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Potassium dihydrogen phosphate (KDP) single crystals doped with L-arginine (L-arg)
amino acid were grown from aqueous solutions onto a point seed using the temperature
reduction method. The incorporation of L-arg molecules into the crystal was verified by
means of ninhydrin reaction. Undoped and L-arginine doped KDP crystals were charac-
terized by XRD method and structure perfection of the doped crystals was shown to
correspond to the one of pure KDP. It was established that incorporation of L-arg
molecules into KDP crystal had an effect on the formation of additional bonds in the
crystal structure, that manifested itself in the thermal properties of the doped crystals.
Investigation of ¢ J_/E‘ value which characterizes the dielectric permittivity anisotropy
showed that it was minimal at 0.5-1.0 wt.% L-arg concentrations. In this case, the
introduced L-arg seems to lead to creation of additional hydrogen bonds and disappearance
of proton vacancies bound up with aliovalent impurities. Since the crystals contain differ-
ent impurity defects, L-arg molecules are oriented in the lattice in a different way,
depending on the type of the defects, and diminish the anisotropy. The present study
testifies that the attenuation of the values of DC conductivity, dielectric permittivity and
loss tangent at L-arg concentrations of 1 wt.% is probably related to the content decrease
of the proton vacancies and the impurity-proton vacancy complexes dipoles, formed due to
incorporation of the impurity ions into the crystal. The incorporation of L-arg molecules
into the crystalline matrix results in an order of magnitude enhancement of the refractive
nonlinear optical (NLO) response efficiency and its sign turn to self-focusing effect versus
the self-defocusing obtained in the nominally pure KDP crystal. Similar kind of the NLO
response efficiency rise in the KDP single crystals doped with TiO, nanoparticles. The
phenomenon can produce the enhancement of the optical harmonics generation efficiency
due to the laser radiation localization and improvement of phase matching conditions
realization.

Keywords: KDP crystals, L-arginine, DC conductivity, self-action effects, nonlinear
refraction.
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Monoxkpucramasl auruapodocdara Kamma (KDP), mompoBaHHBIE aMUHOKUCTOTOHN L-apruHum
(L-arg), BBIpaIeHbl U3 BOJHBIX PACTBOPOB HA TOUEUHOH 3aTPaBKE METONOM CHUKEHHUS TEMIIepaTy-
pul. Bxowpenue monekya L-arg B KpUCTaNJ MOATBEPIKAEHO C MOMOIBLI0 HUHTHUAPUHOBON peak-
nuu. Yuctele kpucrannasl KDP u qonupoBanuble L-arg oxapakTepu3oBaHbI METOOM DPeHTTeHIubh-
pakTomerpuu. IlokasaHo, UTO CTPYKTYPHOE COBEPIIIEHCTBO AOMMPOBAHHBLIX KPUCTAJNJIOB COOTBET-
crByer unucromy KDP. Vcramorieno, uto BxomgeHue mojeryn L-arg B Kpucramn KDP
COTIPOBOKIaeTCA (POPMUPOBAHNEM JOTOJHUTENLHBIX BOJAOPOJHLIX CBf3ell B pellleTKe KPUCTAJIA,
OPOABJAIONIEECS B M3MEHEHUN TePMUUECKNX CBOMCTB JONIMpPOBaHHOTO Kpucrtasina. ITokasano, uro
BEJIMUNHA € l/8", XapaKTepusyoIas aHN30TPOIIUIO AUJIEKTPUUECKOl TIPOHUIIaeMOCTH, UMeeT MU-
HUMaJIbHOEe 3HaueHne npu Kouneutpamuax L-arg 0,5-1,0 mace.% . IIpu sTom BXOMKIeHVE MOJe-
Kya L-arg mpuBOAMT K 0OpPa3s0BAHWIO JOMOJHUTEILHBIX BOJOPOMHBIX CBA3EH B pelleTKe U MCYE3-
HOBEHMIO TIPOTOHHBIX BaKaHCUH, CBASAHHBIX C IPUCYTCTBUEM aJNOBAJIEHTHLIX npumeceii. Ilo-
CKOJIBKY B KPHCTAJIJIAaX CYIIeCTBYIOT PasJNYHBIe NpUMecHble edeKThl, TO MOJeKyJsl L-arg B
3aBUCUMOCTH OT BHJA JeeKTa OPMEHTUPYIOTCA B DPEITETKE PasJIWYHBIM 00pasoM, yMeHbITIAas
AHMB0TPONINIO. Y MEHbIIIeHNe 3HAUEHUS BeJIUUNH ITPOBOANMOCTH, AMIJIEKTPUUECKOHN ITPOHUIIaeMOC-
TH, TAHIeHca YTrJa MmoTeph Npy KoHieHrpanuax L-arg 1 mace.%, BepOSITHO, CBSA3aHO C yMEHbLIIIe-
HHeM KOJMYeCTBa NMPOTOHHBIX BaKAHCUI M AUINOJel, BKJIIOUAIOIIUX TPUMeCHBIH aedeKT M mIpo-
TOHHYI0 BAKAHCUIO, OOpA3YIONINXCA B PE3YJIbTATe BXOMKIEHUS B KPUCTAJI TPUMECHBIX HMOHOB.
Bxomaenue monexkyn L-arg B KPUCTANIMYECKYIO MATPUITY TPUBOAUT K YBENIWUEHUIO HA ITOPAIOK
a(pderTBHOCT PehPAKTUBHOTO HEJWHENHO-ONTUYECKOr0 OTKJIUKA U M3MEHeHWIO ero 3HaKa,
camMoe(POKYCHPOBKa JIA3€PHOTO WM3TyueHUs, Habaogaemaa ana umcroro KDP, mamenserca Ha
caMo(POKYCUPOBKY. AHaJoTUUYHOEe yBesirmueHre speKTUBHOCTY HeJNHEeHHO-ONTUYECKOTO OTKJANKA
Habmiofanock B kKpucraiwiax KDP, monmpopammeix mamouacturamu 1i0,. OTo aBleHMe MOMKeT
00ECTIEUNTE TIOBHITIIEHNE 9 (DEKTUBHOCTY TeHePaIli ONTUUYECKUX TapMOHUK 3a CUET JIOKATU3AIIIYT
JIa3ePHOTO UBJIYUEHUA M YIYUIIeHUS Pealus3aluyl YCJOBUHE (PasoBOro CHMHXPOHM3MA.

