometric extremes, KGP and
KNP, because they are isostructural. Figure 1 in paper III shows the type III
crystallization regions of the intermediate KNd, ;;Gd, ,,(PO;), in relation to those
of KGd(PO,), and KNd(PO,), and Figure 1 in paper I1” shows the crystallization
region of KNP.

The type III crystallization region got wider when the neodymium content of the
solution was increased. So, the type III crystallization region of KNP was the
widest and that of KGP was the narrowest. The crystallization region of KGP
was also much more irregular because gadolinium is much more versatile than
neodymium. The crystallization region of the intermediate KNd,.;Gd,,,(PO,),
was more similar to that of KNP than that of KGP. The number of neighbouring
phases identified was also reduced from five to four. They were: LaP,O,,,
Ln(PO;);, LnPO,, and KPO,. The type A polymorph in the cycling geometry
KGdP,O,, disappeared. The common crystalline phases were in the same regions
and their morphological shapes were also comparable. The crystallization
temperature isotherms were also roughly parallel to the isoconcentrational lines
of P,O; and increased from 973 to 1123 K for KNP when the Gd,0,/K,O

molar ratio also increased.

3.3. Solubility curve of KGd(PO,), in its self-flux

The solubility of KGP in its self-flux was studied over a range of solution
compositions within the type III crystallization region. Thus, the solubility curve
of KGP was determined in a solute concentration range between 1.5 and 14 mol

%. The methodology used to determine the solubility curve was similar to that
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used to determine the crystallization region. First, the crystallization temperature
was determined with a platinum wire and then small crystals were grown on a
platinum disk by slowly cooling the solution from this temperature. The phase
crystallized was identified by X-ray powder analysis.

To evaluate the effect of doping on the solubility of KGP, the solubility curve of
KNP was determined in a solute concentration region from 4 to 20 solute mol %.
Figure 1 in paper 17 shows the solubility curves of both KGP and KNP. They
were almost parallel in the solution composition range between 8 and 12 solute
mol %, which was the optimal zone that had been determined for growing the
single crystals. The crystallization temperature depended on the lanthanide
constitutional element since it is slightly lower for KGP. So, KGP is more soluble
than KINP in self-flux. The crystallization temperature rose sharply as the solute

concentration increased for both materials.

3.4. Physical properties of the growth solution

During the growth process, the composition of the solution continuously
changes from the very moment that crystallization begins. Therefore, the physical
properties must be studied at various temperatures if it is to be determined how
they evolve thermically.

We determined the density, viscosity, and surface tension of the optimal solution
composition for growing KGP single crystals: Gd,0;:K,0:P,0,=6:34:60 mol %.
These properties were measured from 950 K, which is 25 K above the
crystallization temperature of KGP in this solution composition. Figure 3.1
shows the thermal evolution of the solution density. When the temperature
increased, the density slightly decreased from a maximum value of about 2.32x10’
Kg cm”, which was constant in the temperature range near to the crystallization
temperature. The dynamic viscosity linearly increased when the temperature

decreased (Figure 3.2) even in the temperature range near the crystallization
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temperature, for which was around 16 Pas. The surface tension behaves the

same as the viscosity (Figure 3.3).

Density p (10°Kg - m)

Figure 3.1. Thermal evolution of the densi

Dynamic viscosity i (Pa s)

2,34

2324
2,30
2284
2,264
2,24
2224
2,20

2,184

2,16

&

L 404

*

*

T
925 950

T

975

T

T T T T T T

1000 1025 1050 1075 1100 1125 1150 1175

e (K)

Gd205:K20:P205=6:34:60 mol %

T
940

T
960

T T T T T
980 1000 1020 1040 1060

T T
1080 1100 1120

Temperature (K)

Temperat . ..
o?rthe growth solution of composition

Figure 3.2. Thermal behaviour of the dynamic viscosity versus the temperature of the solution of
composition Gd203:K20:P205=6:34:60 mol

Surface tension 0 (1 0°N 'm‘l)

165

160

140

¢

900

T
950

T
1000

T T T T T
1050 1100 1150 1200 1250
Temperature (K)

Figure 3.3. Thermal behaviour of the surface tension versus the temperature of the solution of
composition Gd203:K>0:P205=6:34:60 mol %
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3.5. The crystal structure of KGd(PO,),

At room temperature, the crystal structure of KGP is monoclinic and belongs to
the noncentrosymmetric space group P2,. We solved the structure of KGP for
the first time and compared it to that of KNP, whose structure we also solved
(see paper I1I). In fact, the KNP structure was first solved by Hong™ but we noted
some inconsistencies so we solved it again. However, both KNP structures were
in rather good agreement. The cell parameters of KGP are: a=7.255(4) A,
b=8.356(5) A, =7.934(5) A, B=91.68(5)°, and Z=2; those of KNP are:
a=7.2860(10) A, 5=8.4420(10) A, =8.0340(10) A, f=92.170(10)°, and Z=2. The
KGP cell parameters are in good agreement with those previously calculated
from the X-ray diffraction data using the FULLPROF program'’’ and the
Rietveld method'”, using the KNP structure solved earlier by single crystal X-ray
diffraction as the starting model (see paper I).

Type III double polyphosphates of potassium and gadolinium belong to the
family of long chain polyphosphates. Thus, their PO, tetrahedra are self-linked by
sharing two vertexes to form chains. The basic unit of these chains consists of
four PO, tetrahedra, which repeats by periodicity to generate the zigzag chains

along the a crystallographic direction (Figure 3.4).

Figure 3.4. Zigzag arrangement of the POy long chains along [100] in a projection parallel to[100]
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The chains are joined through the Gd>* and K" ions because they share the two
other vertexes. These ions are also in a zigzag arrangement parallel to the PO,
chains. The PO, tetrahedra are slightly distorted because the intrachain bond
distances O-P-O are larger than those of the interchain O-P-Gd or O-P-K. The
distortion parameter <>, defined in paper 111, is relatively high. The <d4> values
for P,, P,, P, and P, (Figure 3.5) are 1.79x107, 4.58x107, 4.48x10” and 3.71x107,
respectively.

The gadolinium ions are eight-coordinated with oxygen atoms to form a distorted
dodecahedron. These GdOg dodecahedra are isolated from each other since they
only share oxygen atoms with the PO, tetrahedra to join the chains. Fach GdOq
dodecahedron is surrounded by four other dodecahedra at long distances of
about 7 A (Figure 3.5).

The potassium ions are also eight-coordinated with oxygen atoms and have the
largest bond distances in the structure. The potassium ions are placed close to the

holes in the [Gd(PO,),| three-dimensional framework.

Figure 3.5. GdOg dodecahedra and potassium ions close to the [Gd(PO3)4]- framework holes in
projection parallel to [010]

3.6. Effect of temperature on KGd(PO,), and isostructurals

Before crystals are used as laser emitters, it is essential to study how the structure
is affected by temperature. The evolution of anisotropy must also be evaluated.
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3.6.1. Thermal expansion ellipsoid

We analyzed how the cell parameters @, 4, ¢ and S and cell volume (1) evolved
with the increase in temperature by applying the FULLPROF program'”” and the
Rietveld method'”® the X-ray powder patterns recorded between room
temperature and 773 K.

Figure 3 in paper I shows the linear relationship between the average change in
each parameter and the temperature for KGP, and Figure 3 in paper I1” shows the
same for KINP. Both materials behaved in almost the same way: both of them
slightly dilated as the temperature increased. Whereas the [ angle remained
almost constant, the cell parameters 4, b, and ¢ increased in a similar way though ¢
slightly less so.

This almost isotropic dilation prevents crystals from deforming during laser
operation and is advantageous for crystal growth and the processing of active
elements.

The linear thermal expansion tensor of KGP and KNP (paper I and I/,
respectively) reflected this low thermal anisotropy. The linear thermal coefficients
(a;) were calculated from the slope of the linear relationship of each parameter
(AL/L) with the temperature. The axis with minimal thermal expansion of KGP

was found to be 2.69° anticlockwise from the ¢ direction.

3.6.2. Phase transitions

The phase transitions were studied between room temperature and 1273 K using
differential thermal analysis (DTA) and X-ray powder diffraction analysis. Figure
5 in paper I shows the KGP thermogram where only one endothermic peak
appeared at 1142 K. The sample weight was almost constant throughout the
temperature range.

The X-ray powder diffraction patterns recorded in this range (Figure 6 in the

same paper) show that at this temperature KGP decomposed into three
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crystalline phases: GdPO,, Gd(PO,),, and Gd,P,O,;. There was some amorphous
phase since there was no weight loss during the process. However, these phases
behaved differently because at room temperature GdPO, was the only phase.
Gd(PO,); completely transtormed into GdPO, at 1273 K in the heating process
and Gd,P,0O;at 1223 K in the cooling process. Note that GdPO, and Gd(PO;),
coincide with some of the neighbouring phases of the KGP crystallization region
(see section 3.1).

We studied whether introducing ytterbium into the KGP structure affected its
thermal transformations (see paper II). The decomposition temperature was
slightly lower than that of KGP (1130 K) though it was not affected by the
ytterbium content in the KGP structure (Figure 3 in the paper).

Yb:KGP decomposed without weight loss into four crystalline phases: GdPO,
Gd(PO,);, Gd,P,0O,;, and GdP,0O,,. Three of them are common with KGP but
the last one, which coincided with the remaining neighbouring phase of the
crystallization region, is not. Between 1273 K in the heating process and room
temperature only GdPO, and Gd,P,O,; remained after the steady transformation
of Gd(PO;), and GdP,0O,,.

KNP decomposed at 1165 K into two of the three previous phases: NdPO, and
NdPO;); (see paper I1). NdPO, then became the only phase at room
temperature because Nd(POj); steadily transformed into it from 1173 to 1223 K,
when it disappeared completely. Neither was any weight loss observed during the
process, so another of the decomposition products of KNP was an amorphous
phase. Both phases were also neighbouring on the KINP crystallization region.

In conclusion, we can say that the greater structural versatility of the gadolinium
ion is reflected in the thermal decomposition of KGP and that the introduction
of ytterbium in the KGP structure seems to strength this versatility. KNP has the

simplest decomposition process.
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3.7. Effect of Yb- and Nd-doping on KGd(PO,),: variation of the lattice

parameters

Figure 2 in paper II and Figure 4 in paper 11, show the evolution of the lattice
parameters @, b, ¢, and B, and volume as a function of the ytterbium and
neodymium content in the KGP structure, respectively.

The crystal cell parameters 4, b, and ¢ and the volume slightly decreased as the
concentration of ytterbium increased in crystals because it progressively
substituted gadolinium in its structural position. The S angle remained roughly
constant. The evolution was just the inverse when gadolinium was substituted by
neodymium. However, all cell parameters evolved linearly with the concentration
for both ions. Table 3 in paper II and Table 5 in paper 111 list the values of the cell

parameters and the volume for each dopant concentration tested.

3.8. Crystal morphology of KGd(PO,),

It is extremely important to know the morphology of any anisotropic material
since all properties are highly dependent on the sample orientation and the
crystals must therefore be well orientated when cutting and polishing (see section
2.3).

In the first steps of KGP crystal growth, when the seed orientation could still not
be controlled, texture analyses were needed to correctly determine the
morphology of the crystals grown, which seemed to be more symmetrical than
they really were because of the unique 2-fold axis along the b direction. This was
because the KGP structure is rather isometric. The cell parameters 4, b, and ¢ are
similar and the [ angle is very close to 90°. It was therefore necessary to use
texture analysis to identify and orientate the crystalline forms that comprised the
morphological habit of KGP.

Table 2 in paper 1 lists the crystalline forms {h£/}, equivalent faces, and d,,, values
for KGP. The values for KNP were included so that any changes caused by the
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Nd™ ion could be detected. Figure 6 in the paper shows the morphological
scheme and the corresponding stereographic projections parallel to the b and c*
directions. The projection parallel to a* direction is shown in paper 1. Those
projections parallel to directions a* and c* are very similar. In fact, crystals
grown on a*- or c¥-oriented seeds were not only comparable but were also easily
confused. Therefore, the pole figures for faces (200) and (002) were recorded and
analysed. The b orientation was also determined by comparing the theoretical and
experimental angles between the faces (200) and (220) or (002) and (022). All
these texture analysis and their results are described in paper 1. Figure 3.6 shows
the morphological scheme of KGP and isostructurals in projection parallel to the

12 Another

a* b, and c* directions drawn with the Software Shape utility
morphological aspect complicated by the S angle being so close to 90° is that it is
difficult to determine whether the b direction is positive or negative. This
distinction is essential if the optical frame is to be correctly orientated with

respect to the crystallographic frame in monoclinic crystals. Paper 17 also deals

with this aspect.
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Figure 3.6. Morphological scheme of KGP and isostructurals in projection parallel to a*, b, and
c* directions. Direct (a, b, ) and reciprocal (a*, b*, c*) lattices are indicated.

There were no important morphological changes in KGP crystals when doping

with either ytterbium or neodymium. A slight tendency to twinning was observed
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when the ytterbium concentration in solution was increased (see figure 1 in paper
II). The morphological habit of KNP is equivalent to that of KGP (see paper IT”
and ). The (020) face was observed only very occasionally in KGP crystals but
never in doped KGP or KNP.

3.9. Crystal growth of single crystals of KGd(PO,), and isostructurals

The conditions and results of the crystal growth experiments can be found in all
the papers in this Thesis (see papers I-I17). In this section, therefore, we make a
general analysis of the results of growing KGP, Yb:KGP, Nd:KGP, and KNP.
Preliminary growth experiments of undoped and doped KGP were made in a
small crucible (25 cm’) using a flux consisting of the corresponding lanthanide
(i.e. gadolinium, ytterbium, and neodymium), potassium, and phosphorous
oxides. The growth of KNP crystals from their self-flux had already been
reported™ though the information was not very extensive. In the paper, tiny
platelet-shaped KNP crystals were obtained from a flux composition of
Nd,0;:K,0:P,0,=10:30:60 mol %. We successfully grew bulk single crystals of
KNP using this solution composition although their quality left something to be
desired. However, this composition could not be used to grow KGP crystals
since it was outside of the type III crystallization region. From this composition,
the isomorph type A KGdP,O,, crystallizes (Figure 1 in paper I). To grow KGP
crystals, we chose a solution composition inside its crystallization region close to
that for KNP, it was Gd,0;K,0:P,0,=6:34:60 mol %. As the crystallization
region of KGP was contained within that of KINP, this composition was also
suitable for growing KINP.

In order to evaluate the effect of the solution composition on the crystal growth
process, we chose two other solution compositions in the area common to both
crystallization regions. These were Ln,0;:K,0:P,0,=7:31:62, and 4:31:65 mol %,

with Ln=Gd and Nd. The main effect of the solution composition was on its
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viscosity. The relationship between the two compositions was qualitatively
predicted during crystallization region studies and confirmed by the results of the
crystal growth experiments. The viscosity increased when either the phosphorous
or the potassium oxide concentrations increased, though the increase in P,O; had
a more dramatic effect than of the increase in K,O. The increase in viscosity not
only decreased the growth rate but also increased the number of macrodefects in
the crystals (e.g. polycrystallization, inclusions, and cracks). Therefore, the P,O;
concentration was not raised from 60 mol % to grow both undoped and doped
KGP  crystals. The optimal solution composition was therefore
Gd,0,;:K,0:P,0,=6:34:60 mol %. This corresponded to a Gd,0,/K,0O molar
ratio of 15/85, which ensured the stability of the type III phase since it was
placed far enough from the crystallization region border with type A KGdP,O,,.
This composition also led to low viscosity because it was in the zone that was
poorest in K,O. Although the viscosity of the composition
Gd,0;:K,0:P,0,=6:34:60 mol % was slightly higher than that of 10:30:60 mol
%, we decided that the optimal solution composition for growing KNP was
6:34:60 mol % to assure the type I1I phase stability, as in the case of KGP.

After the preliminary experiments, we could ensure that KGP and Nd-doped
KGP, and even the stoichiometric KNP, would grow under almost the same
conditions. On the other hand, we encountered many more difficulties when
growing Yb-doped KGP. This was probably because the corresponding
stoichiometric crystals, KGP and KYbP, are not isostructural to each other (see
Table 1.4). Moreover, the crystallization region of Yb:KGP was narrower than
that of KGP for an ytterbium content higher than the 10 mol % in solution. The
flux composition was therefore determined not only by the viscosity of the
solution but also by the stability of the type III phase. However, the P,O;
concentration was kept at 60 mol % and the solution composition was chosen to

be as near as possible to the optimal one (Yb,0;+Gd,0,):K,0:P,0,=6:34:60 mol
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%. Therefore, we used the composition (Yb,0;+Gd,0;):K,0:P,0,=4:36:60 mol
% to grow those Yb:KGP crystals with an ytterbium content in solution higher
than 10 mol %. Adding either ytterbium or neodymium to the solution did not
cause a substantial change in its viscosity.

In these experiments, no additional stirring was used apart from the rotation of
the seed/crystal pait. The first seeds were obtained from crystals grown by
spontaneous nucleation on the solution surface. The crystals were then oriented
using texture analysis and the seeds were prepared (i.e. cut and polished) as
parallelepipedic seeds oriented parallel to the a*-; b-, and c¢*- crystallographic
directions. These were typically 10 mm long in the axial direction and 2 mm thick
in the radial directions of rotation. As long as possible, crystals were grown with
seeds of the same composition in order to avoid cracks caused by the slight
lattice mismatch between the seed and the crystal. KGP single crystals were able
to grow on a*-) b-, and c*-oriented seeds. The quality of the crystals was not
affected by seed orientation but it was the growth rate. Crystals grew fastest on
c*-oriented seeds and slowest on b-oriented seeds. However, crystals grown on
c*-oriented seeds were sometimes lost because of the cleavage plane normal to
this direction. Although there is another cleavage plane normal to the b direction,
crystals grown on seeds oriented parallel to the b direction were never lost. This
effect was usual for KNP crystals but was hardly observed for KGP and Yb- or
Nd-doped KGP. Therefore, we generally used a*-oriented seeds to grow the
crystals but depending on the desired shape and orientation of the sample to be
prepared from the crystal, we sometimes used b- and c*-oriented seeds.

KGP single crystals were grown by cooling the solution at a rate of 0.1 Kh"' so
that the growth system seed/solution had enough time to reach conditions near
to the thermal equilibrium. It seems that crystallization units can be incorporated
onto the seed/crystal surface more efficiently at slow cooling programs. This led

to higher growth rates and crystal quality. KNP crystals were successfully grown
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using the same cooling rate. Although we expected the same for Nd:KGP, the
incorporation of a foreign ion into the KGP structure led to more macroscopic
defects (basically inclusions). Inclusion-free single crystals of Nd:KGP were only
obtained when the cooling rate was reduced by half (0.05 K/h). This effect was
even more dramatic when ytterbium was added since the difference between the
ionic radii is higher. Moreover, the crystals were usually polycrystalline because
those with an ytterbium content in solution higher than 10 mol % were grown
from a flux that was slightly more viscous. So, to obtain macrodefect-free
crystals, the cooling rate had to be reduced to 0.02 K/h, which doubled the time
of the growth process to obtain around the same size of crystals. The higher the
viscosity, the more difficult the mass transport in the solution. To induce a
convection flow high enough to enhance the mass transport in solution and to
the seed/crystal surface rotation velocities needed to be high not only to grow
Yb:KGP crystals but also undoped KGP and Nd:KGP because the viscosity is
comparable. We rotated the seed/crystal pair at velocities of 45, 60, 75, and 100
rpm. Up to 75 rpm, both the quality of the crystals and the growth rate increased
as the velocity also increased. But when the pair was rotated at a rate higher than
75 rmp, it produced a negative effect on the crystal morphology. Figure 3.7
shows the shape of the crystals that were grown at a rotation rate of 100 rpm.

Therefore, we used a rotation velocity of 75 rpm to grow all the crystals.

Figure 3.7. Crystal shape produced in KNP crystals when the rotation velocity is too high
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The greatest difficulties encountered in growing of these crystals were created by
the high viscosity of the solution. This viscosity also caused the lower part of the
crystal to redissolve because a solution drop adhered to it during extraction and
cooling. This led to many surface defects on the as-grown faces besides of their
rounding (Figure 3.8 (b) and (c)). To prevent this from occurring, the crucible
was placed in just the right position inside the furnace so that the axial gradient
above the solution was greater than inside it. To cool the crystal, it was placed
near the solution surface (around 2 cm from it) where the temperature was
slightly lower than on the solution surface. The axial gradient in the solution was
rather high, around 1 K/mm, to enhance natural convection (i.e. the mass

transport).

@) ©

Figure 3.8. Defects related to the high viscosity of the growth solution. (a) polycrystallization, (b)
rounding, (c) surface defects

To counter to the difficulties caused by the high viscosity, we replaced the single
seed holder with one that could support two seeds and equipped with a platinum
turbine to enhance the mass transport. The stirrer rotation was reversed every 60
seconds. Then, a bigger crucible was used (125 cm’). Both the acentric position
of the seed and the additional stirring of the turbine helped to increase the
transport of the crystallization units to the seed/crystal surface. When this
additional stirrer was used not only was the growth process accelerated because

of the faster homogenization and growth rate but the quality of the crystals was
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also enhanced. To obtain bigger crystals, we placed only one acentered seed in

the stirret.

Table 3.1 and 3.2 summarize the main growth data of with KGP and KNP single

crystals, respectively. Crystals grown using the small crucible (20 g) were always

centered and had no additional stirring. Crystals were always grown using the

stirrer in the big crucible (200 g). The main growth data of Yb:KGP are

summarized in Table 1 in paper II. To conclude, Table 3.3 summarizes the growth

conditions optimized to grow the KGP, Yb:KGP, Nd:KGP, and KNP single

crystals. Figure 3.9 shows some of the crystals obtained.

Table 3.1. Growth data associated for KGP single crystals

A B C D E F G H I
4:31:65 20 918 a* 15K/0.1 75 1.4x2.4x1.8 001 inclusions
6:3460 20 959 a* 16K/0.1 60 2.7x8.8x6.0 028  good
6:3460 20 951 a* 14K/01 75 34x7.1x55 030 very good
6:34:60 200 942 a* 19K/0.1 75 59x15.6x103 1.77 very good
6:34:60 200 956 b  20K/0.1 75 8.1x42x93 152 verygood
6:34:60 200 950 c* 20K/0.1 75 11.0x16.2x5.6 1.94  °OM¢
cracks

A: solution composition Gd203:K20:P20s (mol %), B: solution weight (g), C: T (K), D: seed
orientation, E: cooling program (Kh), F: rotation velocity (tpm), G: crystal dimensions ax b x ¢
(mm?), H: crystal weight, I: crystal quality

Table 3.2. Growth data associated for KNP single crystals

A B C D E _F G H I
10:30:60 20 1140 a* 17K/0.1' 45 2.7x88x6.7 032  “O0F
cracks

10:30:60 20 1136 b 15K/0.1 45 7.1x2.6x9.0 033  good
10:30:60 20 1138 c* 12K/0.1 45
10:30:60 20 1146 a* 16K/0.1 60 3.0x9.1x68 036  good
10:30:60 20 1152 a* 12K/0.1 75 2.8x89x65 038  good
6:34:60 20 1078 a* 16K/0.1 75 3.5x9.3x6.9 0.47 very good
7:31:62 20 1138 a* 17K/0.1 60 3.1x7.8x85 034  cracks
43165 20 1025 a* 24K/01 60 2.6x87x75 026 nelusions
/cracks
6:34:60 200 1066 a* 17K/0.1 75 7.0x16.3x11.7 216 very good
6:34:60 200 1045 b 19K/0.1 75 16.0x6.2x6.2 1.98 very good
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Table 3.3. Optimal growth conditions to grow KGP, Yb:KGP, Nd:KGP, KNP

A B C D
KGP 0:6:34:60 0.1 75 a¥, c*
) X:6-X:34:60 (X=0.18-0.6) 0.05 75 a¥, c*
Yh:RGP X:4-X:36:60 (X<0.12 or X>0.4) 0.02 75 a*, c*
Nd:KGP X:6-X:34:60 0.05 75 a*, c*
KNP 6:0:34:60 0.1 75 a*

A: Solution composition L.n203:Gd203:K20:P205 (mol %), where LnO3 = Yb2O3, Nd2O3, B:
cooling rate (Kh'), C: rotation velocity (rpm), D: seed orientation
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Figure 3.9. (a) a*-oriented KGP crystal, (b) a*-oriented KNP crystal gd, (c) b-oriented KGP

crystal , (d) morphological schemes in projection parallel to a* and b, (e) b-oriented KNP crystal
on the stirrer, (f) KNP single crystal, (g) c*-oriented Yb:KGP crystal
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3.10. Dopant concentration analysis

The results of EPMA enable the concentration and distribution coefficients for

each doping in papers Il and 11 to be calculated. The results are summarized in

Table 3.4.

Table 3.4. Distribution coefficients of Yb, Nd, and Gd in KGP crystals

Solution composition Ln
Mnp03:Gd203K0:P205 Ky, Kna Kea  concentration  Chemical formula
(mol %) (cm’s)

0.04:3.96:36:60 0.50 1.01 2.081x10" KYby 40:Gdy 005(PO3)
0.18:5.82:34:60 0.53 1.01 6.656x10" KYby 4,6Gdy 051 (PO3),
0.3:5.7:34:60 0.48 1.03 1.007x10% KYDb, 1,,Gdy47,(PO3),
0.6:5.4:34:60 0.40 1.07 1.653x10% KYDb, ,0Gdy 060 (PO3),
0.6:3.4:36:60 0.51 1.02  3.203x10% KYb, --Gd, 025(PO5),
0.8:3.2:36:60 0.58 1.10  4.831x10% KYb,,6Gd;54(PO5),
1.2:2.8:36:60 0.66 1.14 8271 x10"  KYby,0sGdy50.(PO5),
2:2:36:60 0.60 140 1.241 x10"  KYby300Gdy700PO5),
0.03:5.97:34:60 133 099  4.549x10" KINd, 110Gd, 909 (PO5),
0.06:5.94:34:60 1.09 1.00  5.026x10" KNd, 11,Gd, 055s(PO,),
0.3:5.7:34:60 1.06 0.99  2.195x10”  KNd,5,Gdgess(PO,),
0.6:5.4:34:60 0.95 098  4.916x10”  KNd,,Gdye0(PO,),
1.5:4.5:34:60 0.99 0.99 1.235x10” KNd,,,Gd, -5 (PO,),
3:3:34:60 1.06 1.00  2.186 x10* KNd, 5,,Gd, 435(PO,),
4.5:1.5:34:60 1.01 1.02  3.125x10”"  KNd,,:Gd,,55PO,),

*LnyO0s3 = YboOs, Nd»O3

There are some differences between the doping with ytterbium and with
neodymium. Inserting Yb*" into the KGP structure is much more difficult than
inserting Nd’" probably for structural reasons. On the one hand, the ionic radius
of Nd’" is much closer to that of Gd than that of Yb and, on the other, whereas
KNP is isostructural to KGP, KYbP is not. These differences are reflected in the
distribution coefficients. The coefficients for Nd’* were approximately constant
whatever the solution composition was and close to the unit. The coefficients for

Yb** varied among the solution compositions and were close to half the unit.
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3.11. Micromorphology of the as-grown faces

The micromorphology of the as-grown faces is the result of the solidification
process occurring at the crystal-medium interface. Well-known theories'**'* of
crystal growth state that surface structures consist of growth steps of unit height
emitted from dislocations on the face. In fact, the micromorphologies usually
observed on faces are thicker and much more variable. On the as-grown faces of
KGP crystals, growth macrolayers 100-350 times the unit height (around 80-300
nm) were commonly observed.

The wusual surface structures generally consisted of highly polygonized
macrohillocks made up of these growth macrolayers. Their perimeter shapes were
always parallel to those of the external morphology of the face on which they
appeared (Figure 3.10). These macrohillocks were attributed to unstable growth
conditions similar to those of hopper morphology, when both the stability of the
surfaces and the instability of the edges participate'*.

We observed also isolated macrohillocks on internal planes attributed, in this
case, to growth dislocations. These macrohillocks were distributed rather parallel
to the macrolayers, which were orientated parallel to the [100] direction.

In paper 1, the micromorphologies observed on as-grown faces of KGP and

KNP are extensively analyzed. Figures 3-5 in the same paper show the commonly

observed figures.

Figure 3.10. SEM image of polygonized growth layers on the (100) or (001) face of a KGP
crystal
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3.12. Chemical stability and micromorphology of the etched surfaces

To ensure that a laser device has a long useful life, it is essential to prove the
inalterability of the laser crystal, which must be both non hygroscopic and stable
in the presence of low acid and basic media.

To check the stability of KGP against various acid and basic etchants, a piece of
crystal of each material was kept submerged in solution for different periods,
from 1 minute to 100 hours. The samples were periodically weighted and
observed using an optical microscope to localize possible etch pits. Etch pits are
the most frequently observed figures on etched crystal surfaces and are often
formed at the emergence points of dislocations. Their geometry depend on (1)
external factors such as the composition and temperature of the etching solution
and (ii) internal factors related to crystallographic aspects, the structure and type
of the surface to be etched and the character and nature of defects. They are
therefore manifestation of the anisotropy and chemical interactions of the crystal
structure'””'**. However, there is no universal theory that can predict all the
observed etching pits, their location, their growth rate and, specially, their shape.
Once localized the etch pits, they were ore accurately analyzed using a confocal
microscope and a scanning electron microscope. The experimental methodology
used and results of the chemical etching on crystal surfaces are described in detail
in paper V.

KGP is nonhygroscopic and highly stable in normal room conditions. No weight
loss was observed in low acid or basic media but in the stronger acid media, etch
pits of various shapes were observed on several faces of the crystals. When we
analyzed the etched (100), (001) and hand-made (010) faces of KGP, we found
highly polygonal etch pits either at isolated positions or in rows. These etch pits
appeared always well orientated on the faces and their contour walls

128

corresponded to families of low-index planes ~. This agreed with the polygonal

macrohillocks of growth that have been observed. Probably, the crystal structure
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mainly dominates the dissolution process. We observed hexagonal,
rhombohedral, triangular and rectangular etch pits on different faces. Figure 8 in
paper 17 shows a selection of these etch pits. Figure 3.11 shows some others. The
sidewalls of these polygonal etch pits mostly corresponded to high- and low-
index planes'™'™. As well as these large deep etch pits, rows of smoother etch
pits with a more spherical outline appeared on most faces (Figure 3.11. (a)).
These rows seemed not to be dominated by the structure since they were
distributed along different directions on the surface. Exactly the same effects

were observed on as-grown faces of KNP crystals.

yym

Figure 3.11. (a) Rhombohedral etch pits on the (100) plane, (b) triangular etch pits on the (001)
planes, (c) SEM image of the triangular etch pits

3.13. Mechanical stability: microhardness and cleavage

The Vickers microhardness of KGP measured on the planes {100}, {010}, and
{001} were H,=668, 586, 648. These values were calculated with a reference load
of 0.1 N because the impressions on the {010} plane were accompanied by radial
cracks when the load values exceeded form 0.3 N. Figure 3.12 shows the
indentations observed on these planes for various loads. The low anisotropy of
microhardness may be due to the almost isometric structure of KGP. An average
KGP microhardness can therefore be defined as H =634, which would
correspond to hardness about 7 in the Mohs hardness scale. So type III KGP is

as hard as quartz.
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Figure 3.12. SEM images of indentations on {100}, {010} and {001} planes of KGP

We also tested KNP and obtained H, =705, 633, 702 for KNP, so an average
microhardness of H =680. KNP is slightly harder than KGP. However, its
microhardness corresponds also to a hardness about 7 in the Mohs hardness
scale. Hence, KGP, KNP, and Yb- or Nd-doped KGP are as hard as quartz. This
high microhardness means that the polishing of the optical and laser surfaces can
be of high quality.

