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The dynamics of solidification are investigated at the ice-water interface by means of Rayleigh-
Brillouin spectroscopy. If a critical growth velocity is exceeded, Rayleigh scattering occurs in a

layer which has a thickness between 1.4 and 6 pm and a density between water and ice, close to that
of water. At constant intensity the width I of the central line is proportional to the square of the

scattering vector k, I =D; k, independent of the orientation of k relative to the interface. The
measured diffusion constants D; are in the range 1.4)&10 '&D; & 5.7&10 cm s ' and isotropic
in space. The intensity of the scattered light depends on the heat flow from the liquid into the solid

and on the growth velocity. The linewidth of the scattered light decreases with increasing scattering
intensity, and vice versa. We interpret D; as an effective thermal diffusion constant that describes
the transport of heat involving fluctuations of order and disorder in the layer (Frenkel's "structure
diffusion"). The increase of the total scattering intensity corresponds to an increase of the iso-

therrnal compressibility by a factor of 700 as compared to water.

I. INTRODUCTION

Little is known on the nature of the solid-liquid inter-
face of growing crystals. Most theories are based on the
assumption of a sharp interface where the atoms become
attached. ' Because the grain boundary energy is larger
than two times the interfacial energy between the solid
and its melt (case of copper, silver, and gold) Hilliard and
Cahn concluded that the interface is diffuse. They
developed a theory of the interfacial free energy (squared
gradient theory) of nonuniform systems, which was refor-
mulated by Widorn and Fisk and Widom for a fluid near
its critical point. Experimental results have been com-
pared with these theories. Landau and Lifshitz predict
that no critical point exists for the solid-liquid phase tran-
sition because the symmetry of the crystal cannot change
continuously. Since they disregarded lattice defects this
statement may have to be revised, perhaps using the con-
cept of correlation functions. Recently Voronel et al.
found a critical point in the vicinity of the liquidus line of
of a K-Cs alloy. Saito and Muller-Krumbhaar applied a
spin-1 antiferromagnetic Ising model to crystal growth
from the gas phase. For a certain range of parameters the
phase transition proceeds from the gas to a disordered
solid and from there to the ordered solid.

The solid-liquid interface of H20 (Refs. 10 and 11),
salol (salicylic acid phenyl ester, C6H4OHCOOC6H&) (Ref.
12), and DqO (Ref. 13) has been investigated by means of
dynamic light scattering. The following results were ob-
tained: The linewidth of the scattered light is proportional
to the square of the scattering vector k (measured for k
parallel to the interface). The linewidth can be tentatively
interpreted assuming a fluctuating sharp interface. ' '
Light scattering is only observed once a minimum growth
velocity has been exceeded.

In the present work, light scattering experiments are

described where the scattering vector is no longer parallel
to the interface. The onset of scattering and its hysteretic
behavior is investigated for different temperature distribu-
tions at the interface. The relation between scattered in-

tensity and linewidth is compared with analogous results
observed at critical phenomena.

II. EXPERIMENTAL

A. Experimental setup

We have investigated Rayleigh and Brillouin scattering
at the solid-liquid interface of an ice crystal growing into
a molten zone. The experimental setup is similar to the
one used in earlier work. ' The zone-melting apparatus
(Fig. 1) and the photodetection unit are placed in a cold
room at —18'. The laser (Spectra Physics 165 argon ion)
and the data processing units are placed outside. The
laser beam passes through Brewster windows into the cold
room. By means of the mirrors M 1 and M2 and the lens
L (f=500 mm) the beam can be focused on the interface
in a range of angles of incidence lbo between 55' and 90'
(Fig. 2). The scattered light is either directly detected
with a photomultiplier or analyzed by means of a Fabry-
Perot interferometer for different directions of observation
defined by the azimuthal angle 8 and the polar angle lit.

Details concerning the preparation of the crystals and the
interface are described in a previous paper. '

The growth rate of the crystal is determined by the tern-
peratures of the heating and cooling bath. The position of
the interface relative to the laboratory system is held fixed
by means of a feedback and control system. A He-Ne
laser beam (5 rnW) passes in almost grazing incidence over
the interface. The intensity of tee direct beam is moni-
tored by means of a photoresistor. When the interface
rises above the desired level part of the beam is reflected
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FIG. 1. Experimental setup.

B. Dynamic light scattering

The detection system (Fig. 3) for Rayleigh scattering is
almost the same as described by Hailer. ' The basal plane
of the crystal is imaged by the lens L 1 (f= 50 mm) on the
aperture A 1 (vertical slit, 0.1 X 2 mm ) that determines the
scattering volume. For its inspection during photon
counting half of the scattered light is directed by a beam
splitter M1 to a video camera. Light scattered by dust is
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at the vertically curved part of the interface and the inten-
sity vf the direct beam is reduced. The signal is processed
by a regulator that controls the lowering of the growth
tube into the cooling bath by maintaining the detected in-
tensity constant.

VIDEO
CAMERA

SCATTERING

90

LI
MI

I25 55

L2

n
P.M.TUBE

V

FIG. 3. Optics in front of the photomultiplier (dimensions in

mm). L, lenses; M, mirrors; 3, apertures.

easily recognized on a television monitor. The effective
scattering volume is selected visually using the mirror M 2
and an eyepiece. The aperture A 2 (diameter of 0.25 mm)
serves to limit the uncertainty of the scattering angle. The
lens L 2 (f=30 mm) collects the light and guides it to the
cathode of the photomultiplier tube (EMI 9813KB). The
discriminator-preamplifier is described in Ref. 15. The
photon counts are autocorrelated by a 128-channel multi-
bit (multiple binary digit) correlator (Malvern 7025) inter-
faced to a minicomputer (Mine 11, of Digital Equipment
Corporation).

