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ABSTRACT: Isotopically layered amorphous solid water films were used to measure the diffusivity of -

deeply supercooled liquid water near the glass transition. The films, composed of separate H,'*O and ]
H,'°0 layers, were grown by vapor deposition at low temperature and then heated to observe the
intermixing of the isotopic layers. Very slow heating rates (as low as 10~* K/s) were used to decouple
the diffusion and crystallization processes to ensure that the observed intermixing occurred at
temperatures that were well-separated from the onset of crystallization. Numerical simulations of the
desorption spectra were used to extract the translational diffusivities. The diffusivities obtained in this
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paper are consistent with translational liquid-like motion at temperatures near and above the proposed 120 130 140 150 160
T, of 136 K. These findings support the idea that the melt of amorphous water, above its glass
transition temperature is thermodynamically continuous with normal supercooled liquid.

mong water’s numerous unusual properties is the

unresolved question of whether the behavior of
amorphous water above its apparent glass transition at ~136
K is that of a true supercooled liquid.'”* The answer is
important for determining if there is thermodynamic
continuity between the melt of amorphous water and normal
liquid water.”™” The glass transition, which is a kinetic
transition not a thermodynamic phase transition, is typically
defined to occur when molecules are moving too slowly to
sample the available configurational space on a laboratory time
scale (~100 s). At the glass transition temperature, T, the
supercooled liquid’s structure is effectively “frozen” as an
amorphous solid. When an amorphous solid is heated above its
T, the previously inaccessible configurational degrees of
freedom become accessible and the rotational and translational
properties of the supercooled liquid reemerge.'’~"

The formation of amorphous water, as for most liquids,
requires coolinig rates that are fast enough to circumvent
crystallization.”" "' >'* For water, this can be accomplished by
vapor deposition onto a low temperature (5120 K)
substrate.”''>'¢ Calorimetric characterizations of amorphous
water films report an increase in the heat capacity of ~2 J/K-
mol near 136 K which was interpreted as being due to the glass
transition.’~*° This change in heat capacity is relatively small
compared to the change at the melting point where the heat
capacity increases by ~38 J/K-mol. In fact, the increase in the
heat capacity from crystalline ice to liquid water is about a
factor of 2. Some have argued that the reported glass transition
is too weak to be from the unfreezing of translational and
orientational (rotational) degrees of freedom expected at the
glass transition and that these results may be due to
reorientation transitions only.z’n‘22

Beyond changes in thermodynamic properties, the trans-
formation to a supercooled liquid at the glass transition should

© 2025 American Chemical Society

7 ACS Publications

also result in the onset of molecular translational motion.
Fisher and Devlin conducted infrared experiments to observe
isotopic exchange in amorphous water films at ~125 K and
concluded that the molecular motion that develops at the glass
transition temperature is due to orientational (rotational)
diffusion.”® Similarly, Shepard and Salzman conducted
calorimetric and X-ray diffraction experiments and also
concluded that their results support molecular reorientation
and not translational motion at the proposed T,.**

In prior work, we used isotopically layered water films to
determine the diffusivity of the melt of amorphous water above
its T, and prior to crystallization.'®¥*° The time evolution of
the intermixing was determined by monitoring desorption
kinetics from of the outer layer of the film. We found that
when heated above its T, the intermixing of the isotopic layers
was consistent with long-range molecular translation character-
istic of liquid-like behavior. However, later work showed that
crystallization, which occurred in concert with the intermixing,
strongly influenced the results such that they were not
representative of translational diffusion in the liquid.””**

In this letter, we revisit the intermixing of isotopically
layered amorphous water films using low temperatures and
extremely slow heating rates to decouple the diffusion and
crystallization processes. This allows us to measure and analyze
the intermixing of the amorphous layers without the
interference of crystallization. We find liquid like translational
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diffusion near the glass transition. The diffusivity has an
Arrhenius temperature dependence with an activation energy
of ~36 kJ/mol.

