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ABSTRACT

In the present investigation, influence of rare earth Neodymium (Nd**) on the thermal, linear
and nonlinear optical properties of Potassum Pentaborate (KB5) crystal have been studied
systematically. The exact weight percentage of the metal dopant was determined by Inductively
Coupled Plasma analysis. Powder X-ray diffraction studies were carried out for the pure and
doped crystals to confirm the structure of the grown crystals. Dielectric and photoconductivity
studies were made on the grown crystals. Mechanical and thermal stability of the grown crystals
were determined by Vickers microhardness and thermal studies. Nonlinear optical properties
were analyzed by SHG studies.

INTRODUCTION

Borate family of crystals plays an indispensalole in frequency conversion as they possess a
wide transparency, high damage threshold, highe&terotharmonic generation, moderate
birefringence and sharp UV absorption edge at sharaivelength. Borate compound materials
are superior to other commonly used NLO materials WV applications [1]. Potassium
pentaborate (KB5) is a desirable inorganic nonlinggtical material which exhibits a low
angular sensitivity and hence, proved useful f@osd harmonic generation (SHG) [2]. High-
damage threshold and wide transparency make ittirbealternative for KDP crystals in
frequency doubling and laser fusion experiments [Rato attributed the primary advantage of
KB5 over KDP to its slightly large birefriengencehich permitted generation of shorter
wavelengths. Further his experiments confirmedfiftte harmonic generation for KB5 crystals
at room temperature, whereas the other NLO crysta@sADP and KDP can achieve the same
only at high temperature [4, 5]. Using the Bondeviae theory of complex crystals, the origin
of non linearities of the KB5 crystals was inveatgg by Xue Dongfeng etal and its larger NLO
coefficients were also estimated [6]. The growttsiofgle and twinned crystals of KB5 by low
temperature solution growth was reported by seweoakers [7, 8, 9]. The present investigation
deals with the growth of pure KB5 and metal dop&bkcrystals by slow solvent evaporation
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technique. The grown crystals are subjected to pow@RD to estimate the crystal structure and
space group. The content of the dopant was datethidy ICP analysis. FT-IR, UV-Vis-NIR,
thermal and microhardness studies were carriedoouhe grown pure and doped crystals. The
SHG efficiency of the pure and doped KB5 crystaleravalso studied using Nd:YAG Q-
switched laser.

2 Synthesis of pure and doped KB5

The synthesis of potassium pentaborate with chémicaformula
K(H4B5010).2H,O was done by stoichiometric incorporation of getam carbonate and boric
acid taken in the appropriate ratio. KB5 salt wsthesized according to the reaction:

KkCOs+ 10(HBO;) ——» 2[K(kBsO10).2H,0] + 7H0 + CO?

Nd* doped KBS5 salt was also synthesized by adding 2 ®llof the dopant. To increase the
purity of the crystal, recrystallisation was cadrmut using double distilled water more than three
times.

3 Solubility and growth of pure and doped KB5

The growth rate of a crystal depends on its satykaind temperature. The solubility data of a
material governs the amount of material, whichvailable for the growth, hence defines the
total size. Solvent and solubility factors definger saturation, which is the driving force for the
rate of crystal growth. Hence, for a material towgias a crystal, determination of its solubility in
a particular solvent is an essential criterion.

A 250 ml capacity glass beaker containing 100 ndai¥ent was placed in the temperature bath.
Initially the temperature was set as’80 The beaker was closed with an acrylic sheetadainig

a hole at the center through which the stirrer wgped into the solution. The addition of
powdered sample of pure KB5 to the solution in $raalount and subsequent stirring of the
solution by a motorized stirrer was continuedthié excess salt was deposited at the bottom of
the beaker. The stirring was further continued, ettsure homogeneous temperature and
concentration throughout the entire volume of tokitson. After confirming the saturation, the
content of the solution was analyzed gravimetycall 20 ml of the saturated solution of the
sample was withdrawn by means of a warmed pipeitetlae same was poured into a cleaned,
dried and weighed petri dish. The solution was tkept for slow evaporation in a heating
mantle till its complete evaporation. The massuepKB5 in 20 ml of solution was determined
by weighing the petri dish with salt and hence sbkibility was determined. The solubility of
pure and doped KB5 in double distilled water wagarined for five different temperatures (30,
35, 40, 45 and 5€C). Figure 1 shows the solubility curves of purd doped KB5.