Although these crystals are rather hard, they are also fragile. This is because they
cleaved along the {010} and {001} planes. The cleavage behaviour is determined
by the structural framework (see section 3.5). Because the P-O bonds generating
the long chains ran along the [100] direction, this is the strongest bond direction.
[010] and [001] directions are weaker and similar to each other. Therefore, the
crystal framework agreed with the cleavage behaviour not only because of the
bond strength but also in a more geometrical sense, since cleavage occurred
between chains that were on each of the cleavage planes. Paper 17 deals with this
subject.

On both cleavage planes usually appeared monolayer steps of height about the
unit height 4 or ¢ placed between much more thicker steps (multilayer steps).
Both mono and multilayer steps were straight and always parallel to the [100]
direction. Figure 3.13 shows a typical multilayer step distribution on a (010)
cleavage plane of KGP. Figure 9 in paper 17 shows a selection of mono and

multilayer steps on both cleavage planes and the related cross sections.
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The density of both mono and multilayer steps was quite regular and higher on

the {010} plane than on the {001} plane. The steps were also thicker on {010}.

Z (Mm)

Y t}.lﬂ.ll;

X (Mm)

Figure 3.13. Confocal image of the multilayer steps obsetved on {010}
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Chapter 4: Optical characterization of the host

For later applications, it is essential to fully characterize the host in which the
active ions will be hosted. The potentialities of a new crystal such as solid-state
laser or self-frequency doubling laser will be mostly determined not only by the
spectroscopic properties of the active ions but also by the optical properties of

the host.
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4.1. Dielectric frame orientation

Using the crossed polarizers method (see section 2.10.1) we located the two
principal axes on the a-c plane of a KGd(PO,), plate sample 1030 pum thick.
Special care was taken to position the sample and ensure that the positive
direction of b was toward us. We took the ¢ direction as a reference. A minimum
of light transmission (extinction position) was encountered when the sample was
clockwise-rotated 37.3° from c. Another minimum was observed when the
sample was anticlockwise rotated 90° from this first position. Figure 6 in paper 111
shows the KGd(PO,), optical ellipsoid at A=632.8 nm and room temperature.
The same operation was carried out with KNd(PO,),. We observed the first
minimum of transmission when the sample was rotated 35.4° from c (Figure 6 in
paper 11I).

The difference in the optical frame orientation between the stoichiometric
crystals is of about 2°, so lower concentrations of Yb’" or Nd’* in the KGd(PO,),
structure are not expected to disorient the optical frame.

Figure 4.1 shows the relative orientation between the optical and crystallographic
frames and the optical axes of KGd(PO,), at A=632.8 nm and room temperature.
The angle I, between the optic axis (OA) and the principal optical axis IV, in the
N,-N, plane.

37.3°

a

Figure 4.1. Relative orientation between the crystallographic frame (a, b, ¢) and the optical frame

(Np, Nm, N) at A=632.8 nm and room temperature. 1, is the angle between the N axis and the
optic axis (OA).
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4.2. Chromatic dispersion and thermal evolution of the refractive indices

Figure 1 in paper 1T shows the chromatic dispersion of the principal refractive
indices 7,7, and 7, of KGd(PO;), in the wavelength range between 0.45 and 1.2
Um. They were nearly equidistant, so the birefringence was similar between all
polarizations over the visible and near-IR spectral regions. The same behaviour
was observed when measuring the chromatic dispersion of KNd(PO,),. Figure
4.2 shows the dispersion curves of KGd(PO;), and KNd(PO;),. The points in the
figure were fitted using one UV pole and an IR correction term with the

Sellmeier equation:
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Figure 4.2. Chromatic dispersion of the principal refractive indices of KGd(PO3); and
KNd(POs3)4 at room temperature

Figure 4.2 shows that the birefringence of both materials is quite similar but that
the dispersion in KNd(PO,), is slightly higher than in KGd(PO;),. The lack of
data points in the IR region for KNd(PO,), is due to the strong absorption
bands of neodymium in this region, which makes it impossible to visualize the
reflected spots corresponding to the beams propagating parallel to the two

principal directions measured in each case.
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Table 4.1 summarizes the Sellmeier coefficients obtained for KGd(PO,), and

KNd(PO,), at room temperature.

Table 4.1. Sellmeier coefficients of KGP and KNP

Principal refractive indices A B Clum)  D(um?)
KGP

n, 1.7404 0.7479 0.1374  0.0138

n, 1.7624 0.7667 0.1304  0.0193

n, 1.7728 0.7782  0.1391  0.0091
KNP

n, 1.7753 0.6888 0.1425  0.0048

n 1.7878 0.7003  0.1468  0.0001

1.8044 0.7151 0.1441  0.0069

Figure 4.3 shows how the principal refractive indices #,,, and 7, of KGd(PO;),
evolves with the temperature. They slightly decrease with temperature in the

range between 298 and 383 K at A=632.8 nm.
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Figure 4.3. Temperature variation of the principal refractive indices of KGd(PO3)4 at

A=632.8 nm

The refractive index change induced by temperature gradient inside the active

laser medium together with its thermal expansion cause thermal lensing. The
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thermally induced refractive index change is called the thermooptic effect and is

quantified by the coefficient dn/dI. For each principal refraction index of
KGd(PO,),, this coefficient is: dn,/dI=-2.15x10°, dn,/dI=-3.86x10° and
dn,/ dT: =-8.27x10° (K)'., which are lower than those of other nonlinear
phosphate crystals such as KH,PO, (KDP)"' or KTiOPO, (KTP)'*. The ratio of
dn/d1’/ k, with £ being the thermal conductivity, should be as small as possible to
prevent thermal lensing effects. The focusing power (inverse focal length) of the

thermal lens is proportional to this ratio by:

_dn/dT
2kA
with .4 the pump area and the P,

peat

-1
f beat €q. 4.2
the dissipate power.

To avoid temperature gradient inside the crystal it is interesting to determine the

athermal direction, along which the change in the optical path length is negligible

as the material is uniformly heated. Along this direction, the refractive index
3

change is compensated by the optical path length change':

dn
— =nq eq. 4.3
dar

where @ is the thermal dilation.

4.3. Transparency window of the KGP host and variations introduced by
doping

If a crystal is to be a good laser host it must be transparent in the wavelength
range in which the active ions both absorb and fluoresce. From this point of
view, KGd(PO,), is an excellent candidate to be a laser host since it has a very
broad transmission window extending from about 180 nm to 4 pm. This covers
the wavelength ranges of absorption, emission, and lasing of both active ions,
Yb™ and Nd™*, as well as the second harmonic range. Its rather large band-gap
not only leads to high damage resistivity but also enables this host to be used in
the UV range either as a nonlinear crystal or as a host for cerium.
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Figure 5 in paper 1I shows the transmission window of KGd(PO;), at room
temperature. The UV and IR cut-offs are defined as the wavelength at which the
transparency is decreased by an e-factor of its maximum value. The transmission
window of KNd(PO,), was also measured and included in the same paper. It
extended over the same wavelength range as that of KGd(PO;), but it had
numerous strong absorption bands because the neodymium ions constantly
interrupted the transparency.

Figure 6 in paper Il shows the transparency window of KYby ,,,Gd, 9:6(PO;),. The
transmission range was also similar to that of KGd(PO;), (from 200 nm to 5.5
Hm). There was a strong absorption band close to 1 pm corresponding to the
ytterbium absorption °F, o °F, /2

The ultraviolet absorption bands close to the UV cut-off can affect the optical
transparency of the crystal because they are related in many cases to the increase
in susceptibility to optical damage, which is enhanced by the presence of dopant
ions in the crystal. It can shift the UV edge to longer wavelengths. We checked
therefore whether introducing Yb’* or Nd’* ions into the KGd(PO;), host
produced this effect. As this shift was clearer when the absorption coefficient (a)
being measured rather than the transmission, we measured the optical absorption
of Imm-thick plate samples of Yb:KGd(PO,), and Nd:KGd(PO,), between 175
and 500 nm. The cut-off wavelength in the UV region gradually shifted to longer
wavelengths as the ytterbium concentration increased, for example to 208 and
205 nm for KYb,, ,0Gd, ¢7,(PO,), and KYb, 1,sGd, 5s(PO,),, respectively (see paper
II). This shift was not observed when neodymium was introduced into
KGd(PO,), whatever the concentration was.

The cut-off of the transmission window in the IR region is common to undoped
and doped KGd(PO,), and, generally, to phosphate compounds in bulk crystals.
The IR absorption edge is caused by the first and second overtones of the v,

and vV, fundamental vibrations of the phosphate ion in the PO, tetrahedra. The
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thicker the sample is, the higher the intensity of the v; band. So, depending on

the sample thickness, the IR limit can be shifted from around 4 pm to higher

wavelengths (figure 4.4).
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Figure 4.4. IR transmission limit of KGP as a function of the sample thickness

4.4. Non linear optical properties

The Kurtz and Perry analysis of powdered KGd(PO;), showed that its second
harmonic generation efficiency (/) was comparable to that of standard KH,PO,
(KDP), Ngp/ Mop Oof the order of 1. This efficiency was not substantially
different when gadolinium in KGd(PO,), was partially substituted by ytterbium
or neodymium. Therefore, both undoped KGd(PO,), and Yb- or Nd-doped
KGd(PO,), are equally efficient at doubling the fundamental radiation of A=1064

nm.

We found that a crystalline sample of KNd(PO,), generated green light, which
was detectable with the naked eye, by propagating along the principal optical axis
N, In the experiment, the fundamental laser beam (Nd:YAG, A=1050 nm) was
polarized parallel to N, (Ew//N,) and the doubled beam was polarized parallel

to N, (Ez2w//N,). No second harmonic generation was found by propagating the

laser beam along N, or N,
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In a phase-matching direction, the polarization configuration of the fundamental
and doubled beams is fixed according to the type of the frequency mixing

process and the power of the doubled wave (P(8,¢, a4, 1.)) highly depends on

slight variations of the propagation direction and the fundamental wavelength.
Therefore, we determined the angular and spectral acceptance to check if the
principal optical axis IV, was a noncritical phase-matching direction.

The power of the doubled wave (P(8,¢,a3,1.)) is highly dependent on the

phase mismatch (4k) (equation 2.9). If it is null, 4&=0, the light propagates along
a phase matching direction and the power of the doubled wave increases as a
quadratic function of I, which is the interaction length of the three waves w,, @,
and @, involved in the frequency mixing process inside the crystal. In the
particular case of SHG: w=2wand w=w=w Contrary, if the light propagates

along a phase mismatch direction, Ak=4zrkrk#0, the power of the doubled
wave is a periodical function of L. with a spatial periodicity: L, = % AL where

L, is the coherence length. During propagation inside the crystal, the sign of the
power of the fundamental and doubled waves vary, thus the interference among
the three waves is alternatively constructive and destructive with a period 2L

To determine the spectral acceptance along IV,, we determined the power of the
doubled wave by varying the wavelength of the fundamental wave from 980 to
1100 nm. A maximum doubled wave power was obtained at A=1014 nm (Figure
4.5). The power of the doubled wave generated is critical with the wavelength of
the fundamental wave, which would indicate that IV, is a phase matching
direction.

The results of the spectral acceptance suggest that NV, could be close to a phase-
matching direction. The power of the doubled wave generated propagating along

N, seemed to evolve critically with the wavelength of the fundamental wave.
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Figure 4.5. Evolution of the doubled wave power as a function of the fundamental wavelength

From the Sellemier equations of KNd(PO,), (Table 4.1) we calculated the phase-
matching directions of this crystal. The optical sign of this family of crystals was
not provided by the value of the I, angle because it was too close to 45°. Neither
the measurement of the refractive indices on the prisms using polarized light
discriminated between the positive and negative optical sign. Therefore, we took
into account both possibilities to make the calculations of the phase-matching
directions.
The simulations on second harmonic generation (SHG) showed that KLn(PO;),
crystals, with Ln=Nd, Gd, can be phase-matchable for type I SHG in the xy and
yz planes. Phase-matching of type II SHG was found not to be possible in any
plane. Finally, the calculated effective coefficients ), were completely different
between optical signs because they were close to zero for the positive sign and
showed much more important values for the negative sign. Thus, we suggest that
KGd(PO,),, Yb- and Nd-doped KGd(PO;) and KNd(PO,), are negative biaxial
crystals.
Figure 4.6 shows that in the wavelength region near to 1000 nm phase-matching
for type I SHG on the xy plane is possible around @=55° for KGP and @=70° for
KNP very close to the y or N, principal optical axis and on the yz plane it is
possible around 8=55° for KGP and 6=60° for KNP around 30-35° displaced
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from y or N, This situation equals simultaneously to a e-oo interaction in the xy
plane and a o-ee interaction in the yz plane and it agrees with the indications of

the spectral acceptance found for beam propagation along y or IN,,,.
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Figure 4.6. Type I second harmonic generation of KGd(PO3)4 and KNd(PO3)4 on the xy and yz
planes

The wavelength range for which the crystal can be phase-matchable for type I
SHG on the xy and yz planes perfectly covers the luminescence wavelength
range of the Nd’* ion in KGd(PO,), (see section 5.2.2), which has the maximum
at A=1.054 um. It also covers the luminescence wavelength range of the Yb™ ion
(see section 5.1.2), which has the maximum at A=0.977 pum and the oscillation
wavelengths (see chapter 6) of KYb,,,Gds(PO;), around A=1.015 pm.
Therefore, both Yb:KGd(PO,), and Nd:KGd(PO,), are very promising a
candidates to be applied as self-frequency doubling crystals.

4.5. Raman spectroscopy
As the intermanifold electronic transitions of ytterbium are strongly coupled with
lattice vibrations, knowledge of the phonon frequencies can be useful for

interpreting the substructure in absorption and emission spectra.
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Raman spectroscopic properties of phosphate crystals and glasses have been
extensively studied. The properties of condensed polyphosphates are qualitatively
the same for each O/P ratio. In KGd(PO,), this ratio is equal to three, which
corresponds to metaphosphates. So, the Raman spectra of all polyphosphates
have the same characteristic peaks independently of the geometry of the PO,
units is as long-chains of as cycles. The spectra are affected neither by the
number of repetitive units (PO;), which generate the chains or cycles and even
neither by the lanthanide nor alkali ions in the structure. They therefore have the
same characteristic peaks for all double polyphosphates or cyclopolyphosphates
of lanthanide and alkali ions with general formulas M'Ln"'(PO,), and
M'Tn""P,0,,, respectively.

All the Raman spectra have two characteristic strong peaks at around 1185 and
700 cm™. The strong peak at around 1185 cm™', which is accompanied by other
weaker peaks in the region between 1000 and 1300 cm™, is a common feature of
materials constructed from linked PO, tetrahedra. This peak is generally
attributed to the symmetric stretching vibration V., of the PO, group, which
corresponds to the motion of the nonbridging oxygen. The weaker peaks around
it are assigned to symmetric V, and antisymmetric V, vibrations of the same group.
The strong peak around 700 cm™ is attributed to the symmetric stretching
vibration V, of the P-O-P chain linkage. Very weak peaks attributed to
symmetric V, and antisymmetric V, vibrations of the same group are often
observed in the region between 650 and 1000 cm™. Peaks around this region are a
useful indicator of the structure of metaphosphate.

We cut and polished about Imm-thick plate samples of KGd(PO,),,
KYb, ,,Gd, 471 (PO;),, and KNd(PO,), to make the Raman measurements. For all
the samples, the laser propagation was parallel to the N, principal optical axis, so
the measurement involved the phonons propagating in this direction (i.e. the b

direction). Unpolarized Raman spectra were recorded at room temperature
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between 17 and 1700 cm™. Figure 5 7n paper Il shows the Raman spectra for

KGd(PO,), and Yb:KGd(PO,),.

To make it easy to compare the three crystals, the corresponding Raman spectra

are shown in Figure 4.7.
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Figure 4.7. Raman spectra of KGd(PO3)4, KYbo.020Gdo.971(PO3)4, and KNd(PO3)4 at room
temperature

As we expected, all the characteristic peaks for metaphosphate described above
were present in the spectra. The strong peak of the symmetric stretching
vibration V, of the PO, group at 1185 cm™ was accompanied with some weaker
peaks corresponding to symmetric V, and antisymmetric V, vibrations of the same
group at 1318, 1239, 1227, 1134, and 1093 cm™. Two peaks were observed for
the symmetric stretching vibration V, of the P-O-P chain linkage caused by the

different positions of the lanthanide and alkali ions in the structure.™
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Chapter 5: Spectroscopic characterization of the active ions in

the KGP host

The spectroscopic properties of lanthanide ions are determined by their special
electronic configuration'”. All lanthanides are £block elements, corresponding to
the filling of the 4f electron shell. The 4/ shell is efficiently shielded by the filled
5s and 5p outer shells and this means that the ligand environment has little
influence on its electronic cloud. As a result, the absorption and emission spectra
are characterized by very sharp lines and the energy level scheme varies slightly
from one host to another. So, lanthanide ions largely behave like free ions. The
effect of the crystal field is normally treated therefore as a perturbation of the
energy level scheme of the free ions. Though it is weak, the crystal filed splits
each of the free-ion energy levels (manifolds) into many closely spaced levels,
which is called the Stark splitting. From the spectra of lanthanide ions, we can
extract different information. The position of the peaks describes the electronic
structure of the 4f shell; the splitting caused by the crystal field describes the
symmetry of the lanthanide structural position and the shape of the coordination
polyhedron; and the intensity of the spectral lines describes the interaction
between the lanthanide and its environment™. Hence, a detailed spectroscopic
study of the crystal must be made if its spectroscopic behaviour and the energy

level scheme of the lanthanide ion are to be determined.
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5.1. Spectroscopic properties of Yb’* in KGd(PO,), crystals

The advantages of using ytterbium over neodymium as the laser-active ion in the
1 um range have been extensively explained in section 1.2 and are largely the
result of the simple energy level scheme of ytterbium made up of only two
manifolds: the *F,, ground state and the “F , excited state. Ytterbium can also be
used to dope nonlinear crystals since it has no absorption bands in the green
region. So, the inevitable reabsorption losses of neodymium in the wavelength
range of the second harmonic can be avoided.

All the results found for Yb:KGd(PO,), reported in this section are based on a

sample of composition KYb,,Gd,(PO;), corresponding to an ytterbium
concentration of 1.007%10* cm”. The single crystal was cut and polished as a
cube, accurately oriented along the N, N, and N, principal optical axes, with

dimensions of 2.34, 2.68, and 2.47 mm along these axes, respectively.

5.1.1. Optical absorption

As ytterbium has an odd number of electrons in the 4f shell (Yb’": [Xe]4f")
polarization dependent selection rules are not expected but the intensity of the
individual peaks may still vary. Therefore, we studied the polarized optical
absorption of Yb™" in KGd(PO,), along the three principal optical axes N,, N,
and IV, The absorption band associated with the ytterbium transition °F, /= °F, /2
in KGd(PO,), extends from 925 to 1025 nm (10800-9750 cm) at room
temperature (Figure 5.1). It is characterized by three main peaks centered at
977.5, 970.4, and 944.6 nm (10230, 10305 and 10586 cm™, respectively) for all
three polarizations. As its rather isometric structure led us to expect, the

anisotropy of the optical absorption was rather low though the absorption cross

section was maximized for E//N,. The maximum cross section at 977.5 nm

(zero line), calculated with the exact Yb™ concentration of 1.007X10* cm”

b
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amounts to 1.17%10” cm”. The corresponding maximum absorption cross

sections at the same wavelength amount to 0.72x10% and 0.80%10*" cm® for
E// N, and E // N,, respectively. These values are similar to those reported for
other nonlinear crystals such as Yb:CaY,O(BO,),”, Yb:CaGd,0BO,),” and
Yb:YAL(BO,),” and also to the well known Yb:Y,AlO,,".
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Figure 5.1. Absorption cross sections of KYbo.024Gdo.976(PO3)4 at room temperature for the
three orthogonal polarizations

To accurately determine the energies of the three Stark sublevels of the excited
state multiplet °F,,, the polarised absorption spectra were measured at 6 K
(Figure 5.2). The peaks in the spectrum are associated with the transitions from
the ground sublevel °F, ,(0), the most populated at low temperature, to the three
excited sublevels °F; ,(0°) (zero line), (1°), and (2).

The absorption spectra at 6 K shows a substructure that may be related to
phonon-electron coupled transitions, which are more pronounced for lanthanides

Y7 The polarized absorption with

at the beginning and the end of the series
E//N,, was therefore studied between 6 K and room temperature. Figure 2 in
paper VI shows the evolution of the absorption coefficient for E//N,, with the
temperature between 6 and 300 K. The maximum absorption of the (0)- (0")

transition decreased when the temperature increased because of the population
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redistribution among the other sublevels of the ground state. When the
temperature increased, an additional peak appeared at 10140 cm’ though it
anomalously disappeared at room temperature. This peak is probably related to

the thermal population of the °F, ,(1) sublevel with transition to °F ,(0).
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Figure 5.2. Absorption cross sections of KYbo.024Gdo.976(PO3)4 at 6K for the three orthogonal
polarizations

5.1.2. Optical emission

The emission spectra of Yb:KGd(PO,), were studied at room and low
temperatures to determine the emission channels and the Stark sublevels of the
ground state multiplet °F,,. The sample was pump at A=0.94 pm. Figure 7 in
paper II shows the polarized emission spectra for the three orthogonal
polarizations both at 300 and 10 K. As expected, the anisotropy of the optical
emission was rather low and even less than that of the optical absorption.

Figure 5.3 shows the emission spectra for E//N,, at both temperatures. The
four main lines correspond to the transitions from the lowest excited sublevel
’F,,(0’) to the four ground sublevels °F, ,(0), °F; ,(1), °F;,,(2), and °F, ,(3). These
are accompanied by phonon added peaks. A dim peak corresponding to the
transition from the thermally populated ’F;,,(1) sublevel to °F,,(0) is also

observed. The reduced intensity of the emission associated with the
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°F,,,(0) - °F, ,(0) transition is a consequence of the reabsorption at this
wavelength though this effect is lower than in other crystals. Reabsorption in this
crystal is probably lower because the concentration of ytterbium is low and its
absorption in this host is lower than for example in KRE(WO,), (RE=Y, Gd, Lu)

(ten times higher) >,
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Figure 5.3. Emission spectra of KYb.024Gdo.976(PO3)4 at 300 and 10 K for E//Np,

Figure 5.4 shows a schematic diagram of the Stark sublevels and the absorption
and emission transitions among them of Yb’" in KGd(PO,), crystals obtained

from the low temperature absorption and emission spectra.
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Figure 5.4. Schematic diagram of the Stark sublevels and transitions of Yb3* in KGd(PO3)4
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The crystal field splitting of KGd(PO;), is much lower than that of other well
known materials such as Yb:KRE(WO,), "%  Yb:RbTiOPO,™ or
Yb:Y;ALO,,"". The crystal field of the KGd(PO,), host is much weaker probably
because the gadolinium ions in the structure are isolated from each other since in
all these structures, the lanthanide ion has the same distorted dodecahedron of
coordination. The Ln-O distances are also comparable: 2.292-2.477 A for
KGd(PO,),, 2.271-2.371 A for KGAWO,, and 2.303-2.432 A for Y,ALO,, but
the Ln-Ln distances are much larger for KGd(PO,;), than for KGdWO, or
Y,ALO,,.

The reciprocity method'*! was used to compute the emission cross sections from
the absorption cross sections at room temperature and the sublevel positions.
The calculation is based on the equation:

(Ey —/yv)}

kT

- i
Je (V) - O-a/kr (V) 7 ¢

u

eq. 5.1

where Z, and Z, are the partition functions of the ground and excited manifolds,
respectively, and E, is the temperature-dependent excitation potential, which
almost coincides with zero line energy'*'.

Figure 4 in paper VI shows the calculated emission cross sections 0, together
with the corresponding absorption cross sections @, for the three orthogonal
polarizations. In the zero line (977.5 nm), the spectra are completely overlapped,
so reabsorption is expected to be high even though the emission spectra show

that it should be low because of the low doping level.

5.1.3. Lifetime measurements

The lifetime of the excited-state of Yb*" needs to be measured in order to further
characterize Yb:KGd(PO;), as a laser crystal. One of the most important

parameters for a solid-state laser is the quantum efficiency (/) of its laser active
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ions. This parameter is defined as the ratio of the radiative transition rate to the
sum of the radiative and nonradiative transition rates:

W T
n,= rod = eq. 5.2
Wmd + Wﬂonmd Tm[l

So, by measuring the fluorescence decay time (7) and comparing it to the radiative
lifetime (7..4), the quantum efficiency can be easily calculated.

In order to obtain accurate values for the fluorescence decay time in Yb-doped
crystals, radiation trapping must be taken into account. This effect is due to the
large degree of overlap between the absorption and the emission bands of the
ytterbium ion. The measured decay time of a bulk sample is generally not an
indicator of the true fluorescence lifetime because much of the radiation emitted
from an Yb’* ion can also be reabsorbed by a neighbouring Yb’" ion. This effect
increases the measured decay time and can combine with the total internal
reflection (TIR) of all the radiation that impinges on the sample-air interface
above a certain angle. The average refractive index of KGd(POs,), is around 1.6
(see Figure 4.2) and leads to an angle of 38.7°. TIR increases the emission path
length in the crystal and artificially lengthens also the measured decay time.

To eliminate both effects, very thin samples or low ytterbium-doped or diluted
samples should be used to measure decay times. The measurement of accurate
decay times has been discussed in the literature and several solutions have been
proposed >,

We used the pinhole method to minimise the radiation trapping when measuring
the decay time of KYb,,,Gd;yx(PO;),. This method consists of exciting the
sample, a thin crystal plate is better than a bulk crystal, through an aperture with
various pinhole diameters and measuring the fluorescent decay from the same
side. The extrapolation of the measured decay time data to zero diameter yields

an accurate lifetime that is not effected by radiation trapping.
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Figure 5.5 shows that the radiation trapping in KYb,,,Gd,PO;), was very
low, probably because of the low Yb’" doping level in the sample. This agrees
with the small discrepancy between the decay time measured from the bulk
sample, which was 1486 Hs and the radiative lifetime obtained from the pinhole

measurements, which was 1223 ys.

1300 . . . . . . . .
1250

1200

Fluorescence lifetime (Us)

1150

1100 . : . : : T - .
0,0 0,5 1,0 15 2,0

Pinhole diameter (mm)

Figure 5.5. Fluorescence lifetime of KYbo.024Gdo.976(PO3)4 versus the pinhole diameter

When the g,(v) calculated by the reciprocity method was averaged over the three
polarizations, a radiative lifetime of 7,,=1570 Ws is obtained at room temperature
using the Fiichtbauer-Ladenburg equation'*. The discrepancy originating from
the thermal distribution in the ground state manifold at room temperature when
calculating g, (V) can be suppressed by integrating the corresponding equation

over the frequency.

i=8m2J-

de

@aﬂ/ eq. 5.3

The ration between the measured fluorescence radiative lifetime and the
calculated radiative lifetime leads to a quantum efficiency of 80% for

I<Yb{)A{)24Gd{)A97()(POS)4‘

102



Chapter 5: Spectroscopic charactetization of the active ions in the KGP host

5.1.4. Laser parameters

The absorption and emission cross sections and the measured lifetime are useful
for estimating of some important laser parameters. The pump (I, ) and the laser
(1,,,) saturation intensities are defined as intensity values at which the absorption
at the pump wavelength and the gain at the laser wavelength, for infinitesimally
thin samples, are reduced to 50% of their small signal values.

For pump and laser transitions that are decoupled, these intensities are simply

given by:
hv
- pump
Iy = eq. 5.4
Ja/ﬂr
hv
J sat = e eq. 5.5
: o,r

However, in active media with overlapped absorption and emission spectra, like
he quasi-three-level system of Yb™, the expressions are more complex. The
pump saturation intensity increases with the intracavity laser intensity I, and the

laser saturation intensity increases with the pump intensity I,.

1
1 IH)=1 [, =0 1+——— eq. 5.6
p,A‘al( /) p,ml( / ) I/)m,(lp =0 q
IP
I/,m;(Ip) =I/,m;(1p =0) 1+ eq. 5.7

I]),mf (I, = 0)
In the case of zero laser intensity (laser threshold), the pump saturation intensity
in eq. 5.6 is given by:
hv,

I Sa, (I :0): ¢q. 5.8
Pt [Jalis(ﬁp)-i_o—e(Ap)]T

Similarly, for the laser saturation intensity at zero pump intensity in eq. 5.7 one
has:

hv,
[Jdbx (/]/) + Je (/‘/ )]T

I u(,=0)= eq. 5.9
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Thus the bleaching of the absorption and the depletion of the gain in the quasi-
three-level system are stronger because the corresponding saturation intensities
from eq. 5.8 and 5.9 are lower in comparison to eq. 5.4 and 5.5, but both these
effects can be compensated by the actual pump and laser intensities which
increase the pump and laser saturation intensities, respectively, in accordance
with eq. 5.6 and 5.7.

In the presence of reabsorption at the laser wavelength, it is useful to define a

gain cross section (0) as:

o,=p0,-1-B)o,, eq. 5.10
where the inversion parameter is defined by = N%\T with NN, as the population

of the upper laser level and N the total number of active centres (ions).
The wavelength dependence of g, for a given inversion value, which depends on
the cavity loses, gives information on the expected oscillation wavelength in the

continuous wave regime.
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Figure 5.6. Inversion dependent gain cross sections of KYbo.024Gdo.976(PO3)4
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Figure 5.6 shows the inversion dependent gain cross section of
KYDb ,,Gdy9:6(PO;), for the three polarizations for an inversion parameter (f)
varying from 10% to 50%.

From this figure, lasing in KYb, ,,Gd,4,(PO;), can be expected to have a lower
threshold for E//N,, and between 1030 nm (8=0.1) and 1010 nm (5=0.5),
which corresponded to the *F;,(0) » °F, , (2) transition.

This relative short oscillation wavelength is a feature that distinguishes Yb:KGP
with respect other Yb-doped acentric hosts such as Yb:YCOB (1090 nm)®,
Yb:GdCOB (1082 nm)” and Yb:YAB (1090 nm)®.

The minimum pump intensity (I,,,) to reach laser threshold can be calculated
from the minimum inversion necessary (£3,,,):

T - ﬂmin bVP
pomin o-a/ﬂ (/]p) _ﬁmin [Jahx (/‘p) + ae (/]p)] r

eq. 5.11

If we consider the ideal case of zero cavity loses, i.e. no output coupling, we can
estimate the pump threshold from the inversion value for which the gain cross
section reaches zero at some wavelength. The wavelength for which the gain

cross section reaches zero at minimum inversion parameter (,,) is the expected

i,

laser wavelength (A)).
Table 5.1 shows these estimated laser parameters of KYb,,,Gd, (PO,), for the

three orthogonal polarizations for zero cavity loses. I, . was calculated using eq.

