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SECOND-HARMONIC GENERATION OF THE NEODYMIUM
OPTICAL QUANTUM LASER BY
CRYSTALLINE POWDERS OF ORGANIC COMPOUNDS

by E. 2‘ Tykhonov and M. T. Shpak

in "Ukrayns'kyy Fizychnyy Zhurnal," Academy of Sciences of the Ukrainian SSR, 17,

No 2, 1972, pp 190-202%

The study of new, nonlinear optical materials is an important problem in expand-
ing practical applications of methods and equipment of quantum electronics. Also,
physical information obtained during studies of the second-harmonic generation makes
it possible to clarify some macroscopic optical properties of crystals and, in par-
ticular, to determine the coefficients of the tensor of nonlinear susceptibility of
third rank.

It should be noted that finding promising nonlinear optical materials is aided
to some degree by studies in piezo-electricity. The powder methods for identifying
plezo-electric compounds, first proposed in Reference[il were successfully devel-
oped, thus making possible the use of a number of search criteria in identifying
abou t 500 compounds having a piezo effect [Refs. 2, 3]. The use of the powder
method in nonlinear optics for studies of nonlinear optical materials was first
reported in References[}]and[ﬁ] The thorough research of Reference 6 contains the
results of studying second-harmonic generation of a large group of inorganic mate-
rials through the use of powder methods.

In recent communications [Refs. 7, 8], major attention is devoted to the
mechanism that determines the magnitude of the nonlinear coefficients of a number

of organic compounds.

* English summary deleted
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The present paper shows the results of investigative research for new nonlinear
optical materials within the broad group of complex organic materials -- dyes, and
Sseveral compounds used as starting products for the synthesis of dyes.

Prospects for use of molecular crystals of complex organic compounds as non-
linear optical materials rest on a number of properties attributed to such crystals.

The intensity of the second harmonic is indicated by the magnitude of the ten-

sor of the nonlinear susceptibility of third rank

(1)

The elements dij of this matrix, which represent this tensor, have to be non-
zero and as large as possible [Ref. 9]. On the other hand, by using the model of an
anharmonic oscillator, it is possible to determine factors that influence the mag-

nitude of the nonlinear coefficients [Ref. 9],

(2)

Here, NO is the average value of the density of optical electronms,

D(w) = woz - mz - 2l'w are the dispersion terms, and v is the coefficient of the
term, which indicates the quadratic nonlinearity.

The piezo-electric tensor is non-zero for the following 20 non-centro-symmetric
crystallographic classes: 1, 2, m, 222, mm2, 4, &4, 422, 4mm, &42m, 43m, 23, 3, 32,
3m, 6, 6mm, 622, 3; 6m2 [Ref. 10]. Generation of a second-harmonic is not possible
for the two crystallographic classes, 422 and 622, according to the additional con-
ditions of Kleinman symmetry [Ref. 11]. In most cases, the complex low-symmetric
organic molecules form crystals of the three lower syngonies, with a large percent-

age of them forming non-centro-symmetric crystallographic classes (for molecules
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with a proper symmetry of 1, 2, m, mm, 222, the most probable Feodor [term unknown]
groups are, according to the principle of tight packing, FT; P21, Pﬂllc, Pca, Pna,
P212121 [Ref. 12]).

The linear polarization of molecules with a large number of conjugate w-elec-
trons, which include an overwhelming majority of dye compounds, is several times
larger than the polarization of simple molecules. If account is taken of the dense
packing of the molecular crystals, this phenomenon leads to a significant magnitude
of xij(Zw) as a result of increasing Ny (Equation 2). This result is known as Mil-
ler's Law [Ref. 13], according to which substances with a large coefficient of
refraction are characterized by large values of coefficients of nonlinear suscep-
tibility.

