The glass transition of water, insight from phase change materials.
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Abstract: The calorimetric features that have been broadly used to assign a glass transition
temperature 7, of 136 K to amorphous water are qualitatively reproduced with a phase change
material. Annealing treatments and ultrafast calorimetry measurements indicate that this feature
is only a shadow-T, and that the real 7, lies at higher temperature above the glass transition. A
Kissinger analysis of the crystallization kinetics confirms that crystallization occurs below Ty
from the glassy state at conventional heating rates. These results strongly suggest that the
amorphous water endotherm at 136 K is indeed a shadow-T, and that the real 7, lies at higher
temperature as predicted from structural relaxation considerations.

Introduction

Water may be regarded as the most important molecules on earth for its role in creating and
sustaining life. Water on earth is found in the liquid and crystalline ice form, yet the majority of
water in the universe exists in the amorphous state on the surface of interstellar grains'. The first
artificial form of amorphous water was produced in 1935 by vapor deposition’, yet to this day,
one of the most essential property of amorphous water: its glass transition temperature, remains
unclear. Amorphous water can be obtained in several forms depending on the preparation
method®. Amorphous water is produced by compression of ice I, to obtain the high-density
amorphous form (HDA)*. This HDA form can subsequently be converted to the low-density
amorphous form (LDA) by reheating at ambient pressure. Another form commonly called
amorphous solid water (ASW) can be produced by vapor deposition and is present on interstellar
dust particles'. ASW can also be produced and studied in the laboratory by depositing vapor on a
Cu substrate precooled at 77 K. Finally hyperquenched glassy water (HGW) is produced by
cooling suspended droplets of liquid water projected at supersonic speed on a Cu substrate
precooled at 77 K®. Whether these forms of amorphous water can be formally regarded as
vitreous depends on whether they exhibit a measurable glass transition. In that respect, the topic
of the glass transition of water has been mired in controversy for more than four decades’'*. A
value of 136 K for the glass transition temperature 7, of water has been broadly accepted based
on direct calorimetric measurements of annealed HGW®. This value was also found to be
consistent with 7, extrapolation of binary aqueous solutions’. However, it was later argued that
the correct 7, should be closer to 165 K based on the measurement of pre-7, exotherms for
multiple hyperquenched glasses'’. It was then concluded that the 7, ¢ of amorphous water cannot
be directly measured due to fast crystallization during heating at conventional rates near 20
K/min. It was further argued that the endotherm observed at 136 K is instead a shadow-T,
resulting from the prior annealing procedure''. This was consistent with the observation that the
magnitude of the faint endotherm at 136 K is only a fraction of what is expected for the heat



capacity jump at the glass transition of water’. Other models have invoked non-equilibrium
correlation lengths as the source of the endotherm at 136 K'2,

Water shares many unusual properties with phase change materials. Both are thought to undergo
a liquid-liquid phase transition'*'>'®, both are thought to undergo a fragile-to-strong
transition'™'® and both exhibit a breakdown of the Stokes-Einstein relation near the melting
point'. In this study, we compare the calorimetric signature of ASW with that of the phase
change material (PCM) Ge,SbyTes (GST) and show that they exhibit qualitatively similar
behavior. Both samples crystalize without exhibiting a calorimetric glass transition unless they
are previously annealed and both develop a pre-crystallization endotherm upon annealing. But in
the case of GST, ultrafast calorimetry measurements unambiguously show that the observed
endotherm prior to crystallization is indeed a shadow-T, and that the real 7, lies at much higher
temperature. This conclusion is further corroborated by a Kissinger analysis of the crystallization
kinetics. The shadow-T7, is a natural feature of annealed hyperquenched glasses resulting from
the spectrum of relaxation times present in all amorphous solids. The similarity between water
and GST therefore provides support for the conclusion that the correct 7, for water should be
higher than 136 K as previously suggested'®"".

