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Abstract: In phase-change memory devices, a material is cycled between glassy and crystalline
states. The highly temperature-dependent kinetics of its crystallization process enable application
in memory technology, but the transition has not been resolved on an atomic scale. Using
femtosecond X-ray diffraction and ab initio computer simulations, we determine the time-
dependent pair correlation function of phase-change materials throughout the melt-quenching
and crystallization process. We found a liquid-liquid phase transition in the phase-change
materials Agaln3Sbe7Tezs and GeisSbss at 660 and 610 K, respectively. The transition is
predominantly caused by the onset of Peierls-distortions, whose amplitude correlates with an
increase of the apparent activation energy of diffusivity. This reveals a relationship between
atomic structure and kinetics, enabling a systematic optimization of the memory switching
kinetics.

One Sentence Summary: The onset of a Peierls-distortion in supercooled liquid phase-change
materials enhances the kinetic contrast required for data storage.

Main Text: The global amount of data grows exponentially(1). Alternative memory
technologies are considered to satisfy the resulting demands. Phase-change memory promises
higher storage densities as well as faster retrieval rates due to the non-destructive read-out as
compared to state-of-the-art memory technology(2-5). In phase-change memory, information
storage occurs by cycling small volumes of the material between its glassy and crystalline states.
An optically or electrically induced thermal stimulus allows switching between them.
Crystallization is the time-limiting step as glass formation (vitrification) can be facilitated rapidly
by a melt-quenching process. Nevertheless, even crystallization can take place within less than a
nanosecond(6-8). Phase-change memory therefore relies on the kinetic contrast of the active
materials: A high atomic mobility at elevated temperature allows quick crystallization, while low
atomic mobility at ambient temperatures allows long-term data retention(7, 9-13). Good glass
forming materials are generally characterized by a glass transition temperature Tg, which is
relatively close to the melting temperature Tm. This occurs for values of the Turnbull parameter
Tg/Tm > 2/3 (14). Bad glass formers have typical values of Tg/Tm < 1/2, which enables rapid
crystallization. Optimum performance of a phase-change material (PCM) cannot be achieved by
focusing on any one of these criteria and the temperature dependence of atomic mobility, i.e., its
viscosity, must be understood in detail to enable a systematic optimization of kinetic properties
suitable for phase-change memory devices.

The temperature dependence of viscosity differs among various glass forming liquids as the
temperature approaches the glass transition Ty. While some liquids show an Arrhenius-like
behavior and are classified as “strong” (e.g. silica), others display a range of non-Arrhenius
behaviors and are classified as “fragile” (e.g. o-terphenyl)(15). In some anomalous liquids, a
fragile-to-strong (FTS) crossover may occur, where the high-temperature fragile liquid is
transformed into a low-temperature strong liquid(16-18). The FTS crossover is usually
associated with a maximum in thermodynamic response functions (e.g. heat capacity Cp, thermal
expansivity o, and compressibility kr), which may be attributed to a phase transition between
two liquid phases characterized by distinct physical properties (e.g. density and entropy) and
different atomic structures. The FTS crossover was first proposed to explain the behavior of
water, which is a fragile liquid down to the temperature of the homogeneous nucleation limit but
behaves kinetically strong when heated from the solid amorphous state above T,(19). Similar
observations were made on the phase-change material (PCM) Ag-In-Sb-Te in its liquid and solid
amorphous states(9, 12, 20). However, in PCMs, liquid quenching is difficult due to the rapid
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onset of crystallization. This limits the accessible supercooling range at common cooling
rates(21), making observations of FTS crossovers or liquid-liquid phase transitions (LLPT)
difficult. The apparent FTS crossover in PCMs renders the hypothesis of LLPTs appealing, and
also implies anomalous structural, thermodynamic and diffusive properties(21-23).

The microscopic mechanism underlying the crossover is unclear. Liquid GeisTess shows an
increase of medium range order (MRO) upon supercooling, compatible with an increase of local
atomic distortions(24). Yet, GeisTess is a good glass former and thus cannot be utilized as PCM.
More generally, direct experimental evidence for LLPTs in systems that crystallize rapidly is
rare, since the timescales available to probe the supercooled liquid state before it crystallizes are
short - hence the name "no-man's land" was invented to refer to the highly supercooled region
(150-236 K)(25) in the phase diagram of water, the nature of whose anomalies has long been
debated(26). Only recently, ultrafast x-ray laser scattering has enabled directly probing
supercooled water down to 227 K and revealed evidence of a continuous LLPT(27). From the
computational side, LLPTs were observed previously in simulations of ST2 water(28, 29),
although the possibility of the existence of a true liquid-liquid critical point (LLCP) in the
supercooled liquid has been challenged theoretically(30). In case of PCMs, similar data are not
yet available, but an anomalous breakdown of the Stokes-Einstein relationship (SER) in the
equilibrium liquid of GeSb2Tes was recently observed and was speculated to be caused by a
LLPT below Tm(31). We focused our attention on Sb-based PCMs, because Agaln3Sbe7Texs
(AIST)(9, 12, 20) and GeoSbo1(32) have crossovers in the apparent activation energy of viscosity.
Both materials are employed as PCMs in optical (AIST(4)) and electronic (Ge15Sbss(33))
memory devices.

Theliquid-liquid phase-transition

We employed hard X-ray laser pulses from an X-ray free electron laser (the Linear Coherent
Light Source, LCLS) to overcome the temporal limitation of probing the atomic structure of
highly supercooled PCMs. At the X-ray Pump-Probe (XPP) instrument(34), optical laser pulses
with 800 nm center wavelength and 50 fs pulse duration are absorbed by a thin film of PCM at
time t,. Subsequently, electron-phonon coupling heats the PCM on the few picosecond
timescale(35, 36), leading to melting at sufficiently high excitation fluences. The PCM is
quenched by diffusive thermal transport into the supporting membrane of SizN4, which is of
similar thickness as the PCM. To probe the atomic structure during this melt-quench cycle, we
collected the diffraction patterns of X-ray pulses with 1.305 A center wavelength on a 2D area
detector (Fig. S1(37)). We varied the delay At between the optical pump event at ¢, and the X-
ray probe event at time t, At = t — t,, between negative values and tens of microseconds. We
performed each set of pump-probe events on a new spot of the sample, which was irreversibly
modified due to the intense optical and X-ray pulses. Nevertheless, the X-ray probe pulse
duration of 50 fs is sufficiently short to ensure that the atomic structure does not change during
the probe interaction.

We found that the structure factor (S(q)) of amorphous AIST was dominated by two broad
diffraction rings centered at q1=2.07(1) A and q2=3.21(2) A"!, clearly visible in

Figs. 1A, B&D). At At < 0, the diffraction of the unpumped, as-deposited amorphous structure
is recorded at the initial temperature of 298 K. At At of a few picoseconds, the peak intensity of
both rings decreases, and their radii approach each other. Consistently, the ratio q2/q: depicted in
Fig. 1F) decreases within the first picoseconds, but almost recovers to the initial value of the
amorphous state after a few nanoseconds. This behavior is strong evidence for a structural
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transition in a disordered state beyond just a thermally induced reduction of the scattering
efficiency (Debye-Waller), which would leave the peak positions unaffected. Further evidence
for a phase transition behavior comes from the highly non-linear scaling of the peak structural
modification with the pump fluence (Fig. 1G). The fact that crystallization eventually occurs at
fluences above 14 mJ/cm? (see Fig. S4) enables us to derive a lower bound for the temperature
jump several pus after optical excitation. At the time of crystallization (5 ps), the temperature in
the PCM must be above the temperature where crystallization sets in at calorimetric heating rates
of'a few degrees Kelvin per minute. In AIST, this temperature is 430 K(38). A comparison with
literature data on AIST (vertical grey lines) shows good agreement of the momentum transfer
associated with the strongest reflections (Fig. 1E).
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To quantify the temperature evolution of our samples more accurately, we performed finite
element simulations. They allow associating temperatures to the structural information we

obtained at various time delays and fluences. We show the resulting cooling behavior of the
50 nm thick film of AIST on 50 nm thick membranes (red curves) based on the normalized

TTo where T, 1s the melting temperature, 810 K for AIST(39) and 860 K for

temperature © = —
Ge15Sbss(40) and T, the initial temperature of 298 K (Fig. 2). Following the heating by electron-
phonon coupling, the heat diffuses from the PCM into the Si3N4 membrane after a few hundreds
of picoseconds. Their temperature equilibrates after a few nanoseconds. Subsequently, thermal
transport into the frame supporting the membranes becomes the dominant cooling mechanism.
The experimental data (Fig. 1F) reflect the impact of the two different length scales of thermal
transport associated with the short out-of-plane and the long in-plane axes. The timescale of out-
of-plane transport is in good agreement with the change of atomic structure in the disordered
state at around one nanosecond. We observed in-plane thermal transport only after delays longer
than ten microseconds, rendering it irrelevant for this work. We derived two temporal intervals
({ta} and {tv}, indicated in Fig. 2), independent of the pump fluence, over which the temperature
of the PCM was stable within 10%. During these intervals, we can predict the temperature of the
PCM most accurately, since it depends predominantly on the specific heat of the materials
involved. We found the same intervals for 60 nm thick Ge15Sbss films on 150 nm thick
membranes.
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The atomic structure during {ta} and {tv} is described by the radii of the first (r1) and second (r2)
coordination shells. We determined them from the pair correlation functions g(r) (Fig. 3A). They
reveal a pronounced increase of r1 upon excitation. The ratio R = r2/r1 provides information about
the structural ordering and we measured the evolution with time and fluence (Figs. 3B, C).

