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Supercooled metastable liquids are ubiquitous but eventually
nucleate the thermodynamically stable solid phase. Whether

the nucleation occurs with the help of a foreign substance
(heterogeneous nucleation) or without it (homogeneous nucle-
ation), uniform probability of cluster formation is typically
assumed, scaling with surface area and volume, respectively.
Recently, however, the volume scaling for homogeneous nuclea-
tion has been questioned in favor of crystallization occurring
preferentially at the liquid surface (e.g., liquid�vapor interface).
If so, homogeneous nucleation rates should scale with surface
area rather than volume.1�8 Specifically for water, conflicting
evidence has mounted regarding the possible preference for
surface crystallization.1,6,9 The question is not merely academic
as, for example, prediction of crystallization rates in supercooled
atmospheric clouds is essential for understanding Earth’s radia-
tion balance.10

Studies of heterogeneous nucleation also suggest a possible
interfacial enhancement. It was recently observed, for example,
that particles immersed in a supercooled water drop initiated
freezing at temperatures 3�5 K higher in the vicinity of the
air�water interface than in bulk water.11�13 The apparently
related phenomenon of contact freezing (dry, ice-nucleating
particle contacting a supercooled cloud drop) has long been
observed to be more efficient than immersion nucleation.10 These
observations stimulated, in part, the theoretical work of Sear,14

who used a simple Potts model to show that nucleation can favor
the contact or triple lines (analogous to the substrate�water�air
contact line). Preference for triple line nucleation was also observed
in experiments by Suzuki et al.15 Djikaev and Ruckenstein16

conjectured that line tension could explain such a preference. In
contrast, the observation of disordered layers at the ice�air
interface17 might suggest that interfaces would not be preferred
for ice formation. Given the importance of heterogeneous ice
nucleation and the paucity of data, we have devised a different
approach to study the role of the triple line in heterogeneous
nucleation.

Theoretical developments have taken thermodynamic equi-
librium for granted, but it should be observed that continuously
cooled drops are not in thermal equilibrium. Furthermore,
evidence for the enhanced interface contribution to heteroge-
neous nucleation comes from localized, point-like contact be-
tween the drop and seed particle, whereas the notion of surface
crystallization is more fundamental and need not involve such
asymmetric disturbances. Toward a cleaner test of possible con-
tact nucleation and the line tension conjecture, we have devel-
oped an experimental approach that (i) avoids asymmetric
localized contact, thereby disentangling the notion of line tension
from the contact, per se, (ii) addresses the preferential nucleation
mode (immersion versus contact) directly in terms of the spatial
distribution of nucleation sites rather than in terms of tempera-
ture differences, (iii) has a simple symmetric and clearly defined
triple line, (iv) decouples the heat sink from the nucleating
region, and (v) minimizes temperature variation within the drop.
The original motivation came from Sear’s14 simple geometry,
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ABSTRACT: We employ high-speed imaging of supercooled water drops to study the
recently reported phenomenon of surface crystallization. Our geometry avoids the “point-
like contact” of prior experiments by providing a simple, symmetric contact line (triple line
defined by the substrate�liquid�air interface) for a drop resting on a homogeneous silicon
substrate. Furthermore, the imaging configuration localizes nucleation sites in the horizontal
plane so that their spatial distribution can be examined directly for possible preference near
the contact line. Additionally, by using low cooling rates and avoiding substrate cooling, our
design minimizes temperature variation within the water drop. The 189 freezing events
display nearly perfect spatial uniformity in the immersed (liquid�substrate) region and,
thereby, no preference for nucleation at the triple line. This is in contrast to prior
experiments where a strong preference for surface freezing (in the contact mode) was
observed.
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water vapor and supercooled water in contact with a uniform
nucleation substrate (i.e., constant nucleation rate over the
surface). Also, to ensure equal opportunity for nucleation
throughout the supercooled water, it is essential to minimize
temperature gradients within the drop. Indeed, we note that
water density and surface tension, in addition to the nucleation
rate, are temperature-dependent. Therefore, it is conceivable that
heat fluxes, particularly at point contacts, may influence nuclea-
tion. This is why we formulate the contact versus immersion
nucleation problem geometrically; is there a statistical preference
for nucleation on the triple line in the spatial distribution of
nucleation sites? This way of asking the question avoids the notion
of nucleation rate and its temperature dependence altogether.

