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Linear and nonlinear light scattering near the phase transition in KH~PO4
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The angular and temperature dependence of the linear light scattering and the temperature depen-

dence of the second-harmonic nonlinear light scattering were studied in two different samples of
KH2PO4 (KDP) crystal: one from a zone close to the seed and another from a zone far from the seed.
The angular dependence of the intensity of the linearly scattered light from the sample from the zone

close to the seed shows a strong peak for the near Z( YX)Y scattering. This scattering originates from

growth bands parallel to the (011) lattice planes in the pyramidal growth sector. The temperature

dependence of the magnitude of this peak shows a considerable increase in the vicinity of the phase tran-

sition from the paraelectric to ferroelectric phase. Such an increase in the linear light scattering was not
observed in the sample from the zone far from the seed. The anomalies related to the growth bands

parallel to the (010) lattice planes in the prismatic growth sector were investigated also by second-

harmonic light scattering. Here again a considerable increase in the intensity of the frequency-doubled

scattered light was observed in the vicinity of the phase-transition temperature. The results of the light-

scattering experiments are compared with an x-ray topographic study of the lattice defects.

I. INTRODUCTION

The origin of the quasielastic central peaks, occurring
in addition to the soft mode in the Brillouin scattering
spectra in a number of structural phase transitions, has
been for some time the subject of intensive investigations.
A particularly intense central peak which nearly disap-
pears after annealing was observed in KHzPO4
(KDP). ' Annealing, however, does not affect the oc-
currence of small dynamic clusters seen in these systems

by NMR and EPR.
The prominent increase of the strength of the central

peak in KDP is connected with the increase in the strain
decoration of lattice defects on approaching the transi-
tion temperature T„where the harmonic part of the crit-
ical elastic constant C66, related to the soft acoustic
mode, vanishes. Mechamsms corresponding to different

types of lattice defects have been considered, such as
stacking faults and dislocations, or point defects.
Despite various considerations, a quantitative under-

standing of the central peak has not yet been obtained
due to the lack of information on the nature of the de-
fects in the samples that were used in the experimental in-

vestigations.
In order to check more quantitatively the proposed

mechanisms we decided to investigate the linear and non-
linear light scattering from different KDP samples, with
a known concentration of the impurities and with well

characterized lattice defects. In our case the intensity of
the linear and nonlinear second-harmonic light scattering
without spectral resolution was measured. The nonlinear
light scattering was measured in a geometry where no
second-harmonic generation is allowed in an ideal crystal
neither above nor below the paraelectric-ferroelectric

transition temperature T, ~ After light-scattering mea-
surements the structure of lattice defects in the samples
was determined by x-ray topographing. The concentra-
tion of the impurities was determined by light emission
spectroscopy.

II. EXPERIMENT

Large crystals of KDP were grown from I 011) seed
plates by controlled evaporation of the aqueous solution
at a growth temperature of 30+0.003'C. The details of
the growth method and growth vessel are described else-
where. " The growth solution has been purified by sixfold
recrystallizations and the amount of impurities measured
by light emission spectroscopy. After this procedure the
concentration of the impurities in the final mother
liqueur was less than 10 ppm, with Na+ ions (=5 ppm)
being the main impurity.

It is known that in KDP crystals grown from I011 I

seed plates a majority of dislocations grow in a direction
perpendicular to the seed plate, so that they "grow out"
of the crystal and the part of the crystal far from the seed
is rather free of dislocations and other defects. ' This
feature is clearly visible in Fig. 1(b) which shows a topo-
graph of one of our crystals with a lot of Rb impurities
(= 15 000 ppm) being added to obtain high contrast of the
topograph. In purified crystals, which has been used for
the light-scattering investigations, the density of the lat-
tice defects and their contrast on the topographs are
strongly decreased.