Based on these numbers and in combination with the thermal simulations we determined R for
AIST and GeisSbss as a function of inverse temperature T,,, /T (Fig. 4A). For each fluence of the
pump laser, we derive one value of R from the intervals {ta} and {tv}. Additionally, we derived
one average value from the data at negative delays. Direct evidence for a structural transition in
the supercooled liquids of AIST and GeisSbss comes from a change in slope of R=r2/r1 in the
range of Tw/T between 1 and 1.5. This resembles the r2/r1 behavior in the good glass former
GeisTess that also has a FTS crossover and a structural phase transition that correlate(24), albeit
at higher temperatures. We interpolated our data with an error function that allowed us to
determine the temperature of the structural transition by the maximum slope in r2/r1 occurring at
660+20 K and 610+20 K for AIST and GeisSbss, respectively. We estimate the experimental
uncertainty as +20K SD in our experiment mostly caused by statistical fluctuations in the pump
fluence. A normalized version of the same error function fits the pre-peak intensity Ipp (Fig. 4B)
in S(q), which was located at g=1.08+0.02 and 1.06+0.02 A™! for AIST and Ge15Sbss,
respectively. They correspond to the formation of periodic structures in real space with 5.8 and
5.9 A, which is twice the radius of the first coordination shell r1. The periodicity is due to the
formation of alternating long and short bonds on opposite sides of a central atom, which is a
characteristic fingerprint of a Peierls distortion(41). The resulting distortion pattern forces a
pronounced reduction of g(r) around the second coordination shell due to its sensitivity to the
broadening of the distribution of bond angles. The temperature dependence of R and Ipp matches
the temperature dependence of the apparent activation energy of inverse diffusivity D~ (Fig.
4C), which corresponds to the apparent activation energy of viscosity 1 assuming the SER is
valid.

£ = dlog(Dy/D)
AT B 3(1/T)
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We derived the diffusivities (Fig. 4D) from previous measurements of the viscosity above Tm for
AIST(42) and GeisTess(43). In case of AIST, we also calculated them from the crystal growth
velocity in the supercooled liquid state(12). Due to the uncertainty regarding the validity of the
SER in the supercooled regime we prefer to provide diffusivity data, which unlike viscosity data
can be directly calculated from crystal growth velocities(9) and require the assumption of a valid
SER only for the equilibrium liquid.
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Two different temperatures characterize the transition process in R and Ipp: The inflection point
and the onset temperature, where the first deviation from the low-temperature state occurs upon
heating. This definition resulted from earlier observations of the onset of a non-Arrhenius scaling
of viscosity upon heating — the FTS crossover. It was reported as 570 K in case of AIST and in
the vicinity of the melting temperature in GeisTess. It coincides with the temperature, where in
our measurements the atomic structure reaches ~90% of R for the low-temperature state in case
of AIST and GeisTess. This temperature can be equally considered as onset of a structural
transition in a hypothetical heating experiment. In GeisSbss, it occurs at a temperature of
550420 K and at the melting point of 648 K in case of GeisTess. The inflection points on the
other hand correspond to the LLPT, which is indicated as dotted vertical lines in Fig. 4 and
occurs when the kinetic activation energy reaches about ~20% of its low temperature value. In
the non-PCM GeisTess, it occurs at To/Tm = 1.05(24, 44), while the LLPT of the PCMs AIST
and GeisSbss takes place at TLL/Tm = 0.8140.01 and 0.71+0.01, respectively.
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The role of the glass transition in the FTS crossover is still a matter of debate and leads to the
question whether the PCMs below the crossover are in a supercooled liquid or glassy state.
Orava et al. reported a strong liquid state of AIST based on Tg=378 K for a standard cooling rate
of 20 K/min(20). The kinetic data underlying this scenario, however, agree with data reported by
Salinga et al.(9) for the glass (Fig. 4D). In an alternative scenario, where the glass transition for
similar standard rates is located at 450 K(45), the diffusivity of the strong liquid is hypothetically
represented by an Arrhenius behavior (Fig. 4D) — similar to the case of GeisTess. To show that
the structural transition at TLL involves two liquid states, we need to show that the glass
transition occurs at lower temperature. Given the reported glass transition of AIST at 450 K(45)
for calorimetric heating rates of around 1 K/s, an enormous cooling rate dependence of Ty is
required to explain a transition at 660 K. This requirement, however, is in contradiction with the
invariant transition temperatures observed during the out-of-plane cooling during {ta} with

10" K/s cooling rate and the in-plane cooling during {to} with 10° K/s (Fig. S5¢). The structural
transition observed here therefore is a LLPT at temperature TLr.

Microscopic natur e of thetransition
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Liquid PCMs are commonly found to be octahedrally coordinated(46), but their corresponding
amorphous states contain several competing structural motifs. (i) Local Peierls-distortions of an
octahedral environment cause the splitting of the first coordination shell into two sub-shells with
unequal occupation of the first and second sub-shells(47). While the Peierls-distortion itself
leaves the R-parameter almost unchanged, the lower occupation of the second (larger) sub-shell
will reduce 11 and thereby increase R. This makes it impossible to distinguish this motif from an
increase caused by the formation of (ii) tetrahedral sites, possibly together with (iii) homopolar
bonds as reported for GeTe(48, 49). Therefore, we require further information on the local
structure to resolve the exact mechanism responsible for the LLPT. We performed ab initio
molecular dynamics (AIMD) simulations and verified the simulations by comparing with the
temperature dependent structure factors (Fig. S6). We reproduced with our simulations the peak
shift and the reduction of intensity. We found R was less temperature dependent, which we
attributed to the faster quench rate in the simulation (3*10'2 K/s) (13). At higher quenching rates,
the liquid falls out of equilibrium at higher temperatures, kinetically freezing-in an intermediate
state. The lack of equilibration time at each temperature step means the LLPT occurs over a
wider temperature range. Nevertheless, the trend observed in AIMD was consistent with our
experimental findings.
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In case of Ge15Sbss, 70% of the total number of bonds were formed between Sb atoms, which
dominated the local order and the scattering signal due to their higher atomic weight. Histograms
of interatomic distances from a Sb atom to its n-th nearest Sb neighbor provide further insight.
As Sb commonly is 6-fold coordinated, the histograms reflect the inner structure within the first
coordination shell. In the liquid state (Fig. 5B), all six histograms have equidistant peaks of
similar width, indicating a regular octahedral environment with regular fluctuations due to the
dynamics in the liquid state. After quenching (Fig. 5C), the n=1-3 histograms shift to shorter
distances, becoming narrower and higher. The n=4-6 histograms get separated further and retain
their width from the liquid state. This different behavior between the three shorter and three
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longer interatomic distances is evidence for the onset of a Peierls-distortion, also evident from
the angular limited bond correlation (ALTBC) plots (Figs. SE, F). The large variation of first-
neighbor distances limits the discussion of R to a qualitative level, since the sixth-nearest
neighbor distance in low-temperature Ge1sSbss (Fig. 5¢) is centered at 3.7 A, which is closer to
the center of mass for the second coordination shell (r2 = 4.2 A) than the first (r1= 2.9 A). This
means that the first and second coordination shells can no longer be resolved due to the inherent
disorder. While the Peierls-distortion alone can explain the increase in R, the bond angles around
Ge change from the octahedral value of 90° in the liquid state to a value of 105° at ambient
conditions (Fig. S14). This indicates the formation of tetrahedral sites (R=1.61 for a purely
tetrahedral structure), which also increase R. The conditions in AIST are comparable, but
tetrahedral sites are formed during the quench only around a fraction of the 4% stoichiometric In
atoms(13). Because AIST shows the same structural trend during the quench (Fig. 5A), a Peierls-
distortion must be the dominant mechanism responsible for the change in kinetic properties.
With increasing Peierls-distortion in supercooled liquid GeisSbss and AIST we also observed a
tendency of a pseudogap(50) opening in the density of states (Fig. 5D). Supercooled liquids
GeisTess(51), As2Ses(52) and As2Tes(53) indeed undergo a metal-semiconductor transition
during the quench, accompanied by a maximum of the thermodynamic response functions (e.g.
Cyp, ap, and kr), indicative of a fragile-to-strong crossover. Also the pseudogap of liquid
Ge2SbaTes exhibits an opening tendency during the quench, suggesting that it might also show a
LLPT in the supercooled liquid regime(54).