5.8 (Ti:sapphire wavelength used in laser experiments) and I,

with A, =977.1 nm.

using eq. 5.11

1IN

Table 5.1. Estimated laser parameters of KYbo.024Gdo976(PO3)4 for the three orthogonal
polarizations for zero cavity loses

Am) B, %) L,KNem) I, (KW cm)

14,

E//N, 1020 9.5 11.43 2.80
E//N, 1035 5.5 6.90 0.88
E//N, 1034.5 4.3 10.58 1.04
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If we consider cavity loses, i.e. output couplers of 1, 3 and 5 % that have been
used in lasing experiments (see paper VI), we can estimate the pump threshold
from the inversion value (8,,) for which the gain cross section reaches the
calculated value considering the loses at some wavelength (4). We calculated ¢
assuming cavity loses T, %=1, 3, 5, using the equation:

2NLo, =0.010.030.05 eq. 5.12

where N is the total number of active centres, 1.007x10* cm” in
KYb, 1,4Gdy076(PO5), and L is the length of the sample, which is 2.5 mm is
average for the cubic sample used. The factor 2 comes from the fact that there is
twice gain per round-trip.

The calculated g, values from eq. 5.12 are 0.0199, 0.0596, and 0.0993x10* cm®
for 0.01, 0.03, and 0.05 cavity loses, respectively. Table 5.2 shows these estimated
laser parameters of KYb,,,Gd,4,(PO;), for the three orthogonal polarizations

assuming 1, 3, and 5% cavity loses. As the g, values are higher, the 3, values to

min

reach them are necessary higher and consequently, the A, are shorter.

Table 5.2. Estimated laser parameters of KYbo.024Gdo.976(PO3)4 for the three orthogonal
polarizations for 1, 3, and 5% cavity loses

loses A, (nm) B, (%) L., (KW cm?)

4,

0.01 1016.5 18.5 7.11
E//N, 003 1012 28.7 7.23
0.05 1010 37.9 42.0
0.01 1015 17.0 3.72
E//N, 0.03 1010 23.3 6.37
0.05 1009.5 28.1 9.48
0.01 1018.5 16.8 5.66
E//N, 0.03 1012.5 25.5 11.88
0.05 1010 32.7 22.32

5.2. Spectroscopic properties of Nd’* in KGd(PO,), crystals

The spectroscopic advantages of ytterbium over neodymium have been

extensively described above. These advantages, however, are offset by a
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significant disadvantage, which is the quasi-three-level laser operation at room
temperature compared with the four-level operation in Nd’* lasers. The quasi-
three-level operation for Yb™* involves higher power laser thresholds. However,
once they are above threshold, Yb’" lasers tend to have greater slope efficiency
than Nd** lasers. If operation is to be well above the laser threshold, pump
intensities must be high. Hence, though Yb’" lasers can compete with Nd**
lasers, the laser architectures operating above laser threshold involve additional
costs because they are more complex than Nd’* lasers. Much of the research
efforts have focused on the design of laser architectures for operating in the
above threshold regime'”. However, the advantages of Yb’" overcome the
disadvantages and in recent years, Yb*" has progressively been replacing Nd**.
The stoichiometric KNd(PO;), (KNP) crystal was extensively studied in the mid
70’s as a potential neodymium minilaser source for optical fiber communications.
Hence, preliminary spectroscopic and laser studies were performed and the Judd-
Ofelt"*'"” parameters calculated.

Various papers have calculated the laser emission cross section of Nd-

148,149 9

stoichiometric crystals , determined the fluorescence quantum efficiency'

and accurately measured the lifetime. Many spectroscopic studies have been made
of the energy levels involved with laser action (4Ii and “F;,) and the Judd-Ofelt
d150,151‘

calculations were reporte

characterization of Nd’* in KNd(PO), has never been done.

However, a completely spectroscopic

In this section, therefore we include all the spectroscopic characterization of
Nd™ in the KGd(PO,), host, review the studies that have been made and add our
own to complete the characterization.

All the results on Nd:KGd(PO;), reported in this section are based on single
crystals of compositions KNd, ,,,Gd0,(PO;), and KNd(PO,), corresponding to
a neodymium concentrations of 1.560%10" and 4.050x10* cm”, respectively. The

crystals were cut and polished as platelets and accurately oriented along the N,
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N, and N, principal optical axes. KNd,sGdy,(PO;), was around 1550 pm
thick and KINd(PO,), around 800 pm.

Polarized spectroscopic experiments are necessary even though polarization-
dependent selection rules are not expected because of the fact that the Nd’* ion
has an odd number of electrons in the 4f shell (Nd**:[Xe]4f’) but the intensity of

the individual peaks may still vary.

5.2.1. Optical absorption

Neodymium absorbs light throughout the UV-visible and near-IR spectral
regions, from around 250 to 2500 nm (2857-4000cm™) because its energy level
scheme is complex.

Figure 5.7 shows the polarized absorption spectra of KNd(PO;), at room
temperature and at 6K. A total of 24 multiplets were resolved. These were: ‘D, ,,
Ds/2 Dsjsr Psr Dsjoy Py *Gosoy Doy 'Grigor Kisos Kisgs 'Gopr 'Gryoy "Gy
°Gy)5, "Hy1 o Fojos Fr oy *S500 'F oy "Hy oy ‘Fs oy s/, and 15, At the UV limit, 4
more multiplets were identified as °1, », “Lis/5, 1135 and D, .

A polarized room temperature specttum E//N, polarized is added by way of
example. However, we were not able to resolve these multiplets because of its
low intensity; in addition, the resolution of the spectrophotometer in this range is

rather poor.
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Figure 5.7. Absorption cross sections of Nd** in the KGd(PO3)4 at room and low temperatures
for the three orthogonal polarizations

Currently, Nd-lasers are directly pumped with AlGaAs diodes at around 800 nm.

This wavelength corresponds to the optical absorption from the I, ground

multiplet to the ‘F, , excited multiplet.

The absorption band associated with the Nd** transition in KGd(PO,),

approximately extends from 12100 to 12800 cm’ (826.4-781.3 nm) at room
temperature (figure 5.7).

As expected, the anisotropy of the optical absorption was rather low though the

absorption cross section was maximized for E//N,. The maximum cross
section at 800 nm (12500 cm™), calculated with Nd’* concentration of 4.050%10*

3 . . . .
cm”, amounts to 3.00%10*" cm®. The corresponding maximum absorption cross
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sections at the same wavelength amount to 2.78%10*" and 2.83%x10* cm’ for
E// N, and E// N,, respectively.

The absorption spectrum of the excited multiplet ‘F,, at room temperature
shows a clear substructure that may be related to phonon-electron coupled
transitions. Therefore, the polarized absorption with E//N, was studied

therefore between 6 K and room temperature (Figure 5.8).

1204

0 ——— e 1
12100 12200 12300 12400 12500 12600 12700 12800 12900

Energy (cmﬁl)

Figure 5.8. Temperatutre evolution of the optical absorption of Nd:KGP for E//Ny,

The maximum absorption of the ‘I, /2 - 'F, /, transition decreased when the
temperature was increased although this effect was masked at higher
temperatures because of the population redistribution among the other sublevels
of the ground state. When the temperature was increased, additional peaks below
12500 cm™ appeared and progressively increased in intensity. These peaks are
probably related to the thermal population of upper sublevels of the ground state
multiplet ‘I, ,. This effect was common to all the multiplets.

The energies of the three Stark sublevels accurately determined from the optical

absorption spectra recorded at 6 K are summarized in Table 5.3.
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Table 5.3. Energies of the Stark sublevels of the excited energy levels of Nd3* in KGd(PO3)4

ML Energy (cm™)
D, 28722
‘D,,+'Ds, 28474 28458 28409 28328 28157
°P,,, 26273 26204
D.,, 23944 23855 23807
Py, 23313
Gy, +Dsy,t 21865 21824 21749 21697 21662 21626 21604 21559
‘Gt Ks, 21535 21430 21382 21283 21239 21164 21059 21042
21033 21010
Kispt'Gy, 19879 19814 19751 19728 19700 19624
19609 19580 19559 19544 19507 19431
'G,,, 19185 19086 19052 19016
‘G, t°G,,, 17505 17413 17339 17315 17278 17202 17095
*Hy, ), 16064 16048 16000 15965 15912 15893
F,, 14871 14839 14808 14717 14697
B, ,+7S5), 13649 13589 13567 13544 13482 13450
F.,,+H,), 12742 12709 12668 12635 12590 12555 12524 12492
F;,, 11533 11472
Tis) 6264 6215 6139 6028 5993 5920 5866 -
T, 4142 4139 4056 4020 3976 3952 3913

5.2.2. Optical emission

The emission spectra of Nd:KGd(PO,), were studied at room and low

temperatures to determine the emission channels and the Stark sublevels of the

I, /, and I, /, excited multiplets and the ground state multiplet I /2

In order to totally resolve the peaks, the low Nd-doped sample of

KINd, 40sGdy90,(PO5), was used in the experiments, which was pump at A=0.8 um.

Figure 5.9 shows the polarized emission spectra for the three orthogonal

polarizations at room temperature. Again, the anisotropy of the optical emission

was rather low though the optical emission intensity was maximized for E//N,,.

Figure 5.10 shows the emission spectra of at 300 and 10 K of ‘I, /2 I, /2> and

1,,,, for E//N,,
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Figure 5.11 shows a schematic diagram of the Stark sublevels and the absorption
and emission transitions among them of Nd’* in KGP crystals obtained from the

low temperature absorption and emission spectra.
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Figure 5.11. Schematic diagram of the Stark sublevels involved in laser operation of Nd** in
KGP

The crystal field splitting is much lower than that of such other well known
materials like Nd-doped garnets'”, which indicates again that the crystal field of
the KGP host is much weaker.

The emission cross sections of the laser transitions from ‘F, /2 tO 1, 1 and ‘15,
(wavelengths about 1 and 1.3 pm) of KNd(PO,), have been reported in the
literature'**'*. They were determined by the direct absorption method and the
conventional spectroscopic method'”. This latter method consists of two
processes: determination of the cross section of a reference transition by an
absorption measurement and successive determination of the intensity ratio of
the laser transition by fluorescence measurements. The values of cross section

values calculated using these two methods were consistent with each other'*.
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Table 5.4 shows the effective cross sections values of the ‘F, 5 — 1, and 'F;),
- 4113/2 transitions at 1.052 and 1.322 pm respectively for E//M, E//N,,
E//N, using the direct method. The experimental uncertainties are estimated to

be £ 15%'".

Table 5.4. Emission cross sections of KNP at A=1.0520 and 1.3220 mm in KNP for the three
orthogonal polatizations

g (10% cm?)

41:3/2 - 4I11/2 41:3/2 - 4I13/2
N, 4.7 1.5
N, 6.2 3.0
N, 3.9 1.4

These wvalues are around 10 times lower than those of the Nd-doped
garnets”*'> The g of KN(PO,), was probably reduced by the concentration
quenching effects caused by the high concentration of Nd** in the crystal.
Nevertheless, this effect is lower than in other neodymium stoichiometric crystals
such as NdP.O,,”*%, LiNd([PO,),***" or NaNd(PO,),” since the

interatomic distance between the Nd’* ions in KNP is higher than in the others.

5.2.3. Lifetime measurements

The measured fluorescence decay time of the ‘F;, level of Nd** in the
stoichiometric crystal KNd(PO,), is 110 ps. This value agrees with those reported

in the literature™”

. The fluorescence decay time increased to 246 Hs for
KNd, 10sGd004(PO;), because of concentration quenching via resonant migration
of the excitation energy between the Nd’" ions (Figure 5.12). The probable final
transfer to impurities in the crystal lattice resulting in radiative or nonradiative

deexcitation is less likely in stoichiometric materials because they are probably

purer than doped materials.
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Figure 5.12. Fluorescence lifetime of KNdGdi(PO3)4 versus the Nd3* concentration

Figure 5.13 shows the evolution of the fluorescence lifetime as a function of the

temperature. 7 slightly increases when the temperature decreases.
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Figure 5.13. Florescence lifetime of KNd(PO3), versus the temperature
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Chapter 6: Laser operation of Yb** in KGd(PO,),

This chapter describes to the results of the room temperature laser operation near
Tum of Yb*" in KGd(PO,), in the continuous-wave (cw) regime. As far as we
know, this is the first time that laser operation with Yb:KGd(PO;), has been

demonstrated for the first time.
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6.1. Yb:KGd(PO,),, a quasi-three level gain medium

The advantages of Yb*" as a laser-active ion have their origin in its simple two-
manifold electronic structure. However, this simple energy level structure
corresponds to a quasi-three-level scheme for laser operation. The properties of
quasi-three-level lasers are between those of three-level and four-level lasers
(Figure 6.1). Inversion can be achieved more easily in four-level lasers than in
three-level lasers because in the three-level scheme, the lower laser level coincides
with the ground level, which has a significant population at the operating
temperature. However, because of the larger difference between the pump and
laser wavelengths (larger quantum defect), four-level lasers experience greater

thermal load than three-level lasers.

pump level - pump level
K g yy %
pump transition pump transition .
laser transition laser transition
v
ground level v ground level E

Figure 6.1. Energy level schemes of a three-level laser (left) and a four-level laser (right)

Figure 6.2 shows the quasi-three-level scheme of Yb™" in KGd(PO,), for a pump

wavelength corresponding to the maximum absorption at 977 nm (Figure 5.1).

2F5),

Figure 6.2. Quasi-three-level scheme in Yb?* in KGd(PO3)s at A, = 977 nm
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At room temperature, the lower laser level (normally the °F, ,(3) ot °F, ,(2) Stark
sublevel) has appreciable population, so the Yb’" ion system can be described as
a quasi-three-level laser scheme. The gain cross section spectra of
KYby1,,Gd9:(PO;), (Figure 5.6) lead us to expect lasing in this crystal on the
’F.,(0) » °F,,, (2) transition, at a wavelength close to 1010 nm.

A low laser threshold requires high laser gain (g) and low cavity losses. The
fundamental origin of the laser threshold is the power loss via fluorescence into a
large number of spatial modes. Just below threshold, a laser already emits some
power, which is the result of amplified spontaneous emission and has a
bandwidth, which is larger than that of the above-threshold laser emission but
smaller than the regular fluorescence bandwidth.

In the cw regime, above threshold, the inversion density and the gain of a laser
are clamped at their threshold values; the round-trip gain of the cavity is equal to
the round-trip loss. When the pumping is increased, the gain remains fixed while
the laser output power increases.

Because the output power of a laser varies linearly with the pump rate, the
efficiency of a laser is often discussed in terms of slope efficiency (77). Slope
efficiency is defined as the slope of the curve obtained by plotting the laser
output versus the absorbed pump power. In simple situations, the slope
efficiency is basically determined by the pump absorption efficiency, the area
efficiency, the inversion efficiency, the quantum efficiency of the gain medium,
and the output coupling efficiency of the laser cavity. The pump absorption
efficiency (77,) is the ratio of the power absorbed by the active medium to the
power of the pump source. In an optically pumped laser, part of the incident
pump energy may be reflected or transmitted by the optical elements such as the
active medium or the mirrors. The area efficiency (77,) measures which portion of
the pump volume is used in the oscillating mode (i.e. contributes to the gain of

the laser system). For a longitudinally pumped laser, the area efficiency can often
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be approximated by/, =]/ ((r]f / r,f)+1), where 7, is the radius of the pump beam

and 7, is the radius of the oscillating mode. The inversion efficiency (77) is the
ratio of the energy of a photon at the oscillating frequency to the energy of an
absorbed pump photon. The quantum efficiency of the gain medium (7)) is the
fraction of inverted ions that emit a photon into the oscillating mode. The output
coupling efficiency of the laser cavity is the ratio of the output coupling to the
total round-trip loss of the cavity. Mathematically, the slope efficiency is

determined by the product of these five factors:

,7J =,7]),74/7i,7q/70 €q. 6.1

6.2. Continuous wave (cw) laser operation in Yb:KGd(PO,), crystal

To generate laser radiation from Yb> in KGd(PO,),, we used a sample of

composition KYb, ,,Gd,;s(PO;), (1.007%10” cm” Yb’* ions) accurately
otiented along the N, N, and N, principal optical axes with dimensions of 2.34,
2.68, and 2.47 mm along these axes, respectively. Using this sample, we were able
to check the laser activity for each polarization and propagation configuration
although, as stated above, lasing was expected to have lower threshold for
E//N,, (see section 5.1.4). The uncoated KYb, ,,Gd, ¢(PO5), cube was placed
under Brewster angle to avoid Fresnel losses in a standard astigmatically
compensated Z-shaped cavity (Figure 2.14). At Brewster angle, the cavity losses
are zero only for one polarization in the plane of reflection (p). The high Fresnel
losses for polarization perpendicular to this plane (5) do not allow lasing with
such polarization. The pump beam can be in principle polarized in either of the
two directions, or be unpolarized. In our case, using a polarized pump source, we
selected its polarization to be parallel to the laser polarization (p), so that no

additional losses occurred for the pump.
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cw laser operation was obtained at room temperature when the
KYby2Gdy0:4(PO;), sample was orientated for E//N, and N, and the
propagation was along N, No generation was possible for E//N, when
propagating along N, or N,,,

The slope efficiency was as high as 55% was obtained for E//N,, with an output
power around 100 mW for an output coupler of 1%. For E//N, both the slope
efficiency and the output power were lower: around 30% and 75 mW

(Toe =1%), respectively. The pump threshold was also higher for E//N, than

for E//N,, This is in agreement with the predictions in section 5.1.4 and can be
explained by the lower gain cross section for E//N, (Figure 5.6.).

Paper VI discusses the laser operation of KYb,,,Gd,4,(PO;),. Table 3 in the
paper shows the relevant laser parameters such as slope efficiency, oscillation
wavelength (4) and pump threshold. The experimental oscillation wavelengths
for each T, are slightly different from the calculated wavelengths (Table 6.1).
Hence, we can conclude that the cavity losses are basically determined by the

output coupling and additional (unwanted) losses are negligible.

Table 6.1. Estimated versus experimental laser wavelengths(4) for E//N, and Ny, corresponding
to Ty =1, 3,and 5 %

A, (am)
E//N, E//N,
Toc (Yo) estimated  experimental  estimated  experimental
1 1016.5 1016.3 1015 1017.1
3 1012 1013.5 1010 1013.8
5 1010 no lasing 1009.5 1012.1

Figure 6 in the paper shows the output power versus the absorbed pump power
for output couplers of 1 and 3%. For T,,,=5% the slope efficiency for E//N,
could not be reliably estimated. The shorter oscillation wavelength at higher

output couplers is typical for Yb-lasers and is related to the maximum of the
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inversion dependent gain cross section curve (Figure 5.6). As expected, laser

oscillation occurred on the °F; ,(0°) » °F, ,(2) transition near 1010 nm.
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Conclusions

The most important results from this study are, on the one hand, the successful
synthesis of single crystals of undoped type III KGd(PO,), and ytterbium- or
neodymium-doped KGd(PO,), and on the other, the optical, spectroscopic and
laser characterization of the active ions in the KGd(PO,), host, which shows that
Yb:KGd(PO,), is a promising candidate to obtain a new self-frequency doubling
crystal.

Despite of the high viscosity of the growth solution, we were able to grow
macrodefect-free single crystals of type III KGd(PO,),, Yb:KGd(PO,),, and
Nd:KGd(PO;), from their self-fluxes using the top seeded solution growth-slow
cooling technique. The related crystallization regions in the ternary system of the
corresponding oxides were also determined. In particular, we accurately analyzed
the changes produced by the ytterbium and neodymium active ions in the
crystallization region of the undoped KGd(PO;),. The changes produced by
ytterbium were much more appreciable that those produced by neodymium. This
was more related to the stability of the type 111 (P2)) crystalline phase than to the
difference in ionic radii between gadolinium and ytterbium or neodymium, which
is very similar. Whereas the stoichiometric crystals of neodymium, KNd(PO;),,
crystallize as type III, those of ytterbium, KYb(PO,),, crystallize as type IV
(P2,/n) ot type V (P2,/n). Hence, it was possible to grow type 111 Yb:KGd(PO,),
single crystals with a ytterbium concentration in solution as high as 15 at %,
which corresponds to about 7.5 at% in the bulk crystal. This ytterbium
concentration proved high enough to generate laser radiation. Further
investigations in the crystallization region of Yb:KGd(PO,), indicate that type 111
could be grown from solutions with a ytterbium concentration as high as 50 at %,
which corresponds to about 25 at % in the bulk crystal. Thus, the laser efficiency

could be improved by optimizing the ytterbium concentration in the crystal. We
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also grew Nd:KGd(PO,), single crystals with a neodymium concentration in
crystal as high as 100% (i.e. the stoichiometric KNd(POj), crystal).

The crystal structure of type I KGd(PO,), and KNd(PO,), indicates that
although these crystals belong to the monoclinic class (P2)) their cell parameters
are so isometric and their B angle so close to 90° that they are close to the
rhombic class. This isometric structure required standard methodology to be
developed to identify the crystal morphology. When we analyzed the structural,
physical, optical and spectroscopic properties of these crystals, the ef isometric
structure meant that the anisotropy was low. This led to an almost isotropic
thermal expansion of KGd(PO;),, which is advantageous for crystal growth,
processing of active elements and laser operation.

The KGd(PO,), host has optical properties that make it an excellent solid-state
laser or self-frequency doubling crystal. For example, its transmission window is
very broad, extending from 180 nm to 4 pum, which covers both the fundamental
and the second harmonic ranges. The rather large band-gap of KGd(PO,),
should not only lead to high damage resistivity but also make it possible to use
this host in the UV range, either as nonlinear crystals or as a host for cerium.

The theoretical simulations of self-frequency doubling showed thaht KGd(PO,),
and isostructurals belong to the negative biaxial class. This means that

n.>n,>n, and consequently NP//Z, N,.//Y, and Ng//X We found that this

family of crystals can be phase-matchable for type I second harmonic generation
in the YZ plane in a wavelength from 0.918 pum. The wavelength range for which
the crystal can be phase-matchable perfectly covers the luminescence ranges of
both Yb’" and Nd** ions in KGd(PO,), (see sections 5.1.2 and 5.2.2). Therefore,
Yb:KGd(PO,), and Nd:KGd(PO,), are very promising candidates to be applied
as self-frequency doubling crystals.

To our knowledge, ytterbium in the KGd(PO;), host has generated laser

luminescence for the first time. Although the maximum output power achieved
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(93 mW) was limited by the size and ytterbium doping level of the sample
(KYDb (,,Gdy 47(PO;),) the more than 55% slope efficiency obtained with this first
sample is rather promising for the future. As stated above, further investigations
indicate that the ytterbium doping level can be increased, so the laser efficiency
can be optimized. One feature that distinguishes Yb:KGP from other nonlinear
crystals is the short oscillation wavelength near 1014 nm. This wavelength
perfectly matches the wavelength range for which these crystals can be phase-
matchable. We can conclude, therefore, that Yb:KGd(PO,), is a promising crystal
for self-frequency doubling, which should be able to generate blue-green
radiation.

These encouraging results suggest that future investigations can focus on the
development of a new self-frequency doubling crystal. To reach this objective,
the lasing generation of Yb:KGd(PO;), and Nd:KGd(PO,), should be further
investigated and optimized by controlling the active ion doping level in the

crystal.
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We determined the crystallization region of KGd@LAKGP) in the ternary system GO;—K,O—
P,Os, the isotherms of saturation temperature and six neighboring phases;, KE@Q, KGdP,Oz,
Gd(PQ)s-orthorhombic, Gd(P€)s-monoclinic, and GdiD:4. We successfully grew KGP single crystals
by the top-seeded solution growth (TSSG) slow cooling method. To optimize the growth process and
obtain high-quality KGP crystals, solution composition and seed orientation were analyzed and a growth
device was added. KGP is isostructural to KNdgR(xrystallizes in the monoclinic systeR2; and the
cell parameters determined are= 7.2701(11)b = 8.3818(8), ana = 7.9608(10) A5 = 91.776(12),
Z =2, andV = 484.87(11) R We studied how they evolved as the temperature increased from room
temperature to 773 K and observed an almost isotropic linear thermal expansion, the tensor of which we
also calculated. In the room temperature to 1273 K range analyzed, we found that KGP irreversibly
decomposed at 1142 K. The second harmonic efficiency, qualitatively measured by the Kurtz method,
was at least similar to that of KIRO, (KDP).

Introduction diffraction patterns recorded in the same conditions. KGP

Condensed phosphates have been widely studied becausg > therefore regarded as a promising new laser host that

; L . Can also be easily doped with any other lanthanide ion since
they can be used n several_ smgntlflc fields, such as ctaly the gadolinium has a high capacity to be substituted.
electricity, and optics. Optics involves the so-called poly-

phosphates of lanthanides, which are generated from a large In this paper we analyze th? cond!tlons of the KGP cwst_al
number of phosphate ions in either long-chain or cycling growth process and present its basic structural charaateriz

geometry. Several of these are repoftétto have good tio:. KGP h b ted bef . d
optical properties for the laser technology field. Most are N as never been reporied betore, we periormed a

neodymium-stoichiometric polyphosphates designed for parallel study to our previous one for KNPfor which there

use as mini-lasers, such as KNA@REKNP) 5812KNP has is also little information in the literature. We determirtbe
two important advantages: first, it can be obtained as high- KGP crystallization region in the self-flux. Then, takinga

quality single crystal, and second, its almost isotropézrtial account the results obtained with KNP, we optimized its
expansion prevents’ it from defo}ming crystal growth process. The KGP cell parameters and mor-

We therefore decided to grow and study KGAgRO phology were determined. We also_studied how KGP b_e-
(KGP). This material should maintain the good properties haved with temperature and determined thermal expansion
of KNP because it is reported to be isostructtirad it and and phase transitions. Finally, as this structure is not cen-

in fact, we verified this by comparing both X-ray powder trosymmetric, we qualltat{vely analyzed the possibility of
second harmonic generation.

*To whom correspondence should be addressed. E-mail: @@uil

quimica.urv.es. Experimental Section
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Table 1. Growth Data Associated with KGP Single Crystals

solution composition solution seed seed cooling interval cryst dimens cryst wt
expt GhO3—K20—P,05 wt (g) orientation position (K) (a x b x c) (mmd) (9)
1 4/31/65 20 ar centered 15 1.4 24x1.8 0.01
2 6/34/60 20 ar centered 15 2.% 6.7x 3.6 0.13
3 6/34/60 20 a* acentered 15 3.4 7.1x55 0.29
4 6/34/60 200 a* acentered 20 5.% 15.6x 10.3 1.77
5 6/34/60 200 b acentered 20 8.6 48x9.7 1.63
6 6/34/60 200 c* acentered 20 11.6 16.2x 5.6 1.94

These initial reagents were decomposed by heating them until thepatterns were registered every 50 K between 673 and 1273 K in

complete bubbling of N§ CO,, and HO was reached. The solution

was then homogenized by maintaining the temperature at about

50—100 K above the expected saturation temperature e B,

both processes.

Differential Thermal Analysis (DTA). We also used DTA
measurements to study the evolution of KGP with temperature

depending on the solution composition. The axial temperature before analyzing it more accurately by X-ray powder diffraction.
gradient in the solution was about 10 K/mm and the surface was This analysis was carried out in a TA Instruments simultaneous

the coldest point of the whole volume.

differential techniques instrument SDT 2960. We used npalti

We decreased the temperature of the homogeneous solution byAl,O; as reference material and Ar, at a flow of 903%min, as

10 K approximately every 30 min until crystals appeared on a
platinum wire immersed in the solution. The saturation terafure

purge gas. The powdered sample, which weighed around 20 mg,
was placed in a platinum pan and heated at a rate of 10 K/min

was then accurately determined by observing the growth or between room temperature and 1273 K. The storage rate of data

dissolution of these small crystals over long periods of time. Next,
we used a platinum disk placed in contact with the solutiofese

was 0.5 s/data point.
Top-Seeded Solution Growth (TSSG)We used the top-seeded

and rotated it at 45 rpm to grow the crystals. The temperature wassolution growth (TSSG) slow cooling method without pulling to
decreased to about 25 K below its saturation temperature at agptain inclusion-free KGP single crystals of a suitableser later

cooling rate of 0.51 K/h to obtain the supersaturation of the
solution.

We preliminarily identified the crystals by direct obseioa with
an optical microscope and then by X-ray powder diffraction
analysis. Some were also observed and photographed in@irsgan
electron microscope (SEM) JEOL JSM 6400.

X-ray Powder Diffraction. We used the X-ray powder diffrac-
tion technique to identify the KGP crystalline phase and some
neighboring ones of the KGP crystallization region. Theegipents
were carried out with a D5000 Siemens X-ray powder diffracto-
meter in a#—6 configuration using the BraggBrentano geometry
and Cu Ko radiation. The X-ray powder diffraction patterns were
recorded using a scintillation counter as detector.

Using this same equipment, we calculated the crystal cell
parameters of KGP from the powder diffraction data obtained at
298 K in the 2 range from 10 to 7Q using a step size of 0.03

studies. We performed the growth experiments using a vertical
furnace controlled by a Eurotherm 818 P controller/programmer.
A conical platinum crucible was used to contain the solution, the
homogenization of which was achieved by keeping the tenpera
about 50 K above the expected saturation temperature-fdrt8

The solution surface was the coldest point of the whole volume
and the temperature gradient in its axial direction was 1.2 K/mm.
We accurately determined the saturation temperature by observing
the growth or dissolution of a seed in contact with the solution
surface. Then, when the solution temperature was decreased at a
rate of 0.1 K/h, the crystal began to grow completely submerged
in the solution on the seed bottom, which was constantly rotated
during the growth process at 75 rpm. We used parallelepipedi
oriented seeds of similar size for all experiments. These weund

8 mm along the axial directionaf, b, or c*) of the rotation
movement and around 2 mm in the other two radial directions.

and a step time of 5 s. To refine them, we used the structure of After the temperature was decreased by the chosen interval (15 or

KNP previously solved by single-crystal X-ray diffraction as
the starting model.

We also used X-ray powder diffraction analysis to study how
the crystal cell parameters evolved with temperature and to
determine the thermal expansion tensor of KGP. We used the sa
equipment as before but with the addition of an Anton-PaakHr
platinum ribbon heating stage. The X-ray powder diffraction
patterns were recorded at the same conditiorts=20—70°, step
size= 0.0, step time= 5 s, at temperatures of 298, 323, 373,
473,573, 673, and 773 K, with a delay time of 300 s before each
pattern recording.

We also analyzed the evolution of KGP with temperature in the

20 K) the crystal was slowly removed from the solution and then
cooled to room temperature at 30 K/h.

To optimize the crystal growth process, we performed several
experiments under conditions chosen by taking into account the
results of the previous study on KNPThe cooling rate and rotation
velocity were thus kept constant at 0.1 K/h and 75 rpm because
the viscosities of the two solutions were similar. We analyzed how
the solution composition and seed orientation affected the KGP
crystal growth (see Table 1 for values and corresponding results).
We evaluated these results by taking into account the growth rate
and quality of the KGP crystal grown.

First we filled a platinum conical crucible of 25 émwith suitable

room temperature to 1273 K range both by heating and cooling amounts of reagents to prepare roughly 20 g of solution with the
the sample. In this case, the X-ray powder diffractometer was compositions shown in Table 1 (experiments 1 and 2) to study the
equipped with the heating stage and also a Braun positiositae effect of solution composition. With this lower amount of solution
detector (PSD). The X-ray powder diffraction patterns were e also checked the suitability of using the previously introduced
recorded at @ = 10-70° and the measuring time per degree was growth device!? In this case it also improved both crystal quality
10 s. During the heating cycle, the sample was heated at a rate ofand growth rate (experiment 3). This growth device comprises a
10 KI/s from room temperature to 673 K and from this point to the pjatinum turbine centered on the rotation axis and a seed support
maximum (1273 K) it was heated at a lower rate of 0.17 K/s. The above it displaced around 11 mm from this axis. The effeceetis
cooling cycle was designed using the same conditions. Diffraction grientation was then analyzed using a larger amount of solution
(around 200 g) placed in a platinum crucible of 125cfihe seeds
used were as described above (experiment§)4

(14) Parreu, 1.; Solans, X.; Aguil6, M. Unpublished.
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Figure 1. Crystallization Region of KGP and saturation temperatures in th#®&aK,0—P,0s system. SEM images of KGP and neighboring phases.