For light-scattering experiments one sample with di-
mensions 9X6X5 mm from the zone close to the seed
(S1) and another one sample with dimensions 8 X 6 X 6
mm from the zone far from the seed (S2) were cut from
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FIG. 1. (a) Schematic drawing of an X cut of the crystal, showing the regions which were sawed for the samples S1 and S2. (b) X-
ray topograph of an Xcut of the crystal with high density (15000 ppm) of impurities.

one of such large purified crystals. This way the samples
had the same purity and growth history and differed only
in the properties related to the vicinity of the seed plate.
Both samples included some part of the pyramidal and
some part of the prismatic growth sector of the crystal.
A boundary between the growth sectors in the samples
was determined from surface changes obtained by etching
of the samples in the water-alcohol (1:1)mixture. After
this the samples were polished to optical quality. The re-
gions of the original crystal that were used as the samples
are illustrated in Fig. 1(a). The orientation of the refer-
ence coordinate system is chosen in accordance to Fig.
1(b).

A. Linear scattering

The sample was mounted in the center of a rotation
stage, which allowed rotating the detector around the
sample. As a light source for the investigations of linear
light scattering a cw Ar-ion laser operating at A, =514.5
nm with 100 m%' output power was used. The incident
laser beam propagated through the sample along the Z
(lie) crystallographic axis, which was previously deter-
mined by observation of the birefringence (the center of
conoscopic cross). The beam was linearly polarized along

the Y (lib) axis and focused onto the sample by a lens with
a focal length of 100 mm. The scattered radiation was
collected by another lens (f = 100 mm) and focused onto
a photomultiplier. The polarization of the detected scat-
tered light was determined by a polarizer mounted in
front of the photomultiplier.

The angular dependence of the intensity of the scat-
tered light at room temperature was measured in two
scattering geometries: one with the scattered light wave
vectors in the YZ plane and another with the scattered
light wave vectors in the YX plane. In the sample S1 the
scattering in the YZ plane shows a strong peak at a
scattering angle of 94 with respect to the Z axis, while no
such peak is present around the opposite (—94 ) scatter-
ing angle (Fig. 2). The polarization of the scattered light
that gives this peak is orthogonal with respect to the po-
larization of the incident beam, i.e., it belongs to
ordinary-ordinary near Z(YX)Y light scattering. The
ordinary-extraordinary light scattering does not show
any specific maximum in the angular dependence (Fig. 3).
A similar behavior was observed also for the scattering
into the YX plane (Fig. 4). Here again the scattering an-
gle of 90 corresponds to the Z( YX)Y scattering. The
widths of the observed peaks are instrumental and corre-
spond to the aperture of the detecting optics used in the
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FIG. 2. Angular dependence of the intensity of the linear
light scattering at room temperature. The incident light was

propagating along Z axis, the scattered light was detected in the
ZY plane around along Y direction (scattering angle of 90') and
around along —Fdirection (scattering angle of —90'). [For the
determination of the axis with respect to the crystallographic
axis and the seed plate, see Fig. 1(a).]

FIG. 4. Angular dependence of the ordinary-ordinary
scattering for the scattering from the Z axis into the XYplane at
room temperature. The relative angle of 90' corresponds to the
scattering along Y axis.

actual measurement. The peak was observed only when
the incident beam was propagating through the part of
the sample from the pyramidal growth sector of the crys-
tal. No peaks around 90' in the angular dependence of
the linear light scattering were detected in the sample S2
cut out of the crystal far from the seed.

To study the temperature dependence of the intensity
of the scattered radiation that corresponds to the peak in
the angular dependence, the sample was mounted into a
cryostate and slowly cooled (I K/min) toward the phase
transition temperature. The light polarized along the X
axis and scattered into a cone of 10' around the Y axis
was collected. The results are shown in Fig. 5(a). In
paraelectric phase the intensity of the scattered radiation
from the sample S2 shows almost no variation with the
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FIG. 3. Polarization dependence of the linear light scattering
at room temperature. The incident light was propagating along
Z axis, the scattered light was detected in the ZY plane around
along Y direction. Solid squares correspond to the ordinary-
ordinary scattering and empty squares to the ordinary-
extraordinary scattering.