C. Brillouin scatttering

Brillouin spectra of the interface region are obtained us-
ing the simple optical system depicted in Fig. 4. The light
scattered parallel to the basal plane at 9=90' is collected
by the lens L 1 (f=150 mm) and analyzed by a piezoelec-
trically scanned Fabry-Perot interferometer (Burleigh
RC-10) located in a box, where the temperature is kept
constant within 0.02 'C. The piezoelectric stacks are
driven by a modified commercial ramp generator (Bur-
leigh RC-42) at one sweep per second. The free spectral
ranges are 7.30 GHz for the measurement of the Brillouin
lines emerging from the water side of the basal plane and
5.56 GHz for the ice side. The diaphragm 3 1 (diameter
of 2 mm) reduces the active area of the mirrors (98.5% re-
flectivity at 488 nm) and thereby the influence of surface
imperfections on them. The lens L2 (f=254 mm) to-
gether with the pinhole A 2 (diameter of 0.25 mm) serve
for spatial filtering. The light is detected by a photomul-
tiplier tube (EMI 9813KB) connected to the Malvern
correlator in the signal averaging mode which is triggered
by the ramp generator. In order to eliminate the contribu-
tion of Raman scattering a 488-nm interference filter F is
placed in front of the photomultiplier. The mirror M and
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FIG. 2. Zone melting apparatus.
FIG. 4. Fabry-Perot interferometer facility. L, lenses; M,

mirror; 3, apertures; F 488-nm filter.
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the telescope serve for the selection of the scattering
volume and for alignment procedures. The refinement of
the spectrometer is about 35.

D. Temperature measurements at the basal plane

The temperature distribution near the basal plane deter-
mines the growth velocity of the ice crystal and with it
also the onset of light scattering. A simple method to
measure the temperature gradient in the ice below the
basal plane is the freezing of a thermocouple into the crys-
tal at approximately constant growth velocity. Since light

scattering is strongly influenced by crystal defects and

dust it is not possible to measure light scattering and tem-

perature gradient in one and the same experiment. How-

ever, one can easily reproduce the growth conditions for a
crystal (not used during light scattering) with an inserted
therm ocouple.

Seven different standard temperature distributions were

used, each determined by the choice of the temperature of
the cooling bath (between —78'C and —10'C) and of the

temperature of the heating bath (between 3'C and 10'C).
The copper Constantan wires (diameter of 0.07 mm) form-

ing the thermocouple lead from the top of the zone refin-

ing tube along the wall. At half height there is a 90' bend

so that the measuring junction is at the tube axis. This ar-
rangement minimizes the influence of the thermocouple
on the temperature distribution near the basal plane. The
reference junction is in an ice-water bath and the voltage
is recorded by means of a stripchart recorder. The accura-

cy of the measured temperatures is +0.01'C.
Overnight a zone is molten below the thermocouple.

Then temperature and growth velocity v are recorded dur-

ing a run for one of the standard temperature distribu-

tions. The simultaneous measurement of the temperatures
close to the moving solid-liquid interface and of the

growth velocity permits the determination of the tempera-
ture gradient in the crystal. As a rule it is impossible to
measure the gradient above the interface because of con-

vection in the water.

III. EXPERIMENTAL RESULTS

A. Rayleigh scattering

1. Dependence of the scattered intensity
on the angle of incidence

The intensity of the scattered light is measured after the
onset of enhanced Rayleigh scattering (Sec. III D) for dif-
ferent orientations of the scattering vector k relative to the
interface by varying the angle of incidence fo of the laser
beam at fixed azimuthal angle O. A typical result is
shown in Fig. 5 for 6=140. The background arising
mainly from Brillouin scattering in the water above the
interface is subtracted. The optical axis of the photomul-
tiplier assembly is tilted by 3'—5' (87'&g&85') with
respect to the basal plane.

The intensity increases by a factor of about 4 when fo
approaches the angle of total reflection g* ( =79'). In the
range f* & go & 90' the intensity has always a second max-
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FIG. 5. Dependence of the total scattered intensity on the an-

gle of incidence (growth rate, 1.3 pm/s). Solid line is the calcu-
lation for a rough interface.

imum that varies strongly from experiment to experiment
between l(fo) =l(tg ) and l($0) =2I(g*). Similar intensi-

ty measurements have been performed at 6=30' and 90'.
The results show that the shape of the intensity distribu-
tion does not vary with the azimuthal angle O. These ex-
periments confirm the earlier conclusion' that the light
scattering is not due to ice particles suspended in front of
the interface. For such a model one would expect a small

$0 dependence of the scattered intensity for go&/*, fol-
lowed by an increase by a factor of 2, when t/io exceeds g*,
due to the fact that the incident as well as the totally re-
flected beam pass through the scattering layer.

2. Linewidth measurements

The following observations have been made.
(1) The linewidth of the scattered light is independent of

the orientation of the scattering vector relative to the basal
plane if its length is kept fixed. The variation of the angle
of incidence go at fixed direction of observation
(6=90', g =90') parallel to the interface leaves the
scattering angle fixed at 90'. Therefore, the length of k is
independent of Po, but its orientation changes. Figure 6
shows that the linewidth does not depend upon Po. To
measure I for Po

——0' a prism was fused on top of the
upper crystal in the zone refining tube in order to reflect
the laser beam down the tube axis onto the interface under
investigation. For the inverse light path (lljo ——90' and
/=0') one measures the same linewidth.

(2) The linewidth is proportional to the square of the
scattering vector when k is parallel to the basal plane for
scattering angles in the range 5'&0&140' corresponding
to fluctuation wavelengths in the range 0.19 & A &4.2 pm.
Figure 7 shows the result for a growth rate of 1.35 pm/s.
The solid circles correspond to scattering angles above 25'
and have been measured one after the other; the open cir-
cles represent measurements taken at a later time. The
scatter of the data becomes larger for reasons to be point-
ed out later (Sec. III D).

(3) The linewidth is proportional to the square of the
scattering vector when k is nearly normal to the basal
plane (angle of inclination 9.5'—15') for scattering angles
in the accessible range 15 & 0 & 30'.

The data points are indicated by triangles in Fig. 7. To
minimize stray light from the beam reflected at the inter-
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the same scattering geometry as in (3). If we assume that
the light wave is scattered in the ice, the scattering vector

k;„ is defined by

IOOO—
ice inc scatt ~ (3.1)
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where k;„, is k incident in the ice and k,catt is k scattered
parallel to the interface. In this case the linewidth is not
proportional to k;„. On the other hand, with the assump-
tion that the light wave is first refracted at the solid-liquid
interface and then scattered in the melt the scattering vec-
tor differs from (3.1):
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FIG. 6. Dependence of the linewidth on the angle of in-
cidence (growth rate, 1.55 pm/s).

face the basal plane was illuminated from the ice side for
angles of incidence 100'& go & 115', and the scattered light
was detected in the direction 6=0' and /=90'. The
scattering angle is the angle between the wave vector of
the refracted light in the water and the wave vector of the
scattered light.