With a small exception, optics of dyes in the crystalline state and optics of
complex organic compounds have not been investigated using the still-unsolved
approach of growing large, single crystals of such compounds. Some data on the
dispersion of the index of refraction have been obtained by studying poly-crystal
and amorphous films of dyes on substrata. For amorphous films of dyes such as
quinoline blue, brilliant green, malachite green, crystal violef, and rhodamine,
which belong, respectively, to the cyanine, triphenylmethane, and xanthene chemi-
cal classes of dyes, the index of refraction changes from 1.5 in the transparent
region to 2-2.5 in the region of absorption [Refs. 14, 15]. Although there is no
basis for transferring these data to the crystalline state, they give a hint about
some mean value of the index of refraction of molecular crystals of complex organic
compounds. In accordance with Miller's Law, this assures values of basic elements
equivalent to those for the better piezo-electric compounds already investigated,
because
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Another property of molecular crystals, which contributes to the effective sec~

ond harmonic generation, arises from conditions of synchronism. As is known, the

energy that is pumped into the electromagnetic wave due to the dispersion of phase
at
velocitieq/ﬁouble the frequency for a nonlinear polarized medium and changes with

the distance 7 as %ollows [Ref. 9]:

W (20) = 20 Im E (20) P" exp [i (} — 3%,) 1, (4)

where i;, E; are the wave vectors of the electromagnetic wave in the medium. There

will be no oscillations in the direction for which E; = ZEI and 7 can be taken as

an  arbitrary value. Crystals of the three lower syngonies, which are character-
I

h istic for organic dyes, are bi-axial. Even without considering the dispersion of

indices for coefficients of refraction, which is characteristic of dye crystals

s wie e

[Ref. 16], the number of possible directions of synchronism for both types of phas-
ing

(B(1) —no(20) =ne(w) B(11)—no¢(20) = ——[n%0(w) +n%(0)]) ().

. S5l a2 e

is very large [Ref. 17].

F; Observation and recording of the second-harmonic of a neodymium optical quantum

laser due to powders of organic compounds were carried out using an experimental

facility whose schematic is shown in the diagram. The neodymium optical quantum

laser using a passive control of the figure of merit generated impulses with a power
KQSS-7
of 20 megawatts (using /\_i’ glass, in the region of nonsynchronized modes).

Laser
radiation filtered by an infrared IKS-1l filter was directed without focusing onto

the sample consisting of a dye powder between two glass plates located in front of
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the entrance slit of an SPM-2 monochromator. The FEU-38 photomultiplier using a
head-on photo cathode was located at the exit slit of the monochromator. An SZS-16
light filter keeps the power radiation at 1.065 microns from entering the monochro-
mator. The time constant of the electrical circuits of the photomultiplier and the
C-1-13§ oscillograph makes it impossible to resolve time, and a reading is made of
the amplitude of the impulse on the screen of the oscillograph. Basic results of
the research are shown in Tables 1 and 2, where I is the mean size of the kernel.
We should mention a shortcoming of the methodology in which use is made of

powders not calibrated as to size. In the given case, information is lost about
the conditions for synchronism in the material being studied, and the evaluation

seeond farmonic Qener B 71247
of the corresponding efficiency ecémthemlesex is approximate.

In all cases where it was possible to compare positive or negative results
from the second-harmonic generation with data from x-ray analysis or with informa-
tion of the piezo-effect, such comparisons were made. In an overwhelming majority
of cases there were no contradictions, in some cases contradiction is obvious, and
in others the absence of the second-harmonic is caused by other circumstances than
the factor of central symmetry.

[3?]
The absence of second-harmonic generation in azobenzene (No. 2/in Table 1)

agrees with data from x-ray analysis but contradicts results of studies of the

piezo-effect. Apparently, the powder method of second-harmonic generation is a
convenient, practical method for obtaining data about the presence or absence of

a center of symmetry in a crystal considering dimensions dictated by particulars

of the tensor of nonlinear susceptibility for groups 422, 622, and 432. In some

materials (azenaphthene, No. 17 [19?] in Table 1), no second-harmonic generation
is observed, in spite of the fact that the temsor of third rank is non-zero. If

data on the Feodor group of crystals used are correct, analogous cases are of




interest for the explanation of causes for the absence of second-harmonic genera-

tion. It should be emphasized that conclusions can be valid only if the history of

the powder being investigat _ed is known. Thus, in the case of benzophenone (No. 3

(42] in Table 1), there is no second-harmonic generation if the powder is obtained
from a mclten material that is later cooled; the same powder obtained from solution

will generate an intensive harmonic. The most likely causes for this are phase

transition and the amorphous state of the material.
The compounds listed in Table 1, in the majority of cases, are the starting
products for obtaining chemically more complex, deeply dyed compounds. Thus,
Nos. 35 and 36 in Table 1, which are "half" molecules absorbing in the region of
7700 Angstroms, are isomorphous and probably have the same history.