Second Harmonic Generation (SHG) MeasurementsWe belonging to the first half of lanthanides and one for ions
evaluated the second harmonic response of KGP using the Kurtzhelonging to the second half. Since gadolinium is placed jus
method!®> Small KGP crystals were powdered and graded with jn the middle, KGd(P@, can present the phase presented
standard sieves to obtain a uniform particle size between 5 and 20514 named by us as KGP (monoclinR®;, a = 7.2701(11)
um, and then uniformly packed. The sample was then placed ina g ) _ 8.3818(8) A.c = 7.9608(10) A8 = 91.776(12), Z
2-mm-thick quartz cell and irradiated using a pulsed Nd:Yla&er. =’2’ andV = 484.87’(11) ﬁ) usual for the first half, and the

To estimate the incident power, we measured the energytefle . _
by the sample. We also measured the energy of the doubl¢ioadia usual for the second half (monoclinie2,/n, a = 10.412(2)

it emitted, the frequency of which was twice that of the incident A b=8.996(2) Ac= 10.836(2) Ap= 105.94(1), 2=
radiation, using a silicon PIN. We used the ratio between these 4, andV = 975.9(3) &).%7 Studying the KGP crystallization
signals, calculated as an average of over 100 laser shetstjioate region, we found that the neighboring phase Gdjp@lso
the second harmonic efficiency of the sample and compared this presented polymorphism in most of the compositions we
efficiency with that of KDP® which is a well-known nonlinear  studied—a mixture of the orthorhombic phase (first half) and
optical material. the monoclinic one (second half).
The high versatility would explain the irregularity of the
Results and Discussion KGP crystallization region and the many neighboring phases

KGP Crystallization Region. Figure 1 shows the crystal- ~ around it, among which we also found the polymorph phase
lization region of KGP in the GfDs—K,O0—P,0s ternary of KGP in a cycling ‘geometry, KGq_BlZ-_ In Table 2,
system and the saturation temperature isotherms detatmine therefore, we summarize the composition limits of the KGP
after studying about 50 solution compositions. SEM images S'ystallization region and the neighboring phases detechi
of KGP and neighboring phases are added. The limit points are defined by the intersection of the;G4

In general, polyphosphates have many local geometries K»0 isoconcentrational lines with,®s molar concentrations.
long-chains or cyclesand crystalline structures, because The isoconcentrational lines of this ratio are roughly flera
when they are formed the phosphate units have a highto the saturation temperature isotherms whcih increase from
versatility of condensation. The structure of those of lan- 825 t0 963 K when the G@y/K-O ratio is also increased.
thanides is highly dependent on the size of this ion. From KGP crystallizes inside these points (Table 2) and up to a
this point of view, two groups are defined, one for ions G®0a/K20 ratio of 3/97 and Fs concentration approxi-
mately between 58 and 65. The six neighboring phases

(15) Kurtz, S. K.; Perry, T. TJ. Appl. Phys1968 39, 3798.
(16) Dmitriev, V. G.; Gurzadyan, G. G.; Nikogosyan, D. Nandbook of (17) Rekik, W.; Naili, H.; Mhiri, T.Inorg. Acta Crystallogr.2004 C60,
Nonlinear Optical CrystalsSpringer-Verlag: New York, 1991. i50.




Crystal Growth and Characterization of KGd(R)@

Table 2. Solution Composition Limits of the KGP Crystallization
Region and the Neighboring Crystalline Phases Determined

solution composition (mol %)

molar ratio GdO3z/K,0 P,Os mol % neighboring phase
5/95 57 KPQ
5/95 67 GdBO14
10/90 56 KPQ
10/90 71 GdBO14
15/85 55 KPQ
15/85 70 GdBO14
20/80 58 GdP®
20/80 64 KGdRO12
20/80 68 Gd(PQ)3

identified are KPQ, GdPQ,** KGdP0:2,'° Gd(PQ)s-
orthorhombic?® Gd(PQ)z-monoclinic2’ and GdRO.4.2* While
KPGQ; crystallizes below the crystallization region, G,
crystallizes above it. In the same@® concentration range
as the crystallization region, but in the highest ,Gs
concentration zone, the other phas€iPQ, KGdP,0,,, and
orthorhombic and monoclinic Gd(Rf2—crystallize.

The viscosity of the solutions was quite high, though
varied, throughout the crystallization region. Crystagth
is very difficult in highly viscous solutions because, due to
the low molecular mobility inside them, the growth units
find it difficult to reach the crystal surface. The average

Chem. Mater., Vol. 17, No. 4, 200825

were too small and too light, despite the long cooling period
and their quality was also very low. The composition of the
solution for growing KGP single crystals should therefore
be chosen from the optimal zone determined. We used
Gd,03—K,0—P,0s = 6/34/60 mol % placed in this zone to
grow the crystals, the optimal value for KNP.

We also checked the use of the previously described
growth device. Its platinum turbine increased the movement
of the growth units inside the solution, which had been
hindered by the viscosity. As with KNP, this device
increased both the growth rate and the quality of the crystal
(experiment 3).

KGP crystal growth was achieved using the three crystal-
lographic directionsa*, b, andc*, as axial seed orientation.
Although the quality of the crystals was quite similar, there
were some differences in growth rate. The lowest growth
rate was for theb seed orientation. For the other two
orientations (experiments -6), the growth rates were
similar. Figure 2a shows a KGP single-crystal grown in
experiment 4.

Crystal Structure of KGP. We calculated the crystal cell
parameters of KGP from the X-ray powder diffraction data
using the FULLPROF prograthand the Rietveld method.
The structure of KNP, solved earlféf by single-crystal

growth rate and the crystal quality therefore decrease andX-ray diffraction, was used as the starting model. We setect
the average time of homogenization increases. So wea Pearson VIl function and included in the final Rietveld

qualitatively studied the relationship between the solution refinement the following parameters:

composition and the growth rate, which is directly influedc
by the viscosity of the solution. When we increased th@sP
concentration and kept the @ob/K,O ratio constant, the
viscosity went up. The viscosity also went up when we
decreased this G@/K,O ratio, probably because the

zero-point, scale
factor, background coefficients, the four cell parameters (a,
b, ¢, andp), and one profile shape parameter. We deter-
mined the following: a = 7.2701(11) Ab = 8.3818(8) A,
c=7.9608(10) AB =91.776(12), V = 484.87(11)&, P2,
andZ = 2. The cell parameters were slightly smaller than

saturation temperature also decreased, taking into accounthose for KNP because the ionic radius for3Gi slightly
the inverse relationship between viscosity and temperature.smaller than that for Nd (0.938 A and 0.995 A, respec-

When the KO concentration was above 98 mol %, the
increase in solution viscosity hindered crystallization at all
P,Os concentrations.

tively).
Crystal Morphology of KGP. We observed small KGP
single crystals by scanning electron microscopy (SEM)

Using these results, we chose an apparently optimal (Figure 1) and large ones using an optical microscope (Eigur
composition zone to initiate the growth experiments of KGP 2a) to describe its morphology. The habit was made up of

single crystals. This is the zone with a lowd3 concentration

the crystalline formg 001}, {100, {011}, {011}, {110},

and fairly displaced to the left corner, where the saturation {110}, {101}, {103}, {111}, and{111}. Figure 2b shows

temperature is highest and the@ concentration is lowest.
Top-Seeded Solution Growth (TSSG) of KGP Single

the theoretical model, made with the Shape softwaie,
which most faces are hexagonal or square. Many of these

Crystals. We analyzed how solution composition and seed faces are not equivalent by symmetry but are very similar

orientation affected the growth rate and quality of KGP kEng

since thef angle of KGP is close to 90and its cell

crystals. The conditions and results of the experiments areparameters are quite similar, which recommends using X-ray
shown in Table 1. For all of these experiments, the rotation diffraction techniques in face indexation.

velocity was 75 rpm and the cooling rate was 0.1 K/h.
To check how viscosity affected the crystal growth

process, we chose @tkb—K,0—P,0s = 4/31/65 mol %

(experiment 1) that was fairly displaced from the optimal

Linear Thermal Expansion Tensor. As some of the
pumping light power is converted into heat inside KGP, we
determined and located its thermal ellipsoid in order to
determine how the temperature affected its structure. We

composition zone previously determined because of the highanalyzed the X-ray powder diffraction patterns in the 298
P,0s concentration. The crystals obtained from this solution 773 K temperature range using the FULLPROF progfam

(18) Mullica, D. F.; Grossie, D. A.; Boatner, L. Anorg. Chim. Actal985
109, 105.

(19) Ettis, H.; Naili, H.; Mhiri, T.Cryst. Growth Des2003 3 (4), 599.

(20) Mel'nikov, P. P.; Komissarova, L. N.; Butuzova, T. i&v. Akad. Nauk
SSSR, Neorg. Matet981, 17 (11), 2110.

(21) Bagieu-Beucher, M.; Duc, T. @ull. Soc. Fr. Mineral Crystallogr.
197Q 93, 505.

and the Rietveld methd# to determine how the cell

(22) Rodriguez-Carvajal, JShort Reference Guide of the Computer
Program FULLPROF Laboratoire Ledn Brillouin, CEA-CNRS:
Saclay, France, 1998.

(23) Young, R. A., EdThe Rieteld Method Oxford Science Publication-
;International Union of Crystallography: Chester, U. K., 1995.

(24) Dowty, E.Shape for Windowsversion 5.0.1; 1995.
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Figure 2. (a) KGP single-crystal grown with a seed in thedirection. (b) Scheme of the crystal morphology.
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Figure 4. Thermal expansion ellipsoid for KGP in projection parallel to
[010].
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Figure 3. Relative thermal evolution of the cell parameters and unit cell
volume of the KGd(P@)a.

parameters evolved with temperature. The linear relatipns
between the average change in each cell paramatet

and temperature is shown in Figure 3. As the temperature
increased, KGP dilated slightly. While tlfleangle remained
roughly constant, the cell parameter$, andc all increased

in a similar way. This almost isotropic thermal expansion is
a good property that prevents KGP from deforming when it
is working above room temperature.

The linear thermal expansion coefficients can be caladilate
from the slope of the linear relationshig\l{/L) and the
temperature for each unit cell parameter. The linear thermal 3 axis. The axis with a minimum thermal expansiony,X
expansion tensor at room temperature in the crystalloplysi  was found 2.69 from the ¢ axis. The thermal expansion
system X]la, Xal|b, X3l|c* is ellipsoid in the principal axes is shown in Figure 4.

Phase Transitions.We analyzed how KGP evolved with

o
1

8
!

T T T
600 800 1000 1200
Temperature (K)

Figure 5. Differential thermal analysis (DTA) thermogram of KGd(B9
in the 573-1273 K temperature range.

_ 13.50 0 0.6 61 temperature between room temperature and 1273 K using
Gijkep) = 860 %3'00 28 x 107K differential thermal analysis (DTA) and X-ray powder dif-

fraction. Using DTA, we determined the exothermic trans-
formation suffered by KGP at 1142 K. Figure 5 shows the
thermogram obtained during the heating process in the
500-1250 K range. The change in weight during the ex-

In the principal system X,X7'||b, X3, the diagonalized linear
thermal expansion tensor is

1355 0 0 periment was not representative.
o' kepy = |0 13.00 0 |x10°%k™? We stu_died this tran'_sformgtion more accurately lby X-ray
0 0 5.8 powder diffraction and identified the crystal phases imeal

The bottom of Figure 6 shows the X-ray powder diffraction
The principal axis, X, was found 4.76clockwise from the pattern of KGd(P@)4 at room temperature and the selected
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Figure 6. X-ray powder diffraction pattern of KGd(P{ at room temperature and the selected patterns at several temperatures describing the evolution of
KGd(PG)4 with temperature in both the heating and cooling processes.

patterns at several temperatures which describes itstewolu  was completed at 1223 K cooling process. The exothermic
in both the heating and the cooling processes. The three newpeak observed in the thermogram at 1142 K may be related
crystalline phases were identified as GdR88-0657 ICDD to this decomposition.
databas¥), Gd(PQ); (the orthorhombic form, which is These results therefore suggest that KGP decomposes
isostructural to that of the EgBy 31-0519 ICDD databad, irreversibly at 1142 K in accordance with this reaction:
and GdP,0O;3 (35-0078 ICDD databad®. Though all
appeared in the X-ray diffraction pattern recorded at 1173 4KGd(PQ), — Gd(PQ); + GdPQ, + Gd,P,0,; +
K, they behaved differently since only GdP@mained until amorphous phase
room temperature. Gd(RR appeared as the predominant
phase at 1173 K but the intensity of its peaks rapidly =~ Second Harmonic Generation.The SHG efficiency 1)
decreased between this temperature and 1273 K, when itof KNP, calculated as previously described, was compared
completely disappeared. As the intensity of the GO  with the efficiency of KDP, which is widely used for non-
peaks decreased, the intensity of the peaks for the other twdinear optical applications. The value gfijxpe We obtained
phases increased steadily in the same temperature range. Avas approximately one. The possibility of developing a-self
1223 K during the cooling process @403 completely frequency doubling laser increases interest in this material.
disappeared and GdR®ecame the only phase. From this
temperature, the intensity of the Gdp@aks remained fairly
constant until room temperature. A slight displacement of  \ye determined the crystallization region of KGd@0
the peaks was observed in the last X-ray diffractogram at iy the GgO;—K,0—P,0s system with its saturation tem-
room temperature because of the dilation of the material. perature isotherms. We proved that solution compositions
The X-ray powder diffraction study showed that KGP chosen from the optimal zone determined were suitable to
decomposed at 1173 K into GdPO4, GAgROGAP,O1s, grow single crystals. This zone is poor iad2 and rich in
and an amorphous phase, which probably contained phos-Gd,0; and saturation temperatures related are the highest.
phorus and potassium oxides because the sample weightve successfully grew KGP single crystals by the top-seeded
remained roughly constant. However, between this temper-solution growth-slow cooling method (TSSG). To achieve a
ature and 1223 K during the cooling process, a completely suitable quality and size of crystals for later studies, several
crystalline transformation of Gd(R2 and GdP4O,3 into crystal growth conditions were optimized. We conclude that
GdPQ occurred which probably involved a loss of amor-  all three seed orientations are suitable for growing KGP by
phous potassium oxide. The Gd(B$transformation was ~ TSSG. Our results were similar when we usgdor c*
completed first (at 1273 K) and the &4Oss transformation  orientations but the growth rate slightly decreased when we

Conclusions

(25) Tsujimoto, Y.J. Electrochem. Sod 977, 124, 553. (26) Agrawal, D.; Hummel, 3J. Electrochem. Sod98Q 127, 1550.
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used theb orientation. The suitability of the growth device Finally, we found that the second harmonic efficiency of
was also proved. KGP was similar to that of KDP.

KGP dilates slightly in any crystallographic direction and
in an almost isotropic way. It decomposes irreversibly at  acknowledgment. We acknowledge financial support from
1142 K according to the reaction proposed and between thispyrs| 2001SGR317 and 2003FI00770 and CICyT MAT-02-
temperature and 1223 K crystalline transformations occur 04603-C05-03 and FIT070000-2003-661.
to finally generate a single product, GdRCat room
temperature. CMO048442N
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Crystal Growth and Characterization of type Ill Ytt erbium-doped KGd(PQOs),: a new
non-linear laser host
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Abstract. We determined how evolved the2; crystallization region of ytterbium-doped
KGd(PQGy), (Yb:KGP) as a function of the ytterbium conceritnatin the compositions region
close to the previously determined as optimum tomjn single crystals of undoped KGP. In
this region, the border between the polymorphs §Gth.(POs)4 with long-chain geometry and
KYb,Gd,P4O.» with cyclical geometry, varied depending on theempium concentration.
Inclusion-free single crystals of Yb:KGP were swg=fally grown using the top seeded solution
growth technique under similar conditions to tha$eKGP. Ytterbium doping in KGP was
proved to be possible and effective. The effedhefytterbium doping on structural and optical
properties of the KGP host was determined. We fahatl Yb:KGP decomposed irreversibly at
1130 K. The vibrational structure of both KGP anl:KGP was found to be similar to other
metaphosphates. The spectroscopic propertieseybidin in the KGP host were analyzed.

* to whom correspondence should be addressed.
e-mail: magdalena.aguilo@urv.net
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Introduction
Currently, a great range of wavelengths from theauiolet to the infrared are needed for a
huge variety of applications such as high-densiptical data storage, color displays,
biotechnology, medicine, submarine communicatitnasparent atmosphere applications, etc.
These wavelengths can be managed from frequenoyecsian of a given laser emission by
non-linear optical processes such as frequency luhgubAttractive crystals for frequency
conversion are hi-functional laser and optical make in which the laser effect and the
nonlinear optical process occur simultaneouslydimshe same host. A self frequency doubling
(SFD) laser has lower loses, i.e. reflections, gitsm, scattering loses, and leads to a simpler
and more compact laser device. This advantage eadbed to the others that have the solid-
state laser sources such as efficiency, low maames and cost and the possibility to be diode
pumped. Since the first demonstration of SFD las#ion in the green region from Nd-doped
MgO:LiNbO; %, a great effort was focused on searching new neatilaser crystals capable of
generating SFD laser radiation in the visible. Oméw, SFD in the visible has been proved in
several Nd- and Yb-doped nonlinear crystalsThe 1um-laser emission of these ions can be
combined with the second harmonic generation ptmsenf the nonlinear host to produce
green laser radiation by SFD. The ytterbium io@nsinteresting alternative to neodymium in
the same wavelength range near 1 pm because ofabémngortant advantage$™®’ The
ytterbium ion has a longer energy-storage capglblicause of the longer radiative lifetime of
the upper laser manifold, about three or four titeeger. The simple two-manifold electronic
structure of ytterbium excludes a variety of contp&t processes which can depopulate the
upper laser level and hence reduce the laser affigi The small Stokes shift between
absorption and emission, i.e. quantum defect, reslube thermal load and gives efficient
operation at high powers. Finally, ytterbium isatbt transparent in the green region, so the
inevitable reabsorption losses of neodymium inwkeelength range of the second harmonic
can be avoided. For the same reason, the non-limestr should also be transparent at the
generated wavelength range. More recently, it hesnbfurthermore reporteg®®910111213
highly efficient laser operation in some non-lineaystals doped with ytterbium. As a rule, a
self-frequency doubling crystal must (i) acceptofescent ion doping and (i) be phase-
matchable for its laser emission. The potentiaitthese crystals relies on a strong and wide
pump absorption bandwidth as well as on a relaaia cross-section.
We propose in this paper a new candidate to setfeency doubling laser material Yb-doped
KGd(POGy), (Yb:KGP) because it satisfies all of these prealiany essential conditions. The
KGP host has a noncentrosymmetric structure; SHbtlearefore originate from the second
order non-linear polarization. Type Ill KGP is matioic and hasP2; as space group. The
crystal cell parameters ar¥: a=7.255(4), b=8.356(5), c=7.934(5) R=91.68(5)°; Z=2:
V=480.80(5) R. A priori, the gadolinium ion ensures high accep&of rare-earth dopants in
its structural site because of its privileged positin the middle of the lanthanides series, i.e.
highly Nd-substituted KGP crystatéand even the stoichiometric isostructure of neodymi
KNd(POs), (KNP) *>* have been synthesized. Because of the wide tesspy window of
KGP, which extends from 180 nm to 4m * transparency is guaranteed at both the
fundamental and the second harmonic range. Thily leav UV cut-off allows in principle to



use this host also in the UV range (either as dimear crystal or as a host for cerium). The
quite large band-gap should increase the damaggtivitgg of the crystal, so high power diode-
pumping should be allowed. KGP presents also someeniping properties to be a new
candidate to nonlinear solid-state laser host sagtan almost isotropic thermal expansion,
which protects it from thermal deforming duringdasperatiort’ and a high chemical stability,
which ensures that the useful life of the laserickewould not be limited by its chemical
degradatiort®. The highly microhardness of KGP around that of quartz in the Moh’s scale,
facilitates sample preparation and allows polistimg laser surfaces with good optical quality.
Yb:KGP has similar absorption and emission crossicmes *° than those of other nonlinear
ytterbium doped crystals in which SFD in the visiltlas been proved such as Yb:GdCDB
Yb:YCOB %, Yb:YAB , Yb:LiNbO; *? and Yb:MgO:LiNbQ 3. Recently, room temperature
laser generation in theim range has been demonstrat&éh this new Yb host for the first
time. The lasing studies were based on a prelimisagle KYk 02450y 97 POs), Sample which
was cut and polished as a cube accurately orieaitety the N Ny, and N, principal optical
axes with dimensions of 2.34, 2.68, and 2.47 mma@lhese axes, respectively. Although the
size and the doping level of the sample limited itieeximum output power achieved, of the
order of 100 mW, the more than 55% slope efficieabtained with this first sample is rather
promising for the future. We decided therefore wdidate many efforts to optimize the
synthesis of Yb:KGP crystals with a higher ion daplevel.

As KGP inclusion-free single crystals can be susitdly grown'’, we studied how evolved the
crystallization region and the growth process wimnoducing ytterbium in solution. The
structural effect of ytterbium in the KGP structwras also studied hence the variation of the
crystal cell parameters, b, ¢, 8, andV as a function of the ytterbium concentration was
determined. The thermal behavior of Yb:KGP was @salyzed in terms of phase transition
and thermal evolution. A short study of Raman stai) was made to determine the phonon
frequencies of the KGP and the Yb:KGP lattice. Biseaof its potential application as self-
frequency doubling laser material, some optical spectroscopic studies were also performed.
We determined the optical transmission of Yb:KG® aompared it to that of the host. The
optical absorption and emission of ytterbium in K&Room temperature were also included.

Experimental section

Crystallization Region of Yb:KGP. To determine the region where ytterbium doped KGP
crystallizes as thB2; single phase (type Ill) from its self-flux, we gremall single crystals of
several ytterbium concentrations from three différesolution compositions. All these
composition points were placed inside the previpdsitermined KGP crystallization regioh
and were: (YBO3;+Gd,03):K,0:P,05 = 6:34:60, 4:36:60, and 2:38:60 mol %. The phosphor
oxide percentage was kept constant at 60 mol %usedaigher concentrations imply too much
higher solution viscositie¥"***’ therefore only the La#Dy/K,O ratio was varied among 15/85,
10/90, and 5/95. In each of these three solutionpasitions, ytterbium concentrations of 0.5,
1, 3, 5, 10, 15, 20, 30 and 50 atomic % were u$ee. desired ratios of the corresponding
oxides were mixed to prepare roughly 20 g of sotuin a platinum crucible. We used X,
Gd,03, K,COs, and NHH,PO, as initial reagents. The crucible was kept in dgiea furnace
with a Kantal AF heater whose temperature was medshy an S-type thermocouple and
controlled by a Eurotherm 818 P controller/prograanmoonnected to a thyristor. The axial
gradient in solution was about 5 K/mm, increasihg temperature from the surface to the
bottom. We determined the saturation temperaturetbserving the growth or dissolution of
crystals spontaneously nucleated on the solutiofase. From the saturation temperature, the



solution was cooled at a rate of 0.1 to about 1Beow. Crystals grown on a platinum disk
rotating at 60 rpm placed at the center of thetamiusurface. To identify the crystalline phase
of the small crystals grown, we used X-ray powd#rattion analysis.

X-ray Powder Diffraction. The X-ray powder diffraction techniqweas used to perform some
structural characterizations of the Yb:KGP crystswell as their simply identification. The
experiments were carried out using the Ca #adiation in a D5000 Siemens X-ray powder
diffractometer in ab—6 configuration with the Bragg-Brentano geometry andcintillation
counter as detector.

Small crystals grown on a platinum disk from fluxamtaining an ytterbium atomic % of 1, 3,
5, 10, 15, 20, 30, and 50 were analyzed to caleuls crystal cell parameters of ytterbium-
doped KGP crystals. The composition of the growdlutton was changed depending on the
ytterbium concentration in order to ensure the tatyigation of theP2; phase. The X-ray
diffraction patterns were recorded in th@ range from 10 to 70° at a step size of 0.02° and a
step time of 16s. The crystal cell parameters wefieed using the FULLPRO® program and
the Rietveld?® method using the KGP structure, solved previouslysingle-crystal X-ray
diffraction*, as starting model.

We also used X-ray powder diffraction analysis heak if the evolution of the crystal cell
parameters of Yb:KGP and undoped KGP when incrgatia temperature was comparable.
We analyzed therefore a powdered sample of §¥d3d, o74(POs)4 small crystals grown from a
solution composition of YiD3:Gd,03:K,0:P,05 = 0.3:5.7:34:60 mol %. The diffractometer
above described was equipped with an Anton-Paar HiTjatinum ribbon heating stage. The
diffraction patterns were recorded in the sadeahge at a step size of 0.03° and a step time of
5s at temperatures of 298 and 773 K, with a déhag bf 300 s before each pattern recording.
The thermal evolution of Yb:KGP from room temperatto 1273 K, both heating and cooling
the sample, was also analyzed. The same powdengulesaf KYhy god50y 74P Os), Was used.
The diffractometer was equipped therefore also wiBraun position-sensitive detector (PSD).
To compare with undoped KGP, the same thermal progvas used. The sample was heated at
10 K/s from 298 to 673 K and from this point to theximum (1273 K) at 0.17 K/s, then it was
cooled using the same conditions. Diffraction patevere registered every 50 K in the slowest
heating and cooling ranges (673-1273 K) fromBao£10 to 70° using a measuring time per
degree of 10 s.

Differential Thermal Analysis. Before analyzing more accurately the thermal @iah of
Yb:KGP crystals by powder XRD, differential thernaalysis (DTA) were made. We used a
TA Instruments simultaneous differential techniguegrument SDT 2960. The analyses were
made under argon atmosphere using a gas flow otr8®min and calcined alumina as
reference material. Around 20 mg of powdered sampé KYbyodGdyqe7(POs)s and
KYDbg 046Gty o5 POs), Obtained from solution compositions of X1:Gd,03:K,0:P,05 = Xx:6-
x:34:60 mol %, with x=0.3 and 0.6, respectivelyrevplaced in a platinum pan and heated at
0.17 K/s from room temperature to 1273 K. The aaplprocess was not analyzed because of
the irreversible transition of type 1ll KLnP mai&s, with Ln = Gd and Nd"* To compare
with the cyclic polymorph KYWGd,..P.01, % (type A; S.G.C2/d), about the same weight of a
sample obtained from a solution with 1 atomic % wterbium and composition
Yb,05:Gd,03:K,0:P,05= 0.06:5.94:34:60 was analyzed.

Yb:KGP Crystal Growth. The top-seeded solution growth—slow cooling (TSSG}-method
without pulling was used to grow Yb:KGP single ¢gfs. The equipment was the same as that
used for the crystallization region studies. Arol2@D g of solution, prepared the same as



previously, had in this case an axial gradient adod.2 K/mm. To begin the growth
experiments, we used the same growth parametettsoas previously optimized for KGP
and Nd-doped KGP* (see Table 1 for values and corresponding res@isjstals were grown
therefore from the optimized solution compositioh Yd,03:Gd,05:K,0:P,05 = x:6-x:34:60
mol % (experiments from 3 to 9) as long asP2gphase crystallized. To grow crystals with an
ytterbium concentration in solution either below 0B above 10 atomic %, a solution
composition of YBO3:Gd,05:K,0:P,05 = x:4-x:36:60 mol % (experiments 1 and 10) haddo b
used to obtain th&2, crystalline phase. Crystals were grown @voriented paralepipedic
seeds of Yb:KGP. This orientation ensures a sutgbbwth rate and avoids the possibility to
lose the crystal because of the cleavage pfarihe rotation velocity was kept at 75 rpm since
the solution viscosity was comparable. Dependinghenytterbium concentration, we used a
cooling rate of 0.1, 0.05 or 0.02 K/h. The highlee tytterbium concentration, the greater the
number of inclusions appeared in crystals, as & dhse of Nd-doped KGP. Furthermore,
polycrystallization occurred more frequently as thterbium concentration rose. The
crystallization of various growth nuclei, probaldye to the high viscosity of the solution, was
also observed for the previously isostructuralsibuhis case it was much more usual. To avoid
polycrystallization and succeed to grow inclusioeef single crystals, the cooling rate was
decreased to 0.05 K/h from an ytterbium contersollution of 3 atomic %. From an ytterbium
concentration in solution of 10 atomic % even avsioa cooling program, combining cooling
rates of 0.02 and 0.05 K/h, was used (experiment9and 11). As previously, seeds were
hold on the same growth device equipped with aittesbwhich is shown in reference 18.

Ytterbium concentration analysis. Electron probe microanalysis (EPMA) was used to
determine the chemical composition of both crystalswn on a platinum disk and crystals
grown by TSSG. The measurements were made usingMECA SX-50 operating at an
accelerating voltage of 20 kV and an electron aurd 100 nA. We used KYbW and KGP
crystals grown by us as the standards for measifingnd K, Gd, P, and O, respectively. K
and P were analyzed with the PET (Pentaery thid@2) crystal using the lined O Ka was
measured with a W/Si multilayer crystal and theeline of Yb and Gd were analyzed using the
LIF (Lithium Fluoride, 200) crystal. The measurensewere integrated for 10s for all ions.
From these results and the solution compositionl urs@very case, the distribution coefficient
of ytterbium in the structural sites of gadoliniumere calculated using the expression
Kyo=([YPJ[Yb]+[Gd]) crystal ([YD]/[YD]+[GA]) sotution

Raman Spectroscopy of Yb:KGP.The lattice vibrations of Yb:KGP and KGP were $tad
using the Raman technique. As the intermanifoldtedaic transitions of ytterbium are strongly
coupled with lattice vibrations, the knowledge b&tphonon frequencies can be useful to
interpret the substructure in absorption and emisspectra.

We cut and polish plate samples of about 1mm tbhicKGP and KYR ¢,d5d, 97(P0s)4 to do
the measurements. The experimental setup compidetin-Yvon T64000 spectrophotometer
with excitation by a CW argon laser (Coherent INND'B00, A=514 nm). Behind the triple
monochromator (1800 g/mm) the light was detected Iwo-dimensional CCD matrix cooled
with liquid nitrogen. A pre-monochromator elimindtthe plasma discharge lines of the argon
laser. A microscope (Olympus BH2) with high resmntwas used to locate the laser spot in
the sample. The laser power incident on the sampkeabout 60 mW. A backward scattering
scheme was chose in order to increase the sigmalise ratio.

Optical Transmission of Yb:KGP. The optical transmission Yb:KGP was measured in the
wavelength range from 0.175 to fuifh. We used a Varian Cary 500 Scan spectrophotorteter



do the measurements in the UV-Visible and NIR ragiop to 3.3um and an FTIR Midac
Prospect spectrophotometer in the IR region. 1mioktplate sample of KY§,dGdy o7(POs)4
was cut and polished to do the measurements. ThandMR cut-off values were calculated as
the maximum transmission value divided by ¢heumber. The ultraviolet region close to the
UV cut-off is interesting from the point of view tifie UV emitting sources pumping, such as
Xe lamps. These highly energetic pumps cause ofptinal damage in the illuminated crystals.
The susceptibility to optical damage, which is em&l by the presence of dopants in the
crystals, can shift the UV edge to longer wavelpagtAs this shifting was clearer when
measuring the absorption coefficient) (rater that the transmission, we measured thecalpti
absorption of KY g2d5dy 974(POs)4, KYDg 0450 95§ POs)4, and KGP between 175 and 500 nm.