The saturated solutions of KB5 and doped KB5 saéiee prepared separately using solubility
data and allowed for slow evaporation. The peribdrowth ranged from 45-60 days. During
the growth experiments, it was observed that tlesegce of dopant in general, increases the
dimensions of the grown crystals. The photogragresarown crystals of pure and Ndoped
KB5 are shown in Figure 2. The single crystals ofuregp and doped
KB5 were grown with dimensions up to 14 x 8 x 6 frand 16 x 10 x 6 mirespectively.
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RESULTSAND DISCUSSION

4.1 Powder XRD studies

Powder X-ray diffraction studies of pure and dopd®b crystals were carried out using Rich

Seifert, XRD 3000P, X-ray diffractometer with Cu Q. = 1.54]&) radiation. The samples were

scanned for @ values from 10° to 40° at a rate of 2° per mimguiFeé 3 shows the Powder XRD

pattern of the pure and doped KB5 crystals. Tlieadtion patterns of the crystals have been
indexed by least square fit method. The latticeupeter values of the pure and doped KB5
crystals have been calculated and matched witmejperted values [8]. KB5 crystal belongs to
orthorhombic crystal system and its lattice paramseare presented in Table.1.

4.2 Inductively coupled plasma analysis

In order to determine the weight percentage ofadopn doped KB5 crystal, 10 mg of fine
powder of the doped crystal was dissolved in 100ofmtiriple distilled water. This prepared
solution was taken for the ICP analysis. The resuitttained from ICP show that 1.22% of*Nd
(122 pg/100 ml) was present in the solution. Itoisserved that the amount of dopant
incorporated into the crystal lattice is belowatgginal concentration (2%) in the solution.

4.3 NLO test

The nonlinear optical property of the pure and dop®5 crystals were tested by passing the
fundamental beam of Q-switched, mode locked Nd:Ylag&er operating at 1.06m and pulse
width of 8 ns laser pulse with spot radius of ImontK and Perry (1968) [10]. The input laser
beam with pulse energy of 6.2 mJ was passed thrtRigkflector and then directed on to the
samples. An intense green radiation observed frenptire and doped KB5 crystals confirmed
the second harmonic generation (SHG). The seconddméc signals generated from pure and
doped KB5 were 167.8 and 285.35 mW respectively waference to KDP (275 mW). It is
interesting to note that the incorporation of dddaas increased the SHG efficiency of the KB5
crystal.

4.4 UV-Vis-NIR studies

The UV-Vis-NIR spectra of defect free single crystaf pure and doped KB5 crystals were
recorded using Varian Carry 5E model spectrophotema the region 200nm — 2000 nm. The
transmission spectra (Figure 4) show that the alystre transparent in the range 200 nm — 1400
nm, which is an essential parameter for NLO appbos. The various bands appear in the
infrared region are due to overtones and combinsatidhe spectra also reveal that the dopant
has enhanced the transparent nature of the pureci§Bfal. This wide optical transparency of
NLO crystals is a vital factor for a wide rangeptiotonic applications.

Using the recorded absorbance (A)-wavelength data of the crystal of thickness 1mm,
absorption coefficienta] is calculated using the relation,

_2.303
a=="log,(}7)

where t is the sample thickness andi¢igT) is defined as absorbance (A) of the samphe T
value ofa is used to determine the optical energy band gam fTauc’s relation. By plotting
graphs of ¢hv)? versus k and @hv)*2 versus h (Figure 5), it is possible to determine the band
gap. The band gap is obtained by extrapolatinglittear part of the curve to the zero of the
ordinate. The band gaps of pure and doped crystale found to be
3.654 eV and 3.185 eV respectively.
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45 FT-IR studies