(4) The light is scattered at the water side of the inter-
face. The interface is illuminated from the ice side using

where k „f„„is k refracted in the water. With this
scattering vector the measurements lead to the same pro-
portionality between I and k which is observed if the in-
terface is illuminated from the liquid side. As there is no
reason to assume that the measured dynamics at the inter-
face depend on the scattering geometry it is concluded
that the light is scattered at the water side of the interface.

(5) The linewidths measured simultaneously for two dif-
ferent orientations of the scattering vectors vary in the
same way in time. The basal plane was illuminated from
the ice side under a fixed angle of incidence fo 103'. ——
The light was detected nearly parallel to the interface
(/=88') alternating between the directions 6=0' and 13'
corresponding to scattering angles 0 of 17.5' and 20',
respectively. The angles between k and the normal to the
interface were 9' and 45'. The normalized linewidths
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FIG. 7. Linewidths of the light scattered with k parallel (open circles and solid circles) and k perpendicular (triangles) to the solid-
liquid interface. Inset is expanded by a factor of 20 (growth rate, 1.35 pm/s).
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(3 3)
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are plotted versus time in Fig. 8. They vary the same way
in time indicating that their changes originate in changes
of the scattering medium and not in the statistics of the
autocorrelation function. Within experimental error I is
proportional to the square of the scattering vector.

(6) The proportionality between I and k is indepen-
dent of the wavelength of light. The linewidth measure-
ments were performed by means of a dye laser (Spectra
Physics 375, Rhodamine 6G) in the range of wavelength
of light 488 &A, &600 nm.
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B. Brillouin spectra

1. Brillouin scattering on the liquid side

of the phase boundary

The series of Brillouin spectra reproduced in Fig. 9
were obtained by illuminating the interface from the water
side in grazing incidence during the onset of enhanced
light scattering ( 8=90', 1b=90'). The measurements
demonstrate that the enhanced light scattering at the in-
terface is due to a strong increase of the intensity of the
central line and that the intensities of the Brillouin lines
do not change. The frequency shift of the Brillouin lines
of 5.10 GHz +0.6%%uo (=0.699 times the free spectral
range of the interferometer) agrees with the value given by
Teixeira and Leblond' for bulk water at O'C. The width
of the Brillouin lines is 550 MHz +10%, which is again
within the values given by Teixeira and Leblond.

These results are not surprising since the diameter (100
pm) of the laser beam at the interface is more than 16
times the thickness of the interface layer tupper limit, 6
pm (Ref. 10)], so that the volume giving rise to scattering
contains only a very small fraction of "anomalous" water.
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FIG. 8. Normalized linewidths vs time measured simultane-

ously for two different orientations of the scattering vector rela-

tive to the interface (growth rate, 1.35 pm/s at t=0 and 0.3
pm/s at t =5).

2. Brillouin scattering in the solid

The longitudinal Brillouin components of ice are easy to
measure with our Fabry-Perot interferometer having a
free spectral range of 5.56 GHz. The Brillouin frequency
of ice at —3'C is 13.9 GHz. ' Therefore, the Stokes and
anti-Stokes lines overlap in the second and half order of
the Brillouin spectrum (2.5)&5.56 GHz=13. 9 GHz).

Two types of experiments were performed, both with

light incident from the water side. In the first type the
angle of incidence Po is smaller than the angle of total re-

flection g', so that light is refracted into the ice. The
scattered light is detected from the ice side. The central
line is intense because of the contribution from the
enhanced Rayleigh scattering at the interface layer. The
refracted beam is the primary beam for Brillouin scatter-
ing in the ice. The weak line appearing at 2.78 GHz in

Fig. 10 is due to the longitudinal mode. The weak lines

due to transverse modes (frequency shifts between 6.5 and
7.0 GHz according to Gammon) and the Brillouin lines of
water at 5.10 GHz are buried in the strong central line.

In the second type of experiment the incident laser
beam is totally reflected at the interface, and the scatter-
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FIG. 9. Series of Brillouin spectra measured at the water side

of the interface during the onset of scattering. Magnification of
the intensities (triangles) from the top to the bottom is 1, 10, and

100 (scattering angle, 90'). Intensities of the Brillouin lines at
2.2 and 5.1 CzHz remain constant whereas the intensity of the

central line at 0 GHz increases.
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FIG. 10. Brillouin spectra measured at the ice side (top) and
at the water side (bottom) of the interface. For details of the
scattering geometry see text. Two and one half overlapping or-
ders are shown with two central lines. Shift of the Brillouin line
at 2.78 GHz corresponds therefore to a Brillouin frequency of
13.9 GHz.

ing is observed from the water side. Between the two
strong peaks due to Rayleigh scattering no resolved Bril-
louin line can be observed, especially no longitudinal com-
ponent of ice. No traces of icelike behavior have been
detected in the interface region. This result agrees with
observation (4) in Sec. IIIA2 that the light is scattered at
the water side of the interface.

C. Critical-growth-velocity measurements

Giittinger et al. ' have measured the intensity of the
light scattered at the ice-water interface versus growth
rate. They found that light scattering was observed only
if a critical growth velocity v, =1.5 pm/s was exceeded.
We investigated the dependence of the critical growth
velocity v, upon the temperature distribution across the
interface.

In Fig. 11 the critical growth velocity v, is plotted
versus the temperature gradient in the ice, G;, near the in-
terface. The velocity v, is proportional to G; within the
range 2 & G; & 4.5 K/cm. The proportionality is 6.0
)& 10 cm /s K. The measured critical growth velocities
for large G; outside the above limit are smaller than those
expected on the basis of linear extrapolation. It is possible
that the crystal was growing in region 8 (see below) dur-
ing the acceleration of the crystal growth and that light
scattering was initiated already at a lower growth velocity.