However, the

harmonic is generated by only one of them. An analogous result is obtained for

isomorphic compounds of benzotriazole and benzimidazole (Nos. 40 and 41 in Table 1).
The choice of substances for research was based on the genetic principle, from
which it follows that if there is at least one compound among a number of compounds

having similar chemical structures with piezo-effect, then the whole group is poten-

tially piezo-active [Ref. 3].

In the structural plan, this principle arises from the principle of invariance
within Feodor groups for isomorphic and homologous isomorphic moleeules [Ref.f 12].
The imprecision of these criteria in the general case is well known; in the case of
optically nonlinear substances, it is apparent from the data in Tables 1 and 2.

Because second-harmonic generation depends on the history of the samples,
research into specific cases used recrystallization. The powder generating the sec-
ond-harmonic of the brilliant green [dye] was dissolved in ethanol and then films
were obtained by evaporating the solvent by heating the substrata. The films were

mirror-like, which attests to their amorphous structure [Ref. 14]. No harmonics were




generated by these samples. As time passed, the formation of crystallization cen-

ters was observed at separate locations of the glass surface of the film. Such sam-
Ples generate harmonics in the places where crystallic centers are created. After
some additional time, the entire film becomes dull (that is, crystalline) and gener-
ates harmonics uniformly across the surface.

Other materials (aniline blue and eriohlausin [term unknown] in Table 2) whose
molecular structure is more complex do not crystallize under similar conditions. It
is possible that in some cases for complex nonsymmetric dye molecules the amorphous
state is more advantageous from an energy point of view. However, before a particu-
lar compound is assigned to the category of noncrystallizing, other research on con-
ditions of crystallization has to be done. For some dyes of similar molecular struc-
ture (for example, water blue, Table 2), the piezo-electric tensor is non-zero.

An example of contradictory data analogous to the above example of azobenzene
is the behavior of indigo-carmine (Table 2).

The large group of oxy-, tia-, and azo-dyes shown in Table 2 obviously belongs
to the category of centro-symmetrical compounds.

A group of thalocyanine dyes also belongs to the centro-symmetrical compounds.
In this class of dyes, there are no contradictions among data of x-ray structural
analysis, piezo-effect, or second-harmonic generation.

Second-harmonic generation by cyanine dyes is observed only in specific cases
(Nos. 33 and 40, Table 2).

In studying the broad group of substances, no second-harmonic generation was
observed in the region of the absorption band of the second harmonic. Studies of
substances, however, that have absorption at the fundamental frequency are made
difficult by thermal destruction.

In both cases, an increase in nonlinear susceptibility should be observed, in

accordance with Equation 2. Inasmuch as the second harmonic is not observed in the




region of absorption bands of a number of compounds whose piezo-electric tensor is
known to be non-zero (Nos. 13, 26, and 27, Table 2), we can conclude that an

increase in xij(Zw) due to resonance does not compensate for the active absorption

of radiation at the second harmonic.

Besides in the nonlinear optical materials listed in Table 1, whose second-
harmonic generation efficiency is no worse (in particular cases) than that of the
best nonlinear materials used, second-harmonic generation was observed in a group

of optically active compounds, such as d-galactose, d-dextrose, cane sugar, sul-

phate of quinidine, and others.

Powder methodology thus in large degree solves the problem of finding nonlin-

ear optical materials with large nonlinear coefficients. Those among them whose

single crystals can be grown without large technological difficulties might prove

practical for utilization. Primarily, such single crystals are relatively simple

molecular compounds such as benzophenone, xanthone, benzomidazole, resorcinol, m~

nitrobenzaldehyde, and others.

On the other hand, the demands of quantum electronics could stimulate research
in the growth of single crystals and more complex compounds such as derivatives of
anthraxynone, benzathrone, triphenylmethane, and 2-(p-nitrosterol)-xinoline.