Discussion and Conclusion

We combine our observations and modelling to derive information on the change of the bonding
mechanism underlying the LLPT. In the equilibrium liquid state, the metallic bonds are non-
directional with a relatively low activation energy of viscosity. The formation of Peierls-
distortions during the quench localizes electronic charge between the atoms, constraining bond
angles and increasing the activation energy of viscosity. The tendency to form a Peierls-
distortion in the crystalline state is in fact one of the characteristic attributes of PCMs, which are
classified as incipient metals due to the sensitivity of their electronic localization on the
distortion amplitude(55, 56).

In conclusion, ultrafast X-ray diffraction after short pulse excitation provides access to the
atomic structure of PCMs over the entire melt-quench cycle without interference of
crystallization. The resulting diffraction data reveal a structural LLPT in AIST and GeisSbss. We
used AIMD simulations to show that this LLPT in both PCMs is dominated by the formation of a
Peierls-distortion, forming distinct short and long bonds and opening a pseudogap in the
electronic density of states. Our observation is consistent with earlier predictions that the atomic
energy gain by a Peierls-distortion AE, < kgT,(57), since we show that the distortion is formed
at Ty, which implies AE,, ~ kgT),,,. The temperature-dependent structural parameters correlate
with the apparent activation energy of viscosity, which suggests that the LLPT is responsible for
the FTS crossover previously reported in AIST. The kinetic transition associated with the FTS
crossover has important implications for the application of PCMs in memory devices: The low
kinetic activation energy of the high-temperature liquid ensures that the high atomic mobility of
the equilibrium liquid is available for crystallization, i.e. for temperatures between Tm and TLL.
At temperatures below the LLPT, the Peierls-distortion localizes charge and stabilizes the
amorphous atomic structure, which increases the kinetic activation energy and rapidly reduces
the atomic mobility during the quench — enabling the formation of a stable glass at ambient
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conditions. A material with lower TLL/Tm therefore offers a wider temperature window between
TrL and Tm, where fast crystallization is possible and explains why AIST and GeisSbss are
PCMs, while GeisTess is not. Our results offer a new strategy for the design of improved PCMs
for specialized memory applications — based on the atomic bonding mechanism in these
materials.

Figure captions

Fig. 1. Evolution of the atomic structure of AIST during the melt-quench, resolved in
reciprocal space. (A) We show the structure factor S(q) of AIST after optical excitation with

24 mJ/cm? throughout the entire melt-quench cycle from the initial as-deposited amorphous state
(B) to the final crystalline state (C). The atomic structure factors of the initial and final states are
in good agreement with reference data from total neutron scattering (ND) and literature values
for the crystalline structure (D& E). Femtosecond X-ray diffraction enables resolving an
intermediate structural phase transition in the disordered state of AIST, as seen by the change in
the ratio q2/q1 corresponding to a shift of reflections after few picoseconds and again after few
nanoseconds (F). The fluence dependence of the average q2/qi after 10 to 100 ps shows an onset
of the phase transition at 12 mJ/cm? (G), indicated also in panel (A) by white horizontal arrows.

Fig. 2. Temporal evolution of the average temperatureinside AIST (red curves) and
GesShss (blue curves) for different optical excitation conditions. We identified two intervals
(grey areas), one between 10 and 100 ps {ta} and the other between 10 and 30 ns {tv}, during
which the temperature is stable within 10%. These time scales are associated with two thermal
transport conditions, schematically depicted as insets (yellow arrows denote the main direction
of heat flow) and are caused by the high aspect ratio of the samples.

Fig. 3. The averagelocal structurein AIST and GeisSbss during the melt-quench. (A) shows
the atomic pair correlation functions g(r) of AIST as a function of time after optical excitation
with 24 mJ/cm?. The structural transition is most clearly evidenced by a transient shift of the first
coordination shell 11 to longer distances between =1 ps and =5 ns, much before the onset of
crystallization =5 pus. Consequently, the structural parameter r2/r1 for AIST (B) and Ge15Sbss (C)
decreases and stays at the high-temperature value of 1.36 for several nanoseconds when the
fluence is sufficiently high. In case crystallization is avoided at low pump fluences below 14.5
mJ/cm?, r2/r1 eventually returns to its initial values (1.51+0.01 in case of AIST) in the final
amorphous solid state, when ambient temperature is restored.

Fig. 4. The structural parameter R=r./r1 (A), theintensity of a pre-peak (B) and the
apparent activation ener gy of diffusivity (C) correlatein case of AIST. (A) The ratio of
second and first coordination shell radii, r2/r1, shows a transition for the two PCMs AIST (red)
and GeisSbss (blue) in the supercooled regime, both refined by an error function as guide to the
eye and to determine the structural transition temperatures Trr (inflexion points) of 660 and 610
K, respectively, visualized by vertical dotted lines. Vertical dashed lines represent the
temperature, where ~90% of the low temperature structure are reached and coincide with the
FTS crossover temperature. Crosses and circles denote the data points obtained from{ta} and
{tv}, respectively, while triangles are obtained from the initial structures. A similar transition was
reported for GeisTess (grey) at the melting point(24). (B) Simultaneously, a pre-peak is formed,
which is related to additional MRO caused by a Peierls distortion. The structural parameters are
found to correlate with an increase of the apparent activation energy Ea of inverse diffusivity
(C). The latter data are derived from measurements of viscosity above Tm (crosses(43)) and from
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crystal growth velocities in the supercooled liquid (triangles(12)) and glassy regime (circles(9)
and squares(58)), as shown in (D). The solid line corresponds to the model proposed by Orava et
al. describing the FTS crossover between two liquids(20). Glass transition temperatures
(diamonds) are shown for GeisTess(59) and for AIST(45), for which literature values show a
wide spread.

Fig. 5. AIMD simulations of melt-quenching GeisSbss and AIST show the onset of Peierls-
distortions upon cooling. (A) We observed R to increase continuously during the quench with
initial and final values similar to experimental values, except that the transition is wider in the
simulation due to the higher quench rate. (B, C) Nearest neighbor histograms of Sb atoms in
GeisSbss show a continuous six-fold coordination in the high temperature liquid state, whereas
they split into three short and three more widely spaced distances in the quenched phase. (D) We
observed the opening of a pseudogap during the quench in GeisSbss, but also in AIST (data not
shown). (E, F) ALTBC plots provide evidence for the formation of a Peierls-distortion by
including only the interatomic distances on opposite sides of Sb atoms.
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Supplementary Materials:
Methods and Materials
Figures S1-S27

Tables S1-S3

Methodsand Materials

Optical pump, X-ray probe experiments were performed at the X-ray Pump Probe (XPP)
instrument of the Linac Coherent Light Source (LCLS) of the Stanford Linear Accelerator
Center (SLAC). The experimental setup is depicted schematically in Fig. S1. Frames of SizN4
membranes with thickness of 50 nm (AIST) and 150 nm (GeisSbss) were coated with 50 and 60
nm thick films of the respective phase-change materials (PCMs) by means of sputter deposition
from stoichiometric targets. After each interaction with an optical or X-ray pulse, the sample was
translated such that a fresh square membrane, each with 300 um size was centered on the
interaction point of both beams. The optical excitation was conducted using 50 fs duration laser
pulses from a Ti:Sapphire chirped pulse amplifier with 800 nm wavelength. The thin film sample
was pumped at a small angle less than 10° against normal incidence. The pump spot size was
about 150 um full width at half maximum (FWHM) intensity in diameter 1/e as determined by
the imprinting technique. The X-ray probe beam with center wavelength of 1.305 A was incident
normal to the sample film and was focused by beryllium lenses to a spot size of 30 pum FWHM.
Both beams interacted with the sample which was held at an ambient temperature of about 298 K

16



10

15

20

25

30

SCience Revised Manuscript

RYAAAS

in vacuum. A MarCCD 2D area detector was used to record the X-ray diffraction pattern from
each X-ray probe pulse individually.

