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Potassium dihydrogen phosphate (KDP) single crystals doped with L-arginine (L-arg)
amino acid (with a concentration of 0.3 to 1.4 wt. % in the solution) were grown onto a
point seed by the temperature reduction method. The effect of L-arg molecules on the
strength properties {100} of KDP crystal were studied. Doping of KDP crystals with L-arg
molecules raised the laser damage threshold in comparison with pure KDP in the sector {101}.
There were defined the ranges of L-arg concentration where the microhardness and bulk laser
damage threshold of KDP:L-arg crystals were higher in the growth sectors as compared with
pure KDP. It was found that the efficiency of second harmonic generation in KDP:L-arg
(1.4 wt.% of L-arg) exceeded the corresponding characteristic of pure KDP by ~ 2.5 times.

Keywords: L-arginine amino acid, microhardness, laser damage threshold, second har-
monic generation.

MeTomoM cHMIKeHUS TeMIlepaTyphl Ha TOUeuHOIl 3aTpaBKe BBIPAIEHBI MOHOKPUCTAJJBI
murunapodochara xkamusa (KDP), mommpoBanHBIe aMuHOKMCHA0TOH L-arginine (L-arg, ¢ KoH-
neurpanueit 0.3-1.4 mac. % B pacrBope). UcenenoBano BAusgHUe MoJieKyJa L-arg ma mpou-
HocTHBIe cBoticTBa Kpucramaos KDP {101}. Homuposaume kpucramaos KDP moneryigamu
L-arg mpuBesio K yBeJMUEHUIO ITOPOTa JIA3EPHOT0 paspylUIeHus o cpaBHeHUIO ¢ uncTrIM KDP
B cextope {101}. Ompe/esieHbl UHTEPBAJALI KOHIeHTpanuil L-arg, OIpu KOTOPBIX MUKPOTBED-
IOCTHL M 00'beMHAA JazepHas MPOUHOCTEL KpucTannoB KDP:L-arg BospacTaeT mo cpaBHEHUIO C
yncTelM KDP. Yeranosneno, uto seKTUBHOCTL TeHepPaIlul BTOPOH rapMOHWKU B KPHUCTAJ-
ae KDP:L-arg (1.4 mace.% L-arg) B ~ 2.5 pasa Gousblite, uem B yncroM Kpucrtaaine KDP.

Hocaipsxenns mikporsepaicri mo Bikkepcy, jasepuoro pyiiHyBaHHA Ta edeKTHBHOCTI
resepanii apyroi rapmonikn kpucranais KDP 3 momimkow L-aprininy. O.I.Kocmeniwokosa,
O.M.Besxposna, M.I.Koaubaesa, E.D Jonxucenrosa, HO.RKosarenrxo, A Kanaes, I.M.IIpumyaa.

Meromom BHMMKEHHA TeMIlepaTypPH HA TOUYKOBilI 3arTpaBli BHPOIIEHO MOHOKPIMCTAJIU
ourigpodochary ramiro (KDP), momoBamoro amimorucaoroio L-arginine (L-arg, 3 KOHIeHT-
pamiero 0,8—1,4 mac.% B posumni). Hocaigxerno BiiuB moaerys L-arg mHa minmicui BracTu-
Bocti kpucranis KDP {101}. Jonysauua kpucranie KDP monexkynamu L-arg npuseeno mo
30iJbIIeHHA IOPOry JIa3ePHOro pyldHyBaHHA y mopiBHaHHI 8 unctum KDP B cextopi {101}.
Busuaueno inTepBanu Koumentrpamniin L-arg, mpm Axux Mikporeepmicts 1 o6’emHa JasepHA
minaicrs Kpucranis KDP:L-arg Bumie y BignoBiiHUX ceKTOpax pPOCTYy IOPiBHAHO 3 YUMCTUM
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KDP. Bceranosaeno, 1o B kpuctaiai KDP:L-arg (1,4 mac. % L-arg) edpexTuBHicTh reHepalrii
Ipyroi rapMoHiKu B ~ 2,5 pasu O6inbine, HiK y unctomy Kpucrani KDP.

1. Introduction

One of the problems for up-to-date mate-
rials science is creation and investigation of
nonlinear optical composite materials based
on inorganic matrices such as KDP
(KH,PO,) group crystals. Optical elements
manufactured from these crystals are
widely used in optoelectronics in the capac-
ity of frequency converters, optical switches
and laser radiation limiters, new memory
elements, active laser media, etec.

