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A phenomenological description of the nonlinear polarizabilities responsible for second harmonic gen-
eration in ferroelectric crystals is considered. A ruby laser is used to investigate the temperature

dependences of the nonlinear polarizabilities x°%, x2:"

, x22, and x2¥ of triglycine sulfate single crystals

between 20° and 90°C. Above the Curie point (49°C) and up to 90°C, where the nonlinear polarizabilities
should vanish from symmetry considerations, an intense second harmonic has been detected which can-
not be due to magnetic dipole absorption or to the electric quadrupole moment. An experimental inves-
tigation of how an electric field affects the second harmonic intensity suggests that residual domains are

present in the given region.

THE Ginzburg-Devonshire thermodynamic theorym,
which is the basis for expanding crystal free energy in
powers of the polarization, is known to describe satis-
factorily many experimental results obtained for ferro-
electric crystals in low-frequency investigations.
Miller,t? assuming the correctness of this expansion
for the nonlinear polarizabilities that are responsible
for second harmonic generation in lasers, obtained
agreement with experiment for barium titanate crystals
far from the Curie point.

In the present work we measured the nonlinear
polarizabilities for ferroelectric crystals of triglycine
sulfate (TGS) (NH.CH-COOH); * H:SO, and their tempera-
ture dependence within the broad interval 20°—90°C,
which includes the Curie point 49°C. We also discuss
phenomenologically the behavior of the nonlinear polar-
izabilities, which are responsible for the generation of
the second harmonic in ferroelectric crystals.

When discussing the temperature dependence of non-
linear polarizability in a general form it is convenient
to utilize the nonlinear coefficients in the expansion of
the second harmonic electric field E2*“™®! (producing a
linear polarization P*“ at the frequency of the second
harmonic; this polarization, in turn, generates an ex-
perimentally determinable electromagnetic wave at the
frequency 2 w) in terms of the induced linear polariza-
tion P¥ at the fundamental emission frequency:

(1)

The existence of spontaneous polarization is equivalent
to the presence of a high static electric field in the
crystal; in the terms of the field expansion with respect
to the polarization we can take into effect the influence
of spontaneous polarization on the generation of the
second harmonic as follows:

Ei® = 61P5 Py

(2)

where P is the spontaneous polarization in the direction
of the [ axis, and 6; Clil is a fourth-rank tensor. Equation

Ef = aizjﬁP?Pﬁ’ + 61‘2;“):117;“1):)1)10 = (512'?)h + 5:’;:113? )P?Pﬁ s

(2) shows that spontaneous polarization is taken into ac-
count by the term of the next order of smallness.

In ferroelectric crystals second harmonic generation
is therefore determined by nonlinear coefficients of the
form

/2&)

Oijp = fmh + (51]th1 s

(3)
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The temperature dependence of 61']21:" is determined only

by the temperature dependence of the spontaneous polar-
ization.

If the paraelectric phase of the crystal lacks a center
of symmetry the temperature dependence of the nonlinear
coefficients will be described by (3). Since 51 ) is much

smaller than 62](‘1"{, the nonlinear coeff1c1ents” may be

practically independent of temperature, exhibiting a dis-
continuity at the Curie point.

In the case of crystals with centrosymmetrical para-
electric phases the first term in (3) vanishes and the
temperature dependence of the nonlinear coefficients is
governed only by the temperature dependence of the
spontaneous polarization.

The nonlinear coefficients of TGS crystals were
measured by the customary techmquek using a
20—30 kW ruby laser. In the ferroelectric phase
(class 2) the components of nonlinear polarization in
these crystals are, in matrix form,

P = i "By B3+ yis EoES
Py =yt (BY)? ez (B3 )? + b (ES)? 4 yis EVES,
Py = o BL B+ o BB (9)
When Kleinman’sl* supplementary symmetry conditions
are applicable the following equalities hold between the
nonlinear coefficients:

X‘Zz(m = Xizﬁaq Xiim = Xzzsm = Xs%m, Xz?zm = Xazm- (5)
A direct experimental test of the symmetry conditions
in multidomain samples is meaningless, because in re-
peated measurements values of the nonlinear coefficients
were reproduced to within a factor of one-half to two;
we have shown int® that these results can be attributed
to the domain structure.

A single-domain sample was produced by applying a
static field of 1.5 kV/cm up to 70°C and then cooling
slowly to room temperature. It should be noted that

l)The nonlinear coeff1c1ents ém are related to the nonlinear polariza-
bility x”k as follows: xm xg in = m,’“’x”mxmmb”h Since the linear polar-
izabilities change very slowly as the temperature is varied, the tempera-
ture dependences of these two coefficients are similar.
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electric fields up to 3 kV/cm without temperature change
did not produce satisfactory single-domain samples.