T-T (K)

FIG. 5. (a) Temperature dependence of the linear light
scattering in the scattering geometry corresponding to the peak
in the angular dependence. The increase of the signal close to
the transition temperature T, corresponds to the sample S1
(squares), while the scattering from the sample S2 (circles) is al-
most temperature independent. {b) The fit of the data for the
sample Sl to the theory of Levanyuk and Sigov [Eq. (5)].
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FIG. 6. Experimental setup for nonlinear light scattering:
P—polarizer, L1—beam focusing lens, S—sample and its
orientation with respect to the tetragonal axes, L2 and L3-
scattered light collecting lens, SS—circular beam stop, F—
filters, PM —photomultiplier. In linear light-scattering experi-
ment in the similar geometry the incident light was polarized
along Y direction and the filter in front of the photomultiplier
was replaced by another polarizer.

temperature. In contrast to this the signal from the sam-

ple S1 starts to increase significantly =40 K above the
transition temperature T, and then continuously in-

creases with the decreasing temperature. The signal
reaches a maximum at T, when its magnitude is about
three times larger than at room temperature. Below T,
the intensity of the scattered light from both of the sam-

ples generally varies with the temperature, but the tem-
perature dependence obtained from different measure-
ments can be very different. This happens because the
scattering in ferroelectric phase is mainly related to the
presence of the ferroelectric domain walls which struc-
ture is very different from one cooling cycle to another.

For the incident beam propagating in the Z direction
through the part of the sample S1 from the prismatic
growth sector the linear light scattering at room tempera-
ture was most intense at small scattering angles. There-
fore the temperature dependence of the scattered intensi-

ty was measured in the near forward scattering geometry.
The unperturbed transmitted light was blocked by a cir-
cular beam stop mounted close to the light collecting
lens. In this way the light scattered within the interval of
scattering angles from 8=4' to 8=10' was detected (Fig.
6). By cooling the sample toward T, the intensity of the
scattered radiation is again increasing with decreasing

temperature, but compared to the pyramidal growth sec-
tor the increase is much less significant (Fig. 7). The
reason is a strong background scattering due to the
reflections of the incident light from the surfaces of the
sample, the sample holder, and the collimating optics.
To decrease this background and increase the sensitivity
of the method for the detection of lattice defects we per-
formed a nonlinear light-scattering experiment.

B. Nonlinear scattering

In the nonlinear light-scattering experiment a beam
from a Q-switched and mode-lacked Nd-YAG laser
(A, =1.064 p, m) with a peak power of 0.5 MW and an
average power of 50 mW was used as a fundamental light
source. It propagated through the sample along the Z
crystallographic axis and was linearly polarized along the
(110) direction. The diameter of the laser beam within
the sample was around 100 pm. After passing through
the sample the fundamental light was eliminated by a set
of interference filters. The frequency doubled scattered
radiation was detected by a photomultiplier operating in
the photon counting regime. The output pulses were
counted by a gated photon counter which was synchron-
ized with the laser pulses.

For the light propagating along the Z crystallographic
axis no second-harmonic generation is allowed due to the
symmetry in an ideal KDP crystal either above (42m) or
below (mm2) the transition temperature T, . Despite this,
a quite strong nonlinear signal of both orthogonal polar-
izations (~~X and

~~
Y) was observed. The main part of the

signal was associated with the coherent second-harmonic
generation, which appeared to be due to the divergence
(=1') of the incident laser beam. To eliminate this
coherent part from the incoherent nonlinear scattering
we again used the forward scattering geometry with the
circular beam stop in front of the light collecting lens
(Fig. 6).

The temperature dependence of the small angle non-
linear light scattering is shown in Fig. 8. For the sample
S1 the intensity of the nonlinear scattered light is rela-
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FIG. 7. Temperature dependence of the near forward scatter-
ing in the prismatic growth sector of the sample S1.