Vacuum chamber

Area detector

pump: |
(MarCCD SX165)

1.55eV, 60 fs
150 um FWHM
10-30 mJ/cm?

membranes of Si;N,
coated with PCM

Fig. S1. The experimental setup at the XPP instrument of LCLS is
shown schematically.

To demonstrate the impact of the short available g-range, limited by the photon energies
available at free electron lasers (FELs) so far, we compare in Fig. S2 the diffraction data of as-
deposited AIST obtained in the present experiment (green curve) with those obtained by neutron
total scattering at the D4 instrument of the Institut Laue-Langevin (ILL), see the purple curve in
Fig. S2. Details on the neutron total scattering experiment are available in section II of the SI. Up
to 4 Al the diffraction data obtained with both techniques are very similar - as expected
considering the similar ratio of neutron and X-ray cross sections of Sb and Te. Since the neutron
diffraction data reveal oscillations in the structure factor extending up to almost 20 A™!, we can
demonstrate the impact of the limited g-range at ambient conditions in Fig. S2b. At elevated
temperatures, the Debye Waller factor acts dominantly on the high-q part of the structure factor
and thereby further reduces the importance of the higher g-range missing in the X-ray data. The
pair correlation function obtained by neutron total scattering resolves additional features within
the second coordination shell (see Fig. S2b), but most importantly the center of mass of the first
and second coordination shells can be extracted from the X-ray data despite the limited q-range.
From the neutron total scattering data, one obtains for the as-deposited amorphous state of AIST
R=1.5120.01 with the first distance at r1=2.84 A and the second at r2=4.28 A. This number is in
good agreement with the value obtained from the X-ray data for the initial state, R=1.51+0.01 for
AIST, as well as Gei1sSbss (R=1.524+0.01, data not shown here).

Using the D4 neutron diffractometer(60) at the Institut Laue-Langevin (ILL) in Grenoble
(France), all neutron total scattering experiments were performed on as-deposited amorphous
samples, obtained by scratching films of about 500 nm thickness from silica glass slides. The
powder is then filled into quartz capillaries of 10 pm wall thickness and an outer diameter of
1.9 mm. The sealed capillaries are filled such that the neutron interact with a homogeneously
filled slab of the capillary. Scattering measurements are performed with monochromatized
neutrons at 0.4976 A. Background measurements are performed with an empty capillary and
with an empty instrument. The procedure to remove the background signals and to calibrate the
raw experimental data is described elsewhere(61). Subsequently, we employ the Placzek
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correction to remove the inelastic scattering contribution and subtract the self-scattering
term(61). Further dividing by (b)?, we obtain S(q) — 1, with S(q) plotted in Fig. 2 of the main
manuscript.

3 25 .
AD
Neutr.
25 2t —— 40K |4
— 620K
2 — 700K
= =
& 15 5

1 2 3 45 10 15 20 -
(a) ain A" (b) rin A

Fig. S2 shows the impact of the limited g-range in the x-ray laser diffraction (green curve)
by comparison with neutron total scattering data extending out to 20 A (purple curve).
Additional featuresin the pair correlation function g(r) are resolved in the neutron data,
but the ratio of real space coordination shells deviates by less than 1%.

Direct evidence for the onset of a Peierls-distortion: Pre-peak in §(q)

During the quench of AIST and GeisSbss, a pre-peak becomes visible in the S(q) experimental
data in Fig. S3 at a momentum transfer of 1.08+0.02 and 1.06+0.02 A™!, respectively. They
correspond to periodic structures in real space with 5.8 and 5.9 A, respectively and match very
accurately twice the distance of the first coordination shell ri. This doubling of the atomic
periodicity implies that two opposite bonds form an alternating sequence of short and long
distances, as also revealed by the AIMD simulations and visualized by the angular-limited bond
correlation (ALTBC) plots (see Figs. S10a&b)). Both, experiment and simulation show the
presence of this distortion only in the supercooled liquid state - not in the equilibrium liquid.
This formation of an atomic distortion is driven by the energy gain due to the opening of a band
gap and corresponds to the textbook picture of such a distortion. A similar observation of a pre-
peak in S(q) in liquid materials with three p-electrons has been reported by Chiba et al., who
have investigated the equilibrium liquid phases of As, GeS, GeSe and GeTe. They equally relate
the pre-peak to a Peierls distortion, which they show can be suppressed by applying pressure(41,
62). In the S(q)'s derived from our AIMD simulations, the pre-peak is not directly visible, but
interestingly, two pre-peaks indicating an oscillation are formed at g=0.8 and 1.3 A"'in case of
Ge15Sbss and at 0.9 and 1.4 A! in case of AIST, see Fig. S6. Their periodicity of 0.5 A
originates from relatively sharp features at 12 A in real space and matches the cut-off of half the
simulation cell size used in the calculation of g(r). These oscillations in S(q) are dominating over
the small amplitude of the pre-peak observed experimentally.
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Fig. S3 shows the raw diffraction data around the pre-peak region at various temperatures,

given in Kelvin in the legend and for the as-deposited (AD) state at ambient conditions. The

dashed black line corresponds to the high T case, where no pre-peak is visible and is used as

baseline in the integration of the pre-peak intensity. Curves are stacked with a vertical
increment of 0.04.

Cubic AIST inthe" final" state

Fig. S4 shows the diffraction pattern obtained for AIST after infinite delays. At lowest fluences,
the sample does not crystallize, but remains amorphous. Crystallization of a cubic phase sets in
upon exceeding 14.5 mJ/cm?. At fluences above 23 mJ/cm?, the regular hexagonal phase of
AIST is obtained, whose reflections are included as grey vertical lines(38). No further transitions
are observed up to 40 mJ/cm?. Fluctuations in intensity of the different reflections are due to the
random orientation of larger crystalline grains. Fluctuations in momentum transfer of the
reflections are dominated by the photon energy instability due to the SASE process of the x-ray
free electron laser.

If, on the other hand, the laser fluence is not sufficiently high to induce crystallization (less than
14.5 mJ/cm?), the amorphous state is eventually restored.
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Fig. $4 shows the structure factors §q) of AIST obtained for
infinite pump probe delays ("final" state). The data reveal the
crystallization thresholds of a cubic structure at 14.5 mJ/cn? and
of the common hexagonal structure at 23 mJ/cn.
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Fig. S5 shows the thermodynamic properties used for the simulation of heat flow inside
the PCMs.