In the present experiment, rather than placing a small seed
particle at the surface (i.e., at the liquid�air interface or contact
mode) or inside of the droplet (i.e., immersion mode), we let the
substrate act as the nucleation medium. The geometry is simple;
a supercooled water droplet rests on a uniform, isothermal ice-
nucleating substrate, such that initial ice formation can occur
either at the liquid water�substrate interface or at the liquid
water�substrate�air triple line (see Figure 1). By selecting a
clean homogeneous substrate, we can remove the uncertainties
associated with traditional seed particles and provide a spatially
uniform probability for freezing. The freezing can be initiated
anywhere within the drop�substrate interface, and a high speed
movie of the freezing process localizes the nucleation site, as
illustrated in Figure 1 (right panel). Over repeated cycles of
freezing and melting, we determine statistically whether freezing
tends to prefer the two-phase interface or the triple line.

Implicit throughout the literature is the notion that drops
possess a definite temperature. We observe, however, that this is
not so for heterogeneous nucleation experiments, where water
drops are cooled at some finite rate λ = dT/dt. Drops cannot
adjust instantly to changes in ambient temperature, but rather,
temperature gradients and heat fluxes develop within the drop.

Are these negligible, or do they influence nucleation phenom-
ena? To estimate the gradients, note that if an ambient tempera-
ture is changed suddenly, and subsequently maintained, the drop
approaches a new equilibrium exponentially, with the time
constant τ = d2/χ, where χ is the thermal diffusivity, d is the
drop diameter, and τ is known as the thermal relaxation time in
the heat transfer literature (approximately 9 s for a d = 1 mm
supercooled water drop). In Figure 2, we introduce the char-
acteristic thermal variation parameter, ΔT ≈ λτ and survey
various experiments (including the present one) from this
perspective. Because of thermal gradients, the colder portion of
the volumewill be favored for ice nucleation to some extent. How
small should temperature variation within the drop be? On the
basis of observations as well as theoretical estimates from classical
nucleation theory, we adopt a tolerance of 0.1 K (see Figure 2),
corresponding to approximately 10% variation in the nucleation
rate for typical supercooling.18

To minimize the thermal variation in our study, (i) air itself is
used to cool the drop and the substrate inside of an isothermal
container, decoupling the nucleating region (the substrate) from
the heat sink (see Figure 1), and (ii) a low cooling rate is used.
Specifically, for our drop sizes (V = 5 mm3) with χ≈ 0.1 mm2/s,19

we obtain a characteristic time of τ≈ 30 s. Therefore, tomaintain
a temperature variation ofΔT = 0.1 K, we must limit the cooling
rate λ = ΔT/τ to approximately 0.2 K/min. In this regime, the
spatial temperature distribution within our sample volume can be
regarded as quasi-steady, governed by Laplace’s equationr2T =
0 with time-dependent boundary conditions. To that end, we use
isothermal walls and the maximum (Dirichlet) principle to ensure
thermal homogeneity within the entire chamber.

This experiment depends primarily on our ability to determine
the location of the initial nucleation site within our sample
droplets. In order to achieve a suitably high frame rate (20 000
frames per second), wemust subsample the CMOS sensor of our
camera to 256 � 256 pixels, resulting in spatial resolution
of ∼250 μm (or 5 pixels at ∼50 μm/pixel). It is assumed that
ice is formed via heterogeneous nucleation at the substrate. This
assumption is reasonable as our freezing temperature limit
(TFreeze > �22 �C) is well above the homogeneous nucleation
threshold of approximately �35 �C.20 As a further test, a right
angle mirror was placed near the droplet during several test runs
with a 5 μL drop. We observed a delay between the nucleation
event and the propagation of the freeze front to the top of the
droplet. While we were unable to observe the very bottom layer
of the droplet with the mirror, these observations rule out
nucleation in the upper volume of the droplet.