Brnane L-aprininy Ha onTHYHI BJACTUBOCTI, MOCKOHAJICTh KPHCTAJNIYHOI CTPYKTYPH Ta
JazepHy Mminuicts kpucraaie KDP. E.I.Kocmeniorosa, A.B.Yknein, B.B.Mynrovman, I.M.Ilpu-
myaa, O.M.Besxposna, A.I'Jopouenro, C.B.Ximuenxo, O.I''@edopos, O.M.Jesuernxo,
O..Cmapixos, B.A.I'aileopoHcvKruil.

Monokpuctanu gurigpogocdary kamniio (KDP), mro gomoani aminorkmcioToio L-aprinin
(L-arg), BUPOIIIEHO 3 BOTHWX PO3UMHIB HA TOUKOBill 3aTpPaBIli MeTOAOM 3HWMIKEHHS TeMIIepa-
Typu. Bxomxennsa moseryn L-arg y KpucrTaa migTBepAKeHO 3a JONOMOTOI0 HiHTiApUHOBOI
peaknii. Ywumeri Ta gomomBami L-arg wpucraau KDP oxapakTepusoBaHi MeTOJAOM peHT-
reugidpparkromerpii. IlorkasaHo, 110 CTPYKTYpPHA [MOCKOHAJNICTH JOMOBAHMX KPUCTAJIIB
Bigmosimae uucromy KDP. Beranosieno, 1o Bxom:eHHs MoJgekyn L-arg y xpucraa KDP
CYIPOBOMKYETEC (DOPMYBAHHAM JOJAATKOBMX BOJHEBMX B3B’fABKIB y TI'paTili Kpucrana, IO
OpOABAAETbCA y 3MiHI TepMiuHMX BJacTUBocTell aomoBaHHoTo Kpuctana. Ilokasano, 1o
BeJINYNHA Sl/g”’ fAKa XaparTepusye aHi30TPOIiI0 AieJIeKTPUYHOI IPOHUKHOCTI, Mae MiHiMaJIb-
He 3HaueHHs mpu Kouuenrtparisx L-arg 0,5-1,0 mac.%. IIpu 1boMy BXO/KeHHs MoJeKya L-arg
TIPUBBOANTEL /10 YTBOPEHHS MOJATKOBMX BOJHEBUX 3B’fA3KIB y TI'paTIli 1 3HWKHEHHA TPOTOHHUX Ba-
Kamciif, 1110 MoB’sA3aHi 3 IPUCYTHICTIO amioBaJleHTHUX AoMirmok. OCKIABKM y KpucTajax iCHYIOTH
pisui momimkoBi mederTr, To Monerkynan L-arg B 3ajyeskHOCTi Bim BUAY medeKTy OPiEHTYIOTHCA Y
TPaTIli pisHWM YWHOM, 3MEHIYIOUM AHIZOTPOIMii0. 3MeHIIEHHs SHAUeHHS BEJUUMH NTPOBIAHOCTI,
TieJeKTpUYHOI TPOHUKHOCTI Ta TaHTeHCYy KyTa BTpPaT TNpu KoHIeHTpamisx L-arg 1 wmac.%,
MNMOBipHO, TTOB’SI3aHO 31 3MEHIIEHHAM KIJBLKOCTI MPOTOHHMX BAKAHCIH 1 AMIIOJEl, 110 BKJIOYAIOTH
JOMINTKOBUH JedeKT Ta IPOTOHHY BAKAHCIIO, SIKI YTBOPIOIOTHCS ¥ PESYAbTATI BXOKEHHS ¥ KPUCTAJ
MOMITITKOBMX ioHiB. BxomKennsa Monerya L-arg y KpucTaIiuyHy MaTPHITIO TPU3BOAUTE MO 301IBITIEH-
HA Ha TOPAAOK e(deKTUBHOCTI pedpaKTUBHOIO HeJiHIMHO-ONTUYHOTO BiATYKY 1 3MiHM fioro smaky,
caMoze(pOKYCYBaHHA JIa3epHOTO BUIPOMIHIOBAHHS, IO cIlocTepiraetbes xana uucroro KDP,
3MIHIOETECA Ha caMO(OKYyCyBaHHS. AHaoriuHe 36isblileHHA e(DeKTHBHOCTI HEJiHIfTHO-OITUYHOTO
BiaryKy crocrepiranoca y xpucranax KDP, axi momosani mamouacruakamu TiO,. Ile apume mosxe
3a0e3rneun Ty IIiABUINEHHA e(PEeKTMBHOCTI reHepallii OITHYHMX TapMOHIK 32 PaxXyHOK JOKaJisarrii
JIA3€PHOr0 BUIIPOMIHIOBAHHSA 1 mosimiienHs peasisairii ymoB ()asoBOro CHHXPOHIZMY.