The absolute temperature for the PCMs following femtosecond optical excitation is calculated
based on finite element simulations, modeled with literature values for the thermal and dielectric
properties of all materials involved. The initial energy density deposited by the optical pulse is
calculated based on the complex dielectric function of the as-deposited amorphous PCMs(63)
and silicon nitride(64). Interference effects of reflected waves are fully considered, considering
multiple reflections via the Fresnel equations. We assume that electron-phonon scattering is
sufficiently fast, such that diffusion of photoexcited carriers can be neglected. This is justified by
the picosecond relaxation times observed in earlier all-optical pump-probe experiments(65).
Given the deposited heat density as a function of the position through the layer stack, finite
element simulations are performed to extract the average temperature of the phase-change film
as a function of time, while the heat is transferred into the membrane. These simulations consider
the temperature-dependent specific heats and thermal conductivities of all materials involved. An
additional thermal boundary resistance of 2E-8 K*m?/W is implemented to describe the interface
between the PCM and the nitride layer(66). The specific heat data and thermal conductivities are
shown in Fig. S5a.The specific heat data on SiN (red crosses)(67—70) are averaged to obtain the
data represented by the red line, which was used in the simulations. In case of PCMs, only the
specific heat of the amorphous and crystalline states is known and in the exceptional case of
AIST also for the liquid state. In our experimental case, we need to consider only the specific
heat of the disordered state - from the liquid phase to the glass. Since no information on the exact
specific heat are available for the supercooled liquid state, we approximate it based on common
models. In this specific heat, also the known enthalpy difference between the amorphous and
liquid states must be included. This is determined by subtracting the enthalpy of crystallization
for the amorphous material from the enthalpy of melting of the crystalline material. Both
quantities are known accurately from previous studies and amount to (16.1 - 4.2) kJ/mol =11.9
kJ/mol for AIST (39) and (21.5 - 4.9) kJ/mol = 16.6 kJ/mol for Gei15Sbss (71-73). These heats
are added to the specific heats linearly interpolated from literature data for AIST(39) and
GeisSbss and equally distributed over the temperature range from the crystallization temperature
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(at about 1 K/s heat rate) and the temperature of fusion, 512 and 865 K in case of GeisSbss
(74)(40) as well as 441 and 807 K for AIST (39). This results in an additional specific heat of
32.5 J/mol/K for AIST and 47.0 J/mol/K for GeisSbss. It is important to stress that the resulting
specific heat is almost constant in the temperature range from 500 to 700 K, where the liquid-
liquid phase transition is observed. Given the weak temperature-dependence of the thermal
conductivity of AIST and Ge15Sbss, at least up to 450 K, we model them with the temperature
independent value reported previously(75).

Ab Initio Molecular Dynamics Simulations

The computational results presented in this work have been obtained from ab initio models of
Gei15Sbss and AIST. The generation of the melt-quenching models is described in the section Ab
initio molecular dynamics of the main text, here we give further details on the composition,
dimension and number density of the ab initio models. The models comprise simulation cells
containing several hundred atoms and are chosen large enough to describe the structural
evolution of the two compounds upon melt-quenching reasonably well.

Compound: Composition: Dimensions: [A3] Number density: [1/A3]
GeisShes Ge: 54 atoms, 21.765%22.619x22.781 0.0321

360 atoms Sb: 306 atoms

AIST Ag: 20,In: 16, |25.979%x25.979%25.979 0.0308

540 atoms Sb: 360, Te: 144

Table S1: Compositions, cell dimensions and number densities of the ab initio models employed
to simulate the different stages of the melt-quenching process of GeisShss and AIST. The model
densities correspond to the densities of the amor phous phases of Gei1sSoss and Al ST(39).

The number densities correspond to experimental values for the amorphous phase(39) and are
kept constant throughout the whole melt-quenching process, i.e., effects of thermal
expansion/contraction are neglected. Table S1 lists the defining properties of the cells/models.

Analysisof Ab initio Data

Structure factors:

The most direct way to compare the results obtained from AIMD simulations to the experimental
scattering results is the comparison of structure factors from both sources, since then the limited
g-range of the experimental data does not cause issue upon Fourier transformation and
comparing in real space. We describe here the methods and algorithms used to calculate the
XRD structure factors based on AIMD trajectory data. In order to obtain XRD structure factors
computationally, we first calculate the partial radial distribution functions by means of creating
an interparticle distances histogram (averaged over the 2,500 MD steps or 5 ps of a single section
of the AIMD trajectory with constant setting temperature) resolved by the species of the particle
pairs counted:
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The result is a discrete set of values gqg(r), evaluated at distances ry = (k + 1/2)Ar, k =
0,1,2, ... , that is, however, treated usually as a continuous function of the radial variable ry = r
if the discretization length Ar is sufficiently small. §,g denotes the Kronecker symbol, evaluated

to 1 for identical atomic species « = {3 and equal to 0 otherwise.

AIST

G1(315551385

10 15 20 25 30 35 4010 15 20 25 30 35 40
q [1/A] q [1/A]
Fig. S6 gives a direct comparison between computationally and experimentally obtained XRD

structure factors at corresponding temperatures for both the melt-quenching process of Ge1sSbss
and AIST. A qualitative agreement is obvious.

From the partial radial distributions, we calculate in the next step the partial structure factors by
means of a Fourier transform, following the notation by Faber and Ziman (FZ)(76, 77), and get

Sgé(q) =1+ 41'tpf drr? sin(ar) (8™ — 1)

qr
The total (XRD) structure factor is then obtained summing up the weighted partial contributions
according to

S(q) = 1+ z cafacaf3 (S%(q) — 1)
af
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S(q) =

where ¢, = N, /N gives the fraction of atoms of species « in terms of the total number of atoms
and f, is the atomic form factor of species a. The latter quantity is estimated via

fo = £Q + fllenke — 7,

where f? is the q-dependent scattering factor(78) obtained from integration of the electronic
charge density, fie"k¢ = f1 +if2 is calculated from tabulated, energy dependent values(79) and
Z 1s the atomic number of species a. Applying the described scheme to both GeisSbss and AIST
data for sections of the AIMD trajectory with average temperatures as close as possible to the
temperatures of the scattering experiments and plotting the corresponding structure factors from
both sources together results in the curves displayed in Fig. S6. We observe a qualitative
agreement between scattering experiments and computational results for both compounds at all
temperatures considered, supporting the assumption that the AIMD simulations provide valid
models of the atomic structure of Gei1sSbss and AIST and its evolution during melt-quenching.

For a reasonable analysis of the local coordination, bonds, bond motifs and bond angles, it is
necessary to choose the radial cutoffs consistently first. Throughout the entire analysis of AIMD
trajectory data in this study, the cutoff values given in Table S2 are used to distinguish bonds
from unbonded atom pairs. The cutoffs are chosen as the positions of the first minima of the
respective partial radial distribution functions for all cases where this value does not exceed the
position of the first minimum of the total radial distribution function. Otherwise, the position of
the first minimum of the total radial distribution function is used as the cutoff for the respective
species pair. In case this total cutoff turns out to be larger than 3.40 A, the latter value is used as
a threshold to all the partial radial cutoffs. This situation holds for all partial cutoffs applied in
the analysis of the melt-quenching of AIST, as the table shows.

Compound |Species pairs and cutoffs in A
(first minima positions in A)

GeisShgs | Ge-Ge: Ge-Sb: Sb-Sb:
total:
3275 3.025 3.225 3.275

AIST Ag-Ag |Ag-In |Ag-Sb Ag-Te |In-In  |In-Sb |In-Te |Sb-Sb Sb-Te |Te-Te
total:
3.40 340 (340 340 340 (340 (340 340 (340 (340 (3.40

(3.595) (3.785)[(4.055) (3.525) |(3.605) |(4.785)((3.545) (3.765) |(3.595) |(3.775) | (5.445)

Table S2: Radial cutoffs applied in the analysis of various structural properties. The positions of
the first minima extracted from the partial radial distributions are printed in brackets where they
differ fromthe applied cutoffs.

Pair correlation functions:
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The atomic partial pair correlation functions, shown in Figs. S7&8 for the cases of GeisSbss and
AIST, respectively, confirm that the first coordination shell around the majority element (Sb)
decreases significantly during the quench. The Sb-Sb correlation in GeisSbss, shown in Fig. S7
confirms in particular that r1 shifts from 3.05 A in the liquid state at 834 K to 2.94 A at ambient
conditions, consistent with the experimental observation.

— T—20335K — T—45444K — T—71207K
— T—3047TK — T=58087K T — 834.25 K
3.5 T T
3.0 : : ‘
25
2.0
15
1.0
05
0.0

i Ji

i L \ i 0
4 6 8 10

Fig. S7. Total and partial pair correlation functions of Gei1sSoss, showing the decrease of r1
during the quench as well as the pronounced changed of amplitude in g(r) around r2.
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Fig. 8. Total and partial pair correlation functions of AlST, showing the decrease of r1 during
the quench as well as the pronounced changed of amplitude in g(r) around r2.