KDP group crystals possess high struc-
ture perfection, mechanical strength, wide
range of spectral transparency, as well as
relatively high values of laser damage
threshold. Moreover, the growth technology
makes it possible to obtain KDP crystals
with well-developed growth sectors contain-
ing practically no defects. Nevertheless,
relatively low value of quadratic susceptibil-
ity is one of the main functional restric-
tions for the use of KDP crystals. In the
case of noncentrosymmetric bonds in the
structure of the crystal the value of general
quadric optical susceptibility may be essen-
tially influenced by the hydrogen bonds be-
tween the structure units of the crystal.
The contribution of the hydrogen bonds to
the value of the efficiency of the second
harmonic generation (SHG) for KDP group
crystals is widely discussed in the literature
[1, 2]. It has been shown that the nonlinear
optical (NLO) characteristics of KDP can be
controlled due to increase of the number of
the hydrogen bonds in the crystals and opti-
mization of their spatial arrangement [3, 4].

Actively used for raising NLO response
in KDP crystals is their doping with differ-
ent organic molecules which possess high
polarizability and contain the groups which
can effectively form hydrogen bonds with
the growing crystal face. Such organic
molecules comprise dyes e.g. xylene orange
[6], urea [6] and amino acids [5—8]. The
amino acid molecules have high polarizabil-
ity due to the processes of internal charge
transfer between the donor (COO~ and ac-
ceptor (NH,*) groups [5-6, 8]. ADP:L-alan-
ine crystals show the rise of the efficiency
of SHG by a factor of 1.75, whereas the
introduction of glycine molecules into KDP
crystals increases such an efficiency by a
factor of ~ 1.3 with respect to the one of
pure KDP [9]. The doping of KDP crystals
with L-arginine (L-arg), as well as with L-

28

valine and L-threonine amino acids leads to
the rise of the NLO coefficients by 1.33—1.74
and ~ 1.1 times, respectively, in comparison
with that of the pure crystal [9-12]. On the
other hand, the organic ligands L-Proline
and L-Methionine negatively influence the
NLO properties of KDP group crystals [13, 14].

In view of the above-said, the studies of
the influence of amino acid molecules on
the strength and NLO properties of the
heterogeneous system based on KDP crys-
tal are undoubtedly topical. The choice of
L-arg amino acid as a modifying dopant is
caused by the fact that it contains the
amino group with a strong electron acceptor
property which may essentially influence
the electron density distribution in the
molecule and, consequently, the wvalue of
NLO response [15, 16].

2. Experimental

2.1. Crystal growth

Nominally pure KDP single crystals and
the ones with incorporated L-arginine amino
acid were grown by the temperature reduc-
tion method, as reported in [17], onto
5x5x10 mm3 point seed. The mother liquors

(pH = 4.040.1) were prepared in correspon-
dence with the curve of solubility at the
saturation temperature 50.9°C. KDP:L-arg
crystals were grown from the mother liq-
uors with concentrations of L-arg with re-
spect to KDP salt of 0, 0.3, 0.4, 1 and
1.4 wt. % . The solutions were filtered and
then overheated during 24 h at T = 80°C.
The relative solution supersaturation o was
~2 %, the rate of temperature reduction
being 0.3°C/day. To provide dynamic crys-
tal growth conditions, the solution in the
crystallizer was stirred at a rate of 70 rpm.
The average rate of the growth of the doped
crystals along the growth directions was V,
= 2.0 mm/day and V, , = 1.3 mm /day. All
the grown crystals had well-developed
growth sectors {100} and {101}. The samples
to be investigated were cut out from both
crystal growth sectors.

2.2. Laser
measurements

induced damage threshold

The samples were subjected to the action
of single-mode pulsed radiation of Nd:YAG3*
laser at the wavelength A = 1.064 um with
an energy of 2.75 md, the pulse repetition
frequency and the pulse duration were 1 Hz
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and T = 10 ns, respectively. The 1/e-radius
of the focused spot was estimated to be
45 um. The investigated samples were ar-
ranged in such a way that the focus of the
optical system lays in the crystal bulk. The
samples were irradiated at each point ac-
cording to the scheme n-1-n (90 pulses at
the same energy, the samples were moved in
the plane perpendicular to the laser beam).
The criterion of laser damage was visually
observed sparks of high-temperature plasma
in the sample bulk. The laser damage thresh-
old of KDP and KDP:L-arg crystals was stud-
ied in the directions [100] and [001].