Evidence for liquid-like translational diffusion in amorphous
water films at or near 136 K is displayed in Figure 1. Shown are
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Figure 1. Experimental TPD spectra for amorphous water films
composed of 20 layers of H,"8O (blue curve) deposited on top of 20
layers of H,'°O (red curve) at 90 K. After deposition, the composite
films were heated to and held at 136 K for wait times of 0 s (bottom),
3600 s (middle), and 10800 s (top). After the specific wait time, the
films were cooled below 70 K and then heated at a linear rate of 0.5
K/s until desorbed.

the temperature-programmed desorption (TPD) spectra for
three amorphous water films composed of 20 layers of H,'*0
deposited on top of 20 layers of H,'®O at 90 K. Amorphous
water formed by vapor deposition on a cold substrate is
referred to as amorphous solid water (ASW).'*'¢ After
deposition, the composite films were heated to and held at
136 K for various wait times (0, 3600, and 10800 s). After the
specific wait time, the films were cooled below 70 K and then
heated at a linear rate of 0.5 K/s until desorbed. The bottom
set of curves is for the 0 s wait time at 136 K experiment.
Initially, desorption is observed only from the top layer
(H,'®0, blue curve) until about 154 K where the onset of
desorption from the bottom layer (H,'°O, red curve) becomes
apparent. At ~159 K there is a decrease in the desorption rates
from both layers that results in an apparent “bump” in the
TPD spectra. This “bump” is the result of the transformation
from the initially higher free energy (higher vapor pressure)
amorphous solid to the lower free energy (lower vapor
pressure) crystalline phase.”'®*” The “bump” in the desorption
spectrum is a signature of the crystallization of the ASW film.

The middle set of curves in Figure 1 is for the experiment
with a wait time of 3600 s. These curves are similar to those for
the 0 s wait time experiment except that the onset of
desorption from the bottom layer (H,'°0, red curve) begins at
a lower temperature of about 150 K. The top set of curves is
for the experiment with a wait time of 10800 s. In this case, the
spectra show that the desorption curves for the two isotopes
are nearly the same at 140 K which indicates that the two
isotopic layers have completely intermixed by this temperature.
In contrast, for films annealed at 125 K, where the diffusion

3199

rate is considerably smaller, the TPD spectra for films annealed
0 and 10800 s are essentially identical (see SI Figure SI-1).

The experiments show that the intermixing of the isotopic
layers increases with wait time and thus provides evidence for
translation motion at 136 K. If there was no translational
motion, we would expect that the sets of TPD spectra for all
the experiments to have the same behavior, independent of the
wait time.

It is important to note that the use of nanoscale films and
long wait times are requisite to observe translational motion at
the extremely low diffusivities (107°—1072* m*/s) at temper-
atures near and just above T,.

While the results in Figure 1 provide clear, albeit qualitative,
evidence for translational diffusion at 136 K, extracting
quantitative diffusivities from these types of “wait and flash”
experiments can be complicated. One complication is that,
while diffusion occurs at 136 K during the isothermal wait
time, it also occurs during the heating ramp. Extracting
quantitative information requires decoupling the two sources
of diffusion. Another complication is that even at low
temperatures, there is desorption from the top layer of the
composite film. For example, at 136 K the estimated
desorption rate for amorphous water is ~1.2 X 107> ML/s.*
This means that there can be significant desorption for the
longer wait time experiments. For example, for a wait time of
10800 s, at 136 K there should be the loss of ~13 ML from the
film. This is consistent with the experimental results in Figure
1 and is another factor to consider when trying to quantify the
diffusivity.

In our prior work using isotopic ASW layers, the observed
intermixing occurred at temperatures (150—155 K) in concert
with the crystallization of the film.'>**?° In those experiments
the films were heated at 0.6 K/s. This required us to model the
diffusivity as a linear combination of the amorphous and
crystalline diffusion weighted by their respective mole
fractions. The close coupling of diffusion and crystallization
means that extracting the true translational liquid diffusion
from intermixing measurements is complicated. Others have
shown that additional mechanisms can arise such as mixing
throu%h and along cracks that form when ASW crystal-
lizes.” ™% Here, to simplify the analysis and to eliminate
potential specious diffusion mechanisms we conducted experi-
ments using very slow heating rates to decouple the diffusion
and crystallization kinetics. Decoupling the diffusion and
crystallization kinetics requires that the activation energies for
diffusion and crystallization are different. If that is the case, it
should be possible to observe intermixing at temperatures that
are below, and well-separated from crystallization.