Bond number statistics:

The most basic structural property directly obtainable from AIMD trajectory data, which still
gives a good insight into bonding properties, are the partial bond numbers. The analysis is a
simple counting of atom pairs, approving their distance fulfills the cutoffs specified in Table S2
and accounting for them depending on the species of the atom pairs sampled. Averages over a
number of 2,500 MD steps (or 5 ps, respectively) give the ratio of partial to total bond number,
as plotted in Figs. S6a, b&c as function of the effective simulation temperature along the AIMD
melt-quenching trajectory. The partial bond numbers for minority-minority species pairs, i.e. Ag-
Ag, Ag-In and In-In, are not depicted because of their negligibly small contribution to the total
number of bonds and the correspondingly bad statistics of these partials. For the melt-quenching
of GeisSbss, we obtain increasing numbers of homopolar Sb-Sb and Ge-Ge bonds, whereas the
number of Sb-Ge bonds decreases with decreasing temperature. The partial bond numbers stay
almost constant above 600 K, though fluctuating strongly, especially in the case of Ge-Ge bonds.
The fluctuations of bond numbers in the upper half of the melt-quenching temperature interval
are the strongest for Ge-Ge bonds, with approximately 10%. They are smaller for Sb-Ge bonds,
accounting for about 2%, and Sb-Sb bonds with about 1%. In contrast to the comparably strong
fluctuations in this part of the temperature range, in the lower half of the temperature range,
starting at about T = 600 K, the bond number curves start showing the defined trends ascribed
above and the fluctuations get weaker. The thereby occurring kink is located close to the
temperature of the structural transition observed in our experimental results, T = 610 K, for all
three curves. Dominant are the Sb-Sb and Sb-Ge bonds, amounting to at least 2/3 of the total
number of bonds throughout the melt-quenching process.
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Fig. S9. Temperature evolution of partial bond numbers upon melt-quenching of GeisSbes in
terms of the total number of bonds.

In the case of melt-quenching AIST, trend-changes of the bond-number-curves were observed in
a similar temperature range. Contrary to the situation discussed for GeisSbss, the majority-
majority species bond number partials are almost constant in the lower part of the investigated
temperature range, between 300 K and 600 K. The increases, found for Sb-Sb and Sb-Te bond
numbers in the upper part, between 600 K and 1000 K, are small (about 1% each), as the
reduction of Te-Te bond numbers is within 2% of the total number of bonds. However, the
number of Te-Te bonds drops by 2/3 in relative terms. The fluctuations of bond numbers are
again strong compared to the increases observed for Sb-Sb and Sb-Te bonds. The fluctuations
are comparably small for Te-Te bonds, though. Trend changes are also visible for the minority-
majority species bond number partials although it needs to be mentioned that these values are
prone to weak statistics because of the low amount of Ag and In atoms in the model (see Table
S1 for compositional details). The kink in the Ag-Sb and Ag-Te curves is therefore not
necessarily a feature of the melt-quenching process. Further investigations are needed to verify
this observation but are beyond the scope of this work. However, it is worth mentioning that this
double-kink occurs again closely to the temperature identified as the point where the structural
transition is concluded to happen in the experiment. The most obvious trend visible in the
minority-majority curves is the tendency of both Ag and In atoms to release bonds to Sb atoms in
favor of the formation of bonds with Te. Keeping in mind that the minority-majority bonds
contribute with approximately 15% to the total number of bonds these effects are not negligible.

27



SCience Revised Manuscript

RYAAAS

0.484
0.480
0.476
0.472

0.355L.......i 4"

B otal
nds/ngonds

o]

T T T T
L]
L)

0.345) . *3 .

No

54 70)| MECTSHISS ROMPMRN, SR L : : |
U U o il
00100 o ....._._',.'.._.‘..;_“.“.f, ......... o]

1100 1000 900 800 700 600 500 400 300 200
T [K]

Fig. S10. Temperature evolution of partial majority-majority bond numbers upon melt-
guenching of AIST in terms of the total number of bonds.

e o Ag-Sh o o AgTe e e« [nSb In-Te
7)(10_2'

é ; é é : X é

1100 1000 900 800 700 600 500 400 300 200
T [K]

Fig. S11. Temperature evolution of partial minority-majority bond numbers upon melt-
guenching of AIST in terms of the total number of bonds.
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Bond order parameter statistics:

In addition to simple bond numbers, we analyze the bond order configuration evolution upon
melt-quenching following the AIMD trajectory from the liquid to the amorphous phase, in the
course of which we categorize atoms by the local structural motif they are contained in. These
structural motifs are identified through evaluation of the bond order parameter(22)

NiP o NpP 5
3 1
a=ac=1-5> > (5+cos(Ow)) .

i=1 j=it+1
counted according to the categories(80) summarized in Table S3 and the numbers obtained
averaged over MD step sets with constant setting temperature. Here, Oy is the angle between
distance vectors connecting an atom Kk to its nearest neighbors i and j. The summation runs over
all pairs (i,j) of atoms i,j = 1, -+, Nﬁb bound to an atom k. Again, the cutoffs from Table S2 are

applied to separate bonds from simple atom pairs with a larger inter-particle distance and we
average over 5 ps for every single data point of the temperature evolution obtained.

Motif: 3-fold 4-fold 5-fold 6-fold 4-fold others
defective defective defective octahedral |tetrahedral
octahedral octahedral octahedral
g- 0.8<g<1.0 05<qg<0.8 [0.1<q<0.5 -0.1<g< |0.8<q<1.0 |otherq
Parameter: |(<7/8) (=5/8) (=1/3) 0.1 (=1) values
(=0)

Table S3: The different local bond motifs and associated ranges of the g parameter. Motif
characteristic g-values(80) are given in brackets below the corresponding g-intervals.

The results of this procedure, applied to the GeisSbss AIMD trajectory, are displayed in Fig. S12.
Sb atoms in this compound tend to enhance coordination in 3- and 4-fold defective octahedral
motifs as temperature decreases, the share of 5-fold defective octahedral structures does not obey
any clear trend and 6-fold octahedra are rare. As Sb does not have any preference for tetrahedral
coordination, the number of Sb-centered tetrahedra is small as well. On the contrary, the fraction
of Ge tetrahedra increases up to 70% of all Ge atoms during melt-quenching, starting from a low
level of about 10% at high temperature. The number of atoms in defective octahedral
coordination becomes less. The fraction of 6-fold octahedra increases but the absolute number
stays small throughout the melt-quenching. The number of both Sb and Ge atoms collected under
the tag ’others’ gets massively reduced as the order of the system enhances and increasingly
many atoms fall under the ordered (defective) octahedral and tetrahedral coordination categories.
Again, we obtain signatures of a structural transition at around 600 K. For Sb, the slope of the of
3-fold defective octahedral curve increases, an inflection point of the 4-fold defective octahedra
curve occurs, and the 5-fold defective octahedra curve shows a maximum around this
temperature. Regarding the Ge-centered configurations, the inclination of the tetrahedra fraction
curve increases, the 4-fold defective octahedra curve starts dropping, and the evolution of the 5-
fold defective octahedra reveals a maximum in this temperature region.
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Fig. S12. Fractions of atoms centered in the different local bonding motifsin terms of the total
number of atoms of the corresponding species. Displayed are the curves obtained from AIMD
trajectories of the melt-quenching of GeisSbss, separated by species.