1. Introduction sess high structure perfection,

mechanical

Potassium dihydrogen phosphate (KDP,
KH,PQ,) single crystals attract much atten-
tion due to their wide applications in fre-
quency converters, electro-optic switching
and modulators [1]. KDP-family crystals pos-
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strength, wide range of spectral transpar-
ency, as well as relatively high wvalues of
laser damage threshold. Moreover, the
growth technology makes it possible to obtain
KDP crystals with well-developed growth sectors
containing practically no defects. Nevertheless,
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relatively low value of quadratic susceptibil-
ity is one of the main functional restric-
tions for the use of KDP crystals.
To increase the efficiency of second har-
monic generation in these crystals, numer-
ous studies have been performed to find out
possible methods for raising the efficiency
of laser radiation conversion by modifying
the structure of the well-known nonlinear
optical single crystals of KDP-family [2-6].
As shown by Xue et al. [6], in KDP family
crystals hydrogen bonds essentially contrib-
ute to nonlinear optical phenomena such as
quadratic electrooptical effect and genera-
tion of higher harmonics. It has been shown
that the nonlinear optical (NLO) charac-
teristics of KDP can be controlled due to
increase of the number of the hydrogen
bonds in the crystals and optimization of
their spatial arrangement [7]. As found in
[8], the incorporation of a number of amino
acids into the structure of KDP group crys-
tals raises the efficiency of second harmonic
generation (SHG). The amino acid molecules
have high polarizability due to the processes
of internal charge transfer between the
donor (COO™) and acceptor (NH,*) groups
[9, 10]. The effect of the doping with L-arg
amino acid on the SHG efficiency of KDP is
reported by Parikh K.D. et al. [9]. The effi-
ciency of SHG in KDP:L-arg, grown with
the addition of 0.3 wt. % and 0.4 wt. % of
L-arg increases by a factor of 1.33 and
1.74, respectively, in comparison with that
of pure KDP. When studying the effect of
L-arg on the electrical properties of KDP
single crystals, Meena et al. [11] show that
the electrical parameters of the doped KDP,
viz. DC and AC conductivity, dielectric con-
stant and loss tangent diminish with the in-
crease of L-arg concentration due to the re-
duction of L-defects mainly caused by crea-
tion of additional hydrogen bonds by the
L-arg which impedes the motion of protons.
In that regard, the goal of the present
work was the growth and characterization
of a series of KDP crystals with different
content of L-arginine amino acid. There was
investigated the impact of L-arg on growth,
structure perfection, thermal and electrical
properties of KDP crystals. The contribu-
tion of the L-arg additive to the nonlinear
optical (NLO) response of the KDP:L-arg
samples was studied by the photoinduced
absorption and refractive index wvariations
versus the peak intensity of the picosecond
laser pulses at 1064 nm.
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2. Experimental

The initial KH,PO, salt was synthesized
from the high-purity reagents HzPO, and
KOH, the concentration of the impurities
(Al, Cr, Mg, Mn, Fe, etc.) in KH,PO, salt did
not exceed 107° wt. %. L-arg amino acid
(Aldrich) was used in the capacity of
dopant. Nominally pure KDP single crystals
and the ones with incorporated L-arg were
grown by the temperature reduction method
[12] onto 5x5x10 mm3 point seed. The in-
itial solutions (pH4.010.1) were prepared at
a saturation temperature of 50.2-51.3°C in
accordance with the solubility curve. The
concentration of L-arg in the mother liquor
was 0; 1.0; 1.4; 2.2 and 8.8 wt. % with
respect to KDP salt. The solutions were fil-
tered through fluoroplastic filters with
0.05 mm pore diameter and then overheated
during 24 hours at T = 70°C. The relative
solution supersaturation ¢ was ~ 0.25-1 %.
To provide dynamic crystal growth condi-
tions, the solution contained in the crystal-
lizer was mixed at a rate of 70 rpm. The
average rates of the growth of the doped
crystals along the growth directions were V,
= 2.0-1.6 mm/day and Vx,y =1.3-0.8 mm
/day with the rise of the dopant concentra-
tion up to 3.8 wt. % . All the grown crystals
had well-developed growth sectors {100} and
{101}. The dimensions (axbxc) of the grown
KDP:L-arg crystals with L-arg contained in

the mother liquor were the following:
61x50x90 mm3 (1.0 wt. % of L-arg),
46x44x52 mm3 (1.4 wt. % of L-arg),
35x81x51 mm3 (2.2 wt. % of L-arg),

42x36x87 mm3 (3.8 wt. % of L-arg).
Determination of L-arg concentrations in
the crystals and solutions was realized by
means of ninhydrin reaction based on the
formation of a colored product during the
interaction between the amino acid and nin-
hydrin at heating in alkaline medium. In
the capacity of reagents there were used
potassium dihydrogen phosphate (ultra-high
pure); 1 M sodium hydroxide solution
(chemically pure), 0.2 % ninhydrin solution
(chemically pure), 0.1 % L-arg solution
(chemically pure), deionized water
(18 MQ-cm). The measurements were real-
ized on a SF-2000 BIO spectrophotometer.
The content of L-arg in the sample was de-
termined by means of the gauge curve or
the method of additions. Thereat, a weight
of the analyzed KDP sample was ground
and dissolved in 10—25 ml of water, supple-
mented sequentially with sodium hydroxide

Functional materials, 25, 2, 2018
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and ninhydrine solutions, and then heated
up to 90°C during 30 min.

