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We have examined quasielastic light scattering off the crystal-melt interface of growing ice crys-
tals using photon correlation spectroscopy. The intensity autocorrelation spectra exhibit two ex-
ponential decay rates with vastly different time constants. The fast decay is found only during
growth and is similar to that observed by Bilgram and his co-workers. We have found several new
features associated with the slow-decay component: (1) nonzero intercept of the decay constant I’
versus the square of the scattering vector g2 during growth; (2) a liftoff layer that depends on the
type of gaseous impurity; and (3) a direct relationship between the effective hydrodynamic radius of
the slow component and the degree of its size polydispersity. These provide new evidence to sup-
port Cummins’s hypothesis that this component of the spectrum is caused by the segregation and
precipitation of tiny gas bubbles at the crystal’s surface.

I. INTRODUCTION

The dynamics of crystal growth from the melt is an im-
portant, but poorly understood, process. Recently light
scattering techniques, including photon correlation spec-
troscopy, have been used to examine this problem. Using
laser light, Bilgram, Giittinger, and Kéinzig1 were the first
to observe anomalous Rayleigh scattering off the surface
of growing ice crystals in 1978. They reported that
quasielastically scattered light from the surface of pure
ice crystals growing into its melt exhibited correlated in-
tensity fluctuations characteristic of relaxational scatter-
ing. That is, the intensity autocorrelation function,
C'?(r), exponentially decreased in time 7 with decay con-
stant, or linewidth I,

COry=(I(t)[(t+7))=A+Be 2", (1

where A and B are constants. The intensity of this
quasielastically scattered light is much greater than that
from either the bulk melt or the single crystal, and " was
found to be proportional to the scattering vector squared
g% Here g =(4mn/\)sin(0/2), where n is the index of re-
fraction of water, A is the wavelength of incident light in
vacuum, and 0 is the scattering angle. This linear behav-
ior in T versus g2 is typical of diffusive scattering mecha-
nisms with the slope being the z-averaged diffusion
coefficient D.2 The linewidths found by Bilgram,
Giittinger, and Kéanzig were independent of the growth
rate and temperature gradient employed in their experi-
ments. Rayleigh scattered light has since been observed
in other crystals (cyclohexanol, salol, byphenyl, and na-
phthalene).’ 8

Our recent experimental observations suggest that
light scattering during the growth of ice crystals may be a
result of two different phenomena. The linewidths ob-
served by Bilgram’s group are at least ten times larger
than those of Brown et al.” who looked at scattering
from a different crystal axis (a axis). Our present experi-
ments have been performed with crystals grown in the
same direction as Bilgram’s (c axis) and show evidence of
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two different types of relaxational scattering, that is, both
fast and slow transients. The fast transient may be
uniquely associated with growth parallel to the c axis of
ice. The slower relaxational scattering is not unique to
crystal growth and is similar to scattering that has been
observed in a variety of crystal systems besides ice. Cum-
mins has suggested this slow transient is caused by the
random motion of gas-impurity microbubbles that are
confined to the surface of a growing crystal.?

Cummins’s microbubble hypothesis has practical
consequences in the study of crystal growth processes.
The precipitation and incorporation of gaseous impurities
at the surface of a growing crystal affects the crystal’s op-
tical and mechanical properties. Assuming the scattering
is caused by a dilute system of microbubbles undergoing
Brownian motion on the crystal surface, we can deter-
mine the average hydrodynamic radius from the Stokes-
Einstein relationship: r,=kT/6mnD, where k is
Boltzmann’s constant, T the absolute temperature, and 7
the viscosity of water.? Since our autocorrelation spectra
do not perfectly fit to a single exponential decay, the
quadratic coefficient of the cumulant analysis records the
deviation about the average linewidth

= [ G(D)IT —(I))drT )

where G(I') is the normalized distribution of decay rates
and (T') is the average linewidth. Again, using the mi-
crobubble picture as our model, the second cumulant is a
measure of the distribution of bubble sizes on the surface,
also called the polydispersity. We provide new evidence
supporting the suggestion that the source of the slow
scattering process is the result of residual gaseous impuri-
ties trapped on the solid-liquid interface during crystal
growth.