If the temperature gradient G~ in the water above the

interface were zero, the growth velocity of the ice crystal
would be determined by Fick's first law,

k;v= —G.
L

(3.4)

D. Onset of scattering

At low growth rates the main contribution to light
scattering is Brillouin scattering in the water above the in-
terface. If the growth velocity of the ice crystal exceeds a
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FIG. 11. Critical growth velocity vs temperature gradient in
the ice, just beneath the interface. Dashed line separates growth
conditions where heat is flowing from the interface into the melt
(A) and from the melt to the interface (8 and C).

where L is the latent heat and k; is the thermal conduc-
tivity of ice. This function is represented in Fig. 11 by the
dashed line. It subdivides into regions A and B. The
growth conditions of region A correspond to a negative
temperature gradient in the melt. They are not attainable
by zone melting and may lead to a Mullins-Sekerka insta-
bility. ' In region B the onset of light scattering is always
observed. The interface is stabilized by the positive tem-
perature gradient in the melt, G~. There is always a heat
flow from the melt through the interface to the ice. In re-

gion C the interface is also stable and light scattering is
observed provided the crystal has been growing under re-
gion B conditions. The enhanced Rayleigh scattering
disappears once melting of the surface of the crystal has
occurred. To produce a new onset of light scattering it is
necessary to reach region B. This hysteretic behavior was
found for all crystals.

Since region A cannot be investigated during zone melt-

ing, it is not known whether dynamic light scattering
occurs at an unstable interface. It is expected that the
light scattered statically by the inhomogeneities arising
from the interface breakdown is very strong and swamps
possible dynamic scattering.
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critical value v, the onset of strong Rayleigh scattering is

observed.
The measured intensity autocorrelation function can be

fitted by a single exponential
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The value of A is composed of the base value (base line) of
the autocorrelation function and of several other contribu-
tions, among them Raman and Brillouin scattering. In
agreement with the results obtained by Brillouin spectros-
copy the measured ratio 3 /B shows that the Brillouin in-

tensity 2' is not affected by the onset of Rayleigh
scattering.

The growth velocity of the crystal, the intensity of the
central line, IC (dynamical part), and the linewidth of the
scattered light have been measured simultaneously. A
typical result is plotted in Fig. 12 versus time (crystal L 2).
The interface was illuminated in grazing incidence and the
light was detected parallel to the interface under an az-
imuthal angle 8=90'. At a growth velocity of 1.45 pm/s
enhanced Rayleigh scattering has been visually observed
to set in. Arbitrarily we define this time point at t =0 s

(Fig. 12). At t=8000 s the intensity has increased by a
factor of about 40 and the linewidth has decreased by
about 60%. After 8000 s both quantities would become
stationary. Figure 12 does not show this because at
t =8000 s the temperatures in the zone melting apparatus
were readjusted. Although the growth velocity increases
during this time interval by only 13% the heat flow

through the interface is reduced by =25%, as shown by
measurements of the temperature gradients. It is not pos-
sible to keep growth velocity and heat flow exactly con-
stant during the onset of scattering. The changes of the
intensity with time as well as its maximum value differ
from experiment to experiment and from crystal to crys-
tal. At t=8000 s the growth rate decreases due to the
readjusted temperatures in the zone melting apparatus and
the intensity decreases. Later the linewidth increases
again (outside the range of Fig. 12) with decreasing inten-

sity.
The log-log plot (Fig. 13) of the linewidth versus the in-

tensity IC demonstrates that the dependence of I' on IC (in
counts/s) follows a power law
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FIG. 13. Linewidth of the scattered light vs the intensity in a
linear plot (crosses) and in a log-log plot (squares). Solid lines

are obtained by linear regression.

Ic
I =f

1000 counts/s

—a

(3.6)

E. Influence of crystal quality on light scattering parameters

A necessary condition to obtain reproducible light
scattering data is the absence of dust. Dust-free crystals
are produced by zone melting. Some qualitative results

0.30—
—8000

—6000

0.20—

where a =0.23+ 1% and f=2750 rad/s + 1%. The ex-
ponents a and parameters f for crystal L2 measured at
different values of the temperature gradients G; in the ice
using the above scattering geometry are plotted in Fig. 14.
Regarding the difficulty of the experiments the reproduci-
bility of the numbers is surprising. The parameters f
measured at large 6; are significantly larger than those at
smaller G; indicating that the lifetime of the fluctuations
is shorter at high gradients.
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FIG. 12. Time dependence of intensity (triangles), linewidth

(squares), and growth velocity (crosses) during the onset of
scattering.

FIG. 14. Dependence of the parameters a (circles) and f (tri-

angles) from Eq. (3.6) on the temperature gradient in the ice.
Emphasized points represent data measured during a run where
the intensity was decreasing and the linewidth increasing.
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TABLE I. Dependence of light scattering parameters on crystal quality. 2I&, intensity of the Brillouin lines; Ic, intensity of the
central line; G;, temperature gradient in the ice; a,f, parameters in Eq. (3.6) (mean values).

Grade
Ic/2'

G; &4 K/cm
Ic/2'

G;=6 K/cm
I (10' rad/s)
G; &4 K/cm

I (10 rad/s)
G;=6 K/cm f (rad/s)

A
B

4—50
1—10

10—60
0.8&I &2.4 1.2&I &3.4

1.1&I &1.7
0.25 + 12%
0.08+ 100%%uo

3450+20%
1900+ 15%%uo

0.2—1
not

measured
=2.7

not
measured

cannot be fitted

obtained from experiments performed with crystals of
three different qualities A, B, and C are summarized in
Table I. Crystals without small-angle grain boundary
grooves as can be grown from a fresh seed are called grade
A, crystals with such grooves near the circumference of
the growth tube only are called grade B, and crystals with
grooves over the whole interface are called grade C. The
crystal quality was judged visually. A more exact charac-
terization (e.g. , dislocation density) by x-ray topography
cannot be performed without destroying the crystal.

For grade A crystals the maximum intensity IC is larger
and the minimum linewidth is smaller than for crystals of
grades B or C (G; &4 K/cm). At high-temperature gra-
dients (G;=6 K/cm) the intensity range is the same for
crystals A and B (C has not been investigated). For crys-
tals of grade A the dependence of the linewidth on the in-
tensity is well described by the power law (3.6) with a
mean value a=0.25 +12%. For crystals of grade C the
dependence of the linewidth on the intensity could not be
fitted.

From the above observations we conclude that crystal
quality significantly influences linewidth and intensity of
the scattered light. It is only for crystals of grade A that
it makes sense to give values of a and f. With increasing
crystal perfection the exponent a tends to increase. The
value a =0.25 is rather a lower limit.