We obtained the following values of the nonlinear co-
efficients (expressed, as is customary, in relative units

. w N, 2w -

with x2° of KDP crystals taken as unity): x°% = 3.6
10‘3 XZZZJ:?’XIO A8 =ax1070, 5P =3 %1077,

)\34 =2.7x10°°% 2% = 7.5 x 107", The coefficients

xm and xm are at least one order smaller. The effect

produced by the domain configuration on the experimen-
tal values of the nonlinear polarizabilities is mdlcated
by the fact that we previously obtained 70 x 10°* for x
having applied a static field of 2 kV/cm.

It is clear from the foregoing that for TGS crystals
with central symmetry in the paraelectric phase the
temperature dependence of the nonlinear coefficients
will be given by

diin = 05 P (6)

or, in terms of the polarization expansion with respect
to the field,

Xon = 1iim B, (n

Here x represents the nonlinear polarizabilities and

kl
Ej = Pl/xl’ where X is the static linear polarizability
per unit volume measured in a high static field. For
TGS crystals Xl = 2.7 esu,-’* and PY = 9 x 10° esu; then
E% = 3.3 X 10° esu. With these values and those of the
nonlinear coefficients xi‘f{ that were obtained experi-
mentally we easily derive from (7) the nonlinear coeffi-
cients x kl describing the second harmonic generation
induced by an external electr1c fleld (spontaneous polar-
ization): xlm 10.9 x 1077 =9x1077 =12
X 1077, ¥, =9 X 1077, 2%, =8.2x 1077, x3%, = 22.7
x 1077,

The thermodynamic formalism leads to the following
relation between the coefficients X]kl and olel

? x2132 ’ x '3122

20
Xiikt == M” %5i® Hpn® "llo anqu (8)

2w
w i
here Kii s

the frequencies 2w, w, and 0 in a high static electric
field (in the principal coordinate system).

Since the nonlinear polarizabilities of TGS crystals
are greatly reduced as the Curie point is approached, it
is very difficult to investigate their temperature depen-
dence. We therefore investigated the temperature de-
pendences of the nonlinear polarizability coefficients
that are involved in second harmonic generation, in three
directions of synchronism—at 6, = 48° and 64° to the
ferroelectric axis (010) in the (001) plane, and at
8o = 32° to the (010) axis in the (100) plane.-®-

The first synchronism with 6, = 48° results from the
interaction type

Kgg, Kf{"k, K‘Zl are the linear susceptibilities at

€}

where k9 and k§ are the wave vectors of the ordinary and
extraordinary waves in second harmonic laser emission.
In this case the coefficient x22§” participates in generation
of the harmonic.

2kie = ky,
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FIG. 1. Temperature dependence
of second harmonic power for syn-
chronism with 6,° = 32 (arbitrary
units). 1-—for multidomain sample;
2—with an external static 1.5kV/cm
field along the ferroelectric axis.

The second pair of synchronisms with 6, = 64° and
32° result from the interaction type
e (10)

Here the coefficients x°5, x5, and x5% participate,
respectively. Temperature-associated changes of inten-
sity in the directions of synchronism result only from
changes in the corresponding nonlinear polarizabilities,
since the dispersion characteristics in the investigated
temperature range vary very little and exh1b1t small
anomalies in the phase transition region.-*- Conse-
quentl%r in the synchronism direction the coherence
length" " is practically independent of the temperature.

Figure 1 shows the temperature dependence of second
harmonic power for multidomain and single-domain TGS
crystals with synchronism of the type of (10) with
8o = 32°. Second harmonic generatlon is here observed
above the Cur1e point at 49°C. Bass et al. <1 and we
ourselves‘®’ had previously not observed generation of
the harmonic above the Curie point when a laser beam
propagated along the (100) axis. Our failure seems to
have resulted from the low power of the harmonic in
directions far from synchronism.

The reduced yield of the second harmonic in multi-
domain crystals is accounted for by the energy-degrading
effect of domain structure,[?°} especially in the direc-
tion of synchronism, where the following condition is
satisfied:

la/lc<€ 1. (11)

Here /4 is the domain thickness and [; is the coherence
length for the given direction in the crystal. When (11)
is fulfilled the second harmonic power is given by

Po — K(I";' —13)2 (12)
where the quantity in parentheses is the difference be-
tween the total thicknesses of domains with opposite
signs and K is the proportionality constant. The degree
of degradation of the harmonic in the direction of
synchronism will increase as the ratio in (11) is re-
duced.