Examples of sequential frames taken from typical freezing
events are shown in Figure 3. The initial location of nucleation
and the freezing “front” progression are marked by the shift in
opacity during the phase transition. The left column shows
frames from a movie of a freezing event that initiated, as nearly
as we can determine, at the triple line (i.e., analogous to surface
crystallization or contact nucleation). The right column shows
the progression of a freezing event initiated in the two-phase
contact region (i.e., analogous to immersion nucleation).

Over the 189 freezing events, we observed both contact and
immersion nucleation events. The distribution of nucleation sites
is shown in Figure 4 (top panel), and it appears to be uniform,
with no obvious preference for the perimeter (the triple line).
This can be quantified by sorting events into equal area zones,
with the minimum width determined by our spatial resolution
(approximately 5% of drop radius), as shown in the bottom panel

Figure 1. Experimental design and nucleation geometry. (Left) Sche-
matic side view of the experimental setup. The high-speed camera is
configured to pinpoint locations of freezing events on the substrate. The
drop rests on a clean homogeneous and isothermal silicon wafer. The
droplet and substrate are encased in an isothermal box, and the walls cool
slowly, thereby minimizing temperature gradients. (Right) Schematic
perspective view of two freezing drops, illustrating an interior substrate
event (immersion mode) and an event occurring at the triple line
(contact mode).
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of Figure 4. For a uniform distribution, we expect Poisson-
distributed counts, with 19 events per zone, as shown by the solid
horizontal line, and a variance (equal to the mean) as denoted by
the dashed horizontal lines. The observed variability is within this
range, and most importantly, the 10th bin (corresponding to
likely contact nucleation events) is well within the bound.

On the basis of prior experiments,11�13,15 we anticipated
nucleation to occur preferentially at the triple line. Thus, a
surprising result of the current experiment is the observed sta-
tistical uniformity, the absence of preferential nucleation along
the drop perimeter or “contact”mode. Could this result be attrib-
uted to an experimental flaw or an artifact (e.g., surface irregula-
rities or dust on the substrate) acting as “preferred sites” for
immersion nucleation? While this cannot be ruled out entirely,
we observe that the nucleation site migrates around the substrate
during repeated freezes of an individual droplet, which would not
be expected if an energetically preferred nucleation site was
present. Occasionally, we did observe consecutive, coincident-in-
space freezing events, presumably due to external contamination.
All such coincident events were eliminated from further analysis.

So why was surface crystallization observed in such a striking
way in prior heterogeneous experiments11�13,15 but absent in the
current study? Before confronting the notion of surface crystal-
lization and the line tension conjecture prevalent in the recent
literature, it is important to review the difference between this
and earlier experiments. In some of the earlier experiments, the
contact was highly localized,11�13 but in the current study, the
substrate is smooth, clean, and homogeneous. Perhaps, then, the
localized contact somehow promotes nucleation in its vicinity.
Support for this view can be found in a recent study where
roughness of the substrate was the crucial characteristic.8 Also,
the heat sink and nucleating regions were decoupled in the
current experiments, and thermal gradients were softened by
using a very low cooling rate. Indeed, while Suzuki et al.15 used a
similar geometry (droplet on homogeneous silicon substrate),
they used substrate cooling. Their main observation of prefer-
ential nucleation at the triple line is contrary to ours. Perhaps it is
the thermal gradients and associated heat fluxes21,22 that some-
how provoked or triggered nucleation in earlier experiments
(although, for example, Shaw et al. and Fornea et al. observed
similar enhancements for rather different cooling rates).