F. Dependence of the scattered intensity
on the growth conditions

The growth velocity of the ice crystals is controlled by
the temperature distribution in the zone melting ap-
paratus. Experiments have been performed at various

temperature distributions. By properly adjusting the tem-
peratures the intensity can even increase at decreasing
growth velocity. The present experiments indicate that a
decreasing heat flow from the water to the ice usually
leads to an increase of the intensity of the scattered light.
A larger heat flow stabilizes the interface: The critical
growth velocity is high, the scattered intensity is small
and no Mullins-Sekerka instability is possible.

IV. INTERPRETATION

In this section the intensity and linewidth measure-
ments are interpreted in terms of a layer at the ice-water
interface. The model of the rough interface developed in
Ref. 10 is ruled out. Then light scattering data measured
during the onset of scattering are compared with those
arising from critical phenomena.

A. Light scattering from interface fluctuations

The intensity of the light scattered by a rough surface
was calculated to first order in the surface roughness by
several authors. ' The results were applied by I oudon
and Sandercock in an analysis of the light scattering
cross section for surface ripples on solids.

We consider an incident beam of cross-sectional area F
giving an illuminated surface spot of area F/costa sup-
posed to lie inside the field of view of the detector. Ac-
cording to Loudon and Sandercock the differential
scattering cross section is given by

do'

dA

k;AFcos Q A,
~

4m. cosmic ~A; ~

(4.1)

The angles $0 and f are defined in Fig. 1, k; is the wave
vector of the light, and A is the total surface area.

~

A,
~

and
~
A;

~

are the field amplitudes of the scattered and the
incident light. For polarization of the incident light paral-
lel to the plane of incidence the polarization component of
the scattered light perpendicular to the plane containing
the wave vector of the scattered light and the normal to
the interface is

tan( Pc —Pc )sinlij
A,'=2ik;gz ~A;

~
. , sine cost('

sin(g+ ' tan

(4.2)

sing singe —cosP'cosgocos8
X

cos( lij —g' )
(4.3)

gz is the amplitude of the Fourier component of the sur-
face fluctuation with wave vector p. The angles of refrac-
tion fc and g' are given by Snell's law.

The above formulas are used to calculate the intensity
of the light scattered by the ice-water interface which is
assumed to be rough with amplitudes gz small compared
to the wavelength of light. By Snell's law

n singo ——n;singo (4.4)

nosing= n;sing', (4.5)

and for the polarization component parallel to that plane
one has

tan(go go )sint—tA~= —2ik;jp
~
A;

~ sin( + ' tan
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the angles of refraction can be calculated. n and n; are
the indices of refraction of water and ice. The detection
system used in our experiments selected only part of the
illuminated surface spot. The area of the observed surface
spot is then not F/costbp but b/cos 1(, and the result (4.1)
has to be multiplied by

cosfp b

F cosg
' (4.6)

where b is the cross-sectional area of the detected scat-
tered beam. Inserting (4.2)—(4.6) in (4.1) yields for 1( & p'
and 1(jp & 1(* and with n =n /n;

do'~ Ab 4 2
tan (1bp —go) sin t(|sin 1(p+(n sin f—1)cos 1(pcos 8

2 k;
l g~ l

cosg
2 2

cos 1(csin 6+
(tan go)(n —1) n sin 1( —cos

hatt

and for 1( & 1(* and 1(ro» 1t'

Ab 4 2 cosP 2 2 2
[singsin1(o —(n sin 1(t —I)'~ (n sin gp —I)'~ cos6]

2 2
(n sin'1(p —1)sin 8+

vr n tan gp —1 n sin tP —cos 1(t

Upon variation of 6 from 0 to +180 expression (4.8) varies only within +4% and it can be approximated by

(4.7)

(4.8)

(4.9)
dcr2 gb 4

sin'1( sin Pp
2k' lkp I

costt
2 2 2 2

2r (n tan 1(p—1)(n sin 1(r —cos 1(t)

Since the angle of total reflection, 1t'=79.0', is rather close to 90', Eq. (4.9) describes the intensity distribution for
scattering vectors nearly parallel to the interface (p* & 1(,pp & 90'). No dependence of the intensity of the scattered light
on 8 was observed in this case. ' Hence the amplitude

l gz l

is independent of the wave vector p of the interface fluc-
tuation within the measured range. In most of our experiments the angles P and 6 were chosen close to 90' and ttjo was
varied. In this case Eqs. (4.7) and (4.8) simplify to

dc'
dQ

tan (2('p —1(o)cos gp cos gp 1
k; lpl'cosg +, 0'&1(o&1(*

7T' n —1 sin gp n

(sin 1(to)(n +n ) —1
0* &No&90'.

7T' n tan 1t2p
—1

(4.10)

The differential cross section (4.10) is plotted in Fig. 15.
At the angle of total reflection there is a maximum which
is (n+1) In (=3.78) times that for small angles. In the
same figure we have plotted the square of the amplitude
of the refracted beam at the ice side as calculated by
means of the Fresnel formulas

2
2n;n cos1(jp

p&
n; cos2J2p+n„(n; —n sin po)'~

4n; n cos gp
4 2 4 2 2 2

n; cos gp+n sin 1(p —n; n

pared with the measured intensity. In the measured range
55'& 1(to & g* the agreement is surPrisingly good; however,
for fp& hatt* the measured intensity is much higher than
calculated. As a second discrepancy between theory and
experiment we note that the factor cosg in (4.10) is zero
for /=90' so that the intensity scattered parallel to the in-
terface should vanish. This is not observed. One has to
conclude that the model of the rough interface does not

(4.11)

The correspondence is striking. The maximum at
1(o=t/i is (n+ 1) ( =4.07) times the value at go=0'. The
result (4.10) might be visualized as follows: For
0'(1(o&tt* light is refracted at a virtual plane water-ice
interface and the refracted wave is scattered by inhomo-
geneities on the ice side. For pp&1(' it is the evanescent
wave that is scattered by the same inhomogeneities. The
penetration depth of the evanescent wave at a water-ice in-
terface is always larger than 70 nm.

In Fig. 5, the light scattering cross section (4.10) is com-

2

1

I

50'
I

0o 70 80 90

FIG. 15. Calculated scattered intensity as a function of the
angle of incidence expected for a rough interface (solid line)

compared with the square of the electric field amplitude at the
ice side of a flat interface (dotted line).
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explain the experimental results over the whole range of
ttrp and 1(.

