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Abstract: Many phase change materials (PCMs) are found to crystallize without exhibiting a
glass transition endotherm upon reheating. In this paper we review experimental evidence
revealing that these PCMs and likely other hyperquenched molecular and metallic systems can
crystallize from the glassy state when reheated at standard rate. Among these evidences, PCMs
annealed below the glass transition temperature 7, exhibit slower crystallization kinetics despite
an increase in number of sub-critical nuclei that should promote crystallization speed. Flash
calorimetry uncovers the glass transition endotherm hidden by crystallization and reveals a
distinct change in kinetics when crystallization switches from the glassy to the supercooled
liquid state. The resulting 7, value also rationalizes the presence of the pre-7, relaxation
exotherm ubiquitous of hyperquenched systems. Finally, the shift in crystallization temperature
during annealing exhibit a non-exponential decay that is characteristic of structural relaxation in
glass. Modeling using a modified Turnbull equation for nucleation rate supports the existence of
sub-7, fast crystallization and emphasizes the benefit of a fragile-to-strong transition for PCM
applications due to a reduction in crystallization at low temperature (improved data retention)
and increasing its speed at high temperature (faster computing).

Introduction:

Crystallization below the glass transition temperature 7, is normally extremely slow due to the
kinetically arrested atomic mobility in this temperature range'. While oxide glasses mainly obey
this behavior, organic glasses commonly exhibit unusually high crystallization rates below T, g”.
This behavior results from a decoupling between crystallization rates and viscous flow caused by
interfacial effects. Hikima e al.® observed anomalously high crystallization rates in the glass
transition region of o-terphenyl and assigned it to an enhancement of homogeneous nucleation at
the liquid-crystal interface. A similar process was observed by Ishida e al. in nifedipine’.
Schammé et al. assigned the crystallization of ball-milled quinidine amorphous powders to high
molecular mobility on the surface of amorphous grains®. Willart et al. observed an identical
effect in griseofulvin’. Yu et al. also observed fast surface crystallization and glass-crystal
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growth in several organic compounds®”. But while the crystallization rate of these systems is
abnormally high in the region directly below 7, due to a decoupling from viscosity, they are
relatively good glass formers and all exhibit a clear calorimetric glass transition. Instead, an
increasing number of rapidly quenched systems have been found to crystallize prior to exhibiting
a calorimetric glass transition: this includes water'™'", metallic glasses'>"> and phase change
materials (PCMs)'*'°. In these systems, rapid crystallization occurs at temperatures up to 50 °C
below 7, where diffusive processes would normally be exceedingly slow. The inability to
observe a clear glass transition has in some cases led to controversies such as in the case of
water'”'7'® Here we review experimental evidences indicating that fast sub-T, ¢ crystallization
occurs in many amorphous PCMs. We then use the Turnbull method to explain the phenomenon
and its relation to fragility.

Sub-T; crystallization in PCMs:

PCMs exhibit a range of crystallization behavior depending on their composition'. Prominent
PCMs such as Ge,Sb,Tes, AIST (AgslnsSbg;Teys) or GeTe all crystallize without prior glass
transition endotherms when reheated at conventional rates (~20 °C/min)'*'®. Other PCMs such
as Ges;SbeTes exhibit a clear glass transition prior to crystallization®. Figure 1 compares the
excess heat capacity C,”* of as-deposited GeTe and Ge;SbsTes during a heating ramp at a rate of
40 °C/min. The comparison of these two glasses is insightful because they have nearly identical
T, values ie. T;=190 °C for GeTe'® and T,=193 °C for Ge;SbsTes” but exhibit distinct
crystallization behavior. The first feature on the thermogram of Figure 1 is an exotherm starting
near 100 °C which is characteristic of hyperquenched systems trapped in a high fictive
temperature state’’. During reheating at slow rate both glasses release enthalpy as they
dynamically relax towards the metastable supercooled liquid state. Ge;SbgTes eventually exhibits
a glass transition endotherm near 193 °C prior to crystallization near 230 °C. In contrast, GeTe
starts to crystallize as it is still relaxing tens of degrees below T;,. This strongly suggests that
GeTe (and other PCMs) crystallize from the glassy state instead of the supercooled liquid state
above T.
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Figure 1: Excess heat capacity C,”* of as-deposited GeTe and Ge;SbeTes during a heating ramp
at a rate of 40 °C/min. (Data from Ref. [16,20])