II. EXPERIMENTAL

The crystal purification procedure, apparatus, and
spectroscopic technique have been described by Brown
et al.® The sample cells were redesigned (Pyrex tubes
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12.7 cm long by 1.0 cm inner diameter) to accept snug-fit
cylindrical crystal seeds. The earlier paraffin wrapper
used to cap the cells was replaced by stainless-steel lids
with ethylene propylene O rings. These new seals have
the advantage of being airtight, improving our ability to
control the atomsphere in which the crystals are exposed.
Preparation of ice crystals with the c axis oriented paral-
lel to the growth direction is similar to Guttinger, Bil-
gram, and Kinzig!® with the following modification: Our
cold room is the freezer compartment of a refrigerator
(6326 45cm® where a small lathe is accessible
through gloves mounted on a Plexiglass-windowed cold
shield.

The most significant change in this purification pro-
cedure was the control of gaseous contamination in our
ice crystals. This was performed after each zone
refinement was carried out by decanting sample impuri-
ties in a helium-filled work box. This sealed Plexiglass
box (76X 3033 cm?) was designed to maintain a posi-
tive pressure of slightly soluble inert gas inside. The
work was kept dust free by locating it inside our laminar
flow bench where the air is filtered to 0.3 um. The sam-
ples were accessed through the portable glove-mounted
unit mentioned above.

Before the helium-filled work box was employed our
autocorrelation spectra revealed only the slow scattering
component. Subsequently large linewidths ({T")~ 1000
s~ !) were recorded from growing crystals, but only after
the samples were prepared under the above strictly con-
trolled atmospheric conditions. This appears to be the
weaker scattering of the fast component originally found
by Bilgram and co-workers. The fact that the slow com-
ponent disappears when gaseous impurities are excluded
using these rigorous measures suggest to us that the slow
relaxational scattering is gaseous in origin.

Because we suspected that the source of the slow-decay
spectra was from tiny gas bubbles we subjected our sam-
ples to the extreme condition of bubble saturation. Our
experimental apparatus was altered to allow the insertion
of high purity (99.999%) helium or argon gas through a
0.22-um filter and a hypodermic needle in the melt. The
inert gas was bubbled for an hour to ensure saturation in
the water (at 0°C and 1 atm for He: 0.94 cm?®/100 cm?
water, for Ar: 5.6 cm>/100 cm?).!! Gas that was not dis-
solved into the water was effective in purging the outer
chamber of the growth apparatus of ambient atmospheric
gases. The bubbling process stirred the liquid and melted
the crystal considerably below its static equilibrium posi-
tion. After gas injection of the melt was completed, the
inert gas was routed into the outer chamber to avoid
back filling with laboratory air. We relocated the level of
the crystal-melt interface to the center of the temperature
gradient. This procedure prevented rapid crystal growth
from occurring as the crystal returned to its equilibrium
position. Measurements were taken after an hour of ei-
ther static or steady-state growth conditions.

Rapid autocorrelation measurements taken from the
crystal surface were facilitated by improved scattering
collection optics and remote control of the mechanically
driven beam steering apparatus. The last step before con-
ducting an experiment involved checking for bright, for-

ward scattering from particulate impurities with a laser
beam. An experiment was started only in the absence of
impurity scattering. Although our crystals would satisfy
this criterion, scatterers frequently appeared in the melts.
Originally we had a single linear temperature gradient
along the length of a cell which separated the crystal into
a solid portion in the bottom half and its melt above it.
We were concerned about possible contamination of the
melt from impurities that had been lodged on the top of
the crystal during the final zone refinement pass. Addi-
tion of a second cooling block directly above the heater
made it possible to keep the top of the crystal frozen,
emulating a true zone-melt setup. Consequently, any im-
purities introduced during the last decanting of the melt
remained frozen into the outer region of the crystal. This
apparatus was successful in maintaining an “intermediate
melt zone” free of surface contaminants.

III. RESULTS
A. Spectral components

We have separated two different decay constants in our
autocorrelation spectra. The scattered light is collected
normal to the incident laser beam, approximately in the
plane of the growing crystal. The fast-decay component
had an average linewidth (I') =~1000 s~! and was ob-
served only during crystal growth. Prior to control of the
ambient atmosphere to which the samples were exposed,
only the slow component was observed. This component
had a decay constant that varied between 1 to 100 s—!.
Slow relaxational spectra were recorded both during
steady-state growth and melting, in static equilibrium
before crystal growth was initiated, and in samples with
the melt zone in the center of the crystal. The slow com-
ponent was characterized by the following observations.
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FIG. 1. Angular dependence of the linewidth during various
static or nonequilibrium steady-state conditions (4, before
growth was initiated; A, during crystal growth; OJ, after growth
was arrested; X are the extrapolated intercepts). The error bars
associated with these intercepts (offset from zero for clarity)
represent a statistical confidence limit of 95%. Each data point
is arrived at by cumulants analysis of the autocorrelation spec-
tra, truncated at the quadratic term. Both the linear coefficient
(linewidth) and the scattering vector squared have a 1% sys-
tematic error.
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B. Nonlinearity of I versus g2