In conclusion, the authors express their gratitude to colleagues at the Insti-
tute for Organic Chemistry of the Academy of Sciences of the Ukrainian SSR, H. H.
Dyadyushi and 0. 0. Shulezhko, and also to their colleague at the Chernivets' State

University, E. P. Opanasenko, who contributed to the research on a number of com-

pounds.
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Figure
1. Optical quantum laser
2, 3, 5. Light filters
4. Sample
6. Monochromator
7. FEU-38 photomultiplier
8. Oscillograph
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Keys: (a) Powders of organic compounds with Aabsorptionf
0.535 micron; (b) sample number; (c) Compound; (d) General character- :
istics; (e) Symmetry group; (f) Molecule; (g) Crystal; (h) Relative f
intensity of the second harmonic; (i) Apparent reason for absence of 3
| the second-harmonic generation; (Jj) Probable reason for absence of
] the second-harmonic generation; (k) Comments; (lc) Anthracene; (1d)
Crystalline powder obtained by sublimation; (1lk) Analogous results
for: 2, 3 - dimethylanthracene and 9, 10 - dibromoanthracene;
(2¢) 3, 4, As - 1, 2 - benzanthracene;(2d)- Yellow powder; (3c)
Azobenzene: cis -, trans - (3d) Powder of reddish-yellow color; (lc)
Benzophenone; (4d) Transparent powder; (5c) Xanthone; (5d) Yellowish
powder; (6c) Diphenyl; (6d4) White powder; (7c) Diphenylamine; (7d)
Crystalline powder; (7j) Quartz; (8c) Coronene; (8d) Powder of
yellow color; (9c) Anthraquinone, (9d) Yellow powder; (10c) 1-
methoxyanthraquinone; (llc) l-ethoxyanthraquinone; (12¢) 1, 2-
benzanthraquinone; (13c) a-nitroanthraquinone; (l4c) Benzanthrone;
(15¢) 3-methoxybenzanthrone; (16c) 3-bromobenzanthrone; (17c)
Azulene; (17d) Dark-blue powder; (17j) Absorption at 2w; (18c)
# } Phenanthrene; (184) White powder.
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Keys: (Continued) (19c) Acenaphthene; (19d) White powder; (19j)
Quartz; (20c) Diphenylstyrylpyrazoline; (20d) Yellow powder;

(21c) N-phenylquinoline iodide; (21d) Yellow powder; (22c) N-
phenyl-6-ethoxyquinoline perchlorate; (22d) Light-gray powder;

(23c) Rubicene; (23d) Crystalline powder; (23j) Absorption at 2uw;
(24c) 3-nitrocarbazole; (24d) Yellow powder; (25c) Fluorene;

(25d) White powder; (26c) Fluorenone; (26d) Crystalline powder;

(27c) Paraoxyphenetole; (27d) Yellow-orange powder; (28c) Azoxybenzene:
(28d) Crystalline powder of yellow color; (29c) 2-(p-nitrostyryl)-
quinoline; (29d) Yellow powder; (30c) 2-(p-nitrophenylacetylenyl
quinoline;(30d) Yellow powder with an orange tint; (31lc) 2-(p-
dimethylaminophenytacetylene)-quinoline; (31d) Crystalline powder

of yellow color; (32c) 2-(p-dimethylaminostyryl) quinoline;(32d)
Orange powder; (33c) -2-phenacyl quinoline; (33d) Orange-yellow
powder; (34c) Azoxyanisole; (34d) Crystalline powder of yellow color
(35¢) Bis-[5-(benzthiazolyl?) thienyl-2] methanediethylbromide; (35d)
Powder of yellow color (thread-like); (36¢c) ~[5-benzthiazolyl-2)
furyl-2] methanediethylbromide; (3705 S-oxy-3, 6 - dinitrophenthia-
zine; (37d) Crystalline powder of yellow color; (38) Acridine; (38d)
Gray powder; (39¢) Urotropine; (39d) White powder.
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Keys: Continued. (40c) Benzotriazole; (40d) Crystalline powder;
(40k) An isomorphous piaselenole, belongs to the Pna-group 4
(Ref. 12); (41c) Benzimidazole; (41d) Transparent crystalline
powder; (42c¢c) Triphenylmethane; (42d) Triphenylmethane; (43c)
Triphenylcarbinol; (43d) Triphenylcarbinol; (43k) Dioxytriphenyl
carbinol with 4, .#0 (Ref. 2); (44c) m-nitrobenzaldenhyde;