In order to explain the failure of this mode we consider
two possibilities.

(1) The approximations underlying the calculations are
not applicable because the amplitudes g of the surface
roughness are not small compared to the wavelength of
light.

(2) The model is wrong. The light is not scattered by a
sharp, rough interface. In the interpretations of the
linewidth measurements in Sec. IVC we will show that
this is really the case.

2n
&
n~cosl(p

2n~cosPp+n (n~ —n sin 1(p)
2

n„cosl(p —n
&
(n„n—

~
stn 1(p )

2 2 2 ~ 2 i 1/2

rx X —L, W
n„cosPp+n &(n„—n ]sin 1(jp)'~

(4.14)

(4.15)

By inserting (4.13) in (4.12) one obtains for the scattered
intensity

In our experiments the field amplitude Ep of the in-
cident beam is parallel to the plane of incidence. The
Fresnel formulas then yield

B. Light scattering from an interface layer

(4.12)

The electric field amplitudes Ej can be calculated by the
recursion formulas

Ei ——tEp,

E2k ——riE2k

E2I, + )
——r~E2k

(4.13)

In this section we calculate the angular dependence of
the intensity of the light scattered by a turbid interface
layer with an effective index of refraction n

~
with a value

between n; and n . The result will be compared to the
scattering of a sharp rough interface.

The layer model is depicted in Fig. 16. The following
simplifying assumptions are made.

(1) A layer exists between water and ice.
(2) The water-layer and layer-ice interfaces are sharp

and smooth.
(3) The thickness d of the layer is large compared to the

wavelength of light.
(4) The light is scattered within the layer by entropy

fluctuations.
(5) The scattering intensities arising from the different

parts of the zigzag path of the primary beam inside the
layer are additive.

For a fixed direction of observation the scattered inten-

sity is then given by

1+ Ir;I~

fr I, 1('7&Co&90'

(4.16)

where 1( t
——arcsin(n

&
In„ ) is the angle of total reflection at

the water-layer interface. The function I(1(p) is plotted in
Fig. 17 for indices of refraction of the layer
n; & n

&
& n +0. 1.

The intensity I increases by less than a factor of 2 at the
angle of total reflection if n~ &n„. If the layer had the
same index of refraction as water the intensity would in-
crease by a factor of 2 (case of ice cluster model). Such an
increase was actually observed in the intensity of the Bril-
louin lines: If the primary beam is totally reflected at the
water-ice interface the intensity of the Brillouin lines is
doubled as compared to bulk water.

In the range n; &n& &n the calculated intensity in-
crease is more than a factor of 2. There is always a sharp
maximum between tt* and 90. It diverges (Born's first
approximation does not conserve energy) at the angle of
total reflection

hatt&
because r r; = 1 in (4.16).

For gp& 1(~ the square of the amplitude of the evanes-
cent wave at the water-layer interface is plotted in Fig. 17.
According to assumption (3) the effective volume in
which the evanescent wave is scattered is negligible com-
pared to the volume of the layer.

For n1 n; the l——ight is refracted at an ice-water inter-
face. This case was already discussed in Sec. IV A. If we
suppose that the second maximum of the scattered intensi-

where k=1,2, 3, . . . , and where t is the transmission
coefficient water-layer and r; and r the reflection coeffi-
cients layer-ice and layer-water, respectively. CO

z3
Q3

I

I.337

=I.339

lay

ice n;

I

50
I

60 70 80 90

FIG. 16. Model of the interface layer. Po, angle of incidence;

Pp, angle of refraction water-layer; E;, electric field amplitudes;
n„(x =w, l,i ); refractive indices of water, layer and ice.

FIG. 17. Intensity of the scattered light vs the angle of in-

cidence calculated according to the interface layer model for dif-

ferent refractive indices n ~.
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ty, observed always at about $0=85', is due to an interface
layer of the type discussed above, its refractive index
would have to be n&

——1.333. Using this value, and as-
suming that the interface layer is waterlike one can calcu-
late its density by means of an empirical relation based on
the Lorentz-Lorenz formula. According to Eisenberg
the dependence of the refractive index n of water on the
density p (in g cm ) and the temperature T (in 'C) can be
approximated by

where 9 is the scattering angle, k the wavelength of light,
and n the effective index of refraction of the medium.

In contrast to the above situation the Fourier decompo-
sition of a rough surface contains only terms with wave
vectors parallel to the interface. Grating theory implies
that the projection of the scattering vector k onto the in-
terface is equal to the wave vector p of the observed inter-
face fluctuation. p is given by

p =(2m n /A, )(si n1(0+sin 1( —2 sin|tjosinl(t cose)'
n =1+ap~e-~~ (4.17) (4.20)

For A, =488 nm the constants 3, 8, and C are
3 =0.33806, 8=0.97188, and C= —7.0984/10 . In
particular, one has for T=0'C

n = 1+0 338 06p (4.18)

Some refractive indices computed according to (4.18)
are listed in Table II. The density that corresponds to the
empirical value n& ——1.333 is p&

——0.985 gem . To illus-
trate this value we note that water at —8.5'C (and at at-
mospheric pressure) has the same density [the dependence
of n on temperature is negligible according to Eq. (4.17)
for —8. 5 (T (O'C]. Moreover, if one inserts the density
of ice at O'C (and at atmospheric pressure) into the ex-
pression (4.18) one obtains n =1.3107, which is rather
close to n; Near .$0 ——90' the scattered intensity is larger
than that predicted by the layer model.

In order to account for the discrepancies between the
model and the measurements one has to consider refined
models.

(a) Instead of the two discontinuous changes of the re-
fractive index at the two layer boundaries there might be a
continuous change.

(b) The thickness of the layer might be comparable to
the wavelength of the light, so that the theory of dielectric
waveguides should be applied.

C. Evidence for an interface layer
from linewidth measurements

In the case of coherent elastic or quasielastic scattering
in a three-dimensional medium choosing the scattering
vector k means to single out the scattering due to the spa-
tial Fourier component k of the scattering density. The
length of k is given by

k = (4mn/A, )sin(8/. 2), (4.19)

In view of the limited reproducibility of our intensity
measurements we abstain from a calculation of refined
models, because these would necessarily involve more ad-
justable parameters.