The effect of slowing the heating rate on the intermixing is
displayed in Figure 2. Plotted are the results for three
experiments for ASW films composed of 20 layers of H,'°O
deposited on top of 80 layers of H,'*O grown at 90 K and then
heated with a linear ramp rate. The displayed spectra were
obtained with a heating rate of 0.01 K/s (bottom set), of 0.001
K/s (middle set), and of 0.0001 K/s (top set). As expected, the
desorption curves shift to lower temperatures with decreasing
heating rate. This is due to the activated kinetic processes
(desorption, crystallization, and diffusion) having more time to
progress at lower temperatures. Note that the use of slow
heating rates comes at the cost of a decrease in signal intensity.
The spectra show that there is about a 10-fold decrease in
signal intensity for every factor of 10 decrease in heating rate.
However, even for the slowest heating rate of 0.0001 K/s the
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Figure 2. Experimental TPD spectra for amorphous water films
composed of 20 layers of H,'°O (red line) deposited on top of 80
layers of H,'®O (blue line) at 90 K. After deposition, the composite
films were heated at rates of 0.01 K/s (bottom set), 0.001 K/s
(middle set) and 0.0001 K/s (top set) until completely desorbed. The
vertical arrows indicate the crossover, T, (green arrows), and
crystallization, Ty (black arrows), temperatures.

signal-to-noise is still very good. This is due to the use of
molecular beam deposition, line of sight mass spectrometer
detection, and increased signal averaging times. For all heating
rates, signals were averaged to give a temperature resolution
greater than 0.01 K.

The purpose of using very slow heating rates is to decouple
the diffusion and crystallization kinetics. The results in Figure 2
show that as the heating rate decreases, the mixing of the films
occurs at lower temperatures relative to crystallization. To
demonstrate this point, we can use readily identifiable features
in the TPD spectra that are characteristic of intermixing and
crystallization to track how they vary with the heating rate. For
crystallization, it is convenient to use the decrease in
desorption that occurs upon crystallization (Figure 2, vertical
black arrows). For intermixing, we use the temperature where
the desorption rate from H,'°O and H,'*O are equal (Figure 2,
vertical green arrows) which we will refer to as the “crossover”
temperature. For all the heating rate experiments in Figure 2
the crossover temperature is well-separated from the onset of
crystallization (“the bump”). However, due to differences
between the activation energies for diffusion and crystalliza-
tion, the temperature shifts are not the same for the two
processes. For example, for the 0.01 K/s experiment the
temperature difference between the crossover temperature and
the crystallization bump is ~3 K whereas for the 0.0001 K/s
experiment the difference is ~9 K. The reason is that the
slower ramp rate experiment spends more time at lower
temperatures which allows for the lower activation energy
diftusion process to proceed relatively faster than the higher
activation energy crystallization process. The effect is similar to
that observed in Figure 1. Note that in these experiments the
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initial film is comprised of 20 layers of H,'®O on top of 80
layers of H,'O so that there will always be a crossover
temperature where the isotopes have intermixed over a
distance of roughly 40 layers.

Figure 3 shows a plot of the diffusive mixing (crossover,
solid green circles) and crystallization (solid black circles)
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Figure 3. Plot of the diffusive mixing (solid green circles) and
crystallization (solid black circles) temperatures versus heating rate
for the slow heating rate experiments using amorphous water films
composed of 20 layers of H,'°O deposited on top of 80 layers of
H,'0. The heating rates used were 0.01, 0.003, 0.001, 0.0003, and
0.0001 K/s. The diffusive mixing crossover temperature is defined as
the temperature where the desorption rates of the two isotopes are
equal. The crystallization temperature is defined as when the film is
50% crystallized which is determined by analysis of the “bump” region
of the TPD spectrum.

temperatures for the experiments in Figure 2 along with the
data from two additional heating rate experiments (0.03 and
0.003 K/s). The plot shows that for heating rates below ~0.2
K/s diftusive intermixing occurs at a lower temperature than
crystallization. For heating rates greater than ~0.2 K/s the
reverse is true, that is, crystallization occurs at a lower
temperature than diffusive intermixing. The difference between
the diffusive intermixing and crystallization temperatures
increases with decreasing heating rates. This is a result of the
activation energy for diffusion being less than that for
crystallization as supported by the slopes of the diffusion
(green line) and crystallization (black line) curves in Figure 3.
Clearly, using slow heating rates will allow us to measure the
translational liquid diffusivity without interference from ASW
crystallization.