2.3. Microhardness measurements

The mechanical strength of KDP and
KDP:L-arg crystals was measured using a
PMT-3 device by the method of concen-
trated load on the faces (001) and (100).
The investigated samples were preliminarily
treated by mechanical grinding and polish-
ing. The indentation load was in the range
0.2-2 N; the typical descent rate of in-
denter was ~ 1 mm/min, and each load was
applied for 10 sec. To avoid overlapping of
the regions of surface stress formed around
the neighbouring indenter imprints, the dis-
tance between the imprints was larger than
the length of the imprint diagonal by
10 times. The dimensions of the imprint di-
agonals (d) were measured by an optical mi-
croscope. The microhardness value was cal-
culated from the standard equation:

Hy- kP M
d2

where £ is the geometrical conversion factor

(equal to 1.854 for the Vickers indenter).

The average microhardness value was calcu-

lated for each sample on the base of 10

imprints on the faces (100) and (001).

2.4. SHG measurements

The efficiency of SHG in KDP and
KDP:L-arg crystals was studied on a special
laboratory setup. Pulsed laser radiation was
generated using a solid-state laser LOTI-3
with Nd:YAG active element. The pumping
pulse energy was ~ 100 mdJ at a duration of
~ 10 ns. For compensation of the pumping
radiation divergence there was used an opti-
cal system which comprised spherical and
cylindrical lenses. The emitted light passed
through a light filter transparent to the
second harmonic radiation and absorbing
the pumping radiation. The samples of
"pure” and doped crystals were cut out at
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the angle of phase matching 0 = 59°, that
corresponded to the synchronism type oe—e.
The experiment was repeated at different
input powers, and the corresponding output
power was measured. The SHG efficiency
was obtained from the ratio of the output
energy of the second harmonic to the input
power of the pumping pulses.

3. Results and discussion

As shown in our earlier paper [15], L-arg
molecules are incorporated into the pris-
matic and pyramidal growth sectors of KDP
crystals obtained from the solution contain-
ing ~1.4 wt. % of L-arg. Thereat, L-arg
molecules enter into the growth sector {100}
due to the fact that their structure contains
carboxyl and amino groups which can form
hydrogen bonds with the face (100) of the
growth sector {100}; their incorporation
into the sector {101} is provided by the elec-
trostatic interaction between the negatively
charged groups COO~ and the positively
charged face (101).

In the present study we measured for the
first time the bulk laser damage threshold
of a series of the samples of KDP crystals
obtained from the growth sectors {100} and
{101} and containing 0.3-1.4 wt. % of L-arg.
The average values of bulk laser damage
threshold for the pure and doped crystals
measured in the directions [001] and [100]
in the growth sectors {100} and {101} are
presented in Table 1. As is seen, in the pure
and doped crystals the probability of dam-
age in the direction [100] is higher than the
one in the direction [001]. Due to the intro-
duction of L-arg molecules into the matrix
of the sector {101} the laser damage thresh-
old of the crystal in the directions [100] and
[001] becomes higher in comparison with
that of pure KDP. For the sector {101} the
introduction of the amino acid leads to the
increase of the laser damage threshold in the
directions [100] and [001] by ~ 33 % and ~
25 %, respectively, in comparison with the
corresponding value for pure KDP (at 1.4 wt.
% content of L-arg). This agrees with the
data reported in [18, 19].

The microhardness measurements per-
formed for KDP:L-arg and pure KDP crys-
tals show that at loads of 0.2-2 N all the
samples show "reverse indentation size ef-
fect” connected with the influence of the
surface crystal layer which is most essential
at low indenter loads [20] (Fig.hardness at
loads of 0.5 to 2N does not depend on the
load and makes 1.85-1.9 GPa for the planes
(100) and (001) for the sector {101} and
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Table 1. Laser damage threshold of KDP and KDP:L-arg crystals

L-arg concentration Sector {101} Sector {100}
in th th
1?(1110?,“‘;,‘3& gj: (001) J/cm? (100) J/cm? (001) J/cm? (100) J/cm?
0 42.1 28.62 42.1 37.42
0.3 21.67 19.5 37.76 33.4
0.4 61.87 38.52 33.4 34.85
1.4 55.92 42.7 40.52 32.14
Table 2. Microhardness of KDP and KDP:L-arg crystals at indenter load P =75 g
L-arg concentration Sector {101} Sector {100}
in th th
1?(1110?,“‘;,‘3& gj: (001), GPa (100), GPa (001), GPa (100), GPa
0 1.97 1.93 2.17 2.06
0.3 2.25 2.17 2.22 2.093
0.4 2.129 2.074 2.121 2.047
1.0 2.021 1.935 2.068 1.895
1.4 1.77 1.870 1.870 1.720
2
20} S T 20}
d
. 4
© 20} : | —v 20+
o 1
© 18} § 1.8}
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T
16 —=—1-KDP Pure 1.6} —=—1- KDP Pure
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1.2} 12k
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a) Load (P). g b) Load (P), g

Fig. Plots of Hy load the plane (001) for sectors {101} (a) and {100} (b) KDP and KDP:L-arg

crystals.