Within experimental error, the linewidths in most of
the crystal systems examined by light scattering have
been found to be proportional to the scattering vector
squared."3™® Under static pre- or post-growth condi-
tions, linear plots of our I' versus g2 data extrapolated to
zero scattering angle reveal a negative intercept (Fig. 1;
#, O). This is result is consistent with a highly po-
lydisperse scattering medium when fitted to a single aver-
aged decay constant. However, during steady-state

(a)

FIG. 2. (a) A crystal at the bottom of the picture is growing
into its melt on top (magnification =~ X 4). The crystal surface is
the faintly visible concave-down structure appearing horizontal-
ly across the center of the photo. The bright white spot in the
middle is the 488-nm-wavelength laser beam scattered off the
microbubbles in the center of our cell. The straight line enter-
ing from the left and reflecting off the surface to the right is the
beam as it undergoes Raman scattering from the clear water.
(b) Photo of the same cell as in (a) taken 3 min after the ice sur-
face was raised into above-freezing conditions. A liftoff layer of
microbubbles appears as the crystal substrate melts underneath
a continuous layer of scatterers. A 1-mm gap between the liftoff
layer and the surface of the crystal can be seen. There are no
scatterers on the surface of the receding crystal; the scattered
light observed from the crystal surface represents specular
reflection of scattering from the liftoff layer. The temperature
gradient is about 10°C/cm.
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growth (Fig. 1; A) there is some indication that the
dependence on g is not strictly quadratic. Extrapolation
of this data to q=0 yielded a positive y intercept during
growth, suggesting an effective nonzero decay constant,
Iqy_o- These intercepts were more pronounced for large
average bubble radius (in Fig. 1, r,=2 um). The error
bars represent statistical confidence limits (95% level) for
the extrapolated values.

C. Liftoff layer

McDonaugh (unpublished data, 1985) initially ob-
served that after a layer of scatterers had developed on
the crystal surface, a “liftoff layer”” would appear above
the melting crystal substrate. We have made similar ob-
servations in the unadulterated water samples [Figs. 2(a)
and 2(b)]. The persistence time of the liftoff layer was ap-
proximately 10 min, and it had a thickness up to 0.2 mm
[Fig. 2(b)]. A similar phenomenon has been reported for
the cyclohexanol system.” If the “scattering layer” ap-
peared continuous to the eye, then we observed that the
crystal surface would melt back virtually free of any qua-
sielastic scattering. In contrast, when scattering was lo-
calized in “islands,” the melting crystal surface continued
to exhibit dynamic scattering. Quite different results
were obtained in the gas injected samples, in which those
injected with helium, but not argon, exhibited a liftoff
layer.

D. Hydrodynamic radius and polydispersity

We have found a direct correlation between the nor-
malized polydispersity, defined by P=p,/(T" )2, and the
average effective hydrodynamic radius r,. This relation-
ship was less conspicuous in the unadulerated samples in
which the concentration of scatterers was relatively low.
However, this correction was easily observed in the gas-
injected samples where bubbles were super-abundant
(Fig. 3). This effect is highly dependent on the location of
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FIG. 3. In samples injected with either argon (OJ) or helium
(#) gas, a range of normalized polydispersity was found at
different locations of the growing surface. The polydispersity
continues to increase with increasing average hydrodynamic ra-
dius in helium injected samples but levels off for argon injected
samples.
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scattering on the crystal surface since a wide range of P
and r, values may be found by probing different sections
of the surface at any time. Measurements taken from
different locations on the same crystal surface showed the
radii varied by a factor of approximately 100 and the nor-
malized polydispersity differed by up to 100% of the
average radii. These radii were comparable to those ob-
tained from the unadulterated samples. Note that the
data for argon reaches a plateau where the polydispersity
no longer increases with average bubble size while the
data for helium does not level off.