FIG. 8. Temperature dependence of the near forward
second-harmonic light scattering in the prismatic growth sector
of the sample S1 (squares) and sample S2 (circles).
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in the prismatic growth sector are clearly evident on the
topograph of the crystal with a high density of the impur-
ities [Fig. 1 (b)]. They are observed as white stripes paral-
lel to the seed plate in the pyramidal growth sector and
para11el to the XZ plane in the prismatic growth sector.
The stripes correspond to the variation in the x-ray
diffraction contrast due to the changes in the lattice pa-
rameters of the crystal associated with the variation in
the concentration of the impurities from band to band. '

By successive recrystallizations the average concentration
of the impurities decreases and the diffraction contrast of
the bands becomes too low to be visible on the topo-
graphs. But the bands might still have a strong effect on
the light scattering. The appearance of the growth bands
in KDP is mostly restricted to the zone close to the seed
where they are in strong correlation with the numerous
dislocations originating from the seed plate. ' Consider-
ing this correlation we conclude that in our case the
bands were much more pronounced in the sample S1
than in the sample S2.

A. Linear scattering

y,'!'(r)='g„—g,g, ,p„"kfS.k(r —r')p(r')dV', (2)

where g is the susceptibility tensor of the nonstrained
crystal, p is the density of the impurities, S is the strain
field of a single defect, and p is the first order elasto-optic
(Pockel's) tensor. The scattered field is then

E, (ei, k, ) , Up„U,kS k(qJ)p(q), (3)

where S k(q) and p(q) are the spatial Fourier components
of the strain field and impurity density at the scattering
wave vector q=(k; —k, ).

For the impurity concentration changing in well
defined planar bands

p(q) =5(s, —s. )p. ,

where sq =q/q and s, is a band's normal, the last term in
relation (3) plays the leading role in the angular depen-
dence of the light scattering and results in a narrow peak
for scattering wave vector along s, . The planes of impur-
ities thus give a specular re6ection. The temperature
dependence of the scattering is governed mostly by the

Although in our experiment intensity of the scattered
radiation was measured in a broad spectral band, the
main part of the signal corresponds to elastic light
scattering. The intensity of the linearly scattered light
I, (ro) is proportional to the square of the scattered field

i(k,.—k, )r
E,(co,k, ) ~ f v, y"'(r)v;e ' ' d V,

where g'" is the linear dielectric susceptibility tensor at
incident optical frequency and k, , v, , k„and v, are the
wave vectors and the polarization vectors of the incident
and scattered light. The spatial dependence of y"' is re-
lated with the spatial variation of the concentration of
the impurities and the strain field decorating impurities.
For the most simple case of impurity induced nonpolar
point defects it is given by

strain dependent term in (3). The critical strain corre-
sponding to the soft acoustic mode in KDP is the S„„
shear, which is coupled to the y„y component of the
linear dielectric susceptibility. In the crystal containing
defects y„wi11thus strongly increase as the critical tem-
perature is approached from above whereas the other
components will change only very little. The observed
polarization dependence of the scattered light at room
temperature shows that the y„ycomponent of the suscep-
tibility is most strongly affected by defects also at high
temperatures. This is the consequence of the strong an-
isotropy of the elasto-optic and elastic properties of the
crystal.

The temperature and spatial dependence of the critical
S„„strainin the vicinity of a point defect in KDP has
been extensively studied by Levanyuk and Sigov (Ref. 8,
p. 117). They used the Landau-Ginzburg theory of phase
transitions to calculate the strain field of an isolated
charged defect and an unpolar s defect. For the experi-
mental geometry used in the pyramidal growth sector
part of the sample with the scattering wave vector q
along the (011) crystallographic direction their calcula-
tions give

C/e,
I,(a), T) ~ (T T, )+-

(c/a) +1

' —2

(5)

Taking the values for the lattice constants a and c, the
Curie constant C and the dielectric constant e, from Ref.
18, the second term on the right-hand side of (5) is 31 K.
In the interval between T, and T, +31 K a considerable
deviation from the usual (T T, ) dep—endence is ex-
pected. Comparing this result with our experimental
data one can notice that the temperature dependence of
the scattered light intensity indeed starts to deviate from
the power law at approximately 30 K above the transi-
tion temperature T, that is in good agreement with the
theory [Fig. 5(b)]. But on the other hand the discrepancy
with the overall theoretical curve is quite large. It might
be related to the inaccuracy in the determination of the
background scattering, which we took to be the room
temperature value of the scattered intensity. The other
reason for the discrepancy in the temperature behavior
might be an overlapping of the strain fields of the impuri-
ties, which is not taken into account in Eq. (5). This pos-
sibility wi11 be discussed in more detail for the case of
nonlinear scattering.