The absence of a clear calorimetric glass transition endotherm in some PCMs have led to a broad
range of reported 7, values spanning in some cases over 100 °C*_ For example T ¢ values for
Ge,Sb,Tes have been reported from 100 °C% to 200 °C?® and that of AIST from 105 °C* to
182 °C"°. However, the T, ¢ of PCMs can also be estimated from their relaxation exotherm using
the Velikov et al. method"' as shown in Figure 2. It is found that hyperquenched glasses
spanning many categories of compositions (metallic, oxides, covalent, organic), a broad range of
fragility (m=17 to 81) and a broad range of 7, (—30 °C to 670 °C) all obey a similar pattern of
exothermic relaxation when reheated at slow rate. All systems exhibit a maximum in relaxation
of trapped enthalpy near 7/7,=0.9. This provides an alternative mean of estimating 7, for
controversial PCMs such as Ge,Sb,Tes. A T, assignment of 200 °C for Ge,Sb,Tes shows a
relaxation behavior consistent with all systems and in particular with that Ge;SbsTes where T 1s
unambiguously known. Instead, a 7, assignment of 110 °C indicates a glass that would undergo a
maximum of relaxation at a temperature above 7, when the system has already reached the
supercooled liquid. This outcome is not sound since there would be no driving force for
relaxation in the metastable supercooled liquid state. The 7, must therefore lay at higher values.
The same pattern 1s observed for GeTe with a 7,=193 °C and AIST with a 7,=182.5 °C In turn,
this indicates that these PCMs indeed crystallize below T as previously reported'*'°.
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Figure 2: Enthalpy recovery exotherm for a wide variety of hyperquenched glasses including
oxide, metallic and molecular glasses over a broad range of 7, (-30 °C to 670 °C) and a broad
range of fragility (m = 17 to 81). Orthoterphenyl “, Pitch 28, Pd775CugSii6 5 29, LassAlysNipg 30,
Basaltic fiber (SiO; 49.3 Al,O; TiO; 1.8 FeO 11.7 CaO 10.4 MgO 3.9 Na,O 3.9 K,0 0.7) *',
soda-lime-silicate (SiO, 70.5 Na,O 8.7 K,0 7.7 CaO 11.6 Sb,O3 1.1 SO; 0.2) 2, GeO, *. All
glasses show the onset of relaxation of trapped enthalpy near 7/7,=0.5-0.7 and a maximum of
relaxation near 7/7T,=0.9. Comparison of these exotherms with that of phase change materials
using Velikov’s excess heat capacity method'! indicates that the standard T, ¢ value for Ge,Sb,Tes
is ~200 °C.

Further evidence for sub-7, crystallization in PCMs can be garnered through the use of flash
differential scanning calorimetry (FDSC)'*'*. As shown long ago by Henderson>*, application of
the Kissinger method™ to crystallization kinetics indicate that the temperature of a crystallization
exotherm maximum 7p is a function of heating rate due to the kinetic barrier for crystal growth in
supercooled liquid. Specifically, higher heating rates permit to delay the crystallization event to



higher temperatures. The use of FDSC should then permit to notably raise the onset of the
crystallization exotherm. This offers a strategy to uncover the glass transition endotherm that is
hidden by crystallization at standard heating rates. Figure 3(a) shows the thermograms obtained
from heating as—deposited Ge,Sb,Tes at rates ranging from 50 K/s to 30,000 K/s. At slower rates
the relaxation exotherm is present prior to crystallization along with the evolution of the so-
called “shadow—glass transition”'®. At sufficiently high rates near 10,000 K/s the relaxation
exotherm vanishes and reveals a glass transition endotherm prior to crystallization. This indicates
that the crystallization now takes place from the undercooled liquid rather than the glassy state. If
this is the case, the crystallization kinetics should be notably different. The activation energy for
crystallization can be obtained through construction of a Kissinger plot as shown in Figure 3(b).
The Kissinger plot of Ge,Sb,Tes shows a sudden change in crystallization activation energy from
3.13 eV (blue markers) to 0.69 ¢V (red markers) that is concomitant with the switch in
crystallization from the glassy state to the supercooled liquid state (Figure 3(a))'*. This switch in
kinetic behavior was observed for both AIST" and Ge,Sb,Tes'*. While the activation energy
should be greater in the supercooled liquid than in the glass for standard conditions, numerical
simulation show that the decrease in activation energy is the consequence of probing a very
fragile system with heating rates high enough to probe the high temperature region of the fragile
liquid where the activation energy becomes lower than that of the glass'®. This provides
additional evidence that these PCMs indeed crystallize below 7.
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Figure 3: (a) Excess heat capacity thermograms of as-deposited Ge,Sb,Tes obtained by Flash-
DSC at rate spanning 50 K/s to 30,000 K/s. (b) Kissinger plot for as-deposited Ge,Sb,Tes
showing a sudden change in crystallization activation energy from 3.13 eV at low rates to 0.69
eV at high rates. (Data from Ref. [14])