The results obtained for AIST, resolved by the contributing species, are depicted in Fig. S13.
First considering the graphs plotted for the majority species Sb and Te, clear trends regarding the
defective octahedral motifs are visible. The fraction of 3- and 4-fold defective octahedra
increases for both Sb- and Te-centered motifs, whereas the evolution of the 5-fold defective
octahedra contribution is converse, though weak in the case of Te. The 6-fold octahedral and
tetrahedral contributions from both Sb and Te atoms are relatively small and stay below 10%
during the melt-quenching. Again, the reduction of the number of atoms in a coordination apart
from the categories (defective) octahedral and tetrahedral, termed ‘others’, underlines the
increase of order upon cooling. In AIST, the 4- and 5-fold defective octahedra dominate with
about 60% contribution for Sb compared to the situation in Gei1sSbss where the 3- and 4-fold
defective octahedra accumulating to about 3/4 of the Sb atoms are predominant. Possible signs of
structural transition in the evolution of the different bond motifs are less pronounced than seen
above for the melt-quenching of Ge1sSbss. Referring to the observation of a transition at around
660 K and comparing to the indicators of structural transition observed in the case of GeisSbss,
possible signs of a transition are visible in the curves of Sb and Te. The 4- and 5-fold octahedra
curves of Sb reveal points of inflection in the temperature range between 600 K and 700 K, the
growth of the number of 3-fold Sb-octahedra accelerates here. Points of inflection can also be
observed in this temperature interval in the 3- and 4-fold defective octahedra curves.
Furthermore, the number of 5-fold defective octahedra is almost constant above 660 K but starts
dropping slightly below it. Turning to the minority species now, the variations of the data points
are larger due to the smaller number of Ag and In atoms (both less than 4%) in our AIST
composition. The non-ordered Ag atoms show the largest contribution, though decreasing, which
is approached upon melt-quenching only by the fraction of 5-fold defective Ag-octahedra. These
two contributions accumulate to about 80% of all Ag atoms. The fractions of 4-fold defective Ag
octahedra and tetrahedra increase weakly and reach about 10% each at room temperature. 3-fold
defective and 6-fold Ag octahedra contribute only weakly. For the fractions of In atoms, we
observe a decrease of 3- and 4-fold defective octahedra. Contrarily, 5-fold defective and
tetrahedral coordination is enhanced and accumulates to ca. 70% after melt-quenching. The
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number of 6-fold octahedra increases, too, but amounts to less than 5% of all In atoms. The
number of non-ordered atoms drops from 50% to 10%. Overall, we see stronger fluctuations than
observed for the case of Ag. Indicators for a structural transition in the vicinity of 660 K are also
present for the minority species. Regarding Ag, the number of atoms categorized as ‘others’
begins to decrease significantly between 700 and 600 K. Correspondingly, the fraction of 5-fold
defective Ag octahedra starts to increase. Other possible trends suffer from weak statistics.
Although the data points plotted for In-centered motifs show stronger fluctuations, signs of a
structural transition are also visible here: 3- and 4-fold defective In octahedra reduce their
contribution starting from a temperature slightly above 600 K downwards, both the strong
increase of 5-fold defective In octahedra and the significant increase of In tetrahedra begin
between 700 and 600 K. Interpretations of a few single curves might not seem to be a reliable
source for the conclusion of a structural transition. However, the fact that we observe changes of
the bond coordination upon melt-quenching in most of the different evolution curves for both
GeisSbss and AIST at the respective transition temperatures found in our experiments and the

further analysis of AIMD trajectory data support the conclusion of a connection.
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Fig. S13. Fractions of atoms in the different local bonding motifs in terms of the total number of
atoms of the corresponding species. Displayed are the curves obtained from AIMD trajectories
of the melt-quenching of AIST, separated by species.

Bond angle distributions (BADs):
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In addition to the structural properties discussed so far in this supplement, being functions of the
inter-particle distance, we calculate bond-angle distributions (BADs). Again, bonds are identified
applying the cutoffs listed in Table S2. The sections selected from the AIMD trajectory, and
therefore the temperature sets, are the same as those analyzed with respect to the structure
factors. The families of curves plotted in Fig. S14 to S16 correspond to temperatures averaged
over 2,500 MD steps (5 ps) from the respective sections and are depicted with colors ranging
from yellow to black representing the cool down from highest to lowest temperature along the
melt-quenching trajectory. In case of GeisSbss, shown in Fig. S14, we observe a shift of the main
peak from about 90° to 95° during melt-quenching in the total BAD. The Sb-resolved
contribution to the total BAD only shows a less pronounced shift of the central peak from ca. 90°
to slightly larger bond angles, whereas the contribution from Ge-centered atom triples results in a
main peak which moves more heavily from around 100° to about 109° upon melt-quenching.
The latter observation is indicative of considerable and even increasing tetrahedral coordination
of Ge atoms in the melt-quenching of GeisSbss. The main maximum of the Sb-BAD stays close
to 90°, indicating that Sb retains its octahedral coordination throughout the melt-quenching. This
conclusion is supported furthermore by the transformation of the shoulder above 140° at highest
temperature into a local maximum at about 160° at room temperature, an indicator of almost
aligned atom triplets. No pronounced local maximum was observed in the BAD of Ge in the
large bond angle region since Ge prefers tetrahedral coordination. Shoulders close to 60° present
in all three BADs vanish upon melt-quenching. Overall, the BADs get narrower following the
trends of enhanced (defective) octahedral and tetrahedral ordering. The situation looks similar
for the melt-quench process of AIST. Considering the total and the BADs of the majority species
Sb and Te displayed in Fig. S15, we see that the main peaks have bond angles around 90°
throughout the melt-quench, without any apparent trend of shifting. The shoulders at about 60°
almost vanish. The Sb contribution develops a local maximum above 160° from the shoulder in
the range of large bond angles. The shoulder of the Te BAD gets lower and almost becomes a
plateau upon cooling. Both the maximum and the shoulder support the existence of almost
aligned chains of atoms in AIST. Altogether, the predominant coordination of AIST is therefore
octahedral. Since the total BAD does not display any indication of tetrahedral order,
contributions to the BAD from Ag and In, depicted in Fig.S8c, do not disturb the overall
octahedral coordination noticeably. Although the minority species amount to less than 7% of the
number of atoms, we calculate the corresponding BADs for the sake of completeness and to
estimate the influence on the total BAD directly. First of all, the limited number of minority
atoms results in bad statistics and trends are therefore difficult to recognize from the minority
BADs. The contribution to the Ag BAD around 60° decreases and forms a shoulder at lowest
temperature. Around 90°, the main peak raises but the distribution stays comparably broad even
at room temperature. The BAD of In reveals a significantly narrower main maximum even at
largest temperature, centered at around 95°. Its position shifts first to a lower bond angle of about
90° at approximately 530 K and then shifts in the opposite direction again, before reaching an
angular value of around 100° at room temperature. The latter peak position is indicative of a
considerable fraction of In atoms in tetrahedral coordination at lowest temperature. The
preference of In to form tetrahedra does not significantly affect the aforementioned octahedral
character of AIST during melt-quenching because of the small number of In atoms in our model.
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Fig. S14. Total and species-centered bond angle distributions of melt-quenching Gei1sSoss. The
temperatures correspond to the ones of the structure factor comparison from Fig. S5, left

subplot.
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Fig. S15. Total and majority-species-centered bond angle distributions of melt-quenching AIST.
The temperatures are the same as in the structure factor comparison from Fig. S5, right subplot.
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Fig. S16. Minority-species-centered bond angle distributions of melt-quenching AIST
corresponding to the total and majority-species-centered distributions displayed in Fig. S15.

Nearest neighbor histograms:

In addition to the analysis of the bond-specific structural properties presented above, we
investigate distributions of the nearest neighbor distances in the following. For each of the N, =
6 nearest neighbors of an atom, we establish a histogram which records its distance to the
reference atom. Averaging over all atoms in the cell and the 2,500 MD frames (5 ps) of the
respective AIMD trajectory section gives the nearest neighbor histograms displayed in Figs. S9a)
to S9f) as function of melt-quenching temperature. The AIMD sections are the same selection
already used to calculate the structure factors of Fig. S6. The melt-quenching evolution of the
total nearest neighbor histograms of GeisSbss is shown in Fig. S17 and results for the
temperature sets of 897 K and 297 K are also part of Fig. 5 in the main text. There is one subplot
for each nearest neighbor order. Histograms for different temperatures are distinguished by curve
color, starting with yellow at highest and ranging down to black at lowest temperature. Of
course, the centers of the histogram groups shift to larger distances with increasing nearest
neighbor order. While the first nearest neighbor histograms concentrate at distances to the
reference atom of about 2.8 A, the sixth nearest neighbor histograms are peaked at distances
larger than 3.5 A. Overlaps between histograms of different orders are obvious. However, the
most interesting feature of the total nearest neighbor histograms of GeisSbss for our study is the
movement of the narrowing peaks of the orders 1, 2, and 3 to shorter distances while fourth,
fifth, and sixth order peaks retain their width and move to wider distances. This gives a clear
separation into two 3-member groups upon melt-quenching that indicates the onset of Peierls-
distortion. The aforementioned main feature of the total nearest neighbor histogram is
reproduced to full extent by the contributions from nearest neighbors of Sb, the Sb nearest
neighbor histograms depicted in Fig. S18. The contribution from Ge nearest neighbors, as shown
in Fig. S19, is responsible for low temperature shoulders and local maxima of the first to fourth
order histograms at distances lower than the positions of the main peaks. Furthermore, the partial
histograms of Ge at room temperature reveal a 4+2 grouping of nearest neighbor orders rather
than the 3+3 grouping of the Sb histograms. This separation is indicative of tetrahedrally
coordinated Ge atoms.
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Fig. S17. Total nearest-neighbor histograms of Gei1sSbss as obtained from analysis of AIMD
melt-quenching trajectory sections. These sections are the same as those analyzed to obtain the
structure factorsin Fig. $6, left side.
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Fig. S18. Sb-centered nearest-neighbor histograms of melt-quenching GeisSoss. These
distributions give the major contribution to the corresponding total distributions shown in Fig.
S17.
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Fig. S19. Ge-centered nearest-neighbor histograms of melt-quenching GeisSbess.