IV. DISCUSSION

A. Spectral components

By comparing the effective hydrodynamic radii on
different crystal surfaces during various steady-state con-
ditions, two different types of scattering are distinguished
(Table I). Radii that are greater than a micrometer are
found in almost all crystal systems under a variety of con-
ditions, whereas submicrometer radii are found only on ¢
axis ice and only during the growth process. We ob-
served the submicron or fast spectral component only
after carefully controlling the atmospheric conditions in
which the samples were prepared. This fast transient has
previously been documented in great detail by Boni, Bil-
gram, and Kinzig® and Giittinger and co-workers.'° Bil-
gram has suggested that this scattering stems from a
mesophase layer in between the solid and liquid at the
freezing conditions!? while Keizer, Mazur, and Morita'3
have theorized that the formation and diffusion of a thin
layer of dislocations at the growing interface is the source
of the scattering.!3

The slow relaxational component is comprised of ob-
jects with radii generally larger than a micrometer and is
not unique to the growth process. Data from our experi-
ments supports the mounting evidence that the slow-
component scattering results from trapped residual gase-
ous impurities. According to Cummins, during growth
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the rejected gaseous impurities eventually leads to super-
saturation of gas on the liquid side of the interface fol-
lowed by heterogeneous nucleation and growth of micro-
bubbles near the crystal surface.> Thus the dynamic light
scattering experiments are interpreted as measuring the
random diffusive motion of these microbubbles.

Our experiments suggest that the segregation of gase-
ous impurities is not the only source of microbubbles.
The slow-decay scattering was always present, to some
extent, in our samples even before growth was initiated.
We suspect that microbubbles are being deposited by
convection near the cell walls during crystal growth.
Here they are difficult to detect or remove. The same
convective flow may be responsible for the appearance of
microbubbles when a molten zone has been created in the
crystal. This behavior is probably unique to systems such
as the ice-water system where the melt is more dense than
the solid.

B. Nonlinearity of I versus g2

The usual process of curve fitting an autocorrelation
spectra yields an average linewidth and a variance about
this linewidth. Assuming that the scattering is caused by
a distribution of different-sized microbubbles, the
linewidth is equivalent to an average bubble radius, and
the variance measures the polydispersity. If the slow re-
laxational scattering (large effective radii) is present, it
will dominate the spectra since the intensity of the scat-
tered light is proportional to the square of the volume of
a microbubble. At forward angles in a polydisperse medi-
um, the geometrical structure factor favors the larger mi-
crobubbles and depresses the average linewidth leading to
an apparent negative intercept upon extrapolation to
q=0."" However, the linewidth dependence observed
during growth shows an effective positive nonzero
linewidth, ' _, (Fig. 1). This can be explained in terms
of a phenomenological equation that includes particle
diffusion and a local dissipative process with a time con-
stant 7,. For such a process the Fourier-decomposed

TABLE 1. Comparison of hydrodynamic radii for five different systems undergoing relaxational
scattering. On growing c-axis ice crystals, the radii were at least 10 times smaller than any other sys-
tem. In two systems (ice and salol) where the surface was monitored during static, growth, and melt

conditions, larger effective radii were found.

Group System Radii (um) State

Bilgram Ice (c axis)? 0.019-0.079 Growth only
Salol® 0.23-0.38 Growth

Yeh Ice (a, ¢ axis) 0.33-65.0 Growth, melt, static
Ice (c axis) 0.059-0.072 Growth only

Cummins® Salol 0.3-4.0 Growth, melt, static?
Cyclohexanol 0.6-3.0 Growth, static

Mesquita® Biphenyl 0.97-3.60 Growth
Naphthalene 1.65-8.20 Growth

“See Ref. 5.

®See Ref. 6.

‘See Ref. 7.

dSee Ref. 4.

‘See Ref. 8.
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concentration fluctuation, 6c(q, ), is given by

a[écz(az’t)] =—(Dg*+7; "éc(q,t) , ®

where D is the z-averaged diffusion coefficient. In terms
of the microbubble hypothesis 7, ' = ['q_o could be inter-
preted as due to dissipation of bubbles resulting from lo-
cal “undersaturation” of trapped gases during the growth
stage. Because the linewidths are so sensitive to the la-
teral position on the crystal surface, extrapolation to
quo is difficult. This phenomenon deserves closer atten-
tion in the future.

Qualitatively, the shapes of the curves of linewidth
versus g2 during various external conditions can also be
explained in terms of the microbubble hypothesis. Notice
that before growth is initiated the linewidths are small,
indicating large average bubble radius. During growth
the linewidths increase; this is in agreement with the idea
of the nucleation and growth of tiny bubbles that reduce
the average bubble size. After growth is arrested, the
linewidths start to decrease as there is no longer a mecha-
nism for the production of the smaller bubbles.