It has been previously suggested that fast crystallization of PCMs cannot occur below the
standard 7, due to the kinetic arrest characteristic of this temperature rangez4. Below we use the



simple kinetic model developed by Turnbull*® to show that hyperquenching and high fragility of
PCMs drastically affect the crystallization kinetics and suggest that fast crystallization can occur
below T directly from the glassy state.

Kinetic model for crystallization in hyperquenched systems:

Turnbull parameter:

In his seminal paper on glass formation®® Turnbull derived the reduced glass temperature
Try = To/Tr as a predictive metric for the ability of a system to bypass crystallization and form
glass upon cooling. It was found that systems exhibiting 7, > 2/3 have exceedingly low
nucleation rate / and can easily form a glass. For example, 7}, = 0.75 for SiO, where nucleation
is never observed experimentally upon cooling. Conversely, phase change materials are
notoriously bad glass-formers and exhibit lower Turnbull parameters, i.e. Ty, = 0.46 for GeTe.'®
These predictions are based on the estimation of the temperature dependence of the nucleation
rate as shown in Figure 4. These estimates result from the balance between the work required to
overcome surface tension and the gain in free energy resulting from the growth of the nuclei.
Nuclei reaching a critical radius 7; achieve that balance and can grow further due to an overall
decrease in free energy. The growth of these critical nuclei proceeds from the addition of atoms
through a diffusion mechanism. The process of transport across the nucleus-matrix interface is
controlled by a free energy of activation AG’ and described by a diffusion coefficient D
according to:

!

D = D,exp (%) (1)

where Dy is a constant, 7 the temperature and k is Boltzmann’s constant. This constitutes the
kinetic barrier to nucleation. The diffusion coefficient is then related to the viscosity # using the
Stokes-Einstein equation:

kT

D= 2)

- 3magn

where a, is the diameter of the diffusing species and # is the viscosity. Following the classical
nucleation theory’’ (CNT), the nucleation rate can then be expressed as°:
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with the reduced temperature 7; = 7/T;, , the reduced undercooling AT = (T,—T)/Tw, and where k,
is a constant, « is a dimensionless parameter related to the surface tension and £ is a
dimensionless parameter related to the entropy of melting. For small undercooling (AT; ~ 0), the
exponent term dominates and / vanishes, while for large undercooling the pre-exponent
dominates due to the increase in equilibrium viscosity # (following the Vogel-Fulcher-Tammann
(VFT) equation), and / vanishes again. At intermediate temperatures, / reaches large values that
depends on the reduced glass temperature (Figure 4) as the equilibrium viscosity # is lower, the
lower the reduced glass transition temperature 7.
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Figure 4: Estimation of the temperature dependence of the nucleation rates / using the Turnbull
method for systems with different reduce glass temperature 77,. Reproduced from ref. [*]

The Turnbull model was developed based on the assumption that crystallites form in the
undercooled liquid, however recent observations on poor glass-forming systems shown in the
previous section suggest that crystallization may also take place rapidly from the glassy state. In
this case the characteristic relaxation time that controls viscosity and diffusion should be
determined by the isostructural viscosity rather than the equilibrium viscosity. This in turn
should notably affect estimations of the nucleation rates at large undercooling. Moreover, these
relaxation times are a function of temperature, time, as well as quenching rate (i.e. fictive
temperature 77) and should affect crystallization kinetics accordingly as described in the next
section.