Ytterbium Optical Absorption and Emission. We studied the optical absorption and emission
of the ytterbium ion in the KGP host. A K¥h4d o7dPOs), crystal was cut and polished as
an isometric 2 mm-sided cube accurately orientedgathe three principal optical axeg, Ny,

and N, The optical absorption was measured in then wavelength region using the same
spectrophotometer as in the transmission measuteme€&he splitting of the Yb absorption
band was also studied at 6 K equipping the speatitoneter with a Leybold RDK-6-320
closed-cycle helium cryostat. The measurements werde by polarizing the incident beam
parallel to each principal optical axis. The flusrence spectra were recorded at both 300 K and
10 K in 90° geometry with excitation by a 200 mVédk laser at 940 nm modulated at 1 kHz.
The fluorescence was dispersed by a 0.46 m doubleoohromator (Jobin Yvon-Spex HR
460). We used a cooled Hamamatsu NIR R5509-72 phdtiplier for detection connected to a
lock-in amplifier (EG&G, 7265 DSP). ). A close-cgdhelium cryostat (Oxford CCC1104) was
used to cool the sample for low temperature measemes.

Results and Discussion

Crystallization region of Yb:KGP. We determined how the type Il Yb:KGP crystallinat
region evolved as a function of the ytterbium coration close to the optimum composition
zone previously determined. In this zone, the nopsimum point to grow KGP single crystals
was found to be GO;:K,0:P,0s = 6:34:60 mol %. We have therefore kept thgOf
concentration at 60 mol %. A highes@®® concentration leads to higher solution viscositgd a
consequently to lower growth rate and crystal dqualihe crystallization region was also
limited at a GdOs/K,O molar ratio of 3/97 because of the same reasbovd this ratio the
viscosity was too high for growing crystals mostigcause of the temperature since as the
Gd0O4/K,0 ratio decreased the saturation temperature ascedsed. The boundaries of the
crystallization region of Yb:KGP were defined bethmtersection of the (YD:+Gd,05)/K,0
isoconcentrational lines of 15/85, 10/90, and M&h the BOs concentration of 60 mol % after
studying several solution compositions. These isoentrationals lines were, as for the other
isostructural crystals, roughly parallel to theusation temperature isotherms of 950, 880, and
825 K, respectively. Table 2 shows the crystalphase identified for each ytterbium atomic %
and each tested solution molar ratio {®b+Gd,03)/K,0.

In the compositions zone studied, Yb:KGP can ctiystainto two different polymorphs, type
Il KYb Gd «(PGy)4 (S. G.P2;) with long-chain geometry, and type A KX&d; ,P,01, (S. G.
C2/g with cyclical geometry. Because of the centrosyatrinal structure of type A, second
order nonlinear optical processes are not allowedt £an not be used as a self-frequency
doubling crystal. The high structural versatilitf oondensed polyphosphates has been
extensively studied®?*. KGP crystallizes into these two polymorphs andreinto a third one,



type IV % (S. G.P2/n) also with long-chain geometry, which coincideshathe structure of
the ytterbium stoichiometric material, KYb(R® (KYbP) ?°. Depending on the ytterbium
concentration, the border between type Il and typevaries. Whereas the ytterbium
concentration in solution was between 3 and 10 ¥hpthe P2, crystallization region border
was placed above a (¥D;+Gd,05)/K,O molar ratio of 15/85. This limit is similar toahof
KGP, which is placed at a @0y/K,O molar ratio of 18/82 at 60 mol % of®. However, as
the ytterbium concentration is either reduced ardased from this ytterbium concentration
range, the border was shifted to a lower $-Gd,03)/K,0O molar ratio and theP2;
crystallization region was slightly narrowed (taBle

Figure 1 shows a SEM photograph and a morphologichkme drawn using the Software
Shape utility*’ of bothP2; andC2/c phases. Any important morphologic change was ekser
when the ytterbium content in solution was incredset the light tendency to twinning (figure
1c) was observed.

Yb:KGP Crystal Growth. We analyzed the Yb:KGP crystal growth process ideorto
manage to grow suitable sized inclusion-free singlgstals. Among the different growth
parameters that can affect the crystal qualityanalyzed the influence of the cooling rate. The
composition of the growth solutiowas fixed by the stability of th®2-phase, taking into
accountthe crystallization region previously determinedr Eny ytterbium concentration, the
solution composition used was the most close toapmum (YbOs+Gd,03):K,0:P,05 =
6:34:60 mol %. The high viscosity of this kind @flstions, around 2 Dp for KGF, is due to
the high polymerization degree of the phosphatepmamds in the flux, mostly Ln(Pf, with
Ln=Yb, Gd. The greater the viscosity, the slower trystal growth process. The growth rate is
therefore lower for a solution composition of PA+Gd05):K,0:P,.05 = 4:36:60 mol %
(experiments 1 and 10) and even lower for thatyd,Os+Gd,05):K,0:P,05 = 2:38:60 mol %
(experiment 2). For a fixed solution compositiome saturation temperature slightly increases
when the ytterbium content also increases. Polyallimation also get out when the Xy
content in solution increases, probably due tonareise of the solution viscosity. This higher
tendency to polycrystallization may be relatedhe increase to twinning already observed on
small crystals (figure 1c) and never observed Wi@P. Therefore, it was necessary to reduce
the cooling rate in the first steps of the coolprggram, when polynucleation can occur, for
Yb,0O; concentrations from 10 atomic % in solution (expents 9 and 10).

Ytterbium doping in KGP. The chemical composition of crystals grown fremiutions
containing an ytterbium atomic % of 1, 3, 5, 10, 26, 30 and 50 was determined by EPMA.
Table 3 shows the ytterbium distribution coeffidierin the structure, defined asyK=
([YB)/YDB]+[GA]) crystaf ([YP)/[YD]+[GA]) soiiion @nd the ytterbium atomic % in solution and in
crystal As the ionic radius of ytterbium is onlyand 6.5 % smaller than that of gadolinium, an
ytterbium distribution coefficient close to the umvas expected. However, not only it was
lower for all the ytterbium concentrations but alodecreased as the ytterbium content
increased until it stabilized around half the ufiihe crystal cell parametess b, ¢, andV
slightly decreased as the concentration of yttenbiincreased in crystals because it
progressively substituted gadolinium in its struatuposition. All cell parameters evolved
linearly with the concentration. Figure 2 shows theerage change in each cell parameter
(AY/Y) versus the concentration. In table 3 are tistke cell parameters values the for each
ytterbium concentration.

Thermal Stability and Phase Transitions. We analyzed how Yh:KGP evolved with
temperature between 298 and 1273 K. By differentiaimal analysis (DTA), we determined



that both KG@g2d0h 74P Os)s and KG@ 0450y 95 POs)4 decomposed at 1130 K (Figure 3).
The transition temperature was lower than that GPK which shows an endothermic peak at
1142 K. The polymorph KGdP,, C2/c (type A) decomposed at a slightly higher tempeeatu
(1138 K). These results agreed with those of thetiscturals KSm(P{, and KSmRO,, %8
which decompose at 1133 and 1145 K, respectivéig. Weight change during the experiments
was rather imperceptible.

The decomposition of KG@.d5dy074(POs)4 was more accurately studied by X-ray powder
diffraction. Figure 4 shows the X-ray pattern abmotemperature and the selected patterns at
several temperatures which describe the thermdugen in both the heating and the cooling
processes. The crystal phases evolved in the pieasstion were identified as GdR (83-0657
ICDD databasé®), orthorhombic Gd(Pg); (isostructural to Eu(P£p; 31-0519 ICDD database
30, GAP,O15 (35-0078 ICDD databasd), and GdBO.4 (73-1068 ICDD databasé). All these
crystal phases were also present during the decsitiggoof KGP'" except GdEO,4, which
was though identified as the neighboring phase hie tichest FOs zone of the KGP
crystallization region. This phase (GAR, appeared at 1223 K in the heating process and
disappeared at 1173 K in the cooling process. GggRappeared as the only phase at 1173 K
but the intensity of its peaks quickly reduced kesw this temperature and 1273 K, when it
completely disappeared. As the intensity of thekped Gd(PQ);decreased, that corresponding
to the rest of the phases steadily increased isdhge temperature range. GdR@d GdP,013
remained and even slightly increased its interfsitgn this temperature until room temperature.
Because of the dilation of the material, a sligispthcement of the peaks was observed in the
last pattern at room temperature. The most impbdtference in the thermal evolution caused
by the presence of the ytterbium ion was thatRgd,;; remained until room temperature but it
completely transformed into GdR@or undoped KGP. The final product of the Yb:KGP
thermal decomposition was therefore a mixing ohljghases.

From powder XRD analysis and DTA, we determined WiaKGP decomposed at 1130 K into
Gd(PQ)s. However, between this temperature and 1273 Kompletely transformed into
GdPQ, GdP,013 and GdEOy. This last phase completely disappeared at 1178 tKe
cooling process. An amorphous phase composed sgiam and phosphorous oxides was
also present because the sample weight remainaghlsogonstant. The endothermic peak
observed in the thermogram at 1130 K may be rekat¢is decomposition.

Yb:KGP slightly dilated as the temperature increlagénis thermal expansion was comparable
to that of KGP'' and also was almost isotropic.

Raman SpectroscopyRaman spectroscopic properties of phosphate tsystal glasses have
been extensively studied. Mostly, the Raman spelstrae been related to the vibrational
motions of simple structural units but in the ramdoetwork approach is necessary to consider
the local geometry of the phosphate units. Metaphates with a [O]/[P] ratio of 3 have a
geometry of chains or cycléd However, the Raman spectra are qualitativelystime. The
spectra are neither affected by the number of apeunits (PQ), that generate the chains or
cycles and even either by the lanthanide or aliais in the structure. The spectra have
therefore the same characteristic peaks for mesgstates of lanthanide, I"PO;),, with Ln=

Gd ** sm®, La ¥, or poyphosphates, 'Mh" (PQ;), such as KBi(Pg), ¥, M'La(PQ), with
M'=Na, Ag>® which have a chain geometry aR@/n as space group, and KSm@E@Q°**
which is isostructural to KGP. All these Raman s$pebtave two characteristic strong peaks
around 1185 and 700 émThe strong peak around 1185 trwhich is accompanied with some
other weaker peaks in the region from 1000 to 1866, is a common feature to materials built
up from linked PQ tetrahedra. This peak is generally attributedh® $ymmetric stretching
vibration vs of the PQ group corresponding to the motion of the nonbriggoxygen. The



weaker peaks around it are assigned to symmejrand antisymmetrio, vibrations of the
same group. The strong peak around 700 isnattributed to the symmetric stretching vibratio
vs of the P-O-P chain linkage. Very weak peaks aitdtl to symmetrivs and antisymmetrie,
vibrations of the same group are often observethénregion from 650 to 1000 émPeaks
around this region are a useful indicator of thacitire of metaphosphate. Figure 5 shows the
Raman spectra of Yb:KGP and KGP. All metaphospbhtacteristic peaks above described
are present. In the region of 700 triwo strong peaks at 728 and 671 'care observed
because of the different positions of the lanthargdd alkali ions give different frequencies of
the P-O-Pv* In the low frequency region below 650 ¢iinis very difficult to distinguish the
symmetric and antisymmetric bending modes of B@ P-O-P groups.

Optical Transmission. Figure 6 shows the transparency window of KyH5d, ¢74(POs)s. The

IR cutoff wavelength is around 5iBn because of the absorption resonance of the Rkade
as in the case of KGP. From this wavelength, thensparency window extends to
approximately 200 nm. The cut-off wavelength irsttégion shifted to longer wavelengths with
the presence of ytterbium. The absorption coefiici@) decreased more gently at shorter
wavelengths as the ytterbium concentration incibaseg. at 208 and 205 nm for
KYDbg 0250 .074(POs)s and KYhy 046Gy o5 POs)4, respectively (inset in figure 6). The strong
absorption band close touin is attributed to thgtterbium transitiorfF7, — 2Fs)o.

Ytterbium Optical Absorption and Emission. The polarized optical absorption and emission
spectra of YB' in KGP at room temperature and 6 K are shown guié 7. The ytterbium
concentration of the K Y4597 PO;)s cube used for measurements was 1.007°%cto™.

The absorption band associated with the ytterbhaxmsitionsz = 2Fg, in KGP extends from
1025-925 nm at room temperature and is charactehgethree main peaks centered at 945,
970, and 978 nm. As ytterbium has an odd numbezlexdtrons in the fidshell, polarization
dependent selection rules are not expected butsitjevariation of the peaks is still possible
The dichroism for Yb:KGP is quite low but the alg@yn intensity is higher for E//N

The peaks in the fluorescence spectra correspotldetemission from the excited stafe,
manifold to the four sublevels of the ground statanifold F,,. From the low-temperature
polarized fluorescence spectra we determined theguoblevels of the ground sté&te,,. Four
main lines were found at 976, 988, 1005, and 10h4ocompanied with phonon added peaks.
These correspond to the transitiGRg,(0") — 2F7(0), 2Fs(0") — *F7(1), *Fs(0") — F7A2),
and?Fs(0") - %F75(3), respectively.

Conclusions. We successfully grew ytterbium-doped KGP singlsstals by TSSG-SC in spite
of the high solution viscosity, around 2 Dp, and tisual polycrystallization. Crystals can be
grown using the same solution composition previpugitimized for undoped or Nd-doped
KGP as long as the ytterbium concentration is betw& and 10 atomic % in solution. Either
the concentration is lower or higher and up to &imic %; theP2; crystallization region is
slightly narrowed and moved toward a lower {@b+Gd,03)//K,O molar ratio since it is the
neighboring phas€2/c which crystallizes. Polymorphism of Yb:KGP betwabr long-chain
and the cyclical structures is not strange singeatwell know feature of this type of condensed
polyphosphates. The rotation velocity and seedhtai®n are the same as those used to grow
Nd-doped KGP. However, the cooling rate have taéereased down to 0.02 K/h in the first
steps of the growth process to obtain Yb:KGP ctydi@e of macroscopic defects because of
polycrystallization. Up to now, we have succesgfgiown inclusion-free single crystals with a
maximum ytterbium concentration in solution of Ibraic %, hence around 7.5 atomic % in



crystal since the actual ytterbium concentratiothim crystal was found to be reduced to about
half of that in solution. Nevertheless, we foundtttheP2;-phase of Yb:KGP can crystallize
from solutions with an ytterbium concentrationto®b0 atomic %. So, taking into account that
the ytterbium concentration in crystal would beuwetl by about half, an ytterbium doping
level around 25-30 atomic % may be reach in singlestals grown by TSSG-SC. The self
frequency doubling properties will not be therefdiraited by the active ion concentration
unlike other well known nonlinear crystals. Too rudgh ytterbium doping levels can reduce
the laser efficiency due to reabsorption, so furtsgectroscopic and laser investigations are
necessary to determine the optimum ytterbium dopengl. The slightly decrease of the cell
parameters with the introduction of ytterbium ie tiGP structure has been determined for any
ytterbium concentration from 1 to 50 atomic % itugon. The actual concentration in crystals
has been also determined for each of them. Yb:K&bmposes irreversibly at 1130 K and
after crystalline transformations, that occurredween this temperature and 1173 K during
cooling, two final products remained at room terapare, GdP@and GdP,O,3 The ytterbium
ions in KGP cause the slightly shifting of the Uut-off to longer wavelengths though it
continues being quite low. Yb:KGP and KGP shows tigical vibrational structure of
metaphosphates. The optical absorption and emisdigtterbium in the KGP host have been
measured.
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Table 1.Growth Data Associated with Ytterbium-doped KGRdgi Crystals

A B C D E F G H | J K
1 0043963660 1 05 05 889 12/0.1a* 4.5x6.1x5.3 0.77 good
2 0021983860 1 03 032 823 12/0.1a* 3.4x49x4.1 0.49 good
. an. some
3 0185823460 3 15 049 943 12/0.1a* 5.1x7.7x6.9 091 . .
inclusions
4 018582:3460 3 1.6 053 939 12/0.0%* 5.1x7.4x6.8 0.89 good
= 7eas. poly-
5 03573460 5 26 051 0952 12/0.1a* 0.87 .
crystalline
6 03573460 5 24 048 958 12/0.05a* 4.7x6.2x6.1 0.85 good
7 06543460 10 40 040 981 12/0.la* 099  Poly-
crystalline
8 06543460 10 42 042 975 12/0.0%* 56x83x7.6 1.00 ., S°oMe
inclusions
9 06543460 10 40 040 9712002 v s5568x63 088 ood
09458, : : 10/0.05 -6X0.6X0. . 9
10 06:34:3660 15 7.7 051 99520002 o 4ox65x57  0.76 ood
-0:2.4-50. : : 10/0.05 ~£X0.9%0. . 9

A: growth experiment, B: solution compositigh,0;:Gdh05:K,0:P,0s (mol %), C: Ytterbium atomic % in solution, D:
Ytterbium atomic % in crystal, E: distribution cefent of ytterbium in KGP, F: saturation tempenat (K), G: cooling

program: decreased temperature interval/ ratengbéeature decreasing, H: seed orientation, |: argiinensions (a x b
x ¢) (mn?), J: crystal weight, K: crystal quality.



Table 2.Crystalline Phase for each Ytterbium Concentratind Solution Composition

b
at.% molar ratio molar ratio molar ratio
N (YhO#GhO)K0  F185€  (vh O4GAOYKO T13SE  (vh,0s+GhO)K,O T NaSe
solution
05 (0.075+14.925)/85 % (0.05+9.95)/00 P2, (0.025+4.975)/95 P2,
1 (015+1485)85 0 (0.1+9.9)/90 P2, (0.05+4.95)95 P2,
3 (0.45+14.55)85 P2 (0.3+9.7)/90 P2, (0.15+4.85)95 P2,
5 (0.75+14.25)85 P2 (0.5+9.5)/90 P2, (0.25+4.75)95 P2,
10 (1.5+13.5)/85 P2, (1.0+9.0)/90 P2, (0.5+4.50)/95 P2,
15 (225+1275)85 P2 (1.5+8.5)/90 P2, (0.75+4.25)95 P2,
20 (3.0+12)/85 e (2.0+8.0)/90 P2, (1.0+4.0)/95 P2,
30 (4.5+10.5)/85 +2§/c (3.0+7.0)/90 P2, (1.5+3.5)/95 P2,
50 (7.5+7.5)/85 +2§1/C (5+5)/90 P2, (2.5+2.5)/95 P2,

" The solution composition is expressed as a funafdhe (YBOs+Gd,0s)/K,0 molar ratio
with a constant s molar concentration of 60 mol %.



Table 3.Ytterbium and Gadolinium Distribution Coefficieraad Cell parameters for each
Ytterbium Concentration (at. %)

Solution
composition Ybat. Ybat.
(mol%) %in  %in Ky Kea a(d) b (R) c(d) BO VA
Yb,05:GdO;:  solution  crystal
KzO:P205
0.04:3.96:36:60 1 0.8 0.80 1.09 7.252(1) 8.352(1)932(1) 91.67(1) 480.2(1)
0.18:5.82:34:60 3 1.8 061 101 7.250(1) 8.350(1)930(1) 92.68(1) 479.9(1)
0.3:5.7:34:60 5 2.9 0.57 1.03 7.249(1) 8.347(1) 28(®) 91.69(1) 479.5(1)
0.6:5.4:34:60 10 45 0.45 107 7.247(1) 8.343(1)92X(1) 91.71(1) 478.7(1)
0.6:3.4:36:60 15 6.6 044 1.02 7.245(1) 8.339(1)916(1) 92.74(1) 478.0(1)
0.8:3.2:36:60 20 11.6 058 1.10 7.242(1) 8.334(1)90#(1) 92.78(1) 476.8(1)
1.2:2.8:36:60 30 199 066 114 7.237(1) 8.324(1)897(1) 92.82(1) 475.2(1)

2:2:36:60 50 298 060 1.40 7.231(1) 8.310(1) 7(8F3 92.90(1) 473.1(1)



Figures

Figure 1. SEM photograph and morphological scheme of a ssiadlle crystal of (a) type Ill
Yb:KGP (S.G. P2 with long-chain geometry and (b) type A Yh:KGAR, (S.G. C2/c) with
cycling geometry. (c) twining on a Yb:KGP crystal

Figure 2. Relative evolution of the cell parameters and aell volume of YRGd, (POs), as a
function of the ytterbium content in KGP.

Figure 3. Differential thermal analysis thermogram of typeKYb g 0.d50 97/(POs)4 crystal,
type 11l KYDo 046G 0h 95 POs)4 Crystal, type A KYR 0odGth 99,4012 Crystal.

Figure 4. X-ray powder diffraction pattern at room temparatof KYh ¢.d5dy 97((POs)4 and
selected patterns at several temperatures deggritsinevolution with temperature in both
heating and cooling processes.

Figure 5. Raman spectra of K¥R.dGd, o7(P0s), and KGd(PQ), at room temperature.

Figure 6. (a) Transparency window of K¥gddye7(POs)s at room temperature. Inset:
evolution of the UV cutoff wavelength with the cemtration of ytterbium.

Figure 7. (a) Polarized optical absorption spectra of KU 974 POs)4 at room temperature
and 6K. (b) Polarized emission spectra of Ig¥4Gd, 974 POs)4at room temperature and 10K.
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The crystal structure of type Ill KGd(Pfd has been solved, and the related data are presented in this
paper. KGd(P®)4 (KGP) is monoclinic and haB2; as space group. Its cell parametersare 7.255(4)
A, b =8.356(5) A,c = 7.934(5) A, = 91.68(5), andZ = 2. KGP is characterized by infinite
polyphosphate long chains, which run along the [100] direction and are linked through gadolinium
polyhedra. We determined the crystallization region of K& do s4POs)4, and compared it to those of
KGP and KNd(PQ)4 (KNP). The isotherms of the saturation temperature and four neighboring phases
were also determined. Small Nd-substituted KGP single crystals free of macroscopic defects were
successfully grown under conditions similar to those usegtéw KGP and KNP crystals. Nd substitution
on the structure was efficient, and its effect was analyzed. We determined the transparency windows of
both KGP and KNP crystals, and evaluated the optical ter&omom temperature and 632.5 nm. Finally,
we used the Kurtz method to qualitatively measure the second harmonic efficiencies of Nd-substituted
KGP crystals. The values obtained for all substitutions were similar to those showed by KGP and KNP
and at least to that of ##0, (KDP).

Introduction P2,/n,Z= 4, cn(M) = 9, and cn(LH') = 8. As the type IlI

Condensed polyphosphates of lanthanide and alkali ionsSFrUCture has never been reported before, we solved it by

with the general formula Mn" (PG;), crystallize into many sn}lgle—clrl);s;al d|ﬁra§tlontanaly5|s. the other tw | h
structural types. The current nomenclature and clastiica ype as an advantage over thé other two polymorpns

of this kind of polyphosphates were first proposed by Palkin in that it has a noncentrosymmetrical structure, so nonlinear
et al! in 1981. The same author suggested two structural optical processes, such as second harmonic gene_ration, may
types for the polyphosphate of potassium and gadolinium: be allov_ved: Type lll KGP can .b.e easily doped with O.ther
type Il KGA(PQy), and type A KGdRO. Whereas type lanthanide ions because gadolinium has a high capacity for
1l was characteri;ed by a B(Ibng—chainlzéeometw aPO substitution. Moreover, it expands almost isotropically with

. . temperature, which prevents it from deforming when working
cycling geometry was typical for type A. Type Il had a space .
groupP2:, Z = 2, cn(M) = 8, and cn(LH) = 8, and type above room temperature. Type Il KGP is therefore regarded

isi If-doubling host that could be used to btai
A had a space group2/c, Z = 4, cn(M) = 8, and cn(LH') as a promising se .
= 8. The MLn"(POy), structure seems to be highly light all over the UV~vis range to low wavelengths, as the

dependent on the size of the alkali ion but also on that of U\I/ Ctjr:.Oﬁ is about 180 de for the first i th tal
the lanthanide when the alkali is kept fixed. From this point n this paper, weé solved for the first ime the crysta
of view, two groups could be defined. Because gadolinium structure of type 11l KGP and compared the crystal data with
is placed in the middle of the lanthanide series, correspgnd those Of. th? 'SOStruc.tl.”aI K.l we also_analyze the eﬁeCt.
polyphosphates can crystallize into usual structuralgype of substituting gadolinium with neodymium on the synthesis

both the first and second groups. In fact, the type A anld r?n sgme structu(;alhanc_i Oftlc.al pfropert_lesl. Is of
KGdP,O;; structure, which is usual for the first part of the b th I?(sspeer:j Eﬁ;e t St inc uS|onf— Irlee Sing eT%ryst?s 0
series, has been recently sol¥eg single-crystal diffraction ot an can be successiully grown. Therelore,

analysis; structural type 1V, which is typical for the second \éve deg?rmlne(;lhthe e\(/jolut_lon of t?e tc_ry?thalllégtgntregtlon
part of the series, has also been solved recéniiyis epending on the neodymium content in the structure.

- To analyze the structural effect of Nd, we determined the
structure also has a R@ng-chain geometry, space grou : !
R@Ng 9 Y, sp group evolution of the crystal cell parameteaisb, c, 5, andV as

*To whom correspondence should be addressed. E-mail: reagdaguilo@ a functlpn of neOdymlum con_centranon by SIUdymg SIX.
urv.net. o compositions that are intermediate to the undoped composi-
T Universitat Rovira i Virgili.

* Universitat de Barcelona.
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tions. The transparency windows of KGP and KNP were containing 4.0 mol % Nd as the standard for Nd. K and P were
measured. We also localized the principal optical directions analyzed with PET (Pentaery thritol, 002) crystal using the line
and determined the optical tensors. We analyzed how theKa. O Ka was measured with a W/Si multilayer crystal, and the
second harmonic generation response of powdered Nd-L@ lines of Gd and Nd were analyzed using LIF (lithium fluoride,

substituted KGP samples behaved as the neodymium Con_}200) crystal. The measurements were integrated for 10 s for all

centration changed.

Experimental Section

KGP:Nd Crystal Growth. To determine the evolution of the
crystallization region with the Nd content in the KGP structure,
we grew small crystals of KGdyNd«(POs)4 with solutions of
0.25, 0.50, and 0.75 neodymium at. % on a platinum disk. These
crystals were grown from the corresponding self-fluxes containing
the desired ratios of neodymium, gadolinium, potassium, and
phosphorus oxides. About 25 solution compositions were studied
in order to set the limits of the crystallization region foryanaterial.

The crystal-growth procedure was similar to that used terdghe

the crystallization regions of KGP and KNP (see refs 5 and 6 for
further details). In this case, the axial temperature emed by about

12 K per millimeter when dipping from the surface to the crucible
bottom, which was the coldest point of the volume. The cooling
rate was 0.5 K/h, and the temperature dropped to abou2Q@K
below the saturation temperature. The crystals grown wiergtified

by X-ray powder diffraction analysis.

The same procedure was used to grow small crystals of KGP
by varying the Nd concentration in solution from 0.02 to 75 mol
%. Some of these crystals were also analyzed by X-ray powder
diffraction analysis to calculate the cell parameters at different Nd
atomic contents in the structure.

To obtain inclusion-free Nd-substituted KGP single crystals of
suitable size for later characterizations, we used theseguled
solution growth (TSSG}slow cooling method. The axial gradient
in the solution was 1.5 K/mm. To begin the experiments, we use
the growth conditions that had been previously optimize&iGP.
The solution composition was therefore £g:Nd,03:K,0:P,0s5
= 6—X:X:34:60 mol %, where& is the NgOz; mol % in the solution;
the rotation velocity was 75 rpm, the cooling rate was 0.1 K/h,
and the seed orientation was or c*. A seed holder, equipped
with a turbine at the bottom, was used to increase the masptet
in the solution and minimize the macroscopic defects in grow

crystals. Though it was used to grow KGP:Nd, in some cases the

crystals had some inclusions, especially when the neodymium
content increased. To eliminate these inclusions, we sgsiihow

the crystal growth parameters may affect the quality of the doped
crystals. We previously found that the seed orientation basically
affected the growth rate but not the crystal quality, so we used the
same a*- or c*-oriented parallelepipedic seeds. The solution
composition was not changed, as it has the lowest viscdsityed

in the crystallization region of KGPand was located very close

to the border region. As the viscosity of the solution was similar,
we also kept the rotation velocity at 75 rpm for all compositions.
We therefore decided to try growing the crystals by lowering the
cooling rate to 0.05 K/h. At this lower value, the crystal quality
improved, and no inclusions were observed.

Neodymium Concentration AnalysesSmall single crystals of
Nd-substituted KGP with a Nd molar % in solution from 1 to 75

were grown using the same procedure as that in the crystallization @
region studies. We determined the Nd content of some of these

crystals by electron probe microanalysis (EPMA) in a CAMECA
SX-50 operating at a 20 kV accelerating voltage and a 100 nA
electron current. We used a KGP crystal grown by us as thdastdn
for measuring K, Gd, P, and O, and a synthetic glass (ree4)

ions. The accuracy of the measurements was 1.40% for K, 1.30%
for P, 1.10% for O, 1.16% for Gd, and 2.43% for Nd. For a Nd
concentration below 1 mol % in solution, theeasurement’s
accuracy decreased drastically.

X-ray Diffraction. To determine how the KGP crystallization
region limits evolved with the neodymium content in the stuue,
we identified the Nd-substituted KGP small crystals grown by the
X-ray powder diffraction technique. The patterns were recorded
using Cu Kku radiation in a D5000 Siemens X-ray powder
diffractometer in @—6 configuration using the BraggBrentano
geometry.

Small crystals grown from a solution composition of Ogt
Nd203:K,0:P,05 = 4—X:X:36:60 mol %, withX = 0.04-3, were
analyzed to calculate the crystal cell parameters of the Nd-
substituted KGP crystals.

The X-ray powder diffraction patterns were recorded in the 2
range from 10 to 70at ss= 0.03 and st= 5 s. We refined the
cell parameters using the FULLPROpBrogram and the Rietveld
method, and the KGP structure was solved by single-crystal
diffraction as the starting model.

Grown KGP and KNP crystals were analyzed by single-crystal
X-ray diffraction using an EnrafNonius CAD-4 diffractometer;
their structures were solved by the Patterson synthesis using the
SHELXS97 computer prografrand were refined by the full-matrix
least squares method using the SHELX97 program. Table 1 shows
the details of the crystal data, data collection, and refinement.

Transparency Window. We measured the optical transmission
of KGP and KNP in the wavelength range 0-1B) um. The
thickness of the plate samples used was around:@@@or both
materials. The transmission in the YWisible and NIR regions to
3.3um were measured using a Varian Cary 500 Scan spectropho-
tometer, and measurements in the IR region were made using an
FTIR Midac Prospect spectrophotometer. The UV and IR cutoff
values were calculated as the maximum transmission valigedi
by the e number.

Optical Tensor. Monoclinic structures show crystallographic
anisotropy in all physical properties, including the optical ones.
KGP and KNP are biaxial crystals whose optical properties are
described by the 2-point group symmetry that arises fronPthe
space groupNe therefore oriented the optical frame in relation to
the crystallographic one. In the monoclinic structure, one of the
principal optical axes is parallel to thedirection, and the other
two are placed in thac plane. The optical ellipsoid is localized
by the angle between one of the optical principal axes and one of
the crystallographic axes on this plane, e.g.,dhrection.