Experiment

Joari and coworker have shown that the structures and calorimetric signatures of ASW and HGW
are almost indistinguishable’. Amorphous phase change materials (PCMs) can also be produced
in the same two ways, either by hyperquenching or by physical vapor deposition, but it is very
challenging to produce sufficiently large samples by hyperquenching for calorimetric
measurements. This is because the laser-assist hyperquenching can only melt a small area (~a
few micrometer in diameter) of thin film samples of PCMs. In this work we therefore produce
GST samples by physical vapor deposition as previously described®’. The resulting GST films
were about 4 um thick and were easily peeled off the substrate for calorimetric measurements.
Standard and ultrafast differential scanning calorimetry (DSC) were used to characterize the
samples after different heat treatments. Standard DSC was performed at a heating rate of
40°C/min with a Q1000 from TA Instrument using hermetic T-zero pans containing about 10 mg
of GST flakes. An empty pan was used as a reference. Temperature was calibrated with an
indium standard and heat flow was calibrated with a sapphire standard. Ultrafast DSC was
performed as previously described®’. The excess heat capacity was calculated by subtracting the
crystal thermogram obtained directly after crystallization, from the glass thermogram.

Result and Discussion

PCMs are by design extremely poor glass formers because conversion between the amorphous
and crystalline phase should happen in the nanosecond regime to unable fast memory and
computing applications®'. In fact PCMs such as GST are such poor glass former that they do not
exhibit a calorimetric glass transition upon reheating at conventional rates (in the range of tens of
degrees per minute). As shown in Fig. 1, GST shares this particularity with water. Instead of a
glass transition, both GST and HGW exhibit a notable exotherm prior to the crystallization peak.
This exotherm is a well-known consequence of non-linear relaxation in glassy solids**%.



Because poor glass formers can only be obtained at very high effective cooling rates, they are
trapped in a high fictive temperature and high configurational entropy state. Following the TNM
equation®® or the Adam-Gibbs equation®, the structural relaxation time of these glasses is
therefore considerably shorter than that of slow-cooled glasses. In particular, the relaxation time
of hyperquenched glasses is shorter than the characteristic time during reheating in the DSC at
conventional rates. As a result, the structure can start relaxing exothermically towards the
metastable liquid state while the glass is still heating towards the glass transition. This gives rise
to the exotherms in Fig la&b which is eventually interrupted by crystallization before the glass
transition can be observed.
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Fig 1: (a) Thermogram of a vitrified liquid water sample (HGW). Lower curve is the same data
with ordinate fivefold expanded. Run 1 is the HGW and run 2 is the same sample after
crystallization into ice. Reprinted with permission from Ref *°. Copyright 1987 American
Chemical Society; (b) Thermogram of amorphous Ge,Sb,Tes and the same sample after
crystallization. The upper curve is the glass thermogram reduced 70 times.

In an effort to circumvent this effect, prior studies have relied on pre-annealing procedures to
release the trapped enthalpy and observe the glass transition of hyperquenched samples®®?’.
HGW and ASW were annealed at 130K for 90 min’®, i.e. 6K below the subsequent pre-7, s
endotherm, while GST was annealed at 114°C for 37 h”’, i.e. 35K below the subsequent pre-T, g
endotherm. However, the assignment of these pre-7, endotherms as the correct 7, for water and
GST has since then been questioned' .

According to the TNM model**, release of the trapped enthalpy during annealing should depend
on both time and temperature. The effects of annealing time and temperature on amorphous GST
are illustrated in Fig 2. The effect of time is illustrated in Fig. 2a where the exotherm is found to
progressively disappear during isothermal heat treatment at 90°C. The effect of temperature is
illustrated in Fig. 2b where the exotherm disappears more rapidly at high temperature during
isochronal heat-treatments. This is consistent with the expectation that the structural relaxation
time is shorter at higher temperature. In either case, the hyperquenched glass releases increasing
amounts of trapped enthalpy and its fictive temperature decreases towards the standard T, (i.e. T,
measured at standard heating rate). At that point the relaxation time has increased sufficiently
that the sample cannot relax exothermically during standard heating. The exotherm is therefore
removed. But upon further heat-treatment at sufficiently high temperature or for sufficiently long
time, a shallow endothermic peak eventually forms just prior to crystallization. The magnitude of
this endotherm is much smaller than expected for a normal glass transition, but it has commonly
been associated with the onset of a glass transition that would be partially masked by
crystallization™®*’. Below, we show that it is actually a pre- T, ¢ endotherm known as shadow- T
that is a normal consequence of annealing in hyperquenched glasses.