(44d) White powddr with yellow tint; (45c) Resorcin; (45d) Trans— ,
parent powder with orange tint; (46) *Formulas for lesser known com- |
pounds are shown below.
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Key:
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absorption-
(b) Sample number, (c) Compound, class; (d), General characteristics;
(e) Maximum of the molecular absorption
group of the crystal; (g) Relative intensity of second-harmonic
generation; (h) Apparent reason for absence of second-harmonic
generation, (i) Probable reason for absence of second harmonic genera-
tion; (j) Comments; (lc) Bromonphenol blue (triphenyl-methane);
; (1d) Dark-blue powder with metallic luster; (2c) Water-blue (tri-

F} phenylmethane); (2d) Gray-blue powder; (2f) Non Centro-symmetric; (2i)
i Absorption at 2w, (3c) Erioglaucine A (triphenylmethane);(3d) Dark-
| green powder; (3i) Amorphism; (4c) Phenolphthalein; (4d) White powder;
ki (5¢) Ethyl violet (triphenylmethane); (5d) Greenish powder;
(51) Amorphism; (6c¢c) Aniline blue (triphenylmethane); (6d) Dark powder;
(61) Amorphism or absorption at 2w, (7c) Methyl green (triphenylmethane)
(7d4) Dark-green powder; (8c) Malachite green (triphenylmethane);
(8d) Dark-green powder; (9c) Brilliant green (triphenylmethane);
(10c) Auramine (diphenylmethane); (1llc) 1, 3 - bis(p-dimethylamino-
phenyl)-trimethinecyanineperchlorate (diphenylmethane); (11d) Green
powder with metallic luster; (12c !
Dark-violet powder; (13c) Naphthazarine; (13i) Absorption at 2w.

in A), solvent; (f) Symmetry

Indigo-carmine (indigoid); (12d4)
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(14c) Gallamine Blue (oxazine); (14d) Gray-blue powder; (14i)

Belongs to the 2/m group; (15c¢) Resazurin ( ,

: : oxazine); (15d4) Dark-
violet powder; (1l6c) Methyl Blue (Azure - 1) (Thiazine); (16d4) Dark-
green powder; (17c) Azure-2 (thiazine); (171) Due to belonging to the
2/m [-group]; (18¢) Methyl Blue (thiazine);

(19¢) Anthracene Blue (anth
Bindshedler's Green (quinonimine)
or(2lc) Trypan-Blue (disazo dye);

(22¢) Dianil Blue (disazo dye);

ethylphenazine (agine); (24d) Black powder; (24i) Amorphism or d

(18d) Dark-green powder;
uinoif); (19d) Dark-blue powder; (200)’

;1(20¢) Nitromethane; (20i) Amorphism
21d) Blue powder; (21i) Amorphism;

; (22d) Dark powder; (22i) Amorphism;
(23¢) Variamine Blue B (monoazo dye); (23d) Blue 5owdérz (2&2% me,

13=0

(25¢) n-nitrosodimeth
. thylaniline (nitreso dye); (25d4) green powder;
quartz_[subscript]; (26c) Eosine Bluish (xanéhenes);8(26d)pngrif’ el
gogder, (261) Absorption at 2w; (27c¢) Fluorescein (xanthenes); (27d)
ed powder; (28c) Mg-phthalocyanine (phthalo-cyanines); (28d) Dark-

blue powder;

(28e) Quinoliné; (28i) Since crystalline group 2/m is

probable; (28j) Isomorphous molecules of Ni-, and Pt-phthalocyanines

belong to the Fedorov group P2
% (20e) Nitromethane.
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(29¢) Cu-sulphophthalocyanine (phthalocyanines); (29d) Dark-blue

powder with metallic luster; (29j) [See under 28j above]; (30c) Pin-

averdol (cyanine); (30d) Dark-violet powder; (301) Absorption at 2w;

(31c) Quinoline Blue (cyanine); (31d) Dark-blue powder; (311)

absorption at 2w; (32¢c) Cryptocyanine (cyanine); (32d) Dark-green

powder with metallic luster; (32j) For homologously isomorphic

pinacyanol d}§+0 (Reference 2), (33c) l-ethyl-2[3-(1 ethylquinolinili-
o

den) (methyl

or

indoliniliden-1] methyl-quinoline iodide.(cyanine) .