Differential thermal (DT) and thermo-
gravimetric (TG) analyses of pure KDP and
KDP:L-arg crystals were realized on a MOM
Q-1500D derivatograph (Hungary) within
20-500°C temperature range. The heating
rate was 2.5 deg/min; as a standard, there
was used aluminum alpha-oxide.

The lattice parameters of KDP samples
were measured with a general-purpose X-ray
diffractometer using CuKo; radiation and
graphite monochromator in a primary beam.
To minimize errors, there was used the
Bond data acquisition method [13]. The
rocking curves (RC) were obtained on a dou-
ble-crystal spectrometer at CuKo; radiation
with silicon monochromator adjusted to the
(400) reflection. The used arrangement al-
lows us to pick out well-resolved Ko; line of
the X-ray spectrum. RC’s in (n, —m) scheme
of the spectrometer geometry were obtained
for the (008) KDP reflection. The measured
values of Full Width at Half Maximum
(FWHM) may be roughly estimated by com-
parison with the calculated ones obtained in
accordance with [14]. W, is:

W =i + ABF + 03 . (1)

Here, wy; and wg are the diffraction line
widths for the monochromator and the sam-
ple, correspondingly; A®,, the angular
spread due to the asymmetry of the mono-
chromator and the crystal sample disposi-
tion. The calculated value equal to 94 arc
sec confirms a good structure perfection of
KDP crystals.

The electrical measurements were per-
formed on 2.0x2.0x0.3 cm3 crystal plates
cut out of the pyramidal ({101}, P) and pris-
matic ({100}, Pr) growth sectors. The value
of resistance R was determined using a
teraohmmeter E6-13A according to the
three-electrode scheme. The voltage applied
to the samples was 100 V. The electrodes
were made from conducting rubber. The di-
ameter of the measuring electrode d; and
the inner diameter of the guard ring d,
were equal to 1.4 and 1.6 cm, respectively.
The gap between the measuring and guard
electrodes was 0.1 cm. The dependence of the
conductivity on the concentration of L-arg
was measured at T = 18—-19°C. The error de-
fined by the accuracy of the measurement
of the samples dimensions and the error of
the device did not exceed ~ 4-6 %.
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The resistivity p and specific conductiv-

ity o of the crystals were calculated from
the formulas:

p=Vs=mn(d; +dy)? - R/16 (1)

The relative dielectric constant ¢, and the
loss tangent (tand) were measured at a fre-
quency of 1 kHz and T = 18-19°C using a
digital capacitance meter E8-4. For ¢, deter-
mination graphite electrodes with a diame-
ter of 1.5 cm were placed onto the opposite
sides of the samples to measure the capacity
of the obtained capacitor. The value of di-
electric permittivity was calculated from re-
lation (2) for capacitor:

_c-d 2)
T e A
0

where C is the capacity of the capacitor
containing the sample; ¢, the dielectric per-
mittivity of vacuum; A and d, the area and
thickness of the sample, respectively. The
accuracy of €, measurement was 3 %. The
error of tand determination did not exceed

116 %.

The absorptive and refractive NLO re-
sponses were studied by the photoinduced
total and on-axis transmittance variations
due to the self-action of the picosecond
laser pulses at wavelength 1064 nm
(1.17 eV). The measurements were per-
formed according to the approach described
in [15]. For the excitation we utilized the
radiation of the mode-locked Nd3*:YAG laser
with pulsewidth 42 ps (FWHM) and repeti-
tion rate 15 Hz. The samples were posi-
tioned at the input aperture (1 cm diame-
ter) of the photodiode in order to avoid im-
pact of the scattering extinction losses. We
have thoroughly checked the reversibility of
the photoinduced transmittancies variations
with rise/reduction of the input laser radia-
tion intensity I. Fitting the experimental
data of the on-axis and total transmittan-
cies versus the peak laser intensity I ac-
cording to the route described in [15] pro-
vides estimation of the photoinduced refrac-
tive index (An) and absorption coefficient

(Aa) variations magnitudes that are propor-
tional to the real/imaginary part of the
cubic NLO susceptibility An ~ Re(x(®))I and
Aa, ~ Im(xB)I.
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Fig. 1. TGA (a) and DTA (b) spectra of pure KDP and KDP:L-arg crystals.
Table 1. Concentration of L-arg amino acid in as-grown KDP crystal
Concentration of Growth sector Concentration of L- Effective "':"Cs,%
L-arg in mother arg in KDP segregation
liquor, wt. % crystal, wt. % coefficient of L-arg
in KDP crystal
1.0 {101} 0.04 0.04 12
{100} 0.06 0.06 8.2
1.4 {101} 0.1 0.07 4.5
{100} 0.1 0.07 3.0
2.2 {101} 0.05 0.02 8.4
{100} 0.03 0.01 13
3.8 {101} 0.04 0.01 13
{100} 0.04 0.01 20

“Cg — experimental error, %.

3. Results and discussion

KDP:L-arg crystals grown at 1.0-2.2 wt. %
concentration of L-arg in the mother liquor
were found to possess high optical transpar-
ency in the visible spectral region. The in-
crease of L-arg concentration in the solution
up to 3.8 wt. % gave rise to striation in the
sector {101}, probably due to capture of the
solution. Chemical analysis of the KDP:L-arg
samples confirmed incorporation of L-arg
molecules into KDP crystals.