B. Nonlinear scattering

where k;, v;, k„and v, again denote the wave vectors
and the polarization vectors of the incident and scattered
light. The scattering wave vector q is in this case defined
as (2k; —k, ). The spatial dependence of the nonlinear

The main contribution to the observed second-
harmonic signal originates from the inhomogenity of the
nonlinear susceptibility tensor y' '(r). The scattered field
radiated by the induced nonlinear polarization is then

i(2k,.—k )rE,(2',k, )~ fy' '(r):v, v,-v, e ' ' dV,
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susceptibility expressed in relation to the strain field is

y,',J.'(r) =y„j.+b„kt.f. Skt(r —r')p(r')d V', (7)

where b is a second order elasto-optic tensor. The critical
Szy strain is here coup led to three components of
These are y „gy„andg „which are all zero in the
ideal nonstrained crystal. In the strained crystal they will
have nonzero values and will show a strong temperature
dependence.

Following the previous discussion on the angular
dependence of the linear scattering, which is valid also
for nonlinear scattering, the experimental geometry with
the incident beam along the Z crystallographic axis is not
very eRcient for the study of growth bands normal to the
(010}direction. But as the area of the prismatic growth
sector in our samples was relatively narrow this was the
only appropriate geometry. For this geometry the calcu-
lations of Levanyuk and Sigov result in

—2

I, (2ea, T }ce ( T T, )+-
[nz 8/(n2 —n )]2+1

where 8 is the scattering angle and n and nz are the or-
dinary refractive indices of the incident and second har-
monic beam. In the interval of scattering angles covered
by our experiment (from 8=4' to 8=10') the second
term on the right-hand side of (8) is between 2 and 0.35
K. The nonlinear scattering for isolated defects is thus
expected to exhibit a (T T, ) pow—er law temperature
dependence at all the temperatures except very close to
T, . In our experiment, however, a significant saturation
of the scattering was observed already at 15 K above T,
(Fig. 8). For that reason we suggest that the deviation
from the power law is a consequence of the overlap of the
deformed regions of single defects, which starts around
this temperature.

The characteristic dimension r, of the strained regions

decorating the impurities is critically increasing in the vi-
cinity of T, . At a temperature corresponding to the con-
dition pr, =1 the deformed regions of the neighboring
impurities start to overlap and a further increase of the
overall strain is suppressed. This changes the tempera-
ture behavior of the light scattering. ' The average densi-
ty of the impurities in our crystal as determined by neu-
tron activation analysis was 3X10' cm . This results
in an interimpurity distance of 15 nm. But as most of the
impurities segregate in the zone close to the seed the in-
terimpurity distance in the sample S1 was a few times
lower. From our measurements we conclude that at 15 K
above the transition temperature T, the influence radius
r, of the impurities increases to the value of around 5 nm.
Unfortunately we do not know of any neutron scattering
investigation of the temperature dependence of r, to veri-

fy this result.
We may thus conclude that the observed strong angu-

lar and temperature anomalies of the linear as well as
nonlinear elastic light scattering in KDP are the result of
the growth bands which form a set of planes with
different concentration of the impurities. The orientation
and the expressiveness of the bands is determined by the
growth process. The unusual saturation behavior pro-
nounced in the temperature dependence of the nonlinear
scattering is explained with the overlap of the deformed
regions decorating the impurities. Further systematic in-
vestigations of the light scattering on the crystals with
different concentration of the impurities are necessary to
obtain a quantitative description of this saturation
behavior.
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