The long standing debates regarding the 7, of water and GST stems from the fact that
crystallization obscures most of the glass transition. Hence, in order to clarify the nature of the
endotherm, it is informative to examine the behavior of a good glass former that is entirely
devoid of crystallization upon reheating at standard rates. The case of a telluride glass with a T,
in a similar range as GST but with excellent glass-forming ability is shown in Fig. 3. This glass
was quenched during fiber drawing at a rate estimated at ~500°C/min. As discussed above,
structural relaxation depends on both temperature and time, and in this case the annealing
temperature was very low (room temperature i.e. 110K below Ty) but the annealing time was
extensive, up to 60 months. The thermograms of Fig. 3 initially show the characteristic exotherm
associated with quenched glasses, as in Fig. 1 for GST and HGW. But upon longer annealing, a
pre- T, endotherm clearly develops over time. If a 7, value were to be extracted from this
endotherm it would yield 100°C which is more than 30 degrees lower than the actual 7, = 132°C
for Te,As;Ses™. Similar behaviors have been widely observed in metallic glasseszg’30. This
peculiar endotherm is a well-known consequence of non-exponential relaxation in glassy



solids®?. All glasses have a spectrum of relaxation times equivalent to a distribution of local
fictive temperatures. Annealing below 7, selectively relaxes the glass components with shorter
relaxation times. Upon subsequent reheating these same components collectively regain enthalpy
to give rise to the shadow-T7, observed in Fig. 3. The same behavior is expected for water and
GST as it is a universal feature resulting from the spectrum of relaxation times intrinsic to
glasses. This process only involves a small fraction of the glass and also explains the shallow
nature of the endotherm observed in both HGW and GST. The actual glass transition for the
remaining bulk of the sample then occurs at higher temperature as evidenced in Fig. 3 but is
hidden by crystallization in the case of HGW and GST.
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Fig 2: (a) Excess heat capacity of amorphous Ge,Sb,Tes after isothermal heat-treatment at 90°C
for increasing time lengths; (b) Excess heat capacity of amorphous Ge,Sb,Tes after isochronal
heat-treatment for 1 h at increasing temperature (data taken from Ref *%).
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Fig 3: Thermogram of amorphous Te,As;Ses glass fibers quenched at ~500°C/min and annealed
at room temperature for 1 week, 1 month, 4 months, 19 months and 60 months (in order of
disappearing exotherm). A pre-7, endotherm develops upon annealing. The onset of that
endotherm is about 30°C lower than the actual 7.

As discussed above, the exotherm of hyperquenched glasses is merely the consequence of fast
structural relaxation times relative to the heating rate. No exotherm is expected if the heating rate
is the same as the effective cooling rate. Hence, another way of circumventing the exotherm to
reveal the glass transition is to increase the heating rate. However, this can be experimentally
challenging for samples quenched at extreme rates. Nevertheless, it is accessible using ultrafast
DSC in the case of phase change materials’®'. The excess heat capacity of GST during heating
at rates spanning three orders of magnitudes is shown in Fig. 4. As expected, a deep exotherm is
observed at the lowest heating rates. But the exotherm progressively disappears as the heating
rate increases. The pre-7, endotherm also develops concomitantly even as the relaxation
exotherm is still present prior to crystallization (3500 - 7,500 K/s). This is a clear indication that
the endotherm does not correspond to the real glass transition. Eventually the heating rate is
sufficiently high (>10,000 K/s) to prevent any exothermic relaxation and the thermogram
exhibits a single glass transition onset with no prior exotherm (and no prior annealing). This
endotherm can then be considered to be the real glass transition for this given heating rate. For
GST, the thermograms start exhibiting a single glass transition for cooling rates near 10,000 K/s.
This implies that the effective cooling rate for that sample should be in the same range. This is
consistent with effective cooling rates estimated for similar sputtered telluride films®*. The



standard 7, at a rate of 20 K/min can then be derived from Moynihan’s method using equation
13334

loggzm-< —T—5> (1)
QS

where Q is the heating rate, Q; is the standard heating rate of 20 K/min, 7' is the standard 7, and
m is the fragility index ~90 for GST*. A measured T, ¢ near 220 °C at 20,000K/s yields a standard
T, near 200 °C. This value is consistent with that derived from exothermic relaxation
considerations™. This value of 7, ¢ however, is roughly 70°C higher than the onset of the
endotherm in Fig 2. This clearly indicates that the endotherm does not correspond to the real
glass transition. Similarly, the 7, of 136 K derived from the endotherm for water® is nearly 30 K
lower than that of 165 K derived from exothermic relaxation considerations'®. This exemplifies
the potential for error of using annealed samples to derive 7, of hyperquenched glasses with a
strong propensity for crystallization.
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Fig. 4: Ultrafast DSC thermogram of amorphous Ge,Sb,Tes at heating rates of 100 K/s to
30,000K/s. (data taken from Ref *°).



