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Abstract
Large size single crystals of potassium L-ascorbate monohydrate, KC6H7O6.H2O (KLAM), are grown using solution growth 
technique by lowering the temperature at the rate of 0.24 °C/h, where water was used as a solvent. The structure of KLAM was 
solved by single-crystal XRD. KLAM crystallizes in P21 space group with unit cell parameters a = 7.030(5)Å, b = 8.811(5)
Å, c = 7.638(5)Å and β = 114.891(5)°. The crystal grows with bulky morphology in all three directions having (100), ( 

−
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1 1), (001) and (00 
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1 ) prominent faces. Thermo-gravimetric analysis and Differential scanning calorimetry 
measurements show that KLAM is stable up to 80 °C. The crystal offers good optical transparency with a lower cut off as 
low as 297 nm. Second harmonic conversion efficiency measured on powder sample is 3.5 times that of potassium dihydro-
gen phosphate. Phase matching (PM) is observed on the a-plate of the KLAM. Noncollinear phase matching rings are also 
observed near the PM directions, which help to identify the PM directions. The observation of noncollinear second-harmonic 
rings up to third-order indicates high magnitudes of nonlinear optical coefficients. Single-pulse laser damage threshold value 
of the crystal is 3.07 GW/cm2 at 1064 nm on the a-plate of the crystal.

1  Introduction

Nonlinear optical crystals play a key role in solid-state lasers 
[1–4], which generate light at varying frequencies through 
nonlinear optical processes [5–14]. Due to their versatile 
applications in scientific and technological fields, they 
have received extensive research interest. Nonlinear opti-
cal molecular crystals have advantages of low cost, chemi-
cal stability, large second harmonic coefficients, moderate 
birefringence (Δn∼0.05 − 0.10), wide transparency window 
with high transmission and high laser damage threshold all 
of which are of scientific and technological interest [15–28]. 
Saccharides (sugars) are organic materials composed of 

carbon, hydrogen and oxygen. The saccharides are chiral 
and crystallize in non-centrosymmetric crystal structure 
which is a prerequisite for the generation of second har-
monic [5]. L-ascorbic acid, a water-soluble monosaccharide, 
forms bulky colourless crystals because of multi-directional 
hydrogen bonds [29]. Crystals which include water mole-
cules in their structure, lose crystallinity when water goes 
out. Saccharide crystals possess second harmonic genera-
tion (SHG) capability and are potential material for phase 
matching [30]. Previous reports on lithium L-ascorbate 
dihydrate, D-isoascorbic acid, and lithium D-isoascorbate 
monohydrate have shown that saccharides possess moder-
ate to large birefringence and low walk off angle of second 
harmonic light and therefore are easily phase-matchable 
[31–34]. Ascorbic acid is not very stable in solution as it 
oxidizes into dehydroascorbic acid on exposure to air, light, 
and elevated temperatures. Dehydroascorbic acid may fur-
ther be converted to various degradation products, such as 
2-furoic acid, 3-hydroxy-2-pyrone, furfural etc. [35–37]. 
However, they are quite stable in the crystalline state. A 
previous report on lithium salt of ascorbic acid shows that 
lithium ion’s introduction improves its chemical and physical 
properties. Besides, crystal structure is modified, leading to 
the enhancement of nonlinear optical properties like conver-
sion efficiency, laser damage threshold, and stability [33]. 
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For investigating the effect of other alkali metals such as 
potassium, we synthesized the potassium salt of L-ascorbic 
acid. It crystallizes as monohydrate, with P21 space group 
which satisfies the structural requirement of noncentrosym-
metry for second-harmonic generation.

This paper discusses the synthesis, crystal growth, struc-
tural and thermal properties of potassium L-ascorbate mono-
hydrate KLAM. Also, powder second harmonic generation 
by Kurtz Perry method, noncollinear and collinear phase 
matching and laser damage are investigated.

2 � Experimental section

KLAM was synthesized by mixing L-ascorbic acid (4 N, 
Sigma Aldrich) and potassium carbonate (4  N, Sigma 
Aldrich) in stoichiometric ratio (2:1) in distilled water at 
room temperature. L-ascorbic acid reacts with potassium 
carbonate quickly with the evolution of CO2. The chemical 
reaction is given below.

The solution is stirred using a magnetic stirrer until all 
the CO2 escapes. Since photochemical decomposition causes 
colour change from clear to yellowish-red, the solution was 
shielded from light exposure [38].