Figure 4 displays the experimental results (solid lines) for
the 0.0003, 0.001, and 0.003 K/s experiments (all heating rate
experiments are shown in the SI). Analysis of the experimental
results was conducted using numerical simulations with a one-
dimensional kinetic model where the system was divided into
N discrete layers corresponding to the number of layers of the
ASW films. We assumed the initial layer concentrations to be
100% H,'®0 in the top 20 ML and 100% of the H,'®O isotope
in the bottom 80 ML. Diffusion between the adjacent layers
(the layer above and below), was governed by the isotopic
concentration gradient between layers and the temperature-
dependent diffusivity. Molecules in the top layer were allowed
to desorb with a rate dependent on the isotopic mole fraction,
the desorption kinetic parameters, and the phase of the film
(amorphous or crystalline). The crystallization kinetics were
modeled using a differential form of the Avrami equation.'>*’
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Figure 4. Experimental TPD spectra for amorphous water films
composed of 20 layers of H,'®O (solid red lines) deposited on top of
80 layers of H,'"®O (solid blue lines) at 20 K. After deposition, the
composite films were heated at rates of 0.003 K/s (bottom set), 0.001
K/s (middle set), and 0.0003 K/s (top set) until completely desorbed.
The dashed lines are the corresponding simulation results obtained
with diffusion Arrhenius parameters of E, = 36.82 kJ/mol and
prefactors of v = 1.5 X 107°, 1.4 X 107 and 1.2 X 107% m?/s for the
0.003, 0.001, and the 0.0003 K/s simulations, respectively.

The total desorption rate is the sum of the amorphous and
crystalline desorption rates weighted by their respective mole
fractions. The diffusivity was also weighted by the crystalline
mole fraction however the diffusivity for the crystalline phase
was set to zero which froze in the isotope distribution when the
film had completely crystallized. An Arrhenius temperature
dependence, rate = v exp(—E,/RT), where v is the prefactor
and E, is the activation energy, was used in the simulations for
all kinetic processes. While one would expect these processes
to have slightly different rates because of the mass differences,
a simple kinetic isotope effect would predict an effect of (20/
18)"? which is about 5%. This is consistent with vapor
pressure measurements where a difference of less than 2% is
reported,” and viscosity measurements where a difference of
about 5% is observed.”® We have also measured the desorption
and crystallization kinetics of pure H,'°O and H,'®0O
amorphous films and find that the kinetics of the two isotopes
are nearly the same (see SI Figure SI-2). Given the relatively
small effect, in the simulations we used the same kinetic
parameters for the amorphous desorption, crystalline desorp-
tion, crystallization kinetics, and the diffusivity for both water
isotopes. A more detailed description of the simulation model
and the full list of simulation parameters is given in the SIL
Note that the diffusivities we report below were extracted from
desorption data prior to crystallization.

The results for a set of simulations using the same diffusion
activation energy are displayed in Figure 4 as dashed lines. The
simulations are in good agreement with the experimental
results and quantitatively capture the desorption, crystalliza-
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tion, and diffusion kinetics. An activation energy for diffusion
of E; = 36.82 kJ/mol was used for all the heating rate
experiments displayed in Figure 4. The diffusion prefactors
varied slightly with v = 1.5 X 107, 1.4 X 1075, and 1.2 X 107
m?/s used for the 0.003, 0.001, and the 0.0003 K/s simulations
respectively in Figure 4. However, due to compensation effects,
equally reasonable simulation results can be obtained with a
range of diffusion activation energy and prefactor combina-
tions. A series of simulations were conducted using a range of
diffusion activation energies. The optimal diffusion activation
energy was determined by the value that gave the smallest
average standard deviation for the set of prefactors needed to
simulate the five heating rate experiments. The optimal
diffusion activation energy was determined to be E, = 36 +
4 kJ/mol and the corresponding diffusion prefactors to be v =
107¢17 = 18 ;2 /g, (See SI for more details.)