Relaxation times:

The viscosity 7 is related to the stress relaxation time g according to the Maxwell equation:
n= GooTS (4)

where G, is the instantaneous shear modulus and s represents the time constant for the system
to respond to a mechanical stress at a given temperature (i.e beam bending, indentation, parallel
plate, rotating cup, capillary etc.). Measurements performed in the stable liquid above 7, or the
metastable undercooled liquid below Ty, yield the equilibrium stress relaxation time zg(qu) Which
increases exponentially with decreasing temperature as depicted schematically in Figure 5. Upon
cooling at a standard rate of ~20 °C/min the system may vitrify at the glass transition
temperature 7, when 7g(qu) reaches ~100 seconds (Figure 5). At any temperature below T, the
system is trapped in the glassy state and # is now controlled by the isostructural stress relaxation
time 7s(iso) Which notably diverges from rg(.qu) (Figure 5). It is noteworthy to point out that zgso) 1S
several orders of magnitude shorter than rgq) at temperatures below 7,. In other words, the
viscosity of a glass is several orders of magnitude lower than that of the corresponding
equilibrium liquid at the same temperature. Importantly, this difference is further exacerbated in
hyperquenched glasses where 7gso) departs from zgequ) at a higher temperature 7. As shown by
Moynihan ez al.*®, the greater the cooling rate, the greater the fictive temperature 7}. Per equation
(4) it results that the isostructural viscosity controlling crystallization below 7, is many orders of
magnitude lower than the equilibrium viscosity originally used to estimate / in equation (3). To
account for this divergence in viscosity at 7, we therefore use the Adam-Gibbs equation
modified by Hodge® in equation (3). The results are shown in Figure 6 for two glasses of
fragility m = 40 and m = 100 quenched at a rate of 10,000 K/s. Details of the calculation can be
found in Supplementary Information. Figure 6 shows that the nucleation rate / of the
hyperquenched glassy state can be many orders of magnitude faster than that of the equilibrium
liquid at and below T;. This explains why some hyperquenched PCMs with poor glass-forming
ability such as GeTe (7, = 0.46) can undergo fast crystallization even below the glass transition
temperature. Other PCMs with better glass-forming ability such as Ge;SbgTes (7;, = 0.56) from
Figure 1 can exhibit a glass transition before crystallization i.e. the nucleation curve would be
shifted down to low values of / (see Figure 4). The difference in crystallization behavior between
these two systems can also be revealed through experimental measurement of their viscosity-
temperature dependence as shown in the following section.
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Figure 6: Nucleation rate / computed using the Turnbull method modified with the Adam-Gibbs
equation to account for the change of viscosity at and below 7. Dotted lines are obtained using
the equilibrium viscosity while solid line are obtained using the non-equilibrium isostructural
viscosity in equation (3). Curves are shown for two glasses of fragility index m=40 and m=100
cooled at 10,000 K/s and with reduced glass temperature 7;, = 0.46 corresponding to GeTe.

Fragile to strong transition:

The viscosity-temperature dependence of several PCMs is shown in Figure 7 over nearly 16
orders of magnitudes. Viscosity measurements over such broad range require multiple techniques
including oscillating-cup viscometry, crystal growth velocity measurements from time-resolved
reflectivity and transmission electron microscopy (TEM), as well as calorimetry. Experimental
details about each method and the measurements on GeTe can be found in Ref. [20] and method
section, respectively. Several features are noteworthy in the viscosity-temperature dependence
presented in Figure 7. The first feature is a sudden change in fragility in the region 7o/T = 0.6—
0.7. The liquids are initially strong at lower temperature with a fragility index near m = 40 and
suddenly switch to a fragile behavior with a fragility index near m = 100. The full curve cannot
be fitted with conventional models such as VFT or MYEGA™ and therefore indicates a transition
in fragility. This fragile to strong transition (FST) appears to be a common feature of PCMs>**!.



Figure 6 compares the nucleation behavior of two systems with fragility index m = 40 and m =
100 analogous to those found on each side of the FST in the previous PCMs. Based on these
results the FST is of significant benefit for PCM technology as it provides lower nucleation rate
below 7, for increased stability of the memory cell and better data retention, while
simultaneously providing higher nucleation rate at higher temperature for faster switching speed
and rapid computing.