These results also signify that both GST and water must crystallize below T, (from the glassy
state) when reheated at conventional rates. Fig. 4 shows that GST crystallizes below 7, for
heating rates lower than 10,000 K/s. For greater heating rates, the crystallization exotherm occurs
above T,. The kinetics of crystallization are therefore expected to be different in each conditions,
since in one case crystallization occurs from the solid state, and in the other case it occurs from
the supercooled liquid state. Interestingly, the kinetics of crystallization can be investigated by
performing a Kissinger analysis of the thermograms from Fig. 4. As expected from the Kissinger
model*® the maximum crystallization temperature T, shifts to higher temperature with increasing
heating rates (Fig. 5a). The activation energy for crystallization Ej; can then be derived by
building a Kissinger plot according to equation 2°%-’:

(%) =25+ in (K, Z) )

T2) ~ kpTc Ep

where kg is the Boltzmann constant and K, is a constant. Such a plot is shown in Fig. 5b
including both ultrafast and standard DSC data covering a heating rate range of nearly seven
orders of magnitude. The most striking feature from this plot is a sudden change in activation
energy starting at heating rates > 10,000 K/s. This change in Ej is a clear indication that the
crystallization kinetics switch between two different regimes. This observation is in turn fully
consistent with the conclusion derived from Fig. 4. For heating rates lower than 10,000 K/s GST
crystallizes from the glassy state, while at higher rates it crystalizes from the supercooled liquid
state. Fig. 1 and 2 were collected at 40 K/min hence this confirms that GST crystallizes from the
glassy state in theses thermograms. This in turns confirms that the endotherm observed upon
annealing is not the real glass transition. This behavior appears to be generalized among PCMs
as it has also been observed in AgInSbTe samples®".
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Fig. 5: (a) Crystallization exotherm of amorphous Ge,Sb,Tes measured at heating rates of 100
K/s to 40,000K/s; (b) Kissinger plot of Ge,Sb,Tes based on standard and ultratast DSC
thermograms spanning nearly seven order in magnitude in heating rates. (data taken from Ref *°).



Conclusion

Amorphous PCMs and amorphous water share many unusual properties. The PCM Ge,Sb,Tes is
therefore used to draw analogy for the thermal behavior of water. It is found that the pre-
crystallization endotherm developing upon annealing is not the actual glass transition but only a
shadow-T resulting from the broad spectrum of relaxation times intrinsic to glassy solids. This
assignment is confirmed by comparison with a good glass-former subjected to extensive
annealing. The real glass transition is then unambiguously measured by ultrafast DSC. A
Kissinger analysis confirms that the PCM crystallizes from the glassy state at low heating rates.
The universal nature of non-exponential relaxation in glass strongly suggests that the pre-
crystallization endotherm observed in annealed amorphous water is also a shadow-T,. It is then
suggested that ultrafast DSC applied to amorphous water should enable a direct measurement of
the correct 7, for amorphous water. This could help settle a long-standing scientific dispute. Yet,
this does not answer all questions. We should also further our understanding which materials are
bad glass formers with rather low reduced glass transitions temperatures (7,/7,,). For phase
change materials, it has been possible to relate the reduced glass transition temperature with
quantum chemical bonding descriptors in the crystalline state®®. These quantities apparently help
to understand and predict material properties™, as well as the crystallization and vitrification of a
group of chalcogenides employed in phase change materials. These materials are characterized
by an unconventional bonding mechanism in the crystalline state, called metavalent bonding™. It
is characterized by the formation of half an electron pair between two atoms (also described as
sharing one electron between two atoms), i.e. a bond order of 2. This unique bonding
mechanism explains many of the unconventional properties of phase change materials*' % It is
tempting to speculate how bonding may play a role in the origin of the vitrification of water and
its solutions.
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