Figure S displays an Arrhenius plot of the temperature
dependent diffusivity obtained in the current paper (solid black
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Figure S. Arrhenius plot of the estimated temperature dependent
diffusivity obtained in the current paper (solid black line) (E, = 35.98
kJ/mol and v = 6.6 X 1077 mz/s) and our estimated uncertainties
(dashed black lines). The diffusivities obtained using the measured
crystalline ice growth rates and the Wilson Frenkel model (solid blue
circles) in ref 37. The red vertical dashed line at ~147 K is the
crystallization temperature for the 0.01 K/s experiment which
demarks the highest temperature where our diffusivity measurements
were decoupled from crystallization.

line) and our estimated uncertainties (dashed black lines). The
vertical dashed line at ~147 K is the crystallization temperature
for the 0.01 K/s experiment. Above this temperature
crystallization impacts the mixing kinetics.”””* We have
previously estimated the diffusivity in ASW films using the
crystalline growth rate.”” In those experiments an ASW layer
was deposited on top of a crystalline ice layer and then heated
to, and held isothermally at, a temperature between 126 and
151 K. In this configuration the crystalline ice layer acts as a
nucleation template and the crystallization of the ASW layer is
entirely due to a linear growth front.”’ > The crystalline
growth rate of a material can be related to the liquid mobility
of molecules at the liquid—solid interface using the Wilson-
Frenkel model.**~** While the Wilson-Frenkel model does not
provide a direct measurement of diffusivity, it is based on
reasonable physical arguments and its application often works
well.** The diffusivities obtained from the crystalline ice
growth rates and the Wilson-Frenkel model are shown in
Figure 5 as solid blue circles.”” There is good agreement
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between the diffusivities obtained with the intermixing of
isotopic layers (present work) and those extracted using the
crystalline ice growth rates. Notice that above ~145 K those
diffusivities begin to be higher than our diffusion estimate
(solid black line). This is the temperature above which the
diffusion activation energy was observed to increase, indicatin

a strong (Arrhenius) to fragile (super-Arrhenius) transition.’

Our measured diftusivities are limited to the low temperature,
strong temperature dependence regime below 145 K.

In previous work we used the permeation of an inert gas
through an amorphous overlayer to measure the diffusivity of
various supercooled liquids prior to crystallization.*™° In that
work we developed universal scaling relationships between the
diffusivity, overlayer thickness, and the temperature ramp rate.
Using these scaling relationships, we derived simple equations
from which the diffusivity can be extracted using the inert gas
peak desorption temperature, heating rate, and layer thickness
without the need for numerical simulation.”” Those same
scaling relationships and equations were employed using the
crossover temperature as a characteristic reference to extract
the supercooled liquid diffusivity for the TPD experiments
here. The results from the scaling analysis are in good
agreement with the simulation results in Figure S and are
shown in the SI (Figure SI-14).

The experimental diffusivities in this paper demonstrate
translational liquid-like motion at temperatures near and above
the proposed T, of 136 K. Our results are in contrast to the
interpretations of Fisher and Devlin*® where they claim that
there is no evidence for translation motion and the observed
isotope exchange in their experiments was only due to
rotations. It is unclear if the experiments of Fisher and
Devlin™ are only sensitive to rotations and not translations as
claimed. Similarly, Shephard and Salzmann® based their
conclusions on calorimetric measurements of ice VI and
amorphous ices composed of three water isotopes H,'°O,
H,'®0, and D,0. In ice VI the change in the heat capacity at
the glass transition is only due to molecular reorientations and
not translational motion. They argue that because the isotopic
behavior of the amorphous solids was the same as that of ice
VI, the changes in the heat capacity at their glass transitions are
also only due to molecular reorientations. While these
observations are interesting and important, they are not a
direct measurement of translation motion, and it is not clear
that they can be used to exclude translational diffusion. Note
that this has been discussed previously in an excellent review
by Amann-Winkel et al.* Our experiments were specifically
designed to probe only translational motion. It is easy to
envision water molecules exhibiting rotation without trans-
lation, but it is difficult to imagine how they can translate
without rotating due to the strongly anisotropic nature of
hydrogen bonds in condensed phases. One possibility is that
rotations are faster than translations. Resolving this will require
additional research beyond the scope of this paper.