Another possibility of reconciling the current null result with
prior observations from point-like contact experiments11�13 is

suggested by the vast difference in the extent of the contact line. If
there exists a distinct nucleation rate for freezing at the triple line,
it is presumably proportional to the contact length. The extensive
nucleation rate (expressed as the number of freezing events per
unit time) can then be written as the sum of contributions from
immersion and contact modes JiA þ JcP, where J denotes
intensive nucleation rate and A and P are the liquid�substrate
area and air�liquid�substrate perimeter. The relative role of
immersion versus triple line nucleation therefore scales with drop
diameter in our geometry. Thus, decreasing the system size will
tend to favor surface crystallization. Similarly, Duft and Leisner9

pointed out the relevance of the surface to volume ratio to the
question of surface crystallization in homogeneous nucleation.
Their measurements of nucleation waiting time distributions
allowed for an upper bound to be placed on the surface crystal-
lization rate, but this is not possible in our work without appeal to
a nucleation theory to provide the temperature dependence.

The preceding argument is purely geometric and need not
involve details of the nucleation rates. However, one can specialize
further. The energetic arguments of Djikaev and Rucken-
stein16 suggest a dependence of heterogeneous surface crystal-
lization on the triple line tensions (ice�liquid�substrate, ice�
air�substrate, liquid�air�substrate). An ice nucleus forming at
the contact line presumably leads to a reduction in the nucleation
barrier proportional to the product of the resulting change in line
tension and the size of the nucleus. The possible importance of
line tension for heterogeneous nucleation has also been pointed
out before,23 but line tension values remain poorly characterized
(even the sign24 and existence25). We can gain some tentative
insight through scale analysis; for a supercooled droplet
(spherical cap geometry), the ratio of the line tension and surface
tension contributions to free energy scales as τ/σ.24 Taking σ≈
0.1 J m�2 and τ≈ 10�10 J m�1,26,27 the ratio τ/σ is on the order
of 1 nm. This hints that exceedingly small system sizes may be
required before line tension becomes significant. In the prior
experiments,11�13

fine-scale imperfections on the ice-nucleating
particles likely existed, and line tensionmay have been important.
The question remains open.

’EXPERIMENTAL METHODS

The experiment design (shown schematically in Figure 1, left
panel) consists of a cylindrical volume with copper-lined, actively

Figure 2. Deviation from thermal homogeneity (equilibrium) within drops, subjected to steady cooling. Here, we present likely thermal variationsΔT
for various experiments, estimated on the basis of thermal relaxation time τ and applied cooling rate λ. The thermal relaxation time is estimated using a
characteristic length scale V1/3 (for aspherical drops). Contours of the experimental control parameter λ are also shown. Points are shown for the
conditions of the homogeneous experiments of Bauerecker6 (1.5 and 4.5mm acoustically levitated drops placed in a chilled volume, with a cooling rate of
20 K/min estimated from their Figure 3; droplets had varying salt concentrations) and Hindmarsh4 (spherical droplet suspended from a thermocouple
with a cooling rate of 90 K/min, as estimated from their Figure 2; droplets had varying sucrose concentrations), as well as the heterogeneous experiments
(spherical cap droplets on an actively cooled substrate) of Fornea,13 Gurganus (presented here), Shaw,11 and Suzuki.15
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cooled walls and a small optical window at the top. Wall tem-
peratures are regulated via a circulated ethelyne glycol solution
from a Neslab RTE-140 Chiller. A humidified nitrogen supply
line can increase the relative humidity when T > 273 K, but
sample runs are typically limited by evaporation to 12�20
freeze�thaw cycles before the droplet must be replaced. The
temperature and humidity within the volume are recorded with a
RTD (via a Lakeshore 331), and a capacitive polymer sensor
(Precon HS-2000D). Our experiments were performed with
both p- and n-doped 2.5 cm diameter atomically smooth silicon
wafers (Wafer World, Inc., test grade, 250�300 μm thick). No
difference in nucleating properties between p and n substrates
was observed. The silicon wafers were washed with copious
amounts of distilled water and then acetone and dried with a
clean nitrogen flow. After the wafer was placed in the chamber, a
5 or 10 μL droplet of type 1 grade water (distilled, deionized,
UV-irradiated) was placed on its center, and the chamber was

sealed. Lastly, a humidified nitrogen flow of 1 L min�1 was used
to purge the chamber, prior to initiation of the chilling cycle.