This angle was determined using anoriented plate sample of
KGP (1030um thick) and KNP (80Q:m -thick), placed between
two crossed glam-Taylor polarizers and illuminated under normal
incidence by a HeNe laser beam. First, we verified the crossed
configuration between the polarizers when the light received by
the detector was minimal. We then placed and rotated the sample

Rodriguez-Carvajal, JShort Reference Guide for the Computer
Program FULLPROF Laboratoire Leon Brillouin, CEA-CNRS: Gif
sur Yvette, France, 1998.

(8) Young, R. A.The Rieteld Method International Union of Crystal-
lography Monographs on Crystallography 5; Oxford University
Press: Oxford, U.K., 1995.

(9) Sheldrick, G. MSHELXS97 and SHELX9Wniversity of Gottingen:

Gottingen, Germany, 1997.
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Table 1. Crystal Data, Data Collection, and Refinement of KGd(PQ)s and KNd(POs)4

KGd(PQy)4 KNd(POy)4
Crystal Data
fw 512.23 499.22
Mo Ka radiation ¢, A) 0.71069 0.71069
space group monoclini®2; monoclinic,P2;
no. of reflns 25 25
6 range (deg) 1221 12-21
a(A) 7.255(4) 7.2860(10)
b (A) 8.356(5) 8.4420(10)
c(A) 7.934(5) 8.0340(10)
« (mm™Y) 8.062 6.391
S (deg) 91.68(5) 92.170(10)
V (A3) 480.80(5) 493.80(11)
z 2 2
color colorless purple
dimension equidimensional equidimensional
T(K) 293(2) 293(2)
diameter (mm) 0.2 0.2
Dy (Mg m~3) 3.538 3.358
Dm not measured not measured
Data Collection
Rint 0.0350 0.0386
w—26 scan Hmax (deg) 29.92 29.95
Abs corr: spherical h=-10—10,k=0—11,1=0—10 h=-10—10,k=0—11,1=0—11
no. of measured reflns 1834 1617
no. of independent refins 1474 1525
no. of reflections witH > 24(1) 1437 1520
Refinement
refinement orF?R [F2 > 20(F?)] 0.0675 0.0386
WR(F?)2 0.1560 0.1002
ApmadApmin (€ A3) 0.334/-0.480 0.583-0.241
extinction correction method none none
S 1.168 1.089
no. of refins 1474 1525
162 no. of params 162 162
Flack absolute struct param —0.01(3) 0.00(2)
(AI0)max 0.008 0.000

aFrom International Tables for Crystallography, Vol. C.: w 1/[0%(F¢?) + (0.1299)? + 1.120P], with P = (F? + 2F?)/3 for KGd(PQ)s, andw =

1[o?(F?) + (0.091P)2 + 0.000(P], with P = (Fe2 + 2FA)/3 for KNd(PQy)a.

until the measured transmitted beam again reached a minimum,uniformly packed, and were placed in a 2 mm thick quartz cell.
which requires the principal optical direction and the direction of Samples were irradiated using a laser beam of 1064 nm generated
the laser beam polarization to coincide. by a pulsed Nd:YAG solid-state laser.

We measured the refractive indices corresponding to theipeil We measured the energy reflected by the sample to estimate the
optical axes at 632.8 nm and room temperature for both KGP and incident power. Using a silicon PIN, we also measured the energy
KNP in order to determine the optical tensor under theseitions!. of the radiation it emitted. The frequency of this radiatieas twice
The minimum-deviation method with a slight modificationsussed ~ that of the incident one. We estimated the second harmonic
for this1° Two semiprisms were cut and polished with an angle of €fficiency of the sample from the ratio between these sigretich
about 22.5 between faces, one of which was a principal plane{Np ~ Was calculat_ed fr_or_n an average of more th_em _100 laser shots. We
Ng and Np-Nm). The first face was illuminated by an unpolarized compared this efficiency with that of KD which is a well-known
laser beam under normal incidence. The prism was then rotatednonlinear optical material.
until a normal incidence on the second face (the principal plane)
was reached. In this configuration, the beam partially reflects and
returns along the same path as the incident beam. So, the path of o .
the laser beam has a symmetrical configuration and deviates Crystallization Region of KGd(POs)s and KNd(POs)a. -
minimally throughout the prism. The anisotropic behavior of the We determined the evolution of the crystallization region
crystals allows two beams with orthogonal polarizations to propa- limits of the type Ill phase from KGP to KNP in the ternary
gate in the crystal, and allows the refractive indices in these System of their corresponding oxide, 40y, with Ln = Gd,
directions to be measured. Because the second face wasipalin -~ Nd, K>O, and BOs. Figure 1 shows the crystallization region
plane, we measured the refractive indices correspondipgrtoipal of the intermediate KGghNdo s4POs)4 in relation to those
axes. Thus, we measureg andng with one prism and, andnp, of KGd(PQy).® and KNd(PQ)..° The saturation temperature

with the other. Note that as, was measured twice, it provides an  jsotherms and SEM images of the neighboring phases
estimate of the error in the measurements. This error is limited by

the encoder accuracy, which is£0

Results and Discussion

(10) Solé, R.; Nikolov, V.; Vilalta, A.; Carvajal, J. J.; Msons, J.; Gavalda,
Second Harmonic Generation (SHG) MeasurementsWe Jna.; Aguilo, M.; Diaz, FJ. Mater. Res2002 17 (3), 563.
evaluated the second harmonic generation response of the Nd{11) Kurtz, S. K. Perry, T. TJ. Appl. Phys1968 39, 3798.

. . (12) Dmitriev, V. G.; Gurzadyan, G. G.; Nikogosyan, D. Mandbook of
substituted KGP crystals using the Kurtz methd@he powdered Nonlinear Optical MaterialsSpringer-Verlag: Dusseldorf, Germany,

samples with a uniform particle size between 5 andu@0were 1991.
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Figure 1. Crystallization region of KGglaNdo s{P0Os)s and those corresponding to KGd(B©and KNd(PQ)a with saturation temperature isotherms in the
Ln;03—K20—P,0s system, Ln= Gd, Ga.4MNdos3 and Nd. SEM images of KG@Ndo s(POs)s and neighboring phases.

identified were added. We knew from a previous péper
that the gadolinium ion had a high capacity for substi-

Ln = Gd, (Gd,Nd), and Nd. KPQcrystallizes above the
crystallization region and LnP{.4 further above it. In the

tution by any other lanthanide ion because of its posi- Ln,Os-richest zone, the other two phases are identified as

tion in the lanthanide series, which led to a more irreg-
ular crystallization region in comparison with that of KNP.
However, the crystallization region of the intermediate
KGdo sNdo 5(POs)4 is more similar to that of KNP than to

LnPO, for low P,Os concentrations and Ln(RR for high
ones.

Crystal Structure of KGd(PO 3); and KNd(PO3)s. The
structure of KGP was solved for the first time in the present

that of KGP. The region has nearly the same shape, andpaper, and it was compared to that of the isostructural KNP,
neither the polymorph phase in the cycling geometry whose structure we have previously solved and which is in

KLn4O1, nor the mixture of orthorhombic/monoclinic Ln-
(POs)s was found.

good agreement with that solved by Hong in 1978oth
structures are monoclinic, and hak2, as its space group.

When we compared the three crystallization regions, we The cell parameters for KGP a@e= 7.255(4) Ab = 8.356-

found that theP2; phase crystallized in a longer extension

when the neodymium concentration in the structure in-

creased. The crystallization region limits of K&eNdo sz

(5) A, c =7.934(5) A,p = 91.68(5}, andZ = 2; those for
KNP area = 7.2860(10) Ab = 8.4420(10) Ac = 8.0340-
(10) A, B = 92.170(10), andZ = 2. All the KNP cell

(POs)s were therefore placed between those of KGP and parameters are larger than the KGP ones, as expected,

KNP. However, in the KO-richer zone of the phase diagram,
the [Gd4NdosdO4/K,0 limit coincided for all of them.
Above this limit, which has a molar ratio of 3/97, the solatio
is so viscous that no crystal can grow. Below this limit, and
up to a molar ratio of 22/78, the crystallization region is
extended. Throughout these limits, K&eNdosdPOs)s
crystallizes between &8s concentration of approximately
55 and 70 mol %. The isoconcentrational lines of {G
Ndo59204/K,0 are roughly parallel to the saturation tem-

because the ionic radius of Ridis slightly larger than the
corresponding radius of Gtl (0.995 and 0.938 A, respec-
tively). The atomic coordinates, mean atomic lengths, and
anisotropic thermal displacement parameters are shown in
Tables 2-4.

The crystal cell of KGP and that of the isostructural KNP
contain one structural position for gadolinium and potassi
four positions for phosphorus, and twelve inequivalent
positions for oxygen. All atomic positions are doubled by

perature isotherms, which increase from 923 to 1073 K. ne 2-fold screw axis parallel to [010]. The phosphate atoms
These temperatures are placed between those of KGP angye four-coordinated with the nearest oxygen atoms to form

KNP.
The four neighboring phases identified are KP@n-
PO, 314 LNn(POs)s-orthorombict>¢and LnPQO; 4,61 with

(13) Mullica, D. F.; Grossie, D. A., Boatner, L. Anorg. Chim. Actal985
109, 105.

(14) Ni, X.-Y.; Hughes, J. M.; Mariano, A. NAm. Mineral 1995 80, 21.

(15) Melnikov, P. P.; Komissarova, L. N.; Butuzova, T.|&v. Akad. Nauk,
Neorg. Mater.1981, 17 (11), 2110.

PO, tetrahedra. These tetrahedra are self-linked by sharing
two of their vertexes to form chains, which define the type
Il structure. The basic unit of these chains is made of four
PO, tetrahedra, and repeats by periodicity to generate the

(16) Hong, H. Y.-PActa Crystallogr., Sect. B974 30, 468.
(17) Bagieu-Beucher, M.; Doc, T. @ull. Soc. Fr. Mineral. Crystallogr
197Q 93, 505.
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Table 2. Atomic Coordinates and Equivalent Isotropic Displacement Parameters of KGd(P€)s and KNd(POg)4

atom X y z Ueq) atom X y z Ueq)
Gd 0.2376(1) 0.2500(2) 0.2426(1) 0.016(1) Nd 0.2349(1) 0.2500(1) 0.2422(1) 0.017(1)
K 0.7360(5) 0.0531(6) 0.2724(4) 0.031(1) K 0.7268(3) 0.0543(3) 0.2808(2) 0.038(1)
P1 0.1010((5) 0.8295(6) 0.1005(4) 0.027(1) P1 0.1031(2) 0.8304(3) 0.1037(2) 0.018(1)
P2 0.4396(6) 0.6181(6) 0.0976(5) 0.025(1) P2 0.4342(3) 0.6280(2) 0.0979(2) 0.018(1)
P3 0.6179(5) 0.4973(6) 0.3980(4) 0.027(1) P3 0.6220(2) 0.4965(2) 0.3959(2) 0.017(1)
P4 —0.0053(5) 0.1062(5) 0.6177(5) 0.022(1) P4 0.0006(3) 0.1013(3) 0.6196(2) 0.018(1)
o1 0.0949(16) 0.9888(16) 0.1698(14) 0.038(2) o1 0.0847(8) 0.9901(7) 0.1734(7) 0.024(1)
02 0.6923(16) 0.2811(16) 0.8881(13) 0.040(3) 02 0.6881(8) 0.2808(6) 0.8761(7) 0.025(1)
03 0.0078(16) 0.2033(13) 0.7842(12) 0.028(2) 03 0.0105(9) 0.2072(8) 0.7845(8) 0.030(1)
04 0.8300(20) —0.0100(20) 0.6154(17) 0.036(3) 04 0.8294(7) 0.0028(8) 0.6153(7) 0.023(1)
05 0.6810(20) 0.9870(20) 0.9231(17) 0.034(3) 05 0.6830(9) 0.9837(8) 0.9297(7) 0.024(1)
06 0.4320(20) 0.1770(2) 0.0337(18) 0.040(3) 06 0.4313(9) 0.1527(9) 0.0334(8) 0.032(1)
o7 0.0357(18) 0.1895(18) 0.4675(16) 0.026(2) o7 0.0266(9) 0.2072(7) 0.4714(8) 0.026(1)
08 0.1779(16) —0.0139(15) 0.6581(14) 0.036(2) 08 0.1687(7) —0.0119(6) 0.6552(6) 0.020(1)
09 0.4476(19) 0.1250(19) 0.7221(15) 0.042(3) 09 0.4608(9) 0.1344(7) 0.7263(7) 0.024(1)
010 0.5344(15) 0.3315(14) 0.3539(13) 0.029(2) 010 0.5377(8) 0.3441(7) 0.3448(7) 0.025(1)
011 0.9620(15) 0.3054(15) 0.0769(13) 0.031(2) 011 0.9635(7) 0.2975(7) 0.0680(6) 0.023(1)
012 0.3935(16) 0.0495(15) 0.4235(14) 0.036(2) 012 0.3858(8) 0.0558(7) 0.4277(6) 0.023(1)
Table 3. Selected Interatomic Distances (A) in KGd(P@)s and KNd(PO3),
KGd(PQy)s

P1-0O1 1.441(12) P3012 1.486(11) Ge06 2.292(15) K-012 2.790(12)

P1-0O11 1.480(11) P3010 1.498(14) Ge04 2.361(16) K-01 2.803(12)

P1-02 1.553(12) P309 1.548(12) Ge07 2.396(13) K-010 2.833(12)

P1-03 1.617(11) P308 1.562(11) Ge010 2.402(12) K04 2.834(14)

P2-05 1.408(16) P407 1.419(13) Ge011 2.405(11) K-05 2.844(13)

P2-06 1.499(15) P404 1.538(16) Ge012 2.458(12) K-07 2.868(15)

P2-09 1.628(13) P403 1.551(10) GeO5 2.461(15) K-06 3.044(17)

P2-02 1.671(13) P408 1.688(13) GetO1 2.477(13) K-011 3.113(11)

KNd(PQs)s

P1-01 1.486(6) P3010 1.477(6) NetO6 2.391(6) K-012 2.791(5)

P1-011 1.471(5) P3012 1.506(5) NetO11 2.413(5) K-04 2.796(6)

P1-02 1.580(6) P308 1.596(5) Ne-O12 2.448(6) K-01 2.829(6)

P1-03 1.622(6) P309 1.624(6) Ne-O7 2.457 (5) K-010 2.864 6)

P2-06 1.482 6) P404 1.498 6) Ne-010 2.457(6) K-O5 2.889 6)

P2-05 1.4997) P40O7 1.506(6) Nd-04 2.475(7) K-07 2.921(8)

P2-09 1.581(6) P408 1.571(5) Ne-O5 2.494(6) K-06 2.992(8)

P2-02 1.586(5) P403 1.597(6) Ne-O1 2.505(6) K-011 3.214(6)

zigzag long chains along tha-crystallographic direction  [Nd]-+[Gd])sowtion They are in all cases close to 1, because
(Figure 2). The chains are joined by sharing the other two the ionic radius of N&" is only around 6% smaller than that
vertexes with the Gd and K" atoms. The intrachain-PO of G, Figure 4 shows the linear relationship between the
bond distances are larger than the interchain ones, so theaverage change in each cell parametai/{) and the

PO, tetrahedra are slightly distorted. The distortion param- neodymium concentration in crystal. Whereas &, c,

eter, defined add = /,3,—; J(d, — [MIYM? where thed, andV parameters increase as the Nd concentration increases,
values are the different-FO distances in the tetrahedra and the 8 angle decreases slightly. The values corresponding to
[dCis the mean PO distance, is relatively high. The values each composition are listed in Table 5.

for Py, P,, P53, and R phosphorus tetrahedra (Figure 3), are  Transparency Window. Figure 5 shows the transparency
1.79x 1073, 4.58x 1073, 4.48 x 104 and 3.71x 1073, windows of KGP (panel a) and KNP (panel b). The IR cutoff

The gadolinium atom is eight-coordinated with oxygen wavelength is around g4m for both materials because of
atoms to form a distorted dodecahedra. These (uifly-
hedra are isolated from each other because they share O
atoms only with the P@tetrahedra to join the chains. They
are surrounded by four other Gg@olyhedra with large
distances of about 7 A (Figure 3). The potassium ion is also
eight-coordinated with the largest distances in the structure,
so it is weakly linked to the crystal lattice. It is placed close
to the canals defined along the [010] direction in the
[Gd(PQGy)4]~ structure (Figure 3). The Gt and K atoms
alternate with a zigzag arrangement parallel to the phdspha
chains.

Nd3* Substitution in KGd(PO 3)s. The chemical compo-
sitions of the crystals obtained from solutions of 1, 5, 10,
25, 50, and 75 mol % N@; were analyzed by EPMA. Table
5 shows the neodymium distribution coefficients in the rig e 2. zigzag arrangement of the R@ng chains along [100] in a
structure, defined a&ng = ([NAJ/[Nd]+[Gd])crysta/ ([Nd]/ projection parallel to this direction.
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Table 4. Anisotropic Displacement Parameters (& of KGd(PO3)4
and KNd(PO3)4

atom Uy Uz Uz Uzs Uiz Uiz
KGd(PQy)s
Gd 0.014(1) 0.021(1) 0.014(1) 0.001(1)—0.001(1) —0.001(1)
K 0.028(2) 0.037(2) 0.029(1)-0.002(2) —0.004(1) —0.001(1)
P1  0.023(2) 0.035(2) 0.024(2) 0(1)  —0.003(1) —0.002(1)
P2 0.0241(2) 0.032(2) 0.017(2) 0.001(1) 0(1) —0.002(2)
P3  0.023(2) 0.036(1) 0.022(1) 0(1)  —0.002(1) 0.002(1)
P4 0.020(2) 0.030(2) 0.017(1) 0.001(1)—0.001(1) —0.002(1)
01 0.038(6) 0.038(5) 0.036(5)-0.006(5) —0.010(5) 0.003(5)
02 0.030(5) 0.059(7) 0.030(4) 0.002(5) 0(4) 0(6)
03 0.030(5) 0.033(4) 0.022(4)-0.003(4) 0.001(4) 0.003(4)
04 0.032(6) 0.042(6) 0.035(6) 0.002(6) 0(5) —0.004(6)
O5 0.036(6) 0.038(6) 0.029(6)-0.006(5) 0(5) 0.006(5)
06 0.044(8) 0.051(8) 0.025(6)-0.007(6) 0.006(5) —0.002(7)
07 0.028(6) 0.031(5) 0.019(5) 0.003(4) 0(4)  —0.005(5)
08 0.027(5) 0.041(5) 0.041(6) 0(5)  —0.002(4) —0.007(5)
09 0.038(7) 0.057(7) 0.032(5)-0.005(6) —0.006(5) 0.010(6)
010 0.025(5) 0.035(5) 0.026(5) 0(4)  —0.004(4) 0.007(4)
011 0.026(5) 0.041(5) 0.026(5) 0.0011(4) 0(4) 0.001(4)
012 0.028(5) 0.044(5) 0.036(6) 0.0015(5)-0.003(4) 0.001(5)
KNd(PG3)s

Nd  0.017(3) 0.017(1) 0.018(1) 0(1) 0.003(1) 0(1)

K 0.028(1) 0.060(1) 0.027(1) 0.001(1) 0.007(1) 0.008(1)
P1  0.018(1) 0.014(1) 0.020(1) 0.001(1) 0.002(1) O(1)
P2 0.018(1) 0.015(1) 0.022(1)-0.001(1) 0.005(1)  0.001(1)
P3  0.015(1) 0.016(1) 0.020(1) 0(1) 0.004(1)—0.001(1)
P4 0.019(1) 0.016(1) 0.021(1)-0.001(1) 0.006(1) O(1)

01 0.023(3) 0.021(2) 0.030(2)-0.005(2) 0.011(2) —0.001(2)
02 0.020(2) 0.018(2) 0.036(2) 0.002(1) 0(2) —0.003(2)
03 0.028(3) 0.031(3) 0.032(3)-0.010(2) 0.007(2) 0.003(2)
04 0.013(2) 0.024 (3) 0.032(3)-0.007(2) 0.006(2) —0.003(2)
05 0.026(3) 0.019 (3) 0.027(3)-0.003(2) —0.001(2) 0.001(2)
06 0.023(3) 0.033(3) 0.040(3) 0(3) 0.023(2)—0.004(3)
07 0.024(3) 0.015(2) 0.039(3) 0.004(2) 0.020(2) 0.004(2)
08 0.016(2) 0.016(2) 0.028(2) 0.005(2) 0.002(2) 0.007(2)
09 0.032(3) 0.012(2) 0.026(2)-0.002(2) —0.008(2) 0.004(2)

010 0.024(2)
011 0.015(2)
012 0.027(3)

0.021(2) 0.030(3) 0.001(2) 0.004(2)-0.006(2)
0.033(3) 0.020(2)-0.005(2) —0.001(2) 0.007(2)
0.026(2) 0.016(2)-0.005(2) 0.005(2)  0.004(2)

the absorption resonance of the ® linkage. These crystals
have a large transparency window that extends from ap-
proximately 180 nm to this wavelength. This low UV cutoff
wavelength constitutes another important feature of these
crystalline materials, especially when combined with their
noncentrosymmetrical structures to allow the second and
third harmonics of very near-IR beams. The strong absaptiv
bands in the KNP transmission spectrum are due to the
resonance transmissions between manifolds 6f Nahich

has a high concentration in this structure.

Optical Tensor. The optical frames of KGP and KNP
crystals were oriented. We found a minimum transmission
when the plate sample, withpositive toward us, was rotated
clockwise 37.3 and 35%4rom thec direction for KGP and
KNP, respectively. The second principal optical direction in
the ac plane was therefore placed at 39.1 and 37t6m
the a direction for KGP and KNP, respectively.

We measured the refraction indices along the optical
principal directions previously determined at 632.5 nm. In
this way we were able to identify these directionsNs
Nm, andNy and draw the optical ellipsoid, which is shown
in Figure 6 for KGP (panel a) and KNP (panel b). We found
that the principal optical direction with the highest value of
refraction index,Ny, was at 37.3 clockwise from thec
direction, and théb direction corresponded t,. We can

Parreu et al.

_— s

Figure 3. View of the GdQ@ dodecahedra linking the phosphate chains
and the potassium atoms near the canals in the [GgPGrame. Projection
parallel to [010].
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Figure 4. Relative evolution of the cell parameters and unit cell volume
of KGdi—xNdy(POs)4 vs neodymium concentration.
Table 5. Neodymium Distribution Coefficients and Cell Parameter
Values for Each Nd Concentration (in atomic %)

at. % Nd at. % Nd
in solution in crystal Kng

a® b@A) A p(deg) V(AY)

0.5 0.66 1.33 7.270(1) 8.390(1) 7.968(1) 91.67(1) 485.80
1 1.09 1.09 7.270(1) 8.391(1) 7.969(1) 91.66(1) 485.93
5 532 1.06 7.269(1) 8.396(1) 7.977(1) 91.72(1) 486.62
10 9.47 0.95 7.273(1) 8.406(1) 7.982(1) 91.77(1) 487.76
25 24.92 0.99 7.277(1) 8.412(1) 7.988(1) 91.85(1) 488.72
50 52.98 1.06 7.283(1) 8.440(1) 8.010(1) 91.98(1) 492.06
75 75.75 1.01 7.285(1) 8.439(1) 8.030(1) 92.02(1) 493.75

wavelength and at room temperature

1592 0 0

hoen™ 8 0 e 10 60
1596 0 0

Mo 57 e

Second Harmonic Generation Efficiency We measured,
as previously described, the SHG efficienay) of KGd-
(POs)a, KGdo 7Ndp.2o(POs)s, KGdo.4Ndo 5P O3)s, KGo 24
Ndo 76(POs)4, and KNd(PQ)s, and compared them with that

use these measurements to write the optical tensor at thisof KDP. For all compositions, the value of/ykpp was
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Figure 5. Transparency window of (a) KGP and (b) KNP at room temperature.

approximately 1, so we can confirm that the nonlinearity of (@ ¢
KGP does not depend on any percentage substitution 8f Gd t
by Ncf+.

Conclusions

39.19

We determined the crystallization region of intermediate
KGdy 4MNdos4POs), and its saturation temperature isotherms,
and we identified the neighboring phases found. All our
results are consistent with the intermediate situatiowéen
KGP and KNP. The saturation temperatures and the number (b)
of neighboring phases are between those of KGP and KNP.
The crystal structure of type Ill KGP has been solved,
and has been compared to that of the isostructural KNP.
Because of the larger ionic radius of neodymium, when
gadolinium was substituted for neodymium, all cell param- LA
eters increased except thangle, which decreased slightly.
Because the neodymium distribution coefficient for all
compositions was almost 1, the high substitution acceptanc
of KGP has been proved, and KGP can be regarded as a
promising laser host. Because of their noncentrosymnatric Figure 6. Optical ellipsoid of (a) KGP and (b) KNP in a projection péehl
structure, these materials can be used as nonlinear lastsr ho to [010] atA = 632.5 nm and room temperature.
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whose second harmonic efficiency is similar to that of KDP, indices were also similar not only between themselves but
and it maintains a constant value with Nd doping. Moreover, also among the three principal optical directions.

this material p_resents a significant low _UV cutoff value Acknowledgment. The authors acknowledge financial
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We determined the crystallization region of KNd(POs)4 (KNP), the isotherms of saturation
temperature, and three neighboring phases of this crystallization region, NdPO4, Nd(POs)3,
and NdP50,4, in the Nd203—K;0—P;05 system. We successfully grew KNP single crystals
by the top seeded solution growth slow cooling method (TSSG). To optimize the growth process
solution composition, seed orientation and rotation velocity were analyzed. We studied the
evolution with the temperature of the KNP cell parameters in the room temperature to 773
K range, and the linear thermal expansion tensor of KNP was studied. We also studied the
phase transitions of KNP in the room temperature to 1273 K range and found an irreversible
decomposition at 1165 K. The second harmonic efficiency measured was at least similar to

that of KH,PO,4 (KDP).

Introduction

As a Nd stoichiometric laser material, KNd(POs3)4
(KNP) is potentially useful for miniature laser devices
because it strongly absorbs the pumping light in short
distances (50—100 «m).! This high absorption efficiency
is allowed in stoichiometric laser materials by the high
active ion concentration. Materials for miniature Nd
lasers should have two structural characteristics: first,
they should have no local inversion symmetry about the
Nd*" jons so as not to decrease the probability of
radiative transitions, and second, the Nd—O polyhe-
drons should be isolated among them so as to decrease
the quenching fluorescence process of Nd3* ions. The
structure of KNP satisfies both of these crystallographic
conditions.! When we solved the structure of KNP by
single-crystal diffraction analysis,? we obtained a similar
result that had been reported in 1975. The monoclinic
structure of KNP has P2; as space group, with cell
parameters, a = 7.2860(10) A, b = 8.4420(10) A, ¢ =
2.0340(10) A, B =92.170(10)°; Z = 2; V = 493.80(11)

3

Several Nd-stoichiometric laser materials have so far
been reported. Of these, two representative Nd-stoichio-
metric phosphates are NdPs50:4°° and LiNd(POj3)4
(LNP);578 both of them satisfied the structural condi-
tions already mentioned. However, KNP has a struc-

*To whom correspondence should be addressed. E-mail:
aguilo@quimica.urv.es.
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tural advantage over these other Nd-stoichiometric
phosphates: it has an acentric space group (P2;). The
fact that the structure of KNP does not have a center
of inversion may allow nonlinear optical processes,’ such
as second-harmonic generation.

The aim of this paper is to study and optimize the
conditions of the KNP crystal growth process and
perform the basic structural characterization of the
material.

Therefore, as information in the literature is poor and
sometimes confused, we determined the crystallization
region of KNP in the self-flux and phase transitions of
KNP. Some papers on the growth of KNP single crystals
can be found in the literature,!!? but they do not contain
much information. On the other hand, they reported the
incongruent melting of KNP decomposing into Nd(PO3)3
and KPO;3; at 1155 K,10 a thermal arrest at 1153 K
related to a crystalline-to-amorphous transition and a
monoclinic-to-orthorhombic transition at 440 K.! How-
ever, neither of these transitions is well documented.

We also dedicated so many efforts to determine the
morphology of KNP, since it is essential to orient and
polish the samples for later physical characterizations.

Finally, we performed some physical characteriza-
tions of the material, such as linear thermal expansion
tensor and second harmonic generation.

Experimental Section

KNP Crystallization Region. To determine the concen-
tration region and crystallization temperatures of KNP in the
Nd203—K;0—P,0s5 system, we studied several solution com-
positions. The procedure we used for each solution composition
study is summarized in the following four steps: solution
preparation and homogenization, determination of the satura-
tion temperature, crystal growth, and phase identification.

(9) Xue, D.; Zhang, S. Phys. Status Solidi 1998, 165, 509.
(10) Mazurak, Z.; Jezowska-Trzebiatkowska, B.; Schultze, D.; Wa-
ligora, C. Cryst. Res. Technol. 1984, 19.
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Table 1. Growth Data for KNP Single Crystals

solution composition solution seed rotation velocity cooling interval cryst dimens cryst
expt Nd,03—K,0—-P,05 wt (g) orientation (rpm) (K) (a x b x ¢)(mm?) wt (g)
1 10/30/60 20 c* 45 12
2 10/30/60 20 b 45 16 7.3 x 2.6 x 10.0 0.37
3 10/30/60 20 a* 45 17 3.4 x9.5x80 0.30
4 10/30/60 20 a* 60 17 4.2 x10.6 x 8.3 0.33
5 7/31/62 20 a* 60 17 3.0x79x%x59 0.34
6 4/31/65 20 a* 60 24.5 2.7x9.05x173 0.27
7 6/34/60 20 a* 60 16 3.0x9.1x6.8 0.36
8 6/34/60 20 b 60 15 8.4 x44x%x63 0.41
9 6/34/60 20 a* 75 15 3.5x93x%x69 0.47
10 6/34/60 20 b 75 15 118 x28x7.2 0.47
11 6/34/60 200 a* 75 17 7.8 x14.9x 9.5 1.84
12 6/34/60 200 b 75 17 16.0 x 6.2 x 12.7 1.98

The experiments were carried out in a vertical tubular
furnace with a Kantal AF heater. The temperature was
measured by an S-type thermocouple and controlled by an
EUROTHERM 818 P controller/programmer connected to a
thyristor. Platinum crucibles (25 cm®) were used to prepare
roughly 20 g of solution, using Nd.O3, K,COs3, and NH4;H;PO4
mixed at the chosen ratios. To prevent the formation of
phosphate acids, which can react with platinum at high
temperatures, these initial reagents were decomposed by
heating them at the minimum temperature required to reach
the complete bubbling of NH3, CO;, and H;O. The solution was
then homogenized by maintaining the temperature at about
1173—-1273 K for 5—12 h, depending on the solution composi-
tion.

Small KNP crystals were then added to the solution.
Because of the surface tension and natural convection pro-
cesses, these crystals stayed on the center of the surface, which
was the coldest point of the whole solution. Then, the satura-
tion temperature was accurately determined by observing the
growth or dissolution of these small crystals over long periods
of time. A platinum disk with a rotation of 45 rpm placed into
contact with the solution surface was then used to grow the
crystals by lowering the solution temperature to about 25 K
below its saturation temperature. The cooling rate used to
obtain the supersaturation of the solution was 1—2 K/h.

We preliminarily identified the crystals by direct observation
with an optical microscope and then by X-ray powder diffrac-
tion analysis. Some were also observed and photographed in
a scanning electron microscope (SEM) JEOL JSM 6400.