As shown earlier [16], L-arg molecules
are effectively incorporated into the growth
sectors {101} and {100} of KDP crystal. Ad-
sorption of L-arg molecules by the growing
faces {100} is caused by the fact that the
carboxyl and amino groups of the dopant
are able to form hydrogen bonds with the
phosphate groups which terminate the
growing faces {100}. In its turn, electro-
static interaction of the negatively charged
groups COO~ of L-arg molecules with the
positively charged face {101} leads to ad-
sorption of the dopant in the growth sector
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{101}. As seen from Table 1, the coefficient
of incorporation of L-arg into KDP crystal
varies from 0.01 to 0.07. Thereat, the con-
tent of L-arg in the crystal increases as the
concentration of the dopant in the mother
liquor rises up to ~ 1.4 wt. %. With fur-
ther growth of the content of L-arg in the
solution in the range of 2.2-3.8 wt. % its
concentration in the crystal diminishes ap-
proximately by 38—4 times. This seems to be
due to blocking of the growing crystal faces
by the dopant molecules and to the corre-
sponding decrease of the growth rate of
KDP:L-arg crystal.

Incorporation of L-arg molecules into KDP
crystal had an effect on the formation of ad-
ditional bonds in the crystal structure, that
manifested itself in the thermal properties
of the doped crystals. As seen from Fig. 1a,
the TG-thermogram of pure KDP practi-
cally does not show a mass loss in the
range of 30-200°C, but then this loss be-
comes noticeable. At the same time, for
KDP:L-arg crystal with the increase of L-arg
concentration from 1.4 to 3.8 wt. % the

Functional materials, 25, 2, 2018
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Fig. 2. Rocking curves of pure KDP (a) and KDP:L-arg (b) crystals, cut of from {101} growth

sectors.

mass loss is observed at temperatures ~
200°C, 215°C and 230°C that testifies to the
rise of the decomposition temperature for
KDP:L-arg crystals. The process of mass
loss is fast at temperatures up to 380°C and
slow at temperatures up to 500°C. The mass
loss in 200-380°C temperature range is
caused by KDP and L-arg decomposition.
The observed rise of the decomposition tem-
perature with the increase of the concentra-
tion of L-arg points to the fact that incorpo-
ration of L-arg into KDP crystals raises
their thermal stability.

Fig. 1b presents the DTA curves of pure
and L-arg doped KDP crystal. For the pure
crystal there is observed a doubled en-
dothermal peak with maxima at 230°C and
248°C. With the growth of L-arg concentra-
tion from 1.4 to 3.8 wt. % these maxima
are registered at 237°C and 266°C. The shift
of the maxima testifies to the rise of the
thermal stability of the doped KDP crystals.
It should be noted that, as reported in a
number of papers, the phase stability of
KDP crystals grown in the presence of
amino acids was observed either to increase
or to diminish. The rise of the phase stabil-
ity of the crystals was registered at their
doping with L-Glutamic acid, L-Histidine,
L-Valine [17], as well as with L-arginine,
L-histidine and glicine [18]. At the same
time, introduction of glicine [19], L-alanine
[20], L-Arginine and L-Alanine [21] into
KDP crystals was found to somewhat reduce
their thermal stability, obviously due to the
increase of the dopant content in the crys-
tal, that also leads to worsening of the opti-
cal properties of these crystals.

To study the influence of L-arg mole-
cules on the structure perfection of the ma-
trix, there were measured the rocking
curves of KDP and KDP:L-arg crystals. The
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study performed on KDP and KDP:L-arg
(1.4 wt. % of L-arg) (P and Pr growth sec-
tors) shows that the structure perfection of
the doped crystals corresponds to the one of
pure KDP (Table 2). The rocking curves of
pure KDP and KDP:L-arg crystals (P) are
presented in Fig. 2. The rocking curves for
the samples cut out from the sector Pr for
the pure and doped crystals are similar to
those shown in the figure.

As we have found earlier [12], the
change of the crystal lattice periods
shows the rise of the crystal lattice pa-
rameters by the values Aa = 2.42.10°% A
({101}) and Aa = 2.451074 A ({100}) for
KDP:L-arg samples. Thereat, the value of
the parameter ¢ in KDP:L-arg changes with
respect to the one of KDP crystal: Ac =
-9.5:107® A ({101}) and Ac=-8.0-10"% A
({100}). It is known that KDP crystal has a
tetramolecular unit cell with a = 7.452 A
and ¢ = 6.974 A [22].

Measurements of DC conductivity in
KDP samples cut out from different parts
of the crystals along the axes a and c tes-
tify to an essential influence of the doping
addition and its concentration on the spe-
cific conductivity of the crystals. Depending
on the concentration of L-arg, the conduc-
tivity of some crystals may either rise by an

Table 2. FWHM values measured in pure
KDP and KDP:L-arg crystals

Samples FWHM,
arcsec
Pure KDP, {101}, z 63.54
Pure KDP, {100}, z 64.58
KDP:L-arg, 1.4 wt. % L-arg, {101}, z| 64.37
KDP:L-arg, 1.4 wt. % L-arg, {100}, 2/ 66.71
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Fig. 3. Dependences of conductivity of KDP
crystals (along a- (1) and c-directions (2)) on
L-arg concentration for the pyramidal sector.
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Fig. 4. Dependences of resistivity (p) of KDP
(along a- (1) and c-directions (2)) crystals on
L-arg content for the pyramidal sector.

order of magnitude or diminish by 5 times.
Such changes are defined rather by the part
of the crystal used for manufacture of the
sample than by the direction in the crystal
along which the measurements have been
realized. The common feature in the behav-
ior of the concentration dependences for all
the samples is the rise of the conductivity
at low L-arg concentrations (0.4-0.7 wt. %)
followed by its essential decrease to the val-
ues lower than those for the undoped sam-
ples at concentrations up to 1.0 wt. %, and
subsequent increase with the growth of the
dopant concentration.