In the special case $0——/=90' (4.20) reduces to (4.19) with
6=0. The scattering vector is then parallel to the inter-
face, and p is equal to k.

The model of the fluctuating interface proposed by
Guttinger et al. ' predicts that the linewidth I should be
proportional to the square of the projection of the scatter-
ing vector onto the interface, p, and not to the square of
the scattering vector, k . The experimental data
represented in Fig. 6 show, however, that I is proportion-
al to k, where D; designates a diffusion constant

I =D;k (4.21)

This observation is compatible only with three-
dimensional fluctuations with isotropic dynamics. Thus
the interface region cannot be sharp. It must have a finite
thickness. The model of the rough interface is ruled out
once more.

D. Thickness of the interface layer

The direct measurement of the thickness of the inter-
face layer d by means of a microscope is impossible in our
zone refining apparatus because of the large distances in-
volved. An indirect method could be based on the fact
that a continuous interface produces for linearly polarized
light incident near the Brewster angle a small ellipticity of
the reflected light, which is related to the thickness of the
layer. Unfortunately the zone melting apparatus does
not permit measurements near the Brewster angle.

An entirely different method to obtain information on
the thickness of the layer is based on the measurement of
the width I of the Rayleigh line at small scattering an-

gles. We have observed that I does not depend upon the
direction of the scattering vector but only on its length,
and this for scattering angles as low as at least 15'. This
corresponds to a wavelength of the Fourier components as
large as 1.4 pm. This length can be interpreted as a lower
limit for the thickness d of the layer with the argument
that the dynamics of the Fourier components in the layer
can be only isotropic if their wavelengths are small com-
pared to d.

The simultaneous variation of the linewidth described
in Sec. III A2 (see also Fig. 8) demonstrates again the iso-

TABLE II. Refractive indices of water as calculated by Eq. (4.18) for different hypothetical densities.

p (gcm )

n
p =0.9998
n = 1.3380

0.9900
1.3348

0.9850
1.3331

0.9800
1.3315

0.9500
1.3216

0.9250
n; =1.3135

p; =0.91671
1.3107
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tropic behavior of the interface layer for fluctuation wave-
lengths of at least 1.2 pm (scattering angle of 17.5 ). The
variations of I with time are caused by a corresponding
variation of the diffusion constant in the layer.

E. Intensity of the scattered light

In the classical theory of light scattering the intensity of
the light is proportional to the mean-square fiuctuations
of the optical dielectric constant ((b,e) ) about its mean
value in the scattering medium. Einstein and von Smo-
luchowski calculated this mean-square fluctuation as a
function of the statistically independent variables p and T.
According to Benedek one obtains for the total intensity
of the scattered light

The total scattered intensity measured at the interface
before the onset of scattering is Io 7——000 counts/s, after
the onset the maximum intensity emerging from the inter-
face layer is typically I

&

——200000 counts/s. The
knowledge of the ratio I&/Io permits an estimate of the
ratio of the isothermal compressibilities before and after
the onset of scattering. It is reasonable to assume that the
factor (BF/Bp) p appearing in (4.22) is not affected.
However, one has to take into account that the height of
the scattering volumes before and after the onset is given

by the diameter of the laser beam (100 pm) and by the
thickness of the layer (we assume a value between the

upper and the lower limit, d=4 pm). Then one has ap-
proximately for the scattering geometry described in III D

cE0 duo
2

dI=
8m c

2
Be 2 BE T
Bp BT

and with (4.23)

XksTVsin Pd0, (4.22)
(4.25)

where e is the velocity of light, Eo the amplitude of the in-
cident light, ruo the frequency of the light, V the scattering
volume, P the angle between the direction of Eo and the
direction of observation, xr the isothermal compressibili-
ty, and Cz the specific heat per unit volume. I is indepen-

dent of the scattering vector k. It is well known that the
correlation length g of the density fluctuations as well as
aT diverge near a critical point. The scattered intensity
becomes then k dependent [the theory of Ornstein and
Zernike, e.g. , contains the factor (1+k g ) '].

According to Landau and Placzek one neglects the
second term in (4.22). The ratio of the intensity of the
Rayleigh line Ic to the intensity of the Brillouin lines 2I&
is then given by

where the constants have their usual meaning. Equation
(4.23) is difficult to interpret in view of the additional cen-
tral peak predicted by Mountain. ' The Mountain peak is

supposed to account for relaxation phenomena occurring
in viscoelastic liquids such as polypropylene glycol or
CC14. Usually it is very broad and leads to an enhanced
background extending from the center to the Brillouin
lines. Close to the glass transition the Mountain line shar-

pens and is hidden under the Rayleigh line. Simple
liquids such as liquid rare gases have no Mountain line.

We discuss the intensity of the light scattered in the in-
terface layer in the framework of Eq. (4.22). From the
isotropy of the intensity for scattering vectors k parallel to
the interface one can infer that kg'&1. Therefore, the
correlation length is smaller than 1/k, „=A,/4vr=40 nm.

The large intensity of the central line observed after the
onset of scattering cannot be attributed to the second term
in (4.22) because the temperature dependence of e is small
according to (4.17). Therefore, the total intensity of the
scattered light is proportional to vT (including the Moun-
tain line, see Ref. 34).

where aT~ and C&~ are the isothermal compressibility and
specific heat at constant pressure in the layer.

Equation (4.24) contains no assumptions about the
scattering mechanism [Rayleigh, Mountain, or Brillouin,
in contrast to Eq. (4.25)]. The Rayleigh-Brillouin spectra
(Fig. 9) and the ratio 8/3 (Sec. III D) show that it is the
intensity of the central line which increases at the onset of
scattering and not the intensity of the Brillouin lines. Ow-

ing to the single exponential decay of the autocorrelation
function of the scattered light the central line can be inter-

preted either as Rayleigh or as Mountain line. Conde
et al. concluded from their sound velocity measurements
in water that the effect of structural relaxation cannot be
seen above —20'C. Thus we assume that the central line
is the Rayleigh line. By means of the Landau-Placzek ra-
tio one can then estimate the adiabatic compressibility of
the interface layer. It turns out to be the order of the adi-

abatic compressibility of water at 0 C.