Crushed powder of pure and doped KB5 crystals wasdrseparately with KBr in the ratio 1:10
and pelletized using a hydraulic press and sulgjetdethe FT-IR studies. The spectra were
recorded in the range 450 ém — 4000 cit employing Bruker Model IFS 66V FT-IR
spectrometer. The spectra of pure and doped KBStalsy are shown in Figure 6 and
Figure 7 respectively. The spectral assignments paesented in Table 2. In potassium
pentaborate crystals, the molecular associatioeaich crystal occurs through forces due to
intermolecular hydrogen bond. Hydroxyl groups oftadorate anion and water are expected to
contribute substantially to hold the molecules thgein crystals through hydrogen bond. The
OH stretch of water occurs as an envelope betw@@ 8nd 3250 cth The doublet structure of
OH stretch in this region requires the existenceunéqual hydrogen bonds for the two
hydrogens of water with two ring oxygen of the @drrate anion. There is no sharp signal
around 3600 cih It would generally arise for O-H stretch if itfiee and unhydrogen bonded.
Hence, in this compound all the OH groups irredgpecof its nature is forced to involve in
hydrogen bonding as it is a very essential driviogge for the formation of rigid crystals.
Similarly the OH stretch of @s(OH).)” which occurs at 3057 chalso reveals that all the OH
groups are involved in hydrogen bonding. The gbifiower wave number compared to the OH
stretch of water is due to strong hydrogen bondimgraction with ring oxygen. The broad
envelope between 1245 and 1500cim assigned to B-O vibrations and the correspandin
bending modes are seen around 1000.cifhe significant change in the appearance of amd
the region between 450 €mand 2000 cnl in the spectrum of doped KB5 supports the
incorporation of dopant in the crystal lattice.

4.6 Microhardness studies

Microhardness behavior of the pure and doped dsystare tested by employing Vickers micro
hardness test on the (001) plane. Measurementstalega by varying the applied loads from 5
to 50 g. Microcracks were developed at higher lp#usrefore the maximum applied load was
restricted to 50 g only. The plot of variation oickers hardness number (Hv) with applied load
for (001) plane of pure and doped KBS is showniguFe. 8. From the plot, it is noted that the
hardness number (Hv) of the crystal decreases initreasing load. This type of behavior
wherein the hardness number decreases with inogeaspplied load is called normal

indentation size effect (ISE). The work hardeniogfticient, n is calculated using log p versus
log d graph, shown in Figure 9. The value of woakdening coefficient, n is found to be less
than 2 for both pure and doped crystals. Thish&rrtonfirms the normal ISE behavior.

4.7 Thermal studies

The thermo gravimetric analysis of KB5 was carmed between 23°C and 1200°C in nitrogen
atmosphere at a heating rate of 10 K/min. The T&es of pure and doped KB5 are shown in
Figure 10 and Figure 11 respectively. The cowadmg DTG curves are also shown in the
respective figures. In the case of pure and dopB8&, Khe decomposition temperatures are
observed respectively at 1735 and 184C respectively. The final residues for pure andedbp
KB5 observed after decomposing at three differémgess are respectively 69% and 62%. It is
observed that the dopant slightly increases therdposition temperature and alter the weight
loss of KB5S crystals. The difference in decompositiemperature of pure and doped KB5
crystals confirms the incorporation of dopant ire thrystal lattice. The increase in the
decomposition temperature may be attributed to deereased bond energy caused by the
addition of dopant.
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4.8 Dielectric Studies

Freshly polished crystals of pure and doped KBSeveert into samples of known dimensions. In
order to ensure good electrical contact betweerctygtal and the electrodes, the crystal faces
were coated with silver paint. Proper care wasnakeavoid the spreading of silver paint to the
sides of the crystal. The prepared samples werentadubetween the copper platforms and
electrodes. The dielectric measurement for KB5 $ampas made on (100) plane, which
happens to be the predominant plane [8]. At I®gudency range there is steep fall of dielectric
constant with the increase of frequency. At higdgfiency range the dielectric constant remains
almost constant at all frequencies. At any fregyehe dielectric constant of the doped crystal
is lower than that of pure crystal. The effectimflusion of dopant is found to decrease the
dielectric constant. The behaviour of doped cigstavery similar to that of undoped crystal
except having lower values of dielectric constarithe variation of dielectric constant with
frequency for pure and Ntidoped KB5 single crystals are shown in Figure 12.

The dielectric loss was also studied as a funatiofitequency. The curves are shown in Figure
13, suggesting that the dielectric loss is stromglgendent on the frequency of the applied field,
similar to that of the dielectric constant. The value of dielectric loss at high frequency can
be taken as a proof for the good optical qualityhef crystals. The trend of variation of dielectric
constant and dielectric loss as a function of fexgquy is the same for both pure and doped
crystals of KB5.