The degrading effect of the domains is not uniform
within the aperture of the fundamental radiation beam,
and is maximal only within a narrow 1’—3’ cone where
the inequality (11) is well satisfied. However, according
to-*° more than 90% of the total second harmonic in-
tensity for a crystal several times thicker than its co-
herence length will be concentrated in the central cone
with an apex angle of a few minutes.
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FIG. 2. Temperature dependence of the nonlinear polarizabilities
(1) xirand x3y, (2) %22, and (3)x2¢ (arbitrary units). The dashed line
represents the behavior of the spontaneous polarization when an ex-
ternal static 1.0-kV/cm field was applied.[!? ]

Figure 2 shows the temperature dependences of the
nonlinear coefficients for single-domain samples with a
static 1.5-kV/cm electric field along the (010) axis.
We observe that in accordance with (6) there is a re-
semblance to the behavior of the spontaneous polariza-
tion in the presence of a high static field.[*?] The agree-
ment is especially good at the Curie point, where the
external field is strong enough to produce a single-
domain structure. At lower temperatures the small
difference between the behaviors of the polarization and
nonlinear polarizabilities appears to result from the
presence of a few residual domains that were not
destroyed by the applied field. Like the spontaneous
polarization in a high perturbing field, the nonlinear
polarizabilities do not vanish at the Curie point; how-
ever, while the spontaneous polarization vanishes at
about 3°—5° above the Curie point, the nonlinear coeffi-
cients are still of appreciable magnitude at 90°C.

We have also investigated second harmonic genera-
tion in the (2/m) centrosymmetrical paraelectric phase
of TGS crystals.

Figure 3 shows the temperature dependence of the
synchronism angle in the (001) plane for interactions (9)
and (10) when an external 1.5-kV/cm field is applied
along the ferroelectric axis. Synchronism is observed
from the Curie point to 90°C. Figure 3 shows that the
angle-change curves are bent at the Curie point.

Generation in a medium possessing a center of sym-
metry and in the presence of a static field can be caused
by[13 - magnetic dipole absorption, the quadrupole elec-
tric moment, and the reduction of crystal symmetry to a
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FIG. 3. Temperature dependence of the synchronism angle. 1-6,=
48°%;2-0,= 64°.
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FIG. 4. Temperature dependence of second harmonic power in the
parelectric phase (arbitrary units): a—synchronism with 84 = 64°; b—
synchronism with 0, = 48°. 1 —without an external field, 2—in a
1.5-kV/cm static external field.

non-centrosymmetric class by the external field (an in-
duced harmonic). The nonlinear coefficients describing
these processes are several orders smaller than those
describing harmonic generation in a medium that lacks
a center of symmetry,[ﬂ and they are independent of
temperature.

Figure 4 shows the temperature dependence of sec-
ond harmonic power in the paraelectric phase. For
single-domain samples this power in the presence of a
static electric field diminishes by four orders of magni-
tude in the interval 25°—90° (by three orders up to 55 C
and by one order from 55° to 90°C).

Figure 4 shows that in the absence of the field the
second harmonic power in the paraelectric phase chan-
ges by less than one order for type (9) synchronism
with 6, = 48° and is reduced by six orders for synchron-
ism of type (10) with §, = 64°, as compared with the
power in a static field. [For type-(10) synchronism with
8o = 32° the temperature dependence is similar to that
in the case of 8, = 64°.] The pronounced temperature
dependence in the centrosymmetrical phase can be ac-
counted for only by assuming that in the investigated
50° —90° range the paraelectric phase contains residual
domains, and that in this case the nonlinear coefficients
responsible for second harmonic generation have the
form given in (6) or (7).

It is noteworthy that in the absence of an external
electric field the second harmonic power for both
type-(10) synchronisms in the experimental temperature
interval is several orders lower than for type (9). This
can be understood if we consider that the mismatch ak
of the phase velocities,"**? which is zero in the exact
direction of synchronism, will change for both types of
synchronism upon departing by an angle 66 from that
exact direction, as follows:

Okt kL (O) = ke @]

d(Bk) = —= 00, B(Mk)= — (13)

a0
Using the dispersion characteristics of TGS crys-
tals,“*! we learn from (13) that near type-(10) synch-
ronism Ak will increase three to four times more
slowly with the deviation from the synchronism direc-
tion. Therefore the inequality (11) will be satisfied
more severely for a large apex angle of the laser radia-
tion cone, thus increasing greatly the degradation of
second harmonic power. We can also assume that in
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(12) the total thicknesses of domains of opposite signs
will become equal with great accuracy above the Curie
point (la ~ lc_i)' Since the domains have almost no influ-
ence on the second harmonic yield in the direction of
type-(9) synchronism with 6, = 48, which has ~0.6-mm
coherence length, we can infer that in the paraelectric
phase the residual domain thickness is of the order
1—2 mm. An additional proof that residual domains
exist in the TGS paraelectric phase is found in the fact
that when a static field is applied in the direction of
type-(10) synchronism with 6, = 64° and 32° the second
harmonic power grows by several orders, whereas the
power remains practically unchanged in directions far
from synchronism. We can account for this by consider-
ing that the domains have a degrading effect in the
synchronism directions where (11) holds true.

The rise and decay times of the harmonic as the
field is switched on and off, are of interest. With in-
creasing temperature these times decrease from 7—10
minutes at 50°C to several seconds at 80°C; this effect
is obviously associated with increased mobility of the
domain boundaries.

We are indebted to V. T. Ovsyannikova for assistance
with the measurements; also to A. A. Filimonov, A. S.
Vasilevskaya, I. S. Rez, and L. G. Lomova for valuable
discussions and for their interest.
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