The second feature of interest in Figure 7 is the mismatch in viscosity between GeTe and
Ge3SbeTes on approaching T,. This pattern is reminiscent of the departure of 7siso) from 7g(equ) In
Figure 5. Indeed Ges;SbgTes is a relatively good glass-former and all viscosity measurements are
performed in the equilibrium supercooled liquid state down to 7, and slightly below®”. The
system then exhibits the expected viscosity 7 = 10'* Pa's at T, .. No viscosity measurements were
then performed in the glassy state for Ge;SbeTes. In contrast, measurements performed on GeTe,
at and below T,, show much lower viscosity than expected from equilibrium. This departure
from equilibrium is consistent with measurements of isostructural viscosity in the glassy
state*>*. While these measurements unambiguously show that the system is trapped in a non-
equilibrium state, the absolute value of viscosity should be subject to significant caveat. This is
because the measurements take a certain amount of time during which the system may undergo
structural relaxation as depicted in Figure 5 for an annealing temperature 7, near 7,. Hence, the
measured viscosity may reflect an average value of an intermediate state between the original
glass and a partially relaxed glass. Consequently, the viscosity data measured in the glassy phase
does not reflect the isostructural viscosity of the glassy phase and thus a physically meaningful
activation energy cannot be obtained. The effect of structural relaxation on the crystallization
kinetics from the glassy state will be discussed in the following section.
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Figure 7: Viscosity-temperature dependence of Ge;SbeTes, GeTe, Gel5Teg544 and Te®. Viscosity
in the range 1010 Pa-s was measured by oscillating-cup viscometry, in the range 1-10° Pa-s
by time-resolved reflectivity and in the range 10°-10" by in-situ transmission electron
microscopy. Data for Ge;SbgTes are from Ref. [20] where a decoupling factor £ = 0.91 between
viscosity and diffusivity was found below T,. Data for GeTe were collected for this work using
the same method as for Ge;SbgTes. The same decoupling factor £ = 0.91 was used for GeTe. The
time-resolved reflectivity data for GeTe exhibit greater noise due to occasional nucleation during
the measurement that may affect the crystal growth velocity estimate.

Effect of structural relaxation on sub-7, crystallization:

Figure 5 illustrate how 7s(is0), given enough time, evolves towards 7gequy due to the natural
tendency of a glass to relax towards its equilibrium supercooled liquid state. The time constant tg
necessary for this process has been shown to be slightly longer than zg(qu) and much longer than



Ts(iso) (Figure 5)*4% The crystallization kinetics controlled by Ts(iso) 1N the glassy state should
therefore slowly evolve in a way consistent with the dynamics of structural glass relaxation
controlled by r. Figure 8 shows how the maximum crystallization temperature 7p of a
Ge,Sb,Tes glass (T, = 200 °C) evolves over three years of annealing at 75 °C. The shift in 7p
follows a non-exponential decay function of the Kohlrausch-Williams-Watts (KWW) *"* form
that is characteristic of glass relaxation®’. The inset of Figure 8 shows that the enthalpy of fusion
is constant and that the system has not significantly crystallized during annealing. The increase
in 7y indicates that crystallization is being delayed as a result of annealing and requires higher
thermal energy. This increase in crystallization temperature is opposite to that expected if the
system had nucleated during the annealing procedure. Yet, fluctuation electron microscopy
(FEM) and TEM analysis of Ge,Sb,Tes before and after annealing reveal an increase in number
of sub-critical nuclei (Figure 9)14. The FEM variance that is a measure of medium range order
and oftentimes interpreted as an increase in the sub-critical nuclei distribution increases during
annealing as shown in Figure 9(a). After annealing some nanodiffraction patterns taken for FEM
reveal nanocrystalline diffraction spot which were not found in the as-deposited (un-annealed)
state as shown in Figure 9(c&d), indicating an increase in critical nuclei number. Finally the
number of grains obtained by TEM imaging following annealing at 115 °C and crystallization at
150 °C show a significant increase because of the pre-annealing treatment as shown in Figure
9(b)'*. The presence of these subcritical nuclei should favor crystallization and lower the
crystallization temperature, contrary to the shift observed experimentally in Figure 8. Another
more significant contribution must therefore hinder crystallization during annealing. This
contribution is the increase in isotructural viscosity #s) expected from the relaxation process
depicted in Figure 5 and observed experimentally in amorphous chalcogenides®™. An increase in
viscosity is expected to lower both crystal growth and nucleation rate (equation 3) and should
therefore delay crystallization to higher temperature during heating at constant rate, as observed
experimentally. This also means that the effect of increased viscosity due to glass aging
outperforms the increase in nucleation tendency deduced from the rise in FEM variance during
pre-annealing.
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Figure 8: Evolution of the maximum crystallization temperature 7p of a Ge,Sb,Tes glass during
annealing at 75 °C. The lower left inset shows the upward shift of the crystallization exotherm as
a function of annealing time. The upper right inset shows that the enthalpy of fusion remains
mainly constant throughout the annealing procedure.
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Figure 9: (a) Fluctuation electron microscopy variance of a Ge,Sb,Tes glass after annealing at
115 °C. An increase in variance indicates an increase in medium range order. (b) Average grain
number obtained from TEM image analysis after annealing Ge,Sb,Tes glass at 115 °C following
crystallization at 150 °C for one hour. (¢) Nanodiffraction pattern collected before annealing and
(d) after annealing at 115 °C showing an increase in nanocrystalline diffraction spots. Note, that
diffraction patterns showing nanocrystalline diffraction patterns are excluded from the FEM
calculation in (a) in order to investigate the medium range order change in the purely amorphous
phase. Figures adapted from Ref. [14].