For the results presented here, the coverages were 100 ML
or less, which corresponds to film thicknesses of ~33 nm or
less. For this thickness range, one concern is that the measured
diffusion coefficient might not be representative of bulk water.
For example, previous research has shown that enhanced
mobility of molecules near a vacuum interface can lead to the
formation of exceptionally stable (“ultrastable”) glasses.”’ The
length scale over which the properties converge to the bulk
can, in some cases, be tens of nanometers.> > However, for
nanoscale water films, the available data suggests that many
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properties converge to the bulk within ~2 nm of an interface
(e.g., air, vacuum, or solid). For example, the excess free energy
and entropy of nanoscale amorphous solid water films at
~130—150 K can be connected to the properties of bulk water
at ambient temperatures.g’29 At higher temperatures, molecular
dynamics simulations and experiments indicate density
oscillations at liquid water/solid interface that persist for a
few layers into the liquid.”*~>° Simulations also indicate that
self-diffusion is enhanced perhaps up to 4X in first ~0.3 nm
near an water/vacuum interface, but it decreases to within
~20% of the bulk value within 1 nm.>”*® In contrast,
experiments indicate diffusion in nanoscale pores is modestly
reduced with respect to bulk water.**~%> Overall, the existing
literature suggests that the self-diffusion is only significantly
different in the immediate vicinity of the interface.

Our results also support the interpretation that the relatively
small increase in the heat capacity of ~2 J/K-mol near 136 K as
being due to the glass transition.'”~>° Arguments against this
interpretation are based on the fact that the small change in the
heat capacity reported for amor}z)hous water is only ~2% of
that observed for water solutions.”** For most systems there is
a relatively large abrupt increase the heat capacity at the glass
transition temperature as previously “frozen” degrees of
freedom (rotations, translations) become accessible. This
expectation assumes that the structures of the amorphous
solid and supercooled liquid are very different. However, more
recent work has shown that the structure of supercooled liquid
water is composed of a mixture of low- and high-temperature
structural motifs.”*~*® The low-temperature motif is more “ice-
like” with a high level of local tetrahedral configurations
whereas the high-temperature motif is akin to the normal
liquid above the melting temperature. The composition of
supercooled liquid water varies smoothly with temperature
with the low temperature structure being dominant below 135
K and the high-temperature structure being dominant above
245 K. This may explain why near T, the transition from the
highly coordinated amorphous solid to a supercooled liquid
whose structure also includes a high degree of coordination
does not result in a large increase in the heat capacity.

The experimental results on the intermixing of isotopically
layered nanoscale ASW films presented here provide strong
evidence for translational liquid-like water diffusion at
temperatures near 136 K. The observations required very
slow heating rates to allow for sufficient time at low
temperatures to observe diffusion and to decouple the diffusion
and crystallization kinetics. The diffusivities were obtained over
a temperature range from 125 to 145 K and are consistent with
those obtained using the crystal ice growth rate and the
Wilson-Frenkel model. These findings support the idea that
the melt of amorphous water above its glass transition
temperature is thermodynamically continuous with normal
supercooled liquid water near the melting point.

B EXPERIMENTAL METHODS

The experiments were performed in an ultrahigh vacuum UHV
chamber (base pressure <1.0 X 107'° Torr) that has been
described before in detail.’” Briefly, the ASW films were
created by deposition from a quasi-effusive molecular beam
onto a graphene covered 1 cm diameter Pt(111) sample at
normal incidence at a temperature of 70 K. Amorphous water
films deposited using a well-collimated molecular beam at
normal and near normal deposition angles have been shown to
be relatively dense and smooth.**® Therefore, we do not think
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that surface roughness is a factor in the intermixing of the
isotopic layers. Furthermore, there is no evidence of dewetting
or other morphological changes until the water films
crystallize.”””" The molecular beam just overfills the sample
which helps to minimize the background signal and increase
the detection sensitivity. The sample was spot-welded to two
tantalum wire leads clamped in a Cu jig attached to a closed
cycle He cryostat and resistively heated through the Ta leads.
The temperature was monitored with a K-type thermocouple
spot-welded to the back of the sample and controlled by
computer. Temperature was calibrated using the amorphous
water desorption rates calculated from the published vapor
pressure data.’® The error in the absolute temperature was
estimated to be less than +2 K. The TPD spectra of the
deposited films were obtained with a quadrupole mass
spectrometer in a line-of-sight configuration about 1 cm
from the sample. The line-of-sight configuration increases the
signal intensity by about a factor of 10 compared to
background desorption detection methods.
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