2.0-2.15 GPa for the sector {100} (Table 2).
It has been found that at 0.3-1.0 wt. %
concentration of L-arg the microhardness
value Hy in the sector {101} increases in
comparison with the one of pure KDP. The
rise of the mechanical strength of the crys-
tals result in from their doping may be
bound up either with changes in the crystal
structure or with a decrease of the mobility
of point and linear defects. With the in-
crease of the concentration of L-arg to
1.4 wt. % the microhardness of both crystal
faces diminishes by ~5-9 % and ~ 14-
18 % for the sectors {101} and {100}, re-
spectively. This is caused by disturbance of
the crystal structure due to the entering of
much larger quantity of L-arg molecules
into the crystal. Similar diminution of the

30

value of microhardness in KDP crystals was
observed at their doping with the amino
acids L-histidine, L-threonien and DL-
methionine [13].

At loads of 0.5—-2 N the value of micro-
hardness in the doped crystals rises in the
direction [001] in comparison with the one
in the direction [100]. Such a change has
been also reported in [21] for urine-doped
KDP crystal. This is explained by the fact
that the process of deformation of the sur-
face (100) involves a larger quantity of slip
systems than it takes place for the surface
(001). Therefore, the degree of hardening of
these two surfaces is different [3, 21]. As a
result, the probability of both laser and me-
chanical damage in the direction [100] is
higher.

Functional materials, 23, 1, 2016



E.I.Kostenyukova et al. /| Microhardness, laser damage ...

Table 3. Efficiency of SHG in KDP and
KDP:L-arg at different L-arg concentra-
tions

L-arg concentration| Sector {101} | Sector {100}
in the mother
liquor, wt. %

0 1 1
0.3 1.388 2.36
1.0 1.5 2.92
1.4 2.53 3.95

Investigation of the NLO properties of
KDP and KDP:L-arg shows that in the sam-
ples of the doped crystals the efficiency of
SHG is higher in comparison with that in
the pure crystals (Table 3). With the rise of
the concentration of L-arg molecules the ra-
diation conversion intensity increases, too.
Thereat, the efficiency of SHG grows pro-
portionally to the rise of the concentration
of L-arg in the crystal.

As is known, the main contribution to
the quadratic NLO response of KDP crystal
is made by the group PO43‘ [22] and the
presence of hydrogen bonds [23]. It seems
possible that the incorporation of L-arg
molecules into the matrix of KDP is accom-
panied with an additional deformation of
the tetrahedrons PO, due to the formation
of hydrogen bonds between L-arg amino
group and the group H,PO,~ of KDP crystal
that leads to local distortion of the matrix
lattice and the appearance of the correspond-
ing polarization. The efficiency of SHG of
KDP:L-arg crystals may be also caused by the
contribution of nonlinear polarizability of L-
arg molecules due to intramolecular charge
transfer. Though L-arg molecules do not con-
tain extensive systems of 7-bonds, they pos-
sess intromolecular charge transfer with par-
ticipation of orbitals of the donor and ac-
ceptor groups in the transitions. Excitation of
L-arg molecules gives rise to charge redistri-
bution between the donor and acceptor that
may be accompanied with essential increase of
the dipole moment of the molecule.

4. Conclusions

KDP and KDP:L-arg crystals (with 0.3—
1.4 wt. % concentrations of L-arg in the
mother liquor) were grown by the method of
temperature reduction. The doped KDP
crystals were found to possess higher bulk
laser damage threshold in the sector {101}
in comparison with pure KDP. In KDP:L-
arg containing 0.3 wt. % (the sector {100})
and 0.3-1 wt. % of L-arg (the sector {101})
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the value of microhardness increased. At
further rise of the concentration of L-arg
the microhardness of the faces (100) and
(101), as well as of two crystal growth sec-
tors diminished due to weakening of the
bonding strength between the atoms in
KDP:L-arg crystal lattice caused by enter-
ing of a large quantity of the organic mole-
cules. For KDP:L-arg (1.4 wt. % of L-arg)
crystals the efficiency of SHG exceeded the
one of pure KDP by ~ 2.5 times.
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