The non-exponential decay of 7p observed in Figure 8 is characteristic of glass structure
relaxation dynamics™’. Dynamic heterogeneities intrinsic to glasses result in a distribution of
relaxation times and a non-exponential relaxation process’’. The fit shown in Figure 8 yields a
non-exponential factor = 0.59 and a characteristic relaxation time 7 = 116 days (10’ s). This
magnitude of relaxation time is consistent with that of structural relaxation in glass far below 7.
Overall the results of Figure 8 further support the conclusion that PCMs can crystallize from the
glassy state when reheated at standard rates.

Discussion

Crystallization below the glass transition temperature 7, is not uncommon. In particular, organic
glasses frequently exhibit unusually high crystallization rates below T, g2'9. These unexpectedly
fast crystallizations are the result of a decoupling between diffusivity and viscous flow which is
exacerbated by high fragility’>. Nevertheless, these system are fairly good glass-formers that
exhibit a clear glass transition when measured at the standard rate of 20 °C/min. On the other
end, very poor glass formers that require hyperquenching to vitrify such as PCMs, do not exhibit
a calorimetric glass transition when reheated at standard rates. While they also undergo a
decoupling between diffusivity and viscous flow on approaching 7,, they are also subjected to
very high fictive temperatures that considerably lowers their isostructural viscosity. These low
effective viscosity promotes both fast nucleation and fast crystal growth. As a consequence, they
systematically crystallize prior to reaching 7, when reheated at standard rates.

The Turnbull parameter 7,, is generally reliable and has been broadly used in the glass
community to assess glass-forming ability™. Consistent trends in Turnbull parameter can be
observed in PCMs where compounds with low parameter values such as GeTe (7, = 0.46) and
Ge,SbyTes (T, = 0.52) are very poor glass former without measurable calorimetric 7, while
compounds with higher parameter values such as GesSbgTes (7rs = 0.56) and GeSe (77, = 0.58)
are better glass-former with a distinct glass transition endotherm. Nevertheless, some notable
exception exist such as AIST (7, = 0.56) which does not exhibit a glass transition at standard
heating rate despite its high Turnbull parameter'”. This indicates that other contributions besides
the thermodynamic factors governing the difference between 7, and T, must play a significant
role in controlling crystallization kinetics. In particular, it was recently shown that glass-

formation and crystallization rates were strongly dependent on bonding characteristics in
PCMs".

Crystalline phase change materials such as GeTe, Ge,Sb,Tes and Sb,Te; are characterized by an
unconventional bonding mechanism, which differs from ionic, metallic and covalent bonding™.
The bonding has been denoted as metavalent bonding (MVB). This bonding mechanism is
characterized by an unconventional property portfolio including a large chemical bond
polarizability as evidenced by high values of the Born effective charge Z* and high values of .,
the optical dielectric constant’>®. MVB is also characterized by an unconventional bond rupture
upon laser-assisted field evaporation®’. Characteristic for this bonding mechanism is a
competition between electron delocalization as in metallic bonding and electron localization as in
covalent or ionic bonding. As a consequence, interfacial energies between the undercooled liquid
and the crystalline phase are quite low, despite the pronounced change in atomic arrangement’®.



MVRB solids have a small electron transfer between atoms and share only about half an electron
pair between adjacent atoms, unlike covalent solids, where about one electron pair is formed, e.g.
for Diamond™. In a map, metavalent solids are hence located between metals and covalently
bonded solids. Compounds like GeTe, but also Sb,Te;* and PbSe®, employ this bonding
mechanism. The distinct nature of this bond is also supported by pronounced property changes
upon the transition from metavalent to covalent bonding.