Before growing the crystal, the compound was recrystal-
lized twice to increase purity. Crystals up to 55 × 30 × 15 
mm3 were grown without seeding in about four weeks. 
Solution growth technique using modified Holden’s rotary 
crystallizer yields full morphology and hence employed 
for this work. It was observed that the material’s solubil-
ity increases with temperature, so crystals were grown by 
lowering the temperature in the range of 33–28 °C. As the 
solution was sensitive to temperature, the saturated solu-
tion’s upper limit was kept at 33 °C. Seed crystals were first 
obtained by slow evaporation of water. Thus, a good seed 
crystal was introduced in the saturated solution, which was 
cooled at 0.01 °C/h rate using Eurotherm 2416 temperature 
controller. After about 20 days, crystals of size 35 × 35 × 20 
mm3 in size were obtained. The photographs of as-grown 
crystals are shown in Fig. 1.

Single crystal X-ray diffraction experiment (SCXRD) 
was performed using Oxford Xcalibur diffractometer with 
Eos detector and Mova microscope (λ = 0.71073 Å). Direct 
method in Shelx 2014 was applied to solve the structure. 
To check the bulk purity and presence of a single phase 
in the entire crystal, powder X-ray diffraction was carried 
on Rigaku SmartLab X-ray diffractometer which employs 
Cu-Kα radiation. A contact goniometer (least count 0.1°) 
was used to measure the interfacial angles. Thermo-
gravimetric analysis (TGA) was made with the help of 
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ME-51140728 model of ARTESYN technologies while 
Differential scanning calorimetry (DSC) experiments were 
carried out with the help of DSC 2920 model of TA Instru-
ments. The UV–Vis transmission spectrum was recorded 
using UV-3600 spectrometer. For phase matching, laser 
damage and UV–Vis spectroscopy, polished (using metha-
nol and Al2O3 powder) crystal plates were used. Crystals 
were cut using a homemade wet-saw machine, which cuts 
the crystal by dissolving the crystal by a fine wet string. 
For polishing, the crystal plates were rubbed on the BUE-
HLER’s polishing micro cloth with methanol and alumina 
(Al2O3) powder of different particle sizes (3–0.5 µm). An 
Nd:YAG laser (1064 nm, 10 Hz repetition rate, 6 nm pulse 
width) was used for collinear and noncollinear phase match-
ing. For laser damage studies, Nd:YAG and He–Ne lasers 
were used simultaneously as pump and probe. The energy 
of Nd:YAG and He–Ne lasers were measured using pyro-
electric sensors PE25BBDIFSHV2 (with and without dif-
fuser) and 3APSHV1, respectively, together with a NOVA 
II Ophir power meter. For visual verification of the dam-
age, a Leitz Orthoplan microscope was used. For finding 
the relationship between crystallographic a, b, c directions 
and the direction of optical importance, Laue XRD was car-
ried out using Rigaku diffractometer with Mo-Kα radiation 
(polychromatic). Optical measurements were carried out by 
keeping the crystal on a goniometer. The goniometer with 
the crystal was then transferred to the X-ray machine gently 
not to disturb the crystal from its position. Data were fitted 
using Orient express software.

3 � Results and discussion

3.1 � Single‑crystal XRD

Crystallographic information obtained from SCXRD and 
details of data refinement are given in Table 1. KLAM crys-
tallizes in monoclinic P21 space group at room temperature. 
Molecular diagram of KLAM is shown in Fig. 2. Along the 
b direction, potassium atoms are connected via O3 and O7W 
atoms. In a and c directions, they are connected through 
organic links as shown in the packing diagram of KLAM in 

Fig. 1   a A KLAM crystal grown by slow evaporation without seed-
ing. b and c crystals grown with solution growth set up by seeding. d 
polished plate cut perpendicular to b crystallographic axis
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Fig. 3. Hydrogen bonding figure and list of Hydrogen bonds 
are given in Figure S5 and Table S4, respectively.

3.2 � Morphology

WinXmorph software was used to identify the morphol-
ogy of the crystal [39, 40]. Given crystallographic data, the 
software generates morphology according to point group 
symmetry. Appropriate hkl values and central distances gen-
erate a figure identical to the crystal’s morphology. Angles 
between the planes calculated from the software and those 
measured experimentally using a contact goniometer are 
listed in table S5. Theoretical and experimentally measured 
inter-planar angles show a good match. The morphology of 
the crystal generated is illustrated in Fig. 4a which looks 

similar to the grown crystal in 4(b). The crystal is bulky with 
15 habit faces, though fewer faces develop (~12 number) in 
smaller crystals.