F. I.inemidth of the scattered light

The calculation of the linewidth for the model of a
sharp fluctuating interface agrees surprisingly well with
the measured Rayleigh linewidth as long as the scattering
vector k is parallel to the interface. However, the in-
dependence of the linewidth on the direction of k is com-
patible only with an interface layer of finite thickness.
The Brillouin scattering experiments (Sec. III82) and ob-
servation (4) in Sec. III A 2 demonstrate that the interface
layer has properties which are more waterlike than icelike.
Under the assumption that, the waterlike layer may be in-
terpreted as a simple fluid the width of the Rayleigh line
is determined by the lifetime of the entropy Auctuations,
which in turn are governed by thermal diffusion (for a re-
view see Ref. 36). From the measured linewidths one ob-
tains by means of Eq. (4.21) for the diffusion constant
values in the range 1.4&10 ~D; ~5.7)&10 cm /s.
The thermal diffusion within the layer is slowed down by
a factor of about 10 compared to bulk water at 0 C
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(1.33 X 10 cm /s) if the above assumption is correct.
According to mode-mode coupling schemes the singu-

lar part of the thermal diffusivity in critical phenomena is
related to the coherence length g by a Stokes-Einstein rela-
tion of the form

I ~]cTd . (4.27)

(2) The linewidth measured at the interface layer is the
critical part of the linewidth as given by the Stokes-
Einstein relation. For fixed k we write

kgT
D=, Ic(« 1 .

6nrlg .' (4.26) 1
I (x

7l

(4.28)

Assuming that the relation can be applied to the diffusion
constant measured in the interface layer and that the
viscosity is the same as for water O'C one obtains a coher-
ence length in the range 20&(&80 nm. In the mode-
mode coupling schemes heat diffusion can be thought of
as occurring by the spatial diffusion of regions of size g,
i.e., heat transport can be interpreted as "structure trans-
port. " This view bears close resemblance to the mecha-
nism of crystal growth, which is governed by the trans-
port of latent heat and structure. The enhanced light
scattering seems to be a manifestation of these processes.
An interpretation of the linewidth measurements in terms
of crystal growth has been given by Bilgram.

G. Dependence of the linewidth on the intensity

During the onset of light scattering the dependence of
the linewidth on the intensity can be described by the
power law (3.6). With increasing intensity the linewidth
decreases. A similar behavior is generally observed in
light scattering studies of critical phenomena.

We discuss a possible analogy with the problem of con-
densation. The interface of a liquid is diffuse near the
critical point and disappears there. The theory of Cahn
and Hilliard yields the density profile of the interface.
This work was extended by Widom and Fisk and Wi-
dom who compared their results with experiment.

The solid-liquid interface layer ice-water exists only
under nonequilibrium conditions in contrast to the gas-
liquid interface. Nevertheless, it is interesting to compare
the exponent a in Eq. (3.6) with the exponent expected for
the diffuse gas-liquid interface near the critical point.

The following assumptions are made for both interface
layers.

(1) The isothermal compressibility vT is uniform within

a layer of thickness d, therefore the scattered intensity is

given by

Near the gas-liquid critical point d, sr, 7), and g exhibit
critical behavior. According to theory the critical ex-
ponent for ~T in the diffuse liquid-gas layer should be
y=1.3, and the exponent for g should be v=y/2. Scaling
arguments predict that the exponent for the thickness d
should be the same as for g. The measurements of
Meunier and Langevin on SF6 and cyclohexane-methanol
show that this prediction is true. The critical exponent
for the viscosity is of the order of 0.04 (Refs. 39 and 40)
and is neglected. By inserting this exponent in (4.27) and
(4.28) one obtains

—V—g —3V (4.29)

(4.30)

where e=(T T, )/T, .—Therefore, the resulting linewidth
is proportional to

(4.31)

V. CONCLUSIONS

If the growth velocity of an ice crystal exceeds a critical
value (dependent on the temperature distribution at the
solid-liquid interface) the onset of light scattering is ob-
served at an interface layer. The thickness of this layer is
between 1.4 and 6 p, m. Its density is between that of wa-

ter and ice, closer to that of water. The isothermal
compressibility is about 700 times that of water and the

A direct experimental verification of (4.31) for the gas-
liquid interface is not available. However, it is surprising
that the measured exponent a =0.25 at the ice-water inter-
face is rather close to —,. Nevertheless, we hesitate to
speculate that we observe a kind of second-order transition
at the ice-water interface.

TABLE III. Some physical constants of water at O'C.

Density
Specific heat
Thermal conductivity
Thermal diffusivity

Index of refraction
(k=488 nm)

Dynamical viscosity
Kinematic viscosity

Isothermal compressibility
Adiabatic compressibility

p =999.84 kgm
Cp 4 2177X 10 J kg K
k =0561 Wm 'K
a =k„/p Cp

=1.33&&10 m s
n = 1.338 016

g~ = 1.798 )& 10 N s m

V~ ='g~ /pto
= 1.798 &(10 m' s

KT ——5.0869~ 10 ' m' N

s =5 0831@10-"m'N

Ref. 41
Ref. 42
Ref. 42

Ref. 43

Ref. 42

Ref. 46
Ref. 46
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Density
Specific heat ( —2.2'C)
Thermal conductivity
Thermal diffusivity

Index of refraction
(A, =491.6 nm, —3.8'C)
Adiabatic compressibility
Melting temperature

TABLE IV. Some physical constants of ice at O'C.

p;=916.71 kgm
Cp':2 101 )& 10 J kg K
k;=2.2 Wm 'K
ai =ki /pw Cpi

=1.14)(10 m s

n; =1.3135

Kgg
——1.2X10 ' m N

T =273. 15 K

Ref. 41
Ref. 42
Ref. 44

Ref. 45

Ref. 47
Ref. 41

adiabatic compressibility is indistinguishable from that of
water.

The diffusion constant in the layer, D; = I Ik, is small-

er by a factor of about 10' than the thermal diffusion con-
stant of water. We interpret D; as an effective thermal
diffusion constant that descibes the transport of heat in-

volving fluctuations of order and disorder in the layer
(Frenkel's "structure diffusion"). The relation between

linewidth and intensity of the scattered light is similar to
that observed in the case of the gas-liquid interface near
the critical point.
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APPENDIX

Some physical constants of water and ice at O'C are
presented in Tables III and IV, respectively.
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