(334) Dark-green powder; (34c) 3-3'-dimethyl-9, 1ll(o-phenylene)
-thiadicarbocyanine iodide; (34d) Green powder; (35c¢) Bis(N-n-
methoxyphenyl-6-methoxyquinoline-4)pentamethine-cyanineperchlorate
(cyanine); (35d) Dark-green powder with metallic luster;
(35e) Acetone; (36c) Bis(2H-3-phenyl-4-methyl-1l, 4-benzoxazine)
monomethine cyanineperchlorate (cyanine); (36d) Dark-violet powder;
(37c) 3-3'-diethylthiatricarbo cyanineiodide (cyanine); (37d) Dark-
green powder with metallic luster; (37Jj) Homologously isomorphic
tiocarbocyanine crystalizes into the Fedorov group Pl [Ref. 21].

15

B

il b



38 [Bic(1-wernariasasof23-CNI, [serenwh nopowos, /e 200ux 7560. CH,CH,OH ? ° - &r=0 -
4|Censoncaaun) monovernu-
uiavinnepzaopar  (uiawino-
i)

N [3.3%aiewa911 - (B I- |seaeni «xpucraaitn o anesun {6520, CH,CHOH ? 0 - =0 -
19?9_“!_"&16!) - :‘a;:;::do- Gaucuom, ';:'0.5 an - " ] - “’l.

40 |foaweruaar 2-({2°(3"-metna- | Temnceesenni nopowox, ! < 100 .aﬂm CHCH;OH ? 005 — -— -
CensTiasoniniaiaen - 2¥ - ue
™) - Tisnipamidizen - 4] ue
TMa)6endTiadon  (uiaMino -
[11)} -

4 "“r, laui (mepouiani aenuk nopoutox, 10,5 u'm CH,CH;OH ? 0 - =0 =
o

- (42:} * Huxve naneaeni Popuyan Tiasku Manosizommx cnoayx.

g ' ﬁll-t‘ﬂiﬂl-tﬂ=m
= ) I\ . ,l Il,'t‘d\ Wy,
W one NN en & 7 A’rl o ANeuES oy \p. W. -
Caks " Ca¥s CHy 47 4"/,
=

O~ ¥ I J 4 OCHy OCH,
J8. ’\ J
“ D igorn L o

4, h - L . . a. /’X)

T e u; ; Newz 2 s \'7
3. s N GHs CoHs
« (v Tty Clx .
i W WP \y 1 - 7
% 0

J° Co¥s )
1 “ ”‘
i

Key: (38c) Bis(l-methylthiazole [2, 3-c] [1, 4] benzoxazine)

; monomethine cyanine perchlorate (cyanine); (38d) Green powder;(39c)

' 3,3'-diethyl-9, 11 -(B-carbomidetrimethylene)-thiadicarbocyanineiodide ,
(cyanine); (39d){Green crystallites with metallic luster; (40c) |

Iodomethylate 2-t[2'(3"-methylbenzothiasoliniliden-2"-methyl)
~thiapiraniliden-4'Jmethyl benzothiazol (cyanine); (40d) Dark-green

powder; (41lc) Merocyanine; (42) *Formulas for lesser known compounds
are shown below. !

s 3 . T

Summary

. An experimental study was carried out of the second-harmonic '.enenuon (SHG)
I of the neodymium optical quantum laser by crystalline powders of complex organic
| compounds. As a result of studnng non-linear powder pmu of about 200 A
k! compounds, there were found above 30 substan the efficiency of which in is
| not m or surpass that of lithium niobate powder. experimental results obtained are
| compared with the data on piezoefiect and structure of molecules and crystals of the
| investigated compounds. Absorption at the optical quantum laser frequencies @ and 2o
{ and the substance amorphous state are shown to be basic reasons as a result of which
: 2 the compounds with a piezoelectric tensor differing from zero generate second harmonic
‘ with a disappearing low efficiency. It is that though the tensor of the third
3 rank non-linear susceptibility differing from zero most often s characteristic of complex
i low-symmetricai molecule crystals, because of complicaty of growing large single erystals
of such compounds, relatively simple ones such as benzophenone, xanthone, resorcinol,
m-nitrobenaldehyde and simiflar may be of practical importance.
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