In the amorphous phase, where the bonding is supposed to be covalent, locally ordered regions
averaging one shared electron per bond (about half an electron pair) such as four-fold rings are
also believed to play a role in the fast crystallization kinetics of some systems®>®. Furthermore,
the small interfacial energy at elevated temperatures helps to realize a high crystallization
speed’®. Meanwhile, the more pronounced Peierls distortion near and below 7, o stabilizes the
glassy phase®. Hence, multiple factors are at play in predicting crystallization speed and glass-
forming ability. More systematic studies of thermodynamic, kinetic and chemical bonding
properties may reveal whether or not they are related to a common physical origin.

Conclusion:

Very poor glass-formers can only be vitrified through hyperquenching. They can be found across
a broad category of materials including PCMs, some metallic alloys and molecular liquids such
as water. Interestingly, they share a common calorimetric feature in that they do not exhibit a
glass transition endotherm prior to crystallization. Using the case of PCMs this study has shown
that these amorphous solids can crystallize below the glass transition. Evidence for this process
includes the appearance of a glass transition endotherm at ultra-fast heating rates concomitant
with a sudden change in crystallization kinetics as the system switches from crystallizing from
the glassy to the liquid state. Additionally, the pre-7, relaxation exotherm can only be
rationalized if the 7, lays above the crystallization exotherm during a standard heating ramp.
Moreover, the maximum crystallization temperature 7}, is found to increase with annealing time
despite the more abundant sub-critical nuclei that should speed up crystallization. This
observation is not consistent with crystallization from the liquid state but is consistent with an
increase in isostructural viscosity during structural relaxation of the glass. This is confirmed by
the non-exponential decay of the shift in 7, that is characteristic of the dynamic heterogeneity
intrinsic to glasses. The characteristic time of 116 days associated with this process is also
consistent with sub-7, structural relaxation. Finally, modeling based on the Turnbull equation
shows that nucleation kinetics are indeed high even below 7, due to the hyperquenched nature of
the system. This supports the ability of the system to undergo crystallization prior to the glass
transition upon slow heating. The model also shows that the fragile-to-strong transition observed
in PCMs is advantageous to slow down crystallization at low temperature while increasing its
speed at higher temperature.

Experimental section:

Viscosity measurement: The viscosity of GeTe presented in Figure 7 is determined from two
types of crystal growth velocity measurements. On the one hand, samples prepared by magnetron
sputter deposition were annealed isothermally in a differential scanning calorimeter (DSC) and




the nucleated grains and their growth was investigated by transmission electron microscopy
(TEM) for at least three times. Using the TEM method, the crystal growth velocity of the as-
deposited phase is measured at temperatures from 135 °C up to 180 °C. For the highest treatment
temperatures, the samples were dipped in an pre-heated oil bath and rapidly quenched in a room
temperature bath of ethylene glycol, which allowed for annealing times on the timescale of
seconds. The initially amorphous GeTe layer is 30 nm thick and encapsulated between two inert
capping layers of (ZnS)g:(Si02)0 which is supported by a Si3Njy layer.

On the other hand, the crystal growth velocity is measured in a laser reflectivity setup. Here the
samples from the same magnetron deposition run were used in order to ensure highest
comparability between the measurement techniques. The samples were crystallized and brought
the temperature where the crystal growth velocity is supposed to be measured. Then a laser pulse
is used to melt-quench a 1.5 pum diameter spot to the amorphous phase which induces a
reflectivity change. Upon recrystallization of the melt-quenched amorphous spot, the reflectivity
increases back to its original value. From this time resolved reflectivity measurements, the
crystal growth velocity is determined in the temperature range from 231.5 °C up to 365 °C. More
information on both methods are reported in Ref. [20].

Calorimetry: Enthalpy recovery exotherm for Ge,Sb,Tes and AIST in Figure 2 and maximum
crystallization temperature 7p of Ge,Sb,Tes in Figure 8 were collected using a TA Q1000 DSC.
A glass sample mass of 8-10 mg was sealed in an aluminum pan and an empty pan was used as a
reference. Temperature was calibrated with an indium standard and heat flow was calibrated with
a sapphire standard. For the annealing procedure, 26 samples of Ge,Sb,Tes were sealed in an
aluminum pan and introduced in an incubator at a temperature of 75 °C. Temperature stability
was within 0.5 °C. At various time intervals, samples were removed from the incubator and
allowed to cool down before being introduced in the DSC for measurement.

Supplementary Material

See supplementary material for details of the numerical simulation of the nucleation rate in the
equilibrium and at the non-equilibrium state.
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