X-ray Powder Diffraction. We used the X-ray powder
diffraction technique to analyze several aspects of the KNP
structural study, such as identifying the KNP crystalline phase
and some neighboring phases in the determination of the KNP
crystallization region. The experiments were carried out with
a D5000 Siemens X-ray powder diffractometer in a 6—6
configuration using the Bragg—Brentano geometry and Cu Ko
radiation.

We also used this technique to study the evolution of the
crystal cell parameters with temperature and the linear
thermal expansion tensor of KNP. The equipment was the
same, but with a high-temperature chamber (Anton-Paar
HTK10 platinum ribbon heating stage). The X-ray powder
diffraction patterns were recorded, with a scintillation detector,
at 20 = 10—70°, step size = 0.03°, step time = 5 s, and
temperatures of 298, 323, 373, 473, 573, 673, and 773 K, with
a delay time of 300 s before each recording.

For the phase transitions of the KNP, performing the
heating and cooling of the sample using the same equipment,
in this case, a Braun position sensitive detector (PSD) was
added. The X-ray powder diffraction patterns were recorded
at 20 = 10—70°, and the measuring time per degree was 10 s.
We performed two experiments. In the first one, we studied
how the material evolved with temperature from room tem-
perature to 1273 K. In the second one, we used a smaller
temperature range (from room temperature to 523 K) to
specifically study the phase transition reported in the litera-
ture.! For the first experiment, we first heated the sample at
arate of 10 K/s from room temperature to 673 K, and then we

decreased the heating rate to 0.17 K/s and increased the
temperature to 1273 K. From this maximum to room temper-
ature, the same rates and temperature intervals were used.
Diffraction patterns were registered every 50 K between 673
and 1273 K in both processes. For the second experiment, the
sample was heated from room temperature to 373 K also at a
rate of 10K/s and between this temperature and 523 K at a
rate of 0.017 K/s. We then performed the cooling process from
523 K to room temperature with the same rates and intervals
and recorded the diffraction patterns in both processes every
25 K from 373 to 523 K.

Differential Thermal Analysis (DTA) Measurements.
We also studied the phase transitions of KNP by DTA
measurements before studying them by X-ray powder diffrac-
tion. We used a TA Instruments simultaneous differential
techniques instrument SDT 2960. The sample, which weighed
around 20 mg, was placed in a platinum pan, and calcined
Al;O3 was used as reference material. We used Ar as purge
gas at a flow of 90 cm®min. We performed two experiments.
In the first one, we used a heating rate of 10 K/min between
room temperature and 1273 K, and in the second one, we used
a heating rate of 1 K/min between room temperature and 523
K. The storage rate of data was always 0.5 s /data point.

Top Seeded Solution Growth (TSSG). To obtain KNP
single crystals of a suitable size and quality for later optical
studies, several growth experiments were carried out with the
top seeded solution growth (TSSG)-slow cooling method with-
out pulling. We used the same equipment as in the study of
the crystallization region. The solution was placed in a
platinum conical crucible of 25 cm®. The temperature was then
increased to about 50 K above its saturation temperature and
maintained for 3—4 h to homogenize the solution. The axial
temperature gradient in the solutions was 0.75—0.92 K/mm,
and the surface was colder than any other part of the solution.
Crystals were grown with constant rotation using KNP par-
allelepipedic oriented seeds located at the center of the solution
surface. The size of the seeds used was approximately constant
for all growth experiences being 10 x 2 x 2 mm? along a, b, ¢
with a disposed vertically or 2 x 10 x 2 mm® when b is
disposed vertically to the solution surface.

We accurately determined the saturation temperature by
observing the growth or dissolution of a KNP seed in contact
with the surface of the solution. The crystals were grown
submerged in the solution with constant rotation by decreasing
the solution temperature at a rate of 0.1 K/h.

We studied three parameters of the KNP crystal growth
process during the experiments: solution composition, seed
orientation, and rotation velocity. These parameters and the
results obtained are shown in Table 1 (see expts from 1 to 10).

These results led us to introduce a small change in the
growth method in order to increase the mass transport in the
solution and improve the quality of the KNP single crystals.
We introduced a growth device previously tested in our
laboratory.'! To introduce it, we had to use a platinum conical

(11) Carvajal, J. J.; Nikolov, V.; Solé, R.; Gavalda, Jna.; Massons,
J.; Rico, M.; Zaldo, C.; Aguil6é, M.; Diaz, F. Chem. Mater. 2000, 12,
3171.
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Figure 1. Crystallization Region of KNP and saturation temperatures in the system Nd;O3—K,O0—P,0s. SEM images of KNP

and neighboring phases.

crucible of 125 cm®. This device comprises a platinum turbine,
centered on the rotation axis, and two seed supports above it
symmetrically displaced from this axis. With this device, we
performed the two last experiments listed in Table 1. The
growth parameters used were those that had provided the best
results in the first study.

Second Harmonic Generation (SHG) Measurements.
We used the Kurtz method!? to measure the second harmonic
response of the KNP. The sample analyzed was powdered and
graded with standard sieves to obtain a uniform particle size,
between 5 and 20 um. After being packed uniformly, the
sample was placed in a 2 mm-thick quartz cell and irradiated
using a pulsed Nd:YAG laser.

We measured the energy reflected by the sample to estimate
the incident power. We also measured the energy of the double
radiation it emitted, which had double the frequency of the
incident radiation, using a silicon PIN. The ratio between these
signals was used to estimate the second harmonic efficiency
of the sample. This ratio was calculated as an average of over
100 laser shots. This efficiency was compared with that of
KDP,"® which is a well-known nonlinear optical material.

Results and Discussion

KNP Crystallization Region. The crystallization
region of KNP in the Nd203—K>0—P;05 system and the
saturation temperature isotherms could be drawn after
studying about 40 compositions of the solution. Figure
1 shows this crystallization region and some neighboring
phases. It also shows SEM images of KNP and neigh-
boring phases.

The crystallization region of KNP is placed between
a Nd»03/K,0 molar ratio of 25/75 and 3/97 and a P,05
concentration between 55 and 73 mol %. The saturation
temperature isotherms are roughly parallel to the
border of the crystallization region with the lowest

concentration of Nd;O3. This is also almost parallel to
the isoconcentrational lines of this oxide. The saturation
temperature isotherms increase from 973 to 1123 K
when the Nd,O3 molar ratio is also increased.

The neighboring phases of the crystallization region
identified are NdPO, (ortophosphate),!* Nd(PO3)3 (meta-
phosphate),'® and NdP50y4 (ultraphosphate).!> NdPO4
crystallizes below the KNP crystallization region for a
P,05 concentration of less than 55 mol %. In the same
way, NdP504 crystallizes above the KNP crystallization
region for a P,05 concentration of more than 73 mol %.
In the region between these two P;Os5 concentrations,
and for a Nd,O3/K,;0 molar ratio below 25/75, the Nd-
(PO3)3 phase crystallizes. When the Nd203/K20 molar
ratio is above 3/97, the increase of the viscosity of the
solution hinders the crystallization. Although the vis-
cosity of the solution depends on its composition, it is
very high throughout the crystallization region.

Crystal growth is difficult in highly viscous solutions.
The molecules inside it have a low mobility so they find
it difficult to reach the crystal surface. The average time
of homogenization therefore increases, and the average
growth rate and crystal quality decrease.

In this paper, we qualitatively studied the relation-
ship between the solution composition and the growth
rate, which is directly influenced by the viscosity of the
solution. When we increased the P,O5 concentration and
kept the saturation temperature roughly constant, the
viscosity of the solution went up. With this result, and
taking into account the inverse relationship between
viscosity and temperature, we chose a suitable zone of
solution compositions in the crystallization region to
initiate the crystal growth experiments and obtain high

(12) Kurtz, S. K.; Perry, T. T. J. Appl. Phys. 1968, 39, 3798.
(13) Dmitriev, V. G.; Gurzadyan, G. G.; Nikogosyan, D. N. Hand-
book of Nonlinear Optical Materials; Springer-Verlag: New York, 1991.

(14) Ni, X.-Y.; Hughes, J. M.; Mariano, A. N. Am. Mineral. 1995,
80, 21.
(15) Hong, H. Y.-P. Acta Crystallogr. 1974, B30, 468.
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quality KNP single crystals. The region that was ap-
parently optimal for crystal growth is the one that has
a low concentration of P,0Os5 and the highest saturation
temperature and also a high concentration of Nd,Os.

Top Seeded Solution Growth (TSSG). The experi-
ments in which we analyzed the three growth param-
eters aforementioned in order to obtain information
about the crystal growth of KNP are summarized in
Table 1.

The effect of the seed orientation on the crystal growth
was analyzed using Nd203—K;0—P,05 = 10/30/60 as
initial composition and a rotation velocity of 45 rpm (see
experiments 1—3). We concluded that the a* and b seed
orientations were suitable for growing KNP single
crystals. The crystal growth process (growth rate, qual-
ity) was similar using both of these orientations. On the
other hand, the ¢* orientation was unsuitable because
when the crystal was heavy, the seed tended to break
perpendicular to this direction, which led to a loss of
crystal.

Four initial solution compositions were used in the
study. Three of these, Nd;03—K,0—-P,05 = 10/30/60
(expts 1—4), 7/31/62 (expt 5), and 6/34/60 (expts 7—12),
were in the previously described optimum concentra-
tions region and had low concentrations of P05, but one,
4/31/65 (expt 6), was fairly displaced from it and had a
high concentration of P,Os. For experiment 6, the high
viscosity of the solution due to the high P,O5 concentra-
tion produced crystals that were too small and too light,
despite the long cooling interval. The quality of the KNP
single-crystal grown in this experiment was also too low.
The growth processes with the other compositions (60
and 62 P05 mol %) were similar, but for the solution
composition of 62 P,05 mol % the growth rate was
slightly lower and the average time of homogenization
was slightly (about 2 or 3 h) longer.

The rotation velocity was also analyzed. Because the
solution was very viscous, a high rotation velocity was
needed. In fact, the quality of the crystals was best with
the highest of the three rotation velocities we used (45,
60, and 75 rpm), and the growth rate increased slightly.

The quality of the single crystals grown was not
sufficient, although it improved considerably when we
used the final growth conditions (experiments 9 and 10)
with the high rotation rate. We used the previously
mentioned growth device. This increased the movement
of the growth units inside the solution that had been
hindered by its viscosity. The initial growth conditions
used with the growth device are shown in Table 1
(experiments 11 and 12). The quality of the single
crystals obtained was high. Figure 2a shows a KNP
single-crystal grown using the conditions in experiment
11.

Crystal Morphology of KNd(PO3),. To describe the
morphology of the crystals, we observed KNP small
single crystals by scanning electron microscopy (SEM)
(Figure 1) and large single crystals using an optical
microscope (Figure 2a). The habit was formed by the
crystalline forms {001}, {100}, {011}, {011}, {110},
{110}, {101}, {101},{111}, and {111} (Figure 2b). Many
of these faces are not equivalent by symmetry, but they
are very similar, and it was difficult to identify them.
Although KNP crystallizes in the monoclinic system, its
f angle is close to 90°, and its cell parameters are quite
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Figure 2. (a) KNP single crystal grown with a seed in the a
direction. (b) Scheme of the crystal morphology where both
direct (a, b, ¢ and reciprocal (a*, b*, ¢*) lattices are indicated.
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Figure 3. Relative thermal evolution of the cell parameters
and unit cell volume of KNd(PO3)4.

similar. All these aspects made it difficult to identify
the directions and faces of the single crystals by simple
observation, so we used X-ray diffraction analysis in face
indexation. It is very important to know the morphology
of the crystal to be able to made its physical character-
ization.

Linear Thermal Expansion Tensor. As a mono-
clinic material, KNP shows crystallographic anisotropy
in all its physical properties, such as its thermal
expansion. When studying a laser material, it is very
important to determine and locate the thermal ellipsoid
because some of the pumping light power is converted
into heat inside the crystal. In this paper, we have
studied how the temperature affects the structure of the
material.

We used X-ray powder diffraction in the 298—773 K
temperature range to determine how the cell param-
eters evolved with temperature and then used the
FULLPROFF program!® and the Rietveld method!” to
refine the cell parameters previously obtained. The
linear relationship between the average change in each
cell parameter (AL/L) and the temperature is shown in
Figure 3. Cell parameters a, b, and c increased as the
temperature increased, but the f angle remained roughly
constant. The increase was greatest in the [100] direc-
tion and lowest in the [001] direction. Although this

(16) Rodriguez-Carvajal, J. Short Reference guide of the computer
program FULLPROF:; Laboratoire Leén Brillouin, CEA-CNRS: Saclay,
France, 1998.

(17) Young, R. A. The Rietveld Method; Oxford Science Publication,
International Union of Crystallography: New York, 1995.
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Figure 4. Thermal expansion ellipsoid for KNP in projection
parallel to [010].

increase was low, KNP dilated slightly as the temper-
ature increased. This is a good property for laser
materials because they have to work at temperatures
above room temperature.

The linear thermal expansion coefficients can be
calculated from the slope of the linear relationship (AL/
L) and the temperature for each unit cell parameter.
The linear thermal expansion tensor al room tempera-
ture in the crystallophysical system Xi||a, Xz||b, X3||c*
is

11.90 0 0.49
Wyanp =0 10.70 0
049 0 7.8

x 1076 K™

In the principal system, Xi', Xo'||b, X3', the diagonal-
ized linear thermal expansion tensor is

11.95 0 0
o wnp = |0 1070 0 |x 107°K™!
0 7.13

The principal axis with maximum thermal expansion,
X1', was found 5.83° clockwise from the a axis. The axis
with a minimum thermal expansion, X3', was found at
3.66° from the c axis. The thermal expansion ellipsoid
in the principal axes is shown in Figure 4.

Phase Transitions. We used differential thermal
analysis (DTA) and X-ray powder diffraction technique
to study how the material evolved with temperature.
The equipment used to do this analysis has already been
described.

The stability of the KNP phase was analyzed between
room temperature and 1273 K by differential thermal
analysis and X-ray powder diffraction. The thermogram
obtained in the 500—1250 K range is shown in Figure
5. An exothermic peak at 1165 K was observed. The
change in weight during the experiment was not rep-
resentative. We did a more detailed study using X-ray
powder diffraction by heating and cooling the sample.
At this temperature (1165 K), two new phases began to
appear, but only one remained until room temperature.
Figure 6 shows in the bottom the X-ray powder diffrac-
tion pattern of KNd(PO3)4 at room temperature and the
selected patterns at different temperatures describing
the evolution of KNd(PO3)4 with the temperature in both
heating and cooling processes.

New peaks in the X-ray diffraction pattern recorded
at 1173 K corresponded to these two phases. One was
identified as Nd(POg)3 (70-0967-JPDS database!®), and
the other was identified as NdPO,; (83-0654-JPDS
database'®). Although both of these phases appeared at
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this temperature and almost at the same time they
behaved differently. The intensity of the peaks for the
Nd(POs)s phase decreased steadily between 1173 and
1273 K, until they disappeared completely. On the other
hand, the intensity of the peaks for the NdPO4 phase
increased steadily in the same temperature range and
then remained fairly constant until the last X-ray
diffractogram at room temperature in the cooling pro-
cess. DTA and X-ray powder diffraction analysis showed
that, at 1165 K, KNP decomposed irreversibly within
weight loss into two new crystalline phases, Nd(POs)3
and NdPO,. However, between this temperature and
1273 K, a completely crystalline transformation of Nd-
(PO3)3 into NdPO4 occurred. The sample weight re-
mained constant, so any amorphous phase was probably
formed. X-ray powder diffraction analysis and DTA
results suggested that the exothermic peak at 1165 K
in the thermogram may be related to a decomposition
of KNP in accordance with this reaction:

2KNd(PO,), —
Nd(PO3); + NdPO, + amorphous phase

Under the measurement conditions, we used the
phase transition at 440 K, reported in the literature!
as a monoclinic-to-orthorhombic transition, which was
not observed. To analyze this, we carried out a DTA
study at lower velocity from room temperature to 523
K by heating and cooling the sample. We observed no
phase transition at this temperature either in the
heating cycle or the cooling cycle, though there was a
very small change in weight, either in the heating cycle
and the cooling cycle. We also analyzed this temperature
range by X-ray powder diffraction and by heating and
cooling the sample in the same temperature range and
at the same rates. Again, no phase transition was
observed.

Second Harmonic Generation (SHG). The SHG
efficiency (i7) of KNP, calculated as described previously,
was compared with the efficiency of KDP, which is
widely used for nonlinear optical applications. The value
of n/nkpp we obtained was approximately one. The
possibility that a self-frequency doubling laser may be
developed increases the interest in this material.

Conclusions

We determined the crystallization region of KNP in
the Nd203—K>0—P,05 system with the saturation tem-
perature isotherms and some neighboring phases. We
chose a suitable region of compositions to perform the
crystal growth, which is placed in the zone poor in P;05
and with high saturation temperatures, where the
Nd,O3 concentration is high.

We successfully grew KNP single crystals by the top
seeded solution growth slow cooling method (TSSG).
Crystal growth was optimized to achieve suitable qual-
ity and size of the crystals for later studies to check the
applications of this material as miniaturized laser and
nonlinear optical device.

KNP growth process have been studied and some
growth parameters optimized. We have concluded that

(18) JCPDS-ICDD, Joint Committee for Powder Diffraction Stan-
dards-International Center for Diffraction Data: Philadelphia, PA,
2000.
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describing the evolution of KNd(POs), with the temperature in both heating and cooling processes.

both a* and b seed orientations are suitable for KNP
growth by TSSG. For a c* seed orientation, we have
systematically lost the crystal. A low P,05 concentration
is suitable for the growth process, which agrees with
the conclusion we previously drew from the study of the
crystallization region. We have also verified that a high
rotation velocity facilitates crystal growth. The growth
device we have used improves the quality of the crystals
considerably.

We have also studied how the material behaved as
the temperature increased. Phase transitions of the
material have been determined. KNP decomposes ir-
reversibly at 1165 K, according to the reaction proposed,
thus generating two new crystalline phases NdPO4 and

Nd(PO3)s. We have studied how the cell parameters
evolved with the temperature and found that the
material dilated slightly in any crystallographic direc-
tion.

Finally, since it may be used as nonlinear optical
material, we measured the second harmonic efficiency
of KNP, and this was similar to that of KDP.
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Abstract. Type lll KGd(PQ), and KNd(PQ), inclusion-free single crystals can be grown
using the top seeded solution growth-slow coolireghad (TSSG) without pulling in spite of
the high viscosity of the solution, around 2 Dpiseaing by impurities in the crystals was
minimized using the corresponding self-fluxes alwvesd. We determined the main growth
process that they follow by analyzing the typicabmmmorphologies that appeared on the
surface of the as-grown faces. The crystal mormhieto of KGP and KNP were identified
using X-ray diffraction analysis. The external habppeared more symmetrical than it
structurally was because, although KGP and KNPnawaoclinic with the space group £2
they have an almost cubic cell because their eglupeters are similars and fhangle is so
close to 90°. We checked the chemical stabilitil@GP and KNP in basic and acid media. The
distribution and geometry of structural defects evetudied by analyzing the etch pits that
appeared on the {100}, the {010} and the {001} fa&nThe crystals cleaved parallel to {010}
and {001}, so the surface micromorphology of bothnis was studied. We determined the
orientation, the density and the height of the videlaplanes. We also characterized the local
plastic deformation of KGP and KNP by measuring itiierohardness on the {100}, {010},
and {001} forms using an indentation method.



Introduction

In the wide family of polyphosphates of potassiumd &anthanide, called as KLn(R)@(long-
chain geometry) or KLnf®1, (cycling geometry), the structural type 11l KLn(B@stands out
for being non-centrosymmetrical. Type Il structurae monoclinic and have P&s space
group and Z=2"2 This structural feature means that type Il KGB{R (KGP) can be
regarded as a self-doubling host that, becausés afaping facilities, can be used to obtain
light throughout the UV-Vis region up to 180 nm, avhthe UV transparency edge of KGP
appears. Similarly, the stoichiometric type Il Kf®D;), (KNP) can combine the pin
infrared laser emission of neodymium with the sekcbarmonic generation properties of the
host to produce green laser radiation by self-feegy doubling. Both crystals, can be
successfully grown as single crystals of few mi#iers without inclusion$®. Moreover, they
are protected from deforming when working at higmperatures because of their almost
isotropic thermal expansion. This almost isotrapéhavior has been repeatedly observed in
other properties, such as optical or mechanicgqmtees.

KGP and KNP crystallize in the monoclinic systend drave P2 as space group. The cell
parameters for KGP are a=7.255(4) A, b=8.356(5+#.934(5) A=91.68(5)° and Z=2 and
those for KNP are a=7.2860(10) A, b=8.4420(10),.6380(10) A=92.170(10)° and Z=2
Note that both structures are rather isometric eeaof the similarity between their cell
parameters and the fact that fhangles are close to 90°. These structural parasnééscribe
an almost isometric structure which could explagt anly the almost isotropic properties
observed but also the indistinguishable crystalphology of the as-grown crystals by simply
observation. In this paper, we describe how waallytdetermined the crystal morphology of
type Il KLn(PO;s)4, LN=Gd and Nd. Using X-ray diffraction analysise wnanaged to index
the faces that, by symmetry appeared equivalenintfact were not. It is extremely important
to know the morphology of any anisotropic matesiaice all properties are highly dependent
on the sample orientation. Crystals must theretoeewell orientated when cutting and
polishing.

We analyzed the surface morphology of as-grown @B KNP single crystals in order to
determine their main growth mechanism at the optihivalues of growth conditions such as
solution composition, rotation velocity, coolingteaand seed orientation® at constant
supersaturationa) and without the deliberate presence of impuritiethe system.

The surface morphology of the (100), hand-made )G (001) etched faces was also
analyzed to study the distribution and densitytoicural defects and to prove the chemical
stability of crystals.

When cutting and polishing the type 1l KGP and Kiifystals, they cleave parallel to {001}
and {010}. We analyzed therefore the surface molquyo of both planes. To evaluate the
local plastic deformation, we also measured theroh@rdness on the {100}, {010}, and
{001} forms.

Experimental Section

Crystal growth. As type Ill KGP and KNP single crystals melt ingouently at 1142 and
1165 K, respectively, we used a high-temperatuhgtisn method to growth them. As solvent
we used an excess of potassium and phosphorussokiderder to avoid foreign ions in
solution. The solubilities of KGP and KNP in thisseem were studied in a composition range
within the crystallization region of the Rphase-type Ill for each materiaf. Thus, the
solubility curve of KGP was determined from 1.51 solute mol % and that of KNP was



determined from 4 to 20 mol %. Solutions were pregaby mixing the desired ratios of
gadolinium or neodymium oxide, respectively, andapsium oxide, and phosphorus oxide,
using KCO; and NHH,PQO, as initial regents. To determine the solubilityras, we
decreased the temperature of the homogeneousosologi 25 K approximately every 30
minutes until small crystals appeared on a platinuite immersed in the solution. The
saturation temperature was then accurately detedriiy observing the growth or dissolution
of these small crystals by applying a gradual iasecor decrease of 5 K approximately every
hour.

Small single crystals were grown on a platinum datlating at 60 rpm and in contact with the
center of the solution surface. The axial tempeeaincreased by about 12 K per millimeter
when dipping from the surface to the bottom of ¢thecible, which was the coldest point of
the volume. The cooling rate was 0.5-2 K/h, depegdin the solution composition, and the
temperature dropped to about 25 K below saturagamperature. The crystals obtained were
analyzed by X-ray powder diffraction in order tesare that the RZohase crystallized.

To obtain inclusion-free KGP and KNP single crystalve used the top-seeded solution
growth (TSSG) - slow cooling method without pullinghe optimized solution composition
used was LyO;:K,0:P,05=6:34:60, with Ln=Gd or Nd. Crystals were grown on
parallelepipedic seeds kept on a seed holder mgtati 75 rpm and equipped with a turbine at
the bottom. The seeds were orientated either patallthe b-direction or normal to the faces
(100) or (001), hence parallel to the a*- and a®diions of the reciprocal lattice, which are
placed around 2° from the a- and c-directions efdhect lattice (see figure 6). The cooling
rate was 0.1 K/h and the temperature dropped toitad® K below saturation temperature.
Table 1 shows the optimal growth conditions andréseilts typically obtained when growing
both KGP and KNP single crystals (see refs. 3 afat further details).

X-ray Diffraction analysis. In order to identify and orientate the crystallif@ms that
comprised the morphological habit, we used the Kdiifraction technique. Analyzes were
made using a Siemens D5000 diffractometer (Braggy@no parafocusing geometry,
horizontal-2 goniometer with an open Eulerian ceaditted with an aperture slit close to the
sample (70 mm long) and 0.03° receiving slit. Mefed Cu K radiation (30 mA, 40 kV) and

a scintillation counter as a detector were usenBity was measured with a point focus Cu
tube We measured the pole figures (200) or (002). Ytangle was increased from 0 to 5°
with a Ax of 0.5° and the&p-angle was increased from 0 to 360° witlAda of 3° and 3s of
counting time. The pole figure (220) or (022) weneasured in order to determine the
orientation of the b direction by comparing theattegical and experimental values of angles
between (200) and (220) or between (002) and (028pectively. Whereas the theoretical
value of the angle between (200) and (220) was8201the theoretical angle between (002)
and (022) was 43.56 °. Therefore, gaangle was ranged from 30 to 50° for (220) polarkg
and from 35 to 55° for (022) pole figures. The ottenditions were kept constadty was 2°
and thep-angle was increased between 0 and 360° with af 3° and 3s of counting time. To
confirm each peak observed on the pole figure, witlasureg and¢-angles, a @-scan was
recorded from 10° to 50° with a step size of OrisP @ step time of 3s.

Surface micromorphology analysis.Surface morphology studies were performed using
microscopic techniques such as confocal microscepgnning electron microscopy (SEM)
and atomic force microscopy (AFM).

The as-grown faces of both KGP and KNP single algsgrown on a platinum disk were
systematically analyzed using a confocal Sensofar 2800 microscope under blue light of
A=470 nm in ambient atmosphere. The surface formstified were more accurately studied



using a scanning electron microscope (SEM) Jeol 83B80. The etched faces and indented
planes were analyzed by scanning electron micrgs¢8gM). We studied the {010} and
{001} cleavage forms using the same techniqueshaseaand an atomic force microscope
(AFM) Molecular Imaging Pico Plus 2500. The AFM iges were recorded in ambient
atmosphere at room temperature in the tapping meaeshly cleavage internal planes were
obtained from well oriented small crystals that eveleliberately broken parallel either to
{010} or {001} by smartly tapping with a scalpelgaed parallel to these planes and along the
[100] direction.

Chemical Stability. To check the stability of KGP and KNP against athatt, a piece of
crystal of every material was kept submerged intgmh for different periods of time, from 1
minute to 100 hours, at room temperature. BulkIsirgystals were cut to prepare samples
that contained the (100), (010) and (001) facethé@ir morphological habit. The (010) face
was hand-made by cutting the upper edge of thaatsyand taking the edge of meeting of the
(100) and (101) faces, thus the [010] directioniedsrence. We used a 0.5 M solution of \NH
(30%) (pH:11) as basic medium. As acid media we used a (M E2lution of HCI (35%)
(pH~2) and a mixture of 80, (96%) and HF (40%) at a volume ratio of 75:25{H

The weight of the samples was periodically consabll Initially, we weight the etching
container, which comprised the sample and enoughast volume to totally cover the
sample. The container was carefully closed to aebathant evaporation in order to use this
initial weight as reference. The crystal faces wads® periodically observed using an optical
microscope to localize possible etch pits. Oncespnlegl, these etch pits were more accurately
analyzed by scanning electron microscopy (Jeol 6360).

Microhardness. We measured Vickers microhardnéssn order to evaluate the local plastic
deformation of each material. Measurements werentadn the {100}, {010}, and {001}
forms to evaluate the microhardness anisotropy.ufthanm thickness-platelets cut parallel to
these planes were used.

The Vickers method is based on a static indentatiade by pressing down a standard-sized
square-based pyramfti Microhardness can be obtained by applying theresgion: H =
1.8544-g-Pi where P is the standard load (N) and d is theatial of the pyramidal
impression (mm) obtained after the load is remov®d.applied standard strengths of 1, 0.5,
0.3, and 0.1 N and kept the dwell time consta@t @tFor each load, several indentations were
made and the average diagonal imprints were usethencalculations. To measure the
diagonal imprints of the indentation, we used d J&M 6400 scanning electron microscope
(SEM).

Results and discussion

Crystal Growth. The solubility curves of KGP andNP are shown in Figure 1. From
previous investigation$*>, we knew that the crystallization region of KNPwiiler than that

of KGP. We therefore determined solubility curvesvieen 4 and 20 solute % and between
1.5 and 14 solute %, respectively. The solubilityves are almost parallel in the 8-12 mol %
solute/92-88 mol % solvent solution compositionganwhich corresponds to the optimal
zone in the P2 crystallization region for growing single crystaldé The change of the
lanthanide constitutional element in the structaemsed a slight decrease in saturation
temperature. KGP is therefore more soluble than KiNfts own flux. In both cases, the
saturation temperature sharply rose as the soduteenitration in solution increased.



We successfully obtained inclusion-free KGP and Kdiiyle crystals using the top-seeded
solution growth method in spite of the high vis¢p2f this kind of flux, which has been
measured with a coaxial viscosimeter to be arouBp2This not only decreased the growth
rate and prolonged the growth process but alsateffethe quality of the crystals. However,
we minimized this effect by improving several growparameters and managed to grow
suitably sized inclusion-free crystals that weret@cted from poisoning by impurities. One of
these growth parameters was the solution compositMe found a composition point (Table
1), around the center of the P#hasecrystallization region, where both crystal phasdbity
and viscosity were suitable. To improve the solustirring and hydrodynamics, we designed
and developed an accentric growth device equipg#daaplatinum turbine submerged in the
solution. The seed holder was placed around 1.5awmay from the rotation axis and the
platinum turbine around 2 cm under the holder ¢f#gR). We used a high rotation rate, 75
rpm, not only to improve the homogenization of tiedume by the rotation turbine but also to
minimize the boundary layer of growth and to immothe mass transfer. Although the
solubility of KGP was higher than the solubility NP, its viscosity was a little higher. This
was observed qualitatively in the growth experiradnit it also agreed with the fact that KNP
had a higher growth rate (Table 1).

We successfully grew KGP and KNP single crystatnglthe directionsa*, b, and c*.
However, as we mentioned earlier, these crystalsismally grown only froma* or b-oriented
seeds so as not to risk losing the crystal whengusf-oriented seeds. This problem was
repeatedly observed with KNP but not with KGP. &atf not only were KGP crystals of the
same size grown witlt*-oriented seeds but also they present the highestitly rate
(experiment 3).c*-oriented KNP seeds were not able to resist sutligl crystal weight
(experiment 6). Although there is another cleavagiane perpendicular to thd
crystallographic direction, KGP or KNP crystals warever lost when growing along this
direction.