Typical dependences of conductivity for
KDP crystals on the concentration of L-arg in
the solution are shown in Fig. 3. The values

of o differ depending on the part of the crys-

60

45 ;-' a?\i\%S
1

30 L]

1 1 1 1 1 1 1 1
1,5 20 25 3,0 35 40
ClL-arg, Wt. %

Fig. 5. Dependences of the dielectric permit-
tivity of KDP crystals on L-arg content for
the pyramidal (I, 2) and prismatic (3, 4) sec-
tors of crystal growth along a- (I, 3) and
c-directions (2, 4).

tal used for the making of the investigated
samples (Table 3). With the increase of the
dopant concentration both 6, and o) at first

rise and reach their minimum and after-
wards start to grow again. The correspond-
ing changes in the resistivity are shown in
Fig. 4. As is seen, at low concentrations of
L-arg it diminishes, then rises, reaches the
values exceeding the resistance of the undoped
crystals, then diminishes again. Non-mono-
tonic dependences are observed at the measure-
ments realized both along o| and perpendicular

p, to the crystal axis c. The resistivity maxi-

mum corresponds to the interval of L-arg con-
centrations (Cp,g)0.7 < Cppe < 1.4 wt. % .
The change of relative dgielectric permittiv-
ity depending on the concentration of L-arg is
presented in Fig. 5. As is seen, introduction
of L-arg into KDP increases the value of the
longitudinal &, = g = €33 and transversal

€, = €= €11 = €99 components of the tensor

of relative dielectric permittivity especially
pronounced for the prismatic sector (growth
sector effect). Thereat, within a certain in-
terval of L-arg concentrations, there is ob-
served the dielectric permittivity minimum,
or diminution of the rate of its rise with
the increase of L-arg concentration. It
should be noted that this occurs within the
same interval 0.7-1.4 wt. % of L-arg con-

Table 3. Conductivity o for pyramidal and prismatic growth sectors

Pyramidal sector {101}

Prismatic sector {100}

= 8.6.10713 + 2.9.10711 o) = 1.2.10712 + 1.7.10711

6 =1.710-13 + 2.0.10711 o) = 1.1.10718 + 5.3.10711
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Fig. 6. Effect of L-arg additive on dielectric permittivity anisotropy: k; = EJ/_E” (Fig. 6a) and k&, =

(Ef' 8”)/(sl— 8”) (Fig. 6b) for crystal growth sectors: 1 — {100}, 2 — {101}.

centrations where the resistivity p also in-
creases.
As seen from Fig. 6, the values of £y = E_/LE”

(Fig. 6a) and kg = (g + gI/e - g (Fig. 6b)

which characterize dielectric permittivity
anisotropy which depends on the concentra-
tion of L-arg. The dependences k; and ko
for the pyramidal and prismatic growth sec-
tors have different behavior, thereat for the
prismatic sector the concentration-related
changes of the said parameters are most
pronounced (crystal growth sector effect).

The behavior of the value of the loss
tangent (tand) depending on the concentra-
tion of L-arg is analogous to the concentra-
tion dependence of conductivity. With the
rise of the L-arg concentration the value of
tand at first increases and then diminishes
to the values characteristic of those for the
undoped crystals, and afterwards it grows
again. A typical dependence is shown in
Fig. 7. As is seen, the minimum of the loss
tangent corresponds to 1.0 wt. % concen-
tration of the doping addition.

1,00
0,75 | l/z
= | %
< 050}
I 1
" I/
025" T
R ¢ ¢
L
0700 1 1 1 1 1

1 1 1 1
0,0 0,5 1,0 1,5 2,0 2,5 3,0 3,5 4,0
CL_arg,Wt.%

Fig. 7. Loss tangent for the perpendicular di-
rections tand l(1 ) and parallel direction tanSH

(2) of the pyramidal sector of KDP:L-arg.

Nowadays there known several
mechanisms of conductivity in KDP crys-
tals, see [23-26]. However, since in the pre-
sent study the measurements have been
performed at room temperature, there
must be considered the mechanism con-
nected with the presence of aliovalent impu-

are

Table 4. Comparison of the refractive Re(X(S)) and absorptive Im(x(3)) cubic nonlinear-optical
responses efficiencies and the quality parameter FOM for the KDP:L-arg and the nominally pure
KDP single crystals in the peak intensity range I < 30 MW/cm2. L — sample thickness, I, and

I, — the saturation peak intensity and on-axis transmittance extremum position, see Fig. 8

Sample Growth | L, mm /I, Re(x®)), 1079 esu Im(x®)), 10712 esu FOM
Sector MW /cm?2

KDP P 0.49 27/18 -2.9 1.2 64.0

Pr 0.82 47/54 -0.7 0.3 61.8

KDP:L-arg | P 0.54 57/42 12.0 1.9 167.4

Pr 0.54 63/23 11.0 2.0 145.8

Functional materials, 25, 2, 2018
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Fig. 8. Photoinduced variations of the total (a) and on-axis (b) transmittances of the KDP and the
KDP:L-arg single crystals cut from pyramidal (P) and prismatic (Pr) growth sectors under pulsed

laser excitation at 1064 nm.

rities which give rise to L-defects (proton
vacancies) in the crystals. This mechanism
[11, 27-29] dominates at temperatures close
to room temperature

In the presence of aliovalent impurities
[28] charge compensation is usually realized
by creation of proton vacancies. If the local
environment of an impurity ion contains
charge-compensating centers, then there are
formed dipolar complexes earlier considered
in [28] and other works while studying ionic
thermo-currents in KDP containing chro-
mium ions. The dipolar complexes consist-
ing of impurities and proton vacancies in-
fluence the conductivity and dielectric char-
acteristics of the crystals.