3.3 � Thermal analysis

DSC and TGA curves for KLAM are shown in Fig. 5. Both 
measurements were performed at 5 °C/min heating rate. 
TGA curve shows that the material starts to lose weight 
from 80 °C. From 80 to 105 °C degree, it loses ~ 0.2121 mg 
weight, which is 5.81% of its initial weight of 3.65 mg. The 
theoretically calculated percentage of water is 7.751%. This 
is close to the experimentally measured value and indicates 
that KLAM loses most of the water between 80 and 105 °C. 
The range may vary with different heating rates. Beyond 

Table 1   Crystallographic data of KLAM obtained from SCXRD

Formula C6H9O7K

CCDC No 1944136
Formula weight 232.23
Temperature (K) 295 K
Colour Colourless
Crystal size (mm3) 0.2 × 0.15 × 0.12
Radiation Mo-Kα

Wavelength (Å) 0.71073
Crystal system Monoclinic
Space group P21

a (Å) 7.030(5)
b (Å) 8.811(5)
c (Å) 7.638(5)
β (°) 114.891(5)
Volume (Å3) 429.2(5)
Z 2
No. unique reflections 1660
No. of parameters 164
Theta min. and Theta max 3.741° and 30.061°
R[F2 > 2σ(F2)], wR2(F2) 0.0451, 0.0977
Δρmin, Δρmax (eÅ–3)  − 0.296, 0.365
Goodness of fit 1.013

Fig. 2   Molecular diagram of potassium L-ascorbate monohydrate

Fig. 3   Packing diagram of potassium L-ascorbate monohydrate per-
pendicular to a direction (double bonds are not shown for simplicity)

Fig. 4   a Morphology of the KLAM crystal generated by the Orient 
Express software which matches with the morphology of the crystal 
in (b)
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105 °C, all remaining water goes out of the sample. At 
higher temperatures, weight loss could not be measured, as 
the material becomes foamy and bubbles out of the crucible. 
An endothermic peak at 89 °C in the DSC curve is attributed 
to dissociation of water molecules from the KLAM and sub-
sequent evaporation of crystallized water, which is also in 
conformance with TGA data. During the second heating (of 
the same material), the endothermic peak was not observed, 
confirming that the endothermic peak is due to dissociation 
and evaporation of water molecule from KLAM. Results of 
both TGA and DSC endorse that KLAM is stable at least up 
to 80 °C which is the onset temperature in DSC. After this 
temperature, it loses crystallinity.

3.4 � UV–Vis spectroscopy

Figure 6 shows the optical transmission spectrum of KLAM. 
A polished 1 mm thick a-plate was used. The graph shows 
that the crystal has more than 80% transparency in visible 
and good transmission in UV regions.

After 320 nm, transmission drops sharply and crystal 
becomes opaque at lower wavelengths. The lower cut off 
wavelength is 297 nm and the higher cut off is near 1500 nm, 
which indicates that crystal can be used in nonlinear optics 
for SHG and THG in visible and UV region. Calculated 
value of the bandgap from the lower cut off is 4.18 eV.

3.5 � Powder SHG measurements

Since KLAM crystallizes in the non-centrosymmetric space 
group, it is expected to be NLO-active. We carried out SHG 
measurements using the Kurtz − Perry method [41]. Here 
Nd:YAG laser beam of 1064 nm wavelength with 10 ns 
pulse duration and 10 Hz repetition rate was used.

Fine powder of the crystal was packed tightly in a capil-
lary tube. Focused laser beam of 1064 nm was made to fall 
on the tube and generated second harmonic. SHG signal 
was separated using a monochromator and was subsequently 
amplified by a photomultiplier tube and then measured by 
oscilloscope. SHG signal of the standard KDP powder was 
also measured in the same way. The intensities ratio shows 
that the second harmonic conversion efficiency of KLAM is 
3.5 times that of KDP.

3.6 � Collinear and Spontaneous noncollinear phase 
matching

Spontaneous noncollinear phase matching (SNCPM) is 
often observed in crystals with large birefringence and 
large NLO coefficients [32, 42]. NCPM arises due to the 
interaction of the fundamental beam with scattered light 
inside the crystal. When fundamental beam with wave vec-
tor k1(λ) falls on the crystal, most of it passes through the 
crystal unaltered but a small amount of the beam is scattered 
from the crystal surface and crystal imperfections, yielding 
the wave vector k1′ (λ). If the wave vector for the second 
harmonic wave is k2(2λ), where the phase-matching condi-
tion ∆k = (k2 − 2k1) = 0 is satisfied, second harmonic light is 
amplified [42].