Surface Micromorphology of the As-grown Faces.The surface structures commonly
observed on the as-grown faces of both KGP and KiNBtals generally consisted of highly
polygonized macrohillocks made up of growth magrefa. Figures 3a and 3b show SEM
images of small KGP single crystals with this kiofdstructures on the (101) face and either
the (100) or (001) face, respectively. As alreaddntioned, in SEM images, it was impossible
to distinguish between the (100) and (001) facesbse of the almost isometric structure of
KGP. The macrohillocks usually reflected the moiphy of the face because the edges of the
growth layers become straight to the edges of thestal. Figure 4 shows an optical
microscope image of a highly polygonized macrobklon a (100) face of a small KGP single
crystal grown on a platinum disk. The growth laysrpeated the common shape of a (100)
plate (figure 4c) formed by the lower-index facésp1) and (A1) and the angle between
them. These macrohillocks are probably formed assalt of unstable growth conditions
similar to those responsible for hopper morpholagyen both the stability of the surfaces and
the instability of the edges participateThe growth lawyers seemed to stars fro the edfes
the faces. Their thickness decreased from the eddese it was about280 nm, 400 times the
unit height (a=7.255 A), to the central region bé tfaces, where it was about 70 nm, 100
times the unit height. The large depression orcérgral part of the growing face agreed with
this growth mechanism. A topographical analysistiia zone revealed that the central part
was about 1Qum deeper than the edges of the faces (figure 4gré-5 shows a large number
of isolated macrohillocks on a KNP (001) internédne that are probably associated with
growth dislocations. These were slightly more raddhan those observed on the external
faces but they were sparse on the growth layergathdr orientated parallel to them. In fact,



the most of them grew on the kink sites providedh®yedges of the macrolayers. Profiles in
figure 5 shows that the thickness of the growthetay(left) coincided with that of the
macrohillocks (right). It was about 300 nm, whish3i75 times the unit height (c=8.0340 A).
The growth layers and the distribution of macraluKs on them were always orientated
parallel to [100]. The isolated macrohillocks wepeobably formed because the mean
interdiffusion distance was smaller than the memtadce between the kinks on this face,
according to the interpretation based on the taiwveen these two distances

Crystal Morphology. In the first steps of KGP and KNP crystal growthhen the seed
orientation could still not be controlled, X-rayffdaction analyses were needed to correctly
determine the morphology of the crystals grown,chtseemed to be more symmetrical than
they really were because of the unique 2-fold aldsg theb direction.

Taking into account only the crystal cell parametand the space group, we calculated a
theoretical morphological scheme for type Il cayst according to the Donnay-Harker |&v
Table 2 lists the crystalline forms {hkl}, equivatefaces and correspondingqdvalues for
both KGP and KNP. The morphological scheme dravinguthe Software Shape utilit},
and the corresponding stereographic projectionstawe/n in Figure 6 in projection parallel to
b andc* (normal to the (001) face). The last one is venyilar to that parallel t@* (parallel

to the (100) face) (see ref. 3 or 4). The onlyatiéhce between them are the {111} andi {L}
forms. These faces can therefore be used to dissindetween (100) and (001). However, in
the experimental scheme, which does not differ smhmfrom the theoretical, these faces
seldom appeared (see ref. 3 and 4). Crystals gnaitim a*- or c*-oriented seeds were
therefore not only comparable but they could bdéyeasstaken.

It was therefore necessary to use X-ray diffrachoalysis to discriminate between the (100)
and the (001) faces. We measured the (200) and (@02 figures in a region close to the face
perpendicularity. A pole figure (220) or (022), éeding on the result of the previous one,
was then recorded in order to confirm theorientation by comparing the theoretical and
experimental values of the angle between thesesfd@80) and (220) or (002) and (022),
respectively. Selected three-dimensional (002) bindimensional projection of (022) pole
figure and the correspondin@-82cans ak and¢ angles fixed by them are show in figure 7.
Whereas the theoretical angle between (002) an?)) (8243.56°, the angle values obtained
were 45.91° and 41.57°. The narrow (002) peak ctosa nil x also revealed the good
orientation but also the high crystallinity of tb@mples.

The next face most likely to appear in the crystalhabit of KGP is (020), according to the
Donnay-Harker law® (table 2). This face is hardly observed in singigstals grown by top
seeded solution growth and is more usual in smgltals grown without seeds. Figure 8
shows a SEM photograph of a KGP small crystal \{fitture 8a) and without (figure 8b) the
(020) face appearing in the crystalline habit. Tfase has never observed in the KNP
morphology. Probably, the appearance of the (026¢ bn KGP crystals depended on some
crystal growth parameters that are not controliedsup to date.

Another morphological aspect due to fhangle being close to 90° was the need to distafgui
by simply observation between the positive andrtegative sense of the direction. This
orientation is basic to correctly cutting and ploiligy monoclinic materials. It is essential to
ensure the positive senselnivhen measuring the ellipsoid that will represewiperties such
as opticaf or thermaP*. As a preliminary analysis, we cut a small slieegendicular to this
direction, so one side should be (010) and therogheuld beo1o). By observing the
octagonal contour of theoriented slice, we were able to distinguish betwéne positive and
negative senses tfby analyzing the small turning relation betweea direct latticea or c
directions, and the reciprocal lattice* or c* directions (figure 6a). We used an optical



microscope and a milimetrical pattern under the@anas reference. Finally, to verify the

positive sense given by observation, we orientdted optical frame with respect to the

crystallographic one, as explained in referencesing the corresponding optical tensor as
reference.

Chemical Stability and Surface Micromorphology of he Etched SurfacesBoth KGP and
KNP are nonhygroscopic and highly stable for a Itinge in normal room conditions. The
crystals were also stable in acid &t or basic (pH11) media since neither weight loss nor
surface etch pits were observed even after rout®lyhours. When the acidity of the medium
was increased to p¥l, etch pits were observed after around 20 houngnvwthe sample had
lost around 0.5% of its initial weight. Figure 8osts a selection of the rhombohedral,
hexagonal, rectangular, and triangular etch piteolked on KGP or KNP samples. These etch
pits appeared always well orientated on the facek their contour walls corresponded to
families of low-index plane%’. Visualizing the crystal morphology of the sampies could
orientate them. Probably, the crystal structurenigadominated the dissolution process since
this type of figures is more controlled by surfaeaction kinetics than by diffusidi As well

as these large and deep etch pits, rows of smoetiér pits, which had a more spherical
outline (figures 8a, 8b, 8c), appeared in mostdaddese rows seemed not to be dominated
by the structure since they were distributed aldiffgrent directions on the surface.

Surface Morphology of Cleavage PlanesAs we stated above, KGP and KNP exhibited
cleavage along the {010} and {001}. In order to &ip the cleavage behavior of KGP and
KNP, we analyzed their crystal framework. The mimgportant feature of type Ill KLnP
materials is the long-chain arrangement of the phate units PQ In both KGP and KNP
these long chains run along [100JThey are joined along the other two directiod,0] and
[001], through gadolinium or neodymium and potassions by sharing oxygen atoms. The
frame was formed by intrachain P-O bonds and iheercGd-O or Nd-O and K-O bonds. Of
these bonds, the P-O bonds were the strongeshart© bonds were the weakest, according
to their covalent character. When we analyzed theimd distance we observed that d(P-
0)<d(Nd-0)<d(K-O)°. As the P-O bonds generating the long chains l@mg100], we can
say that this is the strongest direction of boffi@k0] and [001] are weaker and similar to each
other. Therefore, the crystal framework agreed whth cleavage behavior. Not only because
of the strength of bonds but also in a more gedostsense, since cleavage occurred between
chains that were on any of the cleavage planes.

On both cleavage planes, {010} and {001}, usualppeared steps of height about the unit
height, i. e. monolayer steps, placed between nmigote thicker steps of heights up to 800
pum, one thousand times the unit height, b= 8.442@ndl ¢=8.0340 A. Both mono and
multilayer steps were straight and always paradidlL00]. Most of the monolayer steps were
of elementary height, b= 8.4420 A and c=8.0340uk,there were also steps of a height of up
to roughly 5 times this height (5b or 5c). The dgnef these steps was quite regular but
higher on {010}. Figure 9 shows 800 mm thick malyiér steps on {010} and 80 nm thick
monolayer steps on {001} both oriented parall€]1i@0].

Microhardness. The measured Vickers microhardness on the {100}0§0and {001} planes
of KGP and KNP were: 4668, 586, 648 HVN and H705, 633, 702 HVN, respectively.
These microhardness values were calculated wittefarence load of 0.1 N since the
impressions on the {010} plane were accompaniedduljal cracks emanating from one of
both corners when the load exceeded from 0.3N. & bescks were placed along [100], thus
probably caused by {001} cleavage planes. As ineptproperties previously analyzed,



microhardness showed a low anisotropy becauseecdlthost isometric structure of type I
crystals. An average microhardness can be defineuhd 634 and 680 HVN for KGP and
KNP, respectively. These values would corresponditout 7 on Moh’s scale. So, type lll
KGP and KNP are as hard as quartz.

Conclusions. Although the viscosity of the solution is realligh, type Il KGd(PQ), and
KNd(PG;), inclusion-free single crystals can be grown ugimg top seeded solution growth
(TSSG) - slow cooling method without pulling. Paigag by the impurities can be minimized
using the corresponding self-fluxes,,03:K,0:P,0s, with Ln=Gd, Nd, as solvent because the
working temperature, i.e. the homogenization armamjn temperature, was not very high.
Though the solubility of KGP was higher than thAKolP, the growth rate of KGP crystals
was lower than that of KNP probably because the KBRtions were more viscous than
those of KNP. The micromorphologies that appearedhe surface of the as-grown faces of
KGP and KNP crystals revealed typical hopper molqin probably related to unstable
growth. We described in this paper the method thatused to determine the isometric
morphology of these crystals, which is indistindpaisle by direct observation. Both materials
proved to be very stable against basic and acidandthe etch pits observed on the {100},
{010} and {001} planes described polygonal outlirtest reflected the symmetry of the face.
On the {010} and {001} cleavage planes, we foundnmlayer steps of height about the unit
height among much thicker steps. Both were straagiat always parallel to [100]. KGP and
KNP show hardness similar to that of quartz.
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Table 1. Crystal growth data associated with KGP and KNRtals

A B C D E F G H | J
KGP a* 1034 20 184 59x15.6x10.3 1.77 8.85 cosgl good
KGP b 1038 20 194 8.6x4.8x9.7 1.63 8.15 colourless good
KGP c* 1031 20 180 11.0x16.2x5.6 194 9.70 cokersl good
KNP a* 1048 17 15.7 7.8x14.9x9.5 184 10.82 purple very good
KNP b 1045 17 15.0 16.0x6.2x12.7 1.98 11.65 purple very good

KNP c* 1046 14 12.7 8.7x12.3x7.1 1.76 1257 purple . few
inclusions

A: single crystal, B: seed crystallographic ori¢iota, C: saturation temperature (K), D: coolingeivial (K), E:
average supersaturation s F: crystal dimensions in a, b, and c crystabpiic directions, respectively (mm), G:
crystal weight (g), H: growth rate x 4Q/h), I: colour, J: crystal quality.




Table 2.{hkl}crystalline forms observed in KGP and KNP crystatsl correspondingl,
ordered in decreasing sense

hkI KGP dwa (A) KNP diq (A)
{(001)(001) } 7.9306 8.0344
{(100)(100) } 7.2519 7.2863
{(011)(011) } 5.7523 5.8122
{(011)(011)} 5.7523 5.8122
{(110)(110) } 5.4769 5.5163
{(110)(110) } 5.4769 5.5163
{(101)(101)} 5.4316 5.4821
{(101)(101)} 5.2753 5.2998
{(111)(111)} 4.5541 4.5986
{(111)(111)} 4.5541 4.5986
{(111)(111)} 4.4607 4.4894
{(111)(111)} 4.4607 4.4894

{(020)} 4.1780 4221



Figure 1. Solubility curves of KGP and KNP.

Figure 2. Scheme of the accentric crystal growth device uisggowth experiments.

Figure 3. SEM images of hopper morphology on faces (a) (2019 (b) (100) or (001) of
KGP small crystals.

Figure 4. High polygonized macrohillock on the (100) faceadkGP small single crystal. (a)
optical microscope image, (b) common morphologicabit of a (100) plate, (c) three-
dimensional topographic image with the profile fed hollow core.

Figure 5. Confocal image of growth layers and macrohillooksan internal (001) plane of
KNP with the corresponding profiles.

Figure 6. Morphological scheme and corresponding stereograptojections of KGP and
KNP crystals in projection parallel (a) boand (b) toc*. Direct (a, b, ¢) and reciprocal (a*, b*,
c*) lattices are indicated.

Figure 7. Selected (a) three-dimensional (002) pole figuré ¢éb) bi-dimensional projection
of (022) pole figure. Corresponding-8can at fixedx and ¢ angles of (c) (002) and (d)
(022).

Figure 8. Selected SEM images of etch figures observed orP K8 KNP faces. (a)
rombohedral etch pits on (100), (b) hexagonal eithon (010), (c) rectangular etch pits on
(010), and (d) triangular etch pits on (001).

Figure 9. Confocal images of the multilayer steps observed0d®} planes and AFM image
of monolayer steps on {001} planes.
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Abstract: Macrodefect-free single crystals of Yb-doped KB@:), a
noncentrosymmetric laser host which possesses deawoder nonlinear
susceptibility, were grown using the top seeded teolugrowth slow-
cooling (TSSG-SC) technique, reaching a maximum erlgiim
concentration in the crystal af3.2x13°at/cni. In order to evaluate the
potential for self-frequency doubling, the dispensof the refractive indices
of KGd(PQ), was studied and Sellmeier equations were constiughich
are valid in the visible and near-infrared. TheriStgplitting of the two
electronic states of ytterbium was determined fedyeorption and emission
measurements at room and low temperatures, ancltbised to compute
the emission cross sections at room temperature. flliorescence decay
time is quite long, 1.280.01 ms. Laser generation in the 1 um range is
demonstrated with this new Yb host for the firsindi Although the
maximum output power achieved, of the order of &W, was limited by
the available crystal size and doping level, therenthan 55% slope
efficiency obtained with this first sample is ratipgomising for the future.
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1. Introduction

Solid-state laser sources in the visible play apdrtant role in laser technology because they
are potentially interesting for numerous applicagidike high-density optical data storage or
laser displays. Bifunctional crystals, in which thser effect and a nonlinear optical process,
e.g. frequency doubling, occur simultaneously, aeey promising for such compact laser
designs because diode-pumped solid-state laserstepmainly in the infrared. So far the
noncentrosymmetric hosts used for this purpose wemed mainly with neodymium [1].
More recently highly efficient laser operation isveral crystals exhibiting second order
nonlinearity, doped with ytterbium, was also repdrtThese include YG@(BOs); (YCOB)

[2], GAdCaO(BOs); (GACOB) [3], YAK(BOs); (YAB) [4], GdAIx(BOs); (GAB) [5], and
LiNbO3 (LNB) [6]. The ytterbium ion is an interesting exihative to neodymium in the same
wavelength range near 1 pm while the second hamismilso in the green region. This is due
to several important advantages. The ytterbiunpiassesses higher energy-storage capability
because the radiative lifetime of the upper lasanifold is substantially longer. Its simple
two-manifold electronic structure excludes a nundfezompetitive processes such as excited-
state absorption, upconversion, and cross relaxatibich can depopulate the upper laser
level and hence reduce the laser efficiency. Thells8tokes shift between absorption and
emission, i.e. the small quantum defect, reducesthiermal load and facilitates efficient
operation at high powers. The development of newd¥ped laser materials is motivated by
the significant advance in diode laser pumps; dasérs can be pumped by the more robust
InGaAs diodes delivering high powers in the 0.9A1 gange. Finally, ytterbium has no bands
in the green region, so the inevitable reabsorpki@ses of neodymium in the wavelength
range of the second harmonic can be avoided.

In this paper, we propose a new candidate forfesdfuency doubling laser material, Yb-
doped KGd(PG),; (KGP). The present work is devoted primarily toecposcopic
investigations, i.e. polarized absorption and fasmence measurements at room and low
temperatures, and lifetime measurements for thewlgser level at room temperature. We
report also, for the first time to our knowledgegm temperature laser operation near 1 um of
KYDbg 02850.07dPOs)4, in the continuous-wave regime. In addition, weifyethat this crystal
is phase-matchable for second harmonic generatidhe wavelength range covered by the
ytterbium ion.

The host KGP is a monoclinic acentric crystal with space group2; [7]. KGP exhibits
a broad transmission window extending from aboui A® to 4 um which covers both the
fundamental and the second harmonic range. Therritlge band-gap, on one hand, should
lead to high damage resistivity, on the other hiaatlows in principle the use of this host also
in the UV range (either as a nonlinear crystal ®aaost for cerium). Another advantage of
KGP is its almost isotropic thermal expansion [Hieh is important for the crystal growth,
processing of laser elements, and during laseratiper The high hardness of KGP, close to
that of quartz in the Moh'’s scale, facilitates sémpreparation and allows polishing the
surfaces with good optical quality. KGP is alsorofelly stable against moisture as well as
against weakly acidic and basic media.

We were able to grow inclusion and macrodefect-fsamle crystals of Yb:KGP by
partial replacement of gadolinium by ytterbium, ngsithe top seeded solution growth-slow
cooling (TSSG-SC) technique. Up to now, it was flledo grow single crystals of KGP with
ytterbium concentration in the solution as highl&sat % [9]. This corresponds 3.5 at %



in the bulk crystal since the actual ytterbium camtcation in the crystal was found to be
reduced to about half of that in the solution (Balt). The composition of the Yb:KGP
crystals was studied by electron probe microanalyf&PMA) using a Cameca SX 50
equipment operating at an accelerating voltageddf\2 and electron current of 100 nA.

Table 1. EPMA results for Yb:KGP. Kdenotes the distribution coefficient of the lamtide ions in the crystal

Yb at % in solution  Kyp Kad Yb concentration (cf) chemical formula
1 050 1.01 2.081x1® KYDbo.006G0 00 POs)4
3 053 1.01 6.656x10 KYbo.016G0h 08{POs)s
5 0.48 1.03 1.007x%0 KYbo.0250h 97 POs)s
10 040 1.07 1.653x%d KYbo.04d50h.06dPOs)a
15 051 1.02 3.203x1H KYbo.07/Gth.02dPOs)4

Although the dopant acceptance seemed not to liiedirhy the ionic radius of ytterbium
ion we found it difficult to incorporate high comteations of ytterbium in the KGP structure.
In fact, the problem was related to the crystatiaraof the monoclinic but centrosymmetric
phase C2/c [10] instead of the desired structuR®; [7]. Further investigations on the
crystallization region of thé2-phase of Yb:KGP indicate that this phase couldtatiize
from solutions with an ytterbium concentration aghhas 50 at %. Thus, assuming that the
ytterbium concentration in the crystal would beusetl again by about a half, it can be
expected that doping levels as high as 25-30 atéeyx 1x10* cm®, might be reached in
single crystals grown by the TSSG-SC method [9]. rAbults on Yb:KGP reported in this
paper are based on a single growth of the compasitly by 0,45 97 POs)4 corresponding to
an ytterbium concentration of 1.000°° cm®. To avoid impurities in the grown crystal, it
was obtained from its self-flux and the optimizedlufon composition was
Yb,05:Gd,04:K,0:P,05=0.3:5.7:34:60 mol %. Because of the high viscosityhe solution,
around 2 Dp, the seed holder was equipped witlatinpim turbine rotating at the rather high
velocity of 75 rpm. The axial temperature gradievds about 1.2 K/mm. The saturation
temperature amounted to 958 K. The temperaturkeo$olution was decreased to 12 K below
the saturation temperature at a rate of 0.05 K/h.a”oriented parallelepipedic seed of
undoped KGP was used to grow the crystal.

2. Optical Characterization of the KGP host

In a previous publication we characterized the pedioKGP in terms of transmission window
and orientation of the optical ellipsoid [8]. Th&/Uransmission edge of Yb-doped KGP is
slightly shifted to the visible due to the presentestterbium and the cut-off wavelength is
200 nm [9].The orientation of the three principal optical ar¢&GP, denoted &N, N, and
Ng, according to the refractive indicag<n,<n;, was determined with respect to the
crystallographic framea( b, ¢) at a wavelength of 632.8 nm. For a monoclinicstaly one of
the principal optical axes coincides with therystallographic axis; in the case of KGP this is
Np. Ng was found to lie at 37.3° clockwise from therystallographic axis with the positive
direction of theb axis towards the observer.

In order to establish if self-frequency doublingpssible in Yb:KGP we examined as a
first step the dispersion of the three refractivdices of undoped KGP (Fig. 1). The refractive
indices were measured between 0.45 and 1.2 pm twithsemiprisms [11], oriented for
measurement ofi,-n, and ng-ng, respectively, using the minimum deviation methdtie
accuracy of the measurements wa$.10
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Fig. 1. Dispersion of the principal refractive ioel$ of KGP at room temperature.

As can be seen from Fig. 1 the three refractivéceslare nearly equidistant. KGP is an
optically negative biaxial crystal since th€;zangle between the two optic axes [12], lying in
the N,-Ng plane, is 94.2° at 632.8 nm. The data points gn Fiwere fitted using one UV pole
and an IR correction term with the Sellmeier equrati

rf= A + B/[1-(CIA)’-DA?
Table 2 summarizes the Sellmeier coefficients olethifor KGP at room temperature.

Table 2. Sellmeier coefficients of KGP

Principal i
refractivepindex A B C (um) D (urrf)
Ny 1.7404 0.7479 0.1374 0.0138
Nm 1.7624 0.7667 0.1304 0.0193
Ng 1.7728 0.7782 0.1391 0.0091

Estimations based on these Sellmeier equationsdtelithat KGP is phase-matchable for
type-I second harmonic generation near 1 pm bothéiy,-N, (0o0-e type interaction) and in
the Nm-Ng (ee-o type interaction) principal planes. It slibbk outlined that biaxial crystals
have in general greater potential for self-freqyeshmubling because they offer greater variety
of phase-matching configurations. Considering fatance the preferable type-I interaction,
uniaxial crystals allow only one phase-matchingfigumation (0o-e or ee-o depending on
whether they are negative or positive). As candsnsn the case of KGP, both 0o-e and ee-0
phase-matching are possible and their effectivdimeerity is nonvanishing for point group 2
[13]. Thus one has greater freedom to select tharigation of the fundamental in such a way
that the gain is also maximized.

3. Spectroscopic Characterization of Yb:KGP

All further results reported here were based oimgle Yb-doped KGP sample which was cut
and polished as a cube, accurately oriented aloefNf N, andNy principal optical axes,
with dimensions of 2.34, 2.68, and 2.47 mm alorgg¢haxes, respectively.

The polarized optical absorption of Kyb/Gdy o7dPOs), in the temperature range from 6 to
300 K was measured using a Cary Varian 500 spduitometer equipped with laeybold
RDK-6-320 closed-cycle helium cryostdthe absorption band associated with the ytterbium
transition °F7, - °Fs», in KGP extends from 9750 to 10800¢ni1025-925 nm) at room
temperature (Fig. 2). It is characterized by thnesin peaks centered at 10230, 10305 and
10586 crit. As ytterbium has an odd number of electrons i@ #h shell, polarization
dependent selection rules are not expected bunteasity of the individual peaks may still
vary. The anisotropy observed in the absorptiorctspeof Yh:KGP is rather low and the
absorption cross-section is maximized f¥N,. Its maximum value at 977 nm (zero line



transition), calculated with the exact ¥bconcentration of 1.0040%° cmi®, amounts to
1.1710%° cnt. For E/INg andN,, the corresponding maximum absorption cross sesti
the same wavelength amount to &Z@% and 0.88102° cn?. Fig. 2 shows the evolution of
the absorption coefficient fdg//N,, with the temperature from 6 to 300 K. From the dgtv
temperature spectra we determined the energidmedhtee Stark sublevels of the exited state
multiplet °Fs,. These energies are indicated in the inset of Figthere the levels are
designated a&s,(0"), (1), and (2'). When the temperature is irased, an additional peak
emerges at 10140 ¢hwhich is probably related to the thermal poputatiaf the 2F- (1)
sublevel with transition téFs,(0") but it is smoothed at room temperature.
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Fig. 2. Temperature evolution of the optical abtorp of KYbg.02450h.97dPOs)s for E//Nm.
Inset: schematic diagram of the Stark sublevelsadostbrption transitions.

The fluorescence spectra were recorded at both &@D 10 K in a 90° geometry.
Excitation was provided by a 200 mW InGaAs diodsefaemitting at 940 nm which was
modulated at 1 kHz. The fluorescence was dispebsed 0.46 m double monochromator
(Jobin Yvon - Spex HR 460). The detector was a emoHamamatsu NIR R5509-72
photomultiplier connected to a lock-in amplifierGRG, 7265 DSP). A closed-cycle helium
cryostat (Oxford CCC1104) was used to cool the d$anfpr the low temperature
measurements.
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Fig. 3. Emission spectra at 300 K (solid line) 40K (dash-dotted line) fdf//Nm

From the low-temperature polarized fluorescencetspéFig. 3) we determined the four
sublevels of the ground statE;,. Four main lines were found at 10245, 10120, 994F an
9863 cm' accompanied by phonon added peaks. These cordbsporthe transitions
?F5/2(0") = 2F71(0), *Fso(0’) » Fro1), “FoiA(0") = °F712(2), and®Fs(0’) - °Fo(3), respectively.



A dim peak corresponding to the transition from thermally populatedFs;(1’) sublevel to
F,(0) is also seen at 10305 ¢niThe reduced intensity of the emission associwiiil the
%F5(0") - ?F7(0) transition is a consequence of the reabsorptidghis wavelength. The Stark
sublevels of the ground state maniféf,,, derived from the 10 K spectrum, are at 0, 125,
298, and 382 cih

The reciprocity method [14] was used to computediméssion cross sections from the
absorption cross sections at room temperaturetenddtermined level positions. Fig. 4 shows
the calculated emission cross-sectianstogether with the corresponding absorption cross
sectionsa, for the three orthogonal polarizations.
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Fig. 4. Measured absorption and calculated emissimss-sections of Yb:KGP at room
temperature for the three orthogonal polarizations.

By averaging the calculategi(V) by the reciprocity method over the three polaiiret, a
radiative lifetime ofr,4=1.57 ms was obtained at room temperature using-tiottbauer-
Ladenburg equation [14]. The fluorescence decag tivas measured by the pinhole method
which avoids radiation trapping (Fig. 5). The eptated for zero diameter result, at room
temperature, was 1.22@.01) ms but the deviation from this value for #ie pinhole
diameters used, between 0.6 and 2.1 mm, wasddfy. Thus, reabsorption was negligible in
KYbg 02550.07d POs)4 probably because of the low ion doping level ia tnystal. This leads
to an intrinsic quantum efficiency of 78%. Comparithe spectroscopic results with the
available data on other acentric Yb-hosts such AsY@QOB [2], Yb:GdCOB [3], and
Yb:YAB [4], it can be concluded that one featureiabh distinguishes Yb:KGP is the
relatively short oscillation wavelength that can &epected. From Fig. 4, lasing can be
expected on the’Fs(0") - ?F+x(2) transition, at wavelengths near 1010 nm. Thiasw
confirmed in the following laser experiments.
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Fig. 5. Dependence of the fluorescence lifetimeKdfb 025007 POs)sa ON the pinhole
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4. Laser operation of Yb:KGP

A standard astigmatically compensated Z-shapedycads used as a laser setup. The pump
source was a home-made Ti:sapphire laser (960-40259WHM<1 nm, max. 3 W). The



estimated pump waist in the focus of fh€.28 cm anti-reflection coated lens we&0 pm.
The resonator (depicted in Fig. 6) contained twdifg mirrors (M1 and M2), and two plane
reflectors (rear mirror M3 and output coupler M2 was highly transmitting at the pump
wavelength (977.1 nm). The pumping was in a sipgles. The transmission of the output
couplerT,. ranged from 1 to 5%.

The uncoated Yb:KGP sample was attached to a Giehelithout active cooling and
positioned under Brewster angle between the twdirfgl mirrors. We tried to pump this
sample with all possible polarizations. Continueesse laser operation was obtained for the
first time in this monoclinic material at room teempture for pumping withE//N,
(propagation alondlg) and withE//N, (propagation again aloridy). The laser always had the
same polarization as the pump due to the Brewsientation. No generation was possible for
pumping withE//Ng although we tried this for propagation both aldhgand alongN,.

M1 M3
output I voxcp =
__N

|
M4 M2

L pu’hp

Fig. 6. Laser set-up: Total cavity length, 129 &41; and M2 are curved mirrors with radius of
curvature —100 mm, and M3 (rear reflector) and kitgut coupler with transmissidng=1, 3,
or 5 %) are plane mirrors.

The input-output characteristics obtained for thwe {olarizations are shown in Fig. 7
against the absorbed pump power for two output leosiffT,.=1 and 3%).
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Fig. 7. Room temperature continuous-wave laseropadnces of Yb:KGP foE//N,, (a) and
E/IN, (b). Solid lines are fits to the experimental psifor estimation of the slope efficiency.

The relevant laser parameters (slope efficienpcwith respect to the absorbed power,
oscillation wavelengtt, and threshold) are summarized in Table 3.

Table 3. Slope efficiencyj, laser wavelengthi(), and threshold of the K¥la.Gth.07dPOs)4 laser in dependence on
the output couplerT) used

Toe (%) n (%) A(nm) threshold (mW)
E//Nm E//Np E//Nm E//Np E//Nm E//Np
1 53.2 31.3 1017.1 1016.3 51 73.8
3 55.6 - 1013.8 1013.5 70.5 127.8
5 - nolasing 1012.1 nolasing 131.8 nolasing

With a maximum incident pump power of roughly 2 Wéiresponding to an absorbed
power of 206 mW at 977.1 nm), the maximum outpwierofor E//N,, was 93 mW T,=1%).



The corresponding slope efficiency wgs53.2%. Pumping with polarization parallel i,
the maximum output power reached 72 mW for an ddesbipower of 294 mW, also with
To=1%. In this case the slope efficiency was lowgr31.3%. The laser thresholds 6N,
andE//N, were 51 and 74 mW, respectively, both Tge=1%. The lower slope efficiency and
higher threshold foE//N,, can be explained by the lower gain.

For T,c=5% the output power reached 12 mW (only E8N,,) and reliable estimation of
the slope efficiency was not possible. The osdailfatvavelength was as short as 1012.1 nm in
this case. The shorter wavelength at higher ouwtpupler transmission is typical for Yb-lasers
and is related to the maximum of the gain curvehls case we have obviously oscillation on
the?Fs(0") - 2F7x(2) transition.

Under lasing conditions the absorption of the sanphs quite low (not more than 15%)
but almost constant. This is a consequence ofdheYlb-ion density in the crystal and the
relatively low absorption cross-sections. Under -faging conditions the absorption was
completely bleached at the maximum incident powdowever, in the lasing state, the
intracavity power in the three-level system of gitem increases the saturation intensity for
the pump and this balances the bleaching effect.

5. Summary

In conclusion, we successfully grew macrodefeot-fimgle crystals of Yb-doped KGP using
the TSSG-SC technique. To the best of our knowledfeP crystals were doped with
ytterbium for the first time. The maximum ytterbiuooncentration in the bulk crystal
achieved until now is around %20%° cn?. However, there are indications that it can be
increased up to about10™ cn?. By measuring the dispersion of the refractiveided of
KGP, we confirmed that this host possesses phasehing properties for self-frequency
doubling of the Yb-laser. We determined the Staliktsrg of the two electronic states of Yb
from absorption and emission measurements, bothoain and low temperatures, and
calculated the emission cross sections at rooméeatyre. The upper level lifetime of Yb
amounts to 1.22 ms at room temperature. Lasindobas demonstrated for the first time with
KYDg 02450 97 POs)s. Although the maximum output power achieved (93 Wes limited
by the available size and doping level of the alysthe more than 55% slope efficiency
obtained with this first sample is rather promisfagthe future.
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