Irradiation of KDP crystals with ionizing
radiation is known to give rise to modifica-
tion of the hydrogen bonds which changes
their length [30]. As shown while studying
irradiation with high-energy protons, the
shift of protons changes the conductivity
and the dielectric properties [31].

Similarly to irradiation, doping of the
crystals with organic additives also results
in modification of their hydrogen bonds. As
assumed in [11], L-arg molecules substitute
cations in KDP crystals and occupy some in-
terstices. The increase of the parameter a (b)
during introduction of L-arg into the lattice
of these crystals observed in [16] testifies to
modification of the hydrogen bonds. There-
fore, it should be expected that the intro-
duced L-arg will raise the conductivity, di-
electric permittivity, loss tangent and di-
minish the activation energy of
conductivity, just as it takes place in the
case of modification of the hydrogen bonds
at irradiation of the crystals by high-energy
protons [30, 81]. Indeed, as we have found
in the present study, for certain intervals
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of L-arg concentrations the values of con-
ductivity, dielectric permittivity and the
loss tangent rise with the L-arg content.

On the whole, the dependences of the
considered values, in contrast to those ob-
tained in [11], are non-monotonic (Fig. 3).
At (0.7-1.4) wt. % content of L-arg, the
values of conductivity, dielectric permittiv-
ity, the loss tangent at first decrease, as
consistent with the results obtained in [11],
and then rise. In [11] the decrease of the
considered values depending on the concen-
tration of L-arg is explained by the fact
that L-arg creates additional hydrogen
bonds resulting in diminution of the concen-
tration of L-defects. As known from EPR
studies [3], undoped KDP crystals conven-
tionally contain impurities of chromium,
iron and other chemical elements. As noted
above, some of these elements, e.g. chro-
mium ions, influence the conductivity and
dielectric characteristics of the crystals.
Therefore, the decrease of the values of DC
conductivity, dielectric permittivity, loss
tangent at L-arg concentrations of ~1 wt. %
is probably connected with the diminution
of the quantity of proton vacancies and im-
purity-proton vacancy dipoles, formed due
to incorporation of the impurity ions into
the crystal.

Note that the increase of the value of
dielectric permittivity at L-arg concentra-
tions higher than 1 wt. % (Fig. 5), is more
pronounced for the Pr sector. The influence
of L-arg on the dielectric permittivity in
the Pr sector is more essential than the one
in the P sector. Therefore, L-arg incorpora-
tion into the crystal due to the carboxyl and
amino groups is obviously predominating.
In this case L-arg creates hydrogen bonds
with the face (100).

Functional materials, 25, 2, 2018
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Investigation of € /g value which charac-

terizes the dielectric permittivity anisotropy
shows that it is minimal at 0.5-1.0 wt%
L-arg concentrations. In this case, the intro-
duced L-arg seems to lead to creation of
additional hydrogen vacancies and disap-
pearance of proton vacancies bound up with
aliovalent impurities. Since the crystals
contain different impurity defects, L-arg
molecules are oriented in the lattice in a
different way, depending on the type of the
defects, and diminish the anisotropy. It is
to be noted that the most essential anisotropy
decrease takes place in the prismatic sector
where, according to the data of [3], the quan-
tity of impurity chromium and iron ions ex-
ceeds the one in the pyramidal sector.

The NLO properties of KDP and KDP:L-
arg single crystals were studied within the
self-action of picosecond laser pulses at
1064 nm. The photoinduced variations of
the total and on-axis transmittances versus
the peak intensity for the samples are pre-
sented in Fig. 8(a, b), correspondingly. It
was shown that, in general, for the nomi-
nally pure crystals from P and Pr growth
sectors the total transmittance variations do
not exceed 0.5 %. For the initial peak in-
tensity range both samples demonstrate
slight photodarkening effect that is more
pronounced for the one from P growth sec-
tor. For the definite laser intensity I, the
effect saturates (see Table 4) and turns to
photobleaching. The observed higher I, mag-
nitudes for the crystal from Pr growth sec-
tor can be explained by its higher thickness.
The incorporation of L-arginine dopant re-
sults in significant enhancement of the pho-
todarkening efficiency and higher I,. For
composite crystals I, was determined as tan-
gents intersection point (see Fig 8a) that
can be treated as a switching threshold
from the initial effective response to the
more saturated one.

We readout the refractive NLO response
of the crystals providing the studies of the
on-axis transmittance dependences versus
the peak laser intensity. It was shown that
even for both nominally pure samples the
magnitudes of the photoinduced on-axis
transmittance variations are significantly
higher versus the absorptive ones. The
nominally pure matrices demonstrate the
self-defocusing effect that saturates at peak
intensity I, (see Table 4). The L-arg dopant
admixture results in one order of magni-
tude enhancement of the refractive NLO re-
sponse and its sign turn to self-focusing
effect that is more pronounced ~50 % for

Functional materials, 25, 2, 2018

the KDP:L-arg crystal from P growth sector
versus the ~ 30 % for the one from Pr
growth sector. The effect saturation occurs
at less peak intensity I, in comparison to
the I, observed for the total transmittance
dependences. It indicates the resonant ori-
gin of the studied processes in the crystals.