Together with the distributions displayed in Fig. S18, they give a comprehensive picture of the
local structural changes upon melt-quenching.

The situation observed in case of AIST upon melt-quenching is similar. Again, it is self-evident
that the higher the nearest neighbor order of the histogram, the larger becomes the distance at
which the histogram is centered. In agreement with our observation for GeisSbss, we get a
pronounced 3+3 splitting for the total nearest neighbor histograms of melt-quenching AIST when
cooling down the system to room temperature, as shown in Fig. S20. The peaks of the first three
orders become increasingly narrow and higher, whereas the width of the fourth to sixth order is
almost conserved, but the height reduces. However, due to a slight left-shift and increasing width
at room temperature, the trend of the fourth order peak is less clear compared to the one obtained
for GeisSbss. The shapes of the histograms depicted for nearest neighbors of Sb in AIST in Fig.
S21 are even closer to the ones of the total histograms than seen above for the case of GeisSbss.
The important feature of peak separation, indicating Peierls-distortion, is similarly pronounced in
both total and Sb nearest neighbor histograms. However, the maxima of the Sb histograms are
higher throughout the melt-quenching process for almost all orders. The origin of this difference
is to be found in the nearest neighbor histograms of Te, Fig. S22. Here, a 2+4 splitting is
dominant, appended by a weaker 3+3 separation: the first and second maxima move to shorter
distances, the third one changes weakly only in its shape, and starting from the fourth order, the
peaks shift to larger distances upon melt-quenching. Te amounts to about 27% of the atoms in
our AIMD model and, as the comparison between total and Sb nearest neighbor histograms
shows, does not alter the octahedral character or the trend of increasing Peierls-distortion upon
melt-quenching AIST. An effect from the minority species Ag (with 3.7%) and In (with 3%) is
not possible as well.
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Fig. S20. Total nearest-neighbor histograms of AIST as obtained from analysis of AIMD melt-
guenching trajectory sections. These sections are the same as those analyzed to obtain the

structure factorsin Fig. $b, right side.
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Fig. S21. Sb-centered nearest-neighbor histograms of melt-quenching AIST.
These distributions give the major contribution to the corresponding total distributions shown in

Fig. S20.
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Fig. S22. Te-centered nearest-neighbor histograms of melt-quenching AIST.
Together with the distributions displayed in Fig. S21, the majority species contributions to the
local structural changes upon melt-quenching are covered.

5 Angular-limited three-body correlations (ALTBCs):

The correlation functions discussed so far in this supplement deal with one-dimensional
properties. In order to elucidate possible correlations between structural properties directly, we
are dependent on two-dimensional correlation functions. As such, a spatial three-body
distribution provides us with the ability to shed light on possible correlations between inter-

10 particle distances in the system under consideration. Restricting the angle separating the two
distance vectors from a straight line to an upper limit customizes the (unrestricted) three-body
correlation function to the angular-limited three-body correlation (ALTBC) function. The
ALTBC reveals possible correlations between two almost aligned distance vectors (or bonds,
respectively). A schematic of a bond configuration captured by the ALTBC is displayed in Fig.

15 S23. 9, = 25° is the limiting angle parameter and r g and rpc are the inter-particle distance
variables of the two-dimensional symmetric distribution.

Fig. S23: Schematic of an atom triple taken into account by the ALTBC function.

The ALTBC:s are averaged over all atomic triplets and the selected AIMD sections of 2,500 (5
20 ps) length each. Local maxima of the ALTBC outside the main diagonal indicate almost aligned,
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alternating short and long inter-particle distance vectors which are considered as bonds if they
match the cutoffs from Table S2. The resulting species concentrated ALTBCs of melt-quenching
Geis5Sbss for both the liquid and the amorphous phase are depicted in Fig. S24. The subplots on
the left are the same as those displayed in Fig. Se&f of the main text except for the color scales
which are fixed between the two temperatures to simplify the investigation of the ALTBC
evolution. At a temperature of about 900 K, both distributions display a single broad peak with
connected arms along the plot axes. The maxima split into two clearly separated peaks each,
line-like distortions indicated by their positions (rig*, rge*), with rig: # rge. The peaks of the
Sb-centered ALTBC correlate distances of ca. 2.9 and 3.3 A which are in the wider range bond
lengths specified by the cutoff values of Sb bonds. Therefore, the peak separation supports the
conclusion of enhancing Peierls distortion. In the case of the Ge-centered ALTBCs, however, we
obtain correlated distances of 2.7 and 3.9 A. The shorter distance corresponds to a bond, whereas
the longer distance is far beyond the cutoffs specified in Table S2 for Ge bonds. This
observation agrees with the tendency of Ge to form tetrahedra in GeisSbss and other PCMs(48)
upon melt-quenching. Since two bonds from a (Ge-centered) tetrahedron are far from being
aligned, they do not contribute to the ALTBC distributions. The value of 3.9 A found here
corresponds to the distance vector between a Ge and a second order shell atom, in alignment to a
bond of 2.7 A length.
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Fig. S24. Ge- and Sb-centered ALTBC functions of Gei1sSoss in the liquid (upper row) and
amor phous (melt-quenched, lower row) phase as obtained from AIMD simulations.

The initial shape of the Sb-concentrated ALTBC of AIST in the liquid phase looks like the one
obtained for GeisSbss. The melt-quenched AIST, however, does not show two clearly separated
maxima, but a broad ‘L-shaped’ peak. The consequence is that inter-particle distances in the
range between about 3.0 and 3.5 A are significantly inter-correlated. Most distances from this
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range fall below the cutoff of 3.4 A specified in Table S2 and correspond to bonds. The Peierls
distortion separates short and long bonds less strictly but it is still a pronounced feature of the
Sb-centered ALTBC in melt-quenched AIST. The Te-centered ALTBC displays a clear split-up
into two peaks corresponding to inter-correlated distances of about 2.9 and 3.5 A. Both distances
lie in the wider range of the cutoffs from Table S2. However, since its tail ranges to distances
significantly above the bonding cutoffs, a relatively large portion of the peak does not contribute
to the Te bonds. Collecting contributions from both Sb and Te, the ALTBC distributions indicate
a pronounced onset of a Peierls distortion upon melt-quenching AIST.
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Fig. S25. Majority-species-centered ALTBC functions of AIST in the liquid (upper row) and
amor phous (melt-quenched, lower row) phase as obtained from AIMD simulations.

Electronic density of states (DOS):

In addition to the analysis of structural properties, a qualitative evaluation of the electronic
properties is given in the following. Average electronic density of states (DOS) of GeisSbss and
AIST are calculated along the melt-quenching AIMD trajectory. For a set of temperatures
ranging between the liquid via the supercooled liquid down to the amorphous phase, AIMD
configurations have been extracted from the melt-quenching trajectory and carefully equilibrated
at the respective temperatures listed in the legends of Figs. S11a&b. Sets of 20 MD frames each
have been extracted from AIMD production runs performed for the single temperatures. The
DOS have been calculated for the single frames from these sets by means of optimization of the
electronic degrees of freedom and averaged over the single-frame DOS results. The resulting
averaged total and projected DOS of melt-quenching GeisSbss are depicted in Fig. S26.
Apparently, a pseudo-gap opens in the total DOS in the vicinity of the Fermi level, with
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contributions (lower row of Fig. S26) from both the Sb- and Ge-projected DOS according to the
Ge and Sb share of atoms in the model. The total DOS is represented with an additional zoom-in
plot to elucidate its evolution upon melt-quenching in detail. A significant opening of the
pseudo-gap is visible here from ca. 730 K downwards. The evolution of the total DOS is

Revised Manuscript

5 essentially the same in the case of melt-quenching AIST, as shown in Fig. S27. The onset of the
pseudo-gap becomes apparent from about 750 K down to lower temperatures. The pseudo-gaps
evolving in Ge1sSbss and AIST both amount to about 50% of the respective high temperature
level of the DOS at Fermi level.
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10 Fig. S26. Average electronic density of states (DOS) of GeisSoss along the melt-quenching

AIMD trajectory.
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Fig. S27. Total electronic density of states (DOS) of AIST along the melt-quenching AIMD
trajectory, wide energy range and zoomin plot.
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