4.9 Photoconductivity Studies

Figures 14 and 15 shows the field dependence &fatat photo currents in pure and doped KB5
crystals. It is observed that both dark and phatwents of crystals increase linearly with the
applied electric field but the photocurrent of bgilre and doped crystals is less than the dark
current which is termed as negative photocondugtiVine loss of water molecules can also lead
to decrease in conductivity. However, in the présase the contribution of water molecules to
negative photoconductivity is ruled out as the lossvater molecules for pure and doped KB5
crystals begins at 173.5°C and 184°C respectivefigence, the negative photoconductivity in the
present case is attributed to the reduction imtimaber of charge carriers or their life time, ie th
presence of radiation [8].
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Figure 1 Solubility curves of pure and Nd** doped K B5 crystal
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Figure 2 Photograph of as grown pure and Nd** doped K B5 crystal
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Figure 3 Powder XRD pattern of pure and Nd** doped K B5 crystal
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Figure 4 Absor ption spectrum of pure and Nd** doped K B5 crystals
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Figure 5 Band gap of pure and Nd** doped K B5 crystals

Table 1 Lattice parameters of pure and Nd** doped K B5 crystals

Lattice parameters | PureKB5 Nd* - KB5
a (A 9.312 9.385
b (A) 11.112 11.167
c (A 11.312 11.714
a(®) 90.00 90.00
B() 90.00 90.00
v(©) 90.00 90.00
Crystal System Orthorhombic  Orthorhomhbic
Space group Aba2 Aba2
Volume (&) 1170.509 1227.654
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Figure 8 Variation of Vickers hardness number with load on (001) orientation for pure and doped KB5
crystals

KB5

log p

n=1.823
1.4 1

1.2 ~

1.0

. 0 . .
1.2 14 1.6 1.8 2.0
log d
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Figure 12 Variation of dielectric constant with frequency for pureand Nd** doped KB5 singlecrystals
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Figure 13 Variation of dielectric losswith frequency for pureand Nd** doped KB5 singlecrystals
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Table 2 FT-IR spectral assignments of pure and Nd** doped K B5 crystals

Wave number (cm™) .
PureKB5 Nd™ KB5 Assignments

3380 3481 O-H stretching

1351 1337 B-O asym. stretching

1245 1229 B-O vibrations

1101 1115 B-O asym. stretching

1025 1007 B-O terminal stretching

924 946 B-O ring stretching

781 772 B-O ring stretching

695 705 OBO ring asymmetric bending

594 639 OBO terminal bending

508 517 OBO ring bending

CONCLUSION

Pure and doped potassium pentaborate (KB5) salts symthesized using double distilled water.
Synthesized salts were used to study their sotutbkhaviour. For both pure and doped KB5,
the solubility increases with temperature and thyerpossess positive solubility coefficient.
Optically transparent, defect free and good quaditygle crystals of pure and doped KB5
crystals with considerable dimensions were sucafgsirown by slow evaporation technique.
XRD studies on pure and doped KB5 crystals revetilatithe basic orthorhombic structure of
the parent is not altered by the incorporationagaht. The slight variation in cell parameters of
doped crystal confirmed the incorporation of dopanthe crystal lattice. The results of Kurtz
powder technique confirmed the SHG and enhanceaiéyit O property in doped KB5 crystals.
Significant change in the appearance of bandsemegion between 400 and 2000t FT-IR
spectra of doped crystals confirmed the incorponatif dopant in the crystal lattice of KB5.
The microhardness studies on pure and doped KB&tatsyrevealed that the microhardness
number decreases linearly with increasing load@ih pure and doped KB5 crystals. The work-
hardening coefficients of pure and doped KB5 cigsteere calculated and found to be greater
than two for both pure and doped crystals of KBbe TGA and DTG analysis confirmed that
both pure and doped KB5 crystals are thermallylstap to 173.5°C and 184°C respectively.
The dielectric constant and the dielectric lospure and doped crystals of KB5 were measured.
At low frequency range both dielectric constant dredectric loss are found to decrease with the
increase of frequency and are independent of fremuat higher frequency range. In general,
KB5 shows higher dielectric constant and dieledbgs than its doped system. The crystals with
low dielectric constant lead to minimum losses lesythave less number of dipoles per unit
volume and hence doped crystals will be more udefutigh speed electro optic modulations as
compared to pure crystals. Photoconductivity stuavere carried out for pure and doped KB5
crystals. It is observed that both pure doped atysixhibit negative photoconductivity. Both the
dark and photo currents of doped KB5 are foundetonbre than that of pure ones.
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