To observe SNCPM and collinear phase matching (CPM), 
a-plate of KLAM crystal was oriented such that crystallo-
graphic [100] direction was along the OX axis and [010] 
direction along the OZ axis of the goniometer. The corre-
sponding Laue pattern (experimental and computed) for this 
orientation is shown in Figure.S3. The positive directions 
of rotation of the goniometer axes are also shown in Fig. 7.

The crystal was then rotated around [010] direction, dur-
ing which SNCPM rings were initially observed. On further 

Fig. 5   TGA and DSC plots of KLAM. Note that the peak at 89 °C in 
the first DSC curve matches the onset of the weight loss in the TGA 
curve

Fig. 6   Spectrum of UV–Vis transmission of KLAM crystal measured 
at a polished a-plate
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rotating the crystal anticlockwise, collinear phase matching 
was observed at 13.5°, the evolution of which is shown in 
Fig. 8. On further rotation from CPM direction by small 
angle (~ 2°), the SHG signal intensity drastically reduces. 
Thus, SNCPM has helped us in identifying a phase-matching 
direction.

To measure the other phase-matching directions experi-
mentally, rotation around OY direction was employed with 
the rotation around OZ axis. List and plot (Matlab) of angles 
at which phase matching was obtained by varying ϕy and ϕz 
are shown in table S6 and Fig. 9, respectively.

3.7 � Laser damage studies

To resist the high laser power density for a crystal is a cru-
cial factor in nonlinear optics. In laser damage studies, sin-
gle pulse and multiple pulse threshold values are important. 
The highest power density up to which the crystal surface 
remains intact is defined as the damage threshold. For single 
pulse damage, a fresh surface was exposed to avoid history 
effect. Single and multiple pulse damage threshold values 
of KLAM crystal were measured using Nd:YAG laser in 
TEM00 mode with a pulse width of 6 ns and 10 Hz repetition 

rate. Multiple pulse damage studies were carried out by 
employing the procedure defined by Nakatani [43]. The 
threshold value is always lower for multiple pulses than the 
single pulse due to the collective effect [44]. A plano-convex 
lens of 30 cm focal length was used at beam waist to focus 
the laser beam on the crystal surface.

With M2 value equal to 2, 1064 nm wavelength and 6 mm 
beam waist, the focused spot diameter was calculated to be 
135 µm using the relation.

The damage was inspected continuously by measuring the 
He–Ne laser intensity, passing through the crystal collinearly 
with the Nd:YAG laser beam. The occurrence of damage 
causes an abrupt decrease in the intensity of He–Ne laser. 
Further verification of the damage was done by examining 
the crystal under a Leitz orthoplan microscope.

A polished a-plate of the KLAM crystal was used 
for damage studies. Figure 10 shows the plot of damage 
threshold (average) with the number of pulses impinging 

d� = 4M2
�f∕�d.

Fig. 7   Crystallographic and incoming laser beam direction with 
respect to goniometer axis. Arrows in black colour show the positive 
direction of rotation

Fig. 8   Evolution of SNCPM 
rings into collinear PM spot in 
the a-plate of KLAM crystal

Fig. 9   Experimentally measured phase-matching directions in KLAM
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on the crystal surface. The average damage threshold value 
for a single pulse is 3.07 GW/cm2 and for multiple pulses 
(3000 pulses) is 2.84 GW/cm2. The reason for the damage 
is identified as dielectric breakdown as for short pulses 
(10–8–10−10 ns pulse width); this is generally the most 
prominent reason [45]. There was no sign of melting after 
the damage which supports this view. Nearly 70% of the 
damage was observed on the exit surface of the crystal. 
Boling and Crisp brought forward an explanation for the 
damage at exit surface [46].

4 � Conclusion

Large size crystals of KLAM were successfully grown by 
solution growth technique. Single-crystal XRD reveals that 
KLAM crystallizes in the monoclinic P21 space group. 
The crystal possesses bulky morphology and is stable up 
to 80 °C after which it loses water and hence crystallinity. 
SHG conversion efficiency of this material is 3.5 times that 
of KDP, as revealed by powder Kurtz Perry technique. In 
noncollinear phase matching, rings up to third order were 
observed which indicate high conversion efficiency. Non-
collinear phase matching was observed on c-plate [Figure 
S4]. Both collinear phase matching and noncollinear phase 
matchings were experimentally observed on the a-plate 
of the crystal. Single-pulse laser damage threshold value 
observed on a-plate is 3.07 GW/cm2. Good SHG conver-
sion efficiency, collinear and spontaneous noncollinear 
phase matching ability make this material potentially use-
ful for nonlinear optical applications.
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