From the obtained total and on-axis
transmittance dependences we calculated
the imaginary Im(x(®) and real Re(x(®)
parts of the cubic NLO susceptibility (see
Table 4) according to the route described
in [32] for initial peak intensity range
I <30 MW/cm?2. It was show the L-arg
dopant admixture results in significant en-
hancement of the absorptive and refractive
NLO responses:
growth sector; |Re(X(3))KDP:L-arg| ~
6.7 Im(x®)gppl for Pr growth sector. The
effect of efficient Re(x(®) rise and sign turn
to self-focusing in comparison to the nomi-
nally pure KDP matrix is similar to the one
observed in nanocomposites KDP with TiO,
nanoparticles (KDP:TiO,) [33, 34]. For the
others ranges the observed NLO response en-
hancement is less due to the saturation of the
aforementioned effects. The exception is the
KDP:L-arg crystal from P growth sector for
the range 40—-50 MW /emZ.

For the initial range we calculated the
conventional optical quality parameter — a
figure of merit FOM = An/(Ada), see Table 4.
The parameter reflects the gain in photoin-
duced refractive index versus the resonant
absorption losses at the corresponding wave-
length. It was shown that for the L-arginine
doped KDP crystals the FOM magnitudes
are about 2.5 times higher. It means that
KDP:L-arg are promising nonlinear optical
material for the laser and photonics applica-
tions due to the obtained high FOMs magni-
tudes.

It is known that the doping of the KDP
crystals with complex organic molecules like
L-arginine and L-valine results in SHG effi-
ciency enhancement up to 30-70 % that
proportionally rises with the concentration
of the organic compounds in the KDP [8].
The SHG efficiency enhancement up to
30 % in the KDP with 2 wt. % of car-
bamide was shown in [35]. The effect was
determined by the additional deformation of
(PO4)3‘ tetrahedron due to the hydrogen
bonds formation between the amino group
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of carbamide and dihydrophosphate group
of the crystalline matrix. In recent studies
it was demonstrated that organic com-
pounds (carbamide, xelenole orange) result
in significant enhancement of (PO4)3‘ phos-
phate groups oscillations anharmonism of
the KDP crystal and consequently in effi-
cient rise of nonlinear electrooptical coeffi-
cient dgg that determines high efficiency of
quadric NLO response Re(x(z)) [12].

The observed efficient self-focusing ef-
fect due to the L-arg incorporation is simi-
lar to the one observed for KDP:TiO, nano-
composites [33, 84]. It was shown that in-
corporation of metal oxide nanoparticles
into the crystalline KDP matrix under defi-
nite excitation condition leads to the giant
enhancement of the cubic NLO response
Re(x®)). The effect results in intrinsic self-
focusing of the pump laser beam that deter-
mines concentration of the laser radiation
within an enhancement of the optical har-
monics generation processes efficiency.
Thus the KDP:L-arg crystal is promising
medium for the laser frequency conversion
due to the manifestation of both quadratic
(direct impact) and degenerate cubic refrac-
tive (indirect impact through the self-focus-
ing effect) responses enhancement.

4. Conclusions

The nominally pure KDP single crystals
and those doped with L-arginine amino acid
were grown. Determination of L-arg concen-
trations in the crystals by means of ninhy-
drin reaction indicated that the L-arg mole-
cules have been embedded into the lattice of
the KDP crystals. It was shown that the
dopant incorporation produced an effect on
the formation of additional bonds in the
crystal structure that manifested in the
thermal properties of the doped crystals.
For the nominally pure crystal it was ob-
served a doubled endothermal peak with
maxima at 230°C and 248°C. With the
growth of L-arg concentration from 1.4 to
3.8 wt. % these maxima are registered at
237°C and 266°C. The shift of the maxima
testifies to the rise of the thermal stability
of the L-arg doped KDP crystals. The lattice
parameters of KDP samples were measured
by High Resolution XRD method. It was
found that the change of the crystal lattice
periods showed the rise of the crystal lattice
parameters by the values Aa = 2.42.107% A
({101}) and Aa = 2.45:1074 A ({100}) for
KDP:L-arg samples. The XRD study per-
formed on the KDP and the KDP:L-arg
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(1.4 wt. % of L-arg) for different growth
sectors showed that the structure perfection
of the doped crystals corresponded to the
one of the nominally pure KDP.

The present study indicates that the
main feature in the character of the concen-
tration dependences of DC-conductivity for
all KDP:L-arg samples is the rise of the
conductivity at low L-arg concentrations
(0.4-0.7 wt. %). At higher concentrations
up to 1.0 wt. % it was observed the essen-
tial reduction of the conductivity to the val-
ues less than those for the undoped crystals
and its subsequent rise with further in-
crease of L-arg content. The concentration
dependences of the loss tangent and dielec-
tric permittivity in KDP:L-arg crystals is
similar to the DC-conductivity. Therefore,
the attenuation of the DC-conductivity, di-
electric permittivity, loss tangent magni-
tudes at L-arg concentrations of ~ 1 wt. % is
probably related to the content decrease of
the proton vacancies and the impurity-proton
vacancy complexes dipoles, being formed due
to the incorporation of the impurity ions into
the crystal.

The analysis of the picosecond laser
pulses self-action effects at wavelength
1064 nm showed that the L-arg dopant ad-
mixture results in the self-focusing effect
manifestation versus the self-defocusing one
observed for the nominally pure KDP ma-
trix. The efficiency of the refractive NLO
response Re(x(®) ~ 1078 esu is one order of
magnitude higher for the KDP:L-arg single
crystals. The effect is more pronounced in
the plate cut from the P growth sector. We
have the similar kind of the NLO response
efficiency rise in the KDP single crystals
doped with TiO, nanoparticles [33, 34]. The
observed efficient self-focusing effect can
provide laser electric field concentration with
consequent enhancement of the SHG yield.
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