In practice, the chamber is cooled in two stages, (i) quick
cooling to minimize evaporation (λ = 0.3�0.5 K min�1) and,
once the likely freezing range is attained, (ii) a slower cooling
rate (λ = 0.13�0.25 K min�1), without airflow into the
volume. The notion of thermal relaxation time can be applied
to the chamber as a whole. The thermal diffusivity of air is
approximately 0.2 cm2 s�1, so that for our chamber dimen-
sions of 4 cm, the temperature difference between the wall and
the interior is about 1 K. This lag of λτair ≈ 1 K between the
actively cooled walls and the interior is indeed confirmed by
simultaneous temperature measurements.

We recorded a video of each freeze and determined the
location of the initial nucleation site. A high-speed Phantom

Figure 3. Progressions (time evolves downward) of contact (left) and
immersion (right) nucleation events for a 10 μL spherical cap droplet,
viewed from above. The images have been enhanced for contrast, with the
freezing front appearing in gray and bright LED reflections evident. In the
immersion film, the nucleated crystal is orientedwith the basal plane aligned
with the imaging plane, thereby showing a hexagonal shape, but this is not
necessarily the preferred orientation. These videos were recorded at 20 000
frames per second, with every 20th frame displayed (0.001s time steps
between images). A movie of the two freezing events (played at 6� 10�4

times live speed) is available as Supporting Information.

Figure 4. Evidence for spatial uniformity of nucleation events. Contrary to
expectations, there is no preference for perimeter (contact mode) nuclea-
tion. (Top) Locations of the 189 freezing events on the horizontal plane.
Radial positions have been scaled by drop radius to facilitate comparison
between runs. (Bottom) An equal area histogram of 10 circular bands
provides a quantitative measure of spatial uniformity. The solid horizontal
line denotes the expected number of events per bin (19) assuming uniform
distribution, and the dashed horizontal lines mark the Poisson bounds.
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v7.3 camera continuously recorded the droplet (through the
window above the droplet; see Figure 1) when the chamber’s
temperature entered the freezing regime. Illumination was pro-
vided by LEDs suspended from the top section of the chamber.
We have also developed an optical triggering system, which
initiates a transfer of the images in the camera’s ring buffer when a
freezing event is detected. After the data are transferred, a heating
cycle warms the chamber volume to 276 K to melt the droplet
before the cooling cycle is repeated.

The observed mean freezing temperature of the drops is �
18 �C. The chamber contains a water reservoir that freezes earlier
than the drop (at approximately�5 �C); therefore, at the time of
drop freezing, the relative humidity is close to 100% with respect
to ice. The drops slowly evaporate during the repeated freezing
and melting cycles, losing roughly half of their mass over a 36 h
period. An upper bound on the resulting evaporative cooling rate,
obtained by neglecting heat transfer into the drop from the air or
substrate, can be estimated as (L/c)(1/m)(dm/dt)≈ 0.1 K/min,
where L and c are the latent heat of vaporization and the specific
heat of water, respectively, and m is the drop mass. This is of the
same order as the chamber cooling rate, and in practice, the
thermal gradients driving heat transfer are overwhelmingly
confined to the surrounding air rather than the water because
the thermal diffusivity of air is greater by a factor of approximately
100. Heating due to the LED illumination is estimated from the
emission spectrum and the wavelength-dependent complex
refractive index of water.28 Unlike evaporation, the heating is
uniform throughout the drop because of the very low absorption
coefficient of water. Accounting for the LED efficiency,
the resulting heating rate for a 10 μL droplet is approximately
0.02 K/min, roughly an order of magnitude less than the
chamber cooling rate.

’ASSOCIATED CONTENT
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