C. Liftoff layer

The liftoff phenomena, pictured in Figs. 2(a) and 2(b),
can be explained if the attraction among scatterers is
greater than the forces attracting them to the receding
surface. However, this attraction cannot be stable by it-
self since it is not strong enough to maintain the layer in
the region of above freezing temperature for extended
periods of time. For example, compare the median liftoff
layer persistence time to the length of time that scattering
is recorded from a static crystal surface: The liftoff layer
persistence time is around 10 min whereas the scattering
from the surface of a crystal allowed to reach static equi-
librium has been observed for over 8 h.® The time for dis-
sipation of the layer may be determined by the viscous
drag on the bubble and the buoyancy force of gravity.
After 10 min, an air bubble of 1-um radius in water will
have traveled a distance

2

d:vt:zr—gA&t=l.6mm, 4)

9

where g is the gravitational acceleration, Ap is the density
difference between water and gas, and 7 is the viscosity of
water. Since the waist of our focused laser beam is about
200 pum, these bubbles would disappear from view on the
appropriate time scale. In this calculation the possible
significant contribution of convection is ignored. Again,
these results fit in well with the hypothesis of gaseous mi-
crobubbles that would float upwards after being freed
from the crystal surface.

D. Hydrodynamic radius and polydispersity

We found a direct relationship between the normalized
polydispersity P and the average hydrodynamic radius r,
(Fig. 3). Apparently, crystal growth tends to increase the
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width of the bubble size distribution as larger bubbles are
generated. A direct relationship between polydispersity
and hydrodynamic radius seems compatible with the idea
of growing microbubbles: Indeed, it is plausible that tiny
bubbles nucleate and grow in size, eventually being car-
ried away by their buoyant force or become included into
the crystal. As the average bubble size increases, the dis-
tribution of bubble size broadens since it includes both
the small nucleating bubbles and the larger growing bub-
bles. On the other hand, when bubbles have just started
to nucleate on a clean surface, the distribution of bubbles
will be determined by the size at nucleation and tend to
be more monodisperse.

V. SUMMARY

We have presented experimental evidence that indi-
cates two types of dynamic light scattering accur at the
surface of a growing ice crystal, one fast and one slow.
Our data for the fast transient confirms the observations
made by Bilgram’s group. The slow decaying component
exhibits three interesting features: (1) Graphs of I" versus
g? suggest that the slow transition does not behave in a
strictly self-diffusive manner during growth. (2) A liftoff
layer appears during sudden melting of the crystal after a
continuous layer of scatterers has been collected on the
surface of a growing crystal. This layer appears to break
apart as a result of simple gravitational and viscous
forces. (3) The direct relationship between polydispersity
and the hydrodynamic radius suggests that steady-state
crystal growth favors the production of large bubbles is
accompanied by a broad distribution of microbubble
sizes. The above observations are in qualitative agree-
ment with Cummins’s microbubble hypothesis. Our ex-
periments provide evidence supporting the view that the
slower decay transient is caused by the nucleation and
collection of residual gaseous microbubbles during crystal
growth.

It is tempting to draw the conclusion that Bilgram’s re-
sults are due to a limiting form of bubble formation,
where Bilgram’s small effective hydrodynamic radii
values are consistent with little or no size polydispersity.
That explanation, however, fails to clarify the fact that
the smallest hydrodynamic radii observed in water adul-
terated with dissolved gases is more than an order of
magnitude larger than observed by Bilgram. It is this
missing range of “particle” sizes that suggests there may
indeed be two distinct mechanisms for light scattering
during the growth of ice crystals: one for bubble forma-
tion and one for crystal formation from the pure melt.
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FIG. 2. (a) A crystal at the bottom of the picture is growing
into its melt on top (magnification = x4). The crystal surface is
the faintly visible concave-down structure appearing horizontal-
ly across the center of the photo. The bright white spot in the
middle is the 488-nm-wavelength laser beam scattered off the
microbubbles in the center of our cell. The straight line enter-
ing from the left and reflecting off the surface to the right is the
beam as it undergoes Raman scattering from the clear water.
(b) Photo of the same cell as in (a) taken 3 min after the ice sur-
face was raised into above-freezing conditions. A liftoff layer of
microbubbles appears as the crystal substrate melts underneath
a continuous layer of scatterers. A 1-mm gap between the liftoff
layer and the surface of the crystal can be seen. There are no
scatterers on the surface of the receding crystal; the scattered
light observed from the crystal surface represents specular
reflection of scattering from the liftoff layer. The temperature
gradient is about 10°C/cm.



