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Breakdown of the Stokes-Einstein relation above the
melting temperature in a liquid phase-change material

Shuai Wei'#, Zach Evenson?, Moritz Stolpe®*, Pierre Lucas®, C. Austen Angell®*

The dynamic properties of liquid phase-change materials (PCMs), such as viscosity n and the atomic self-diffusion
coefficient D, play an essential role in the ultrafast phase switching behavior of novel nonvolatile phase-change
memory applications. To connect n to D, the Stokes-Einstein relation (SER) is commonly assumed to be valid at
high temperatures near or above the melting temperature T,,, and is often used for assessing liquid fragility (or
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crystal growth velocity) of technologically important PCMs. However, using quasi-elastic neutron scattering, we
provide experimental evidence for a breakdown of the SER even at temperatures above T,, in the high-atomic
mobility state of a PCM, Ge Sb,Te,. This implies that although viscosity may have strongly increased during
cooling, diffusivity can remain high owing to early decoupling, being a favorable feature for the fast phase
switching behavior of the high-fluidity PCM. We discuss the origin of the observation and propose the possible
connection to a metal-semiconductor and fragile-strong transition hidden below T,,,.

INTRODUCTION

Phase-change materials (PCMs) can be reversibly switched between
their glassy and crystalline states by heating with a voltage or laser
pulse (1). The strong optical/electrical contrast between these two
states makes PCMs highly interesting for data storage applications
(e.g., encoding “0” and “1”). An extremely fast phase switching on a
time scale of nanoseconds is a requirement for high read/write speed.
However, the fast atomic dynamics inherent to PCMs seems to be at
odds with the concomitant requirement of good amorphous phase
stability for data retention (I). Typical PCMs include the Ge-Sb-Te
alloys, especially those along the GeTe-Sb,Te; tie line, and doped Sb,Te
alloys such as Ag-In-Sb-Te (I). Physical understanding of PCMs has
been mainly centered around features of their crystalline states [e.g.,
bonding (2)], while the liquid-state behavior was considered “ordinary”
or less explored, probably because a large portion of the (supercooled)
liquid state is obscured by fast crystallization.

Requiring a critical cooling rate of ~10° K s~ for vitrification,
PCMs are generally recognized as poor glass formers. The amorphous
phase is so prone to crystallization that no glass transition (T) can be
observed in a differential scanning calorimeter (DSC) before crystal-
lization sets in upon heating (3). Thus, the broad supercooled liquid
regime, AT = Ty, — Ty, between the melting temperature (e.g., Ty, ~
903 K for Ge;Sb,Te,) and the crystallization temperature upon heat-
ing (typically Ty ~ 400 K for GeTe-Sb,Te; alloys) is experimentally
inaccessible using standard techniques. For this reason, it has been a
long-standing challenge to characterize the liquid-state behavior of
PCMs—specifically, the liquid fragility that has been recently given
much importance by Orava et al. (4). Fragility, defined as m =
dlogn/d(T/ T)|T:Tg, where T is the “standard” value (where the vis-
cosity m reaches the value 10'2 Pa-s) (5), describes the deviation of
the temperature dependence of viscosity from the Arrhenius law.
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Fragility has been recognized as a useful parameter for understand-
ing crystallization kinetics and the stability of amorphous states (6).

The Stokes-Einstein relation (SER) is frequently used to calculate n
from D (or vice versa) in technologically important PCMs at “suffi-
ciently” high temperature

D= (kg-T)/(6mry) (1)

where kg is the Boltzmann constant, T'is the absolute temperature, and
ry is the effective hydrodynamic radius. For instance, Orava et al. (4)
assumed a valid SER at T;, for deriving the absolute values of crystal
growth velocity of Ge,Sb,Tes from the Kissinger-type analysis using
ultrafast DSC data. Salinga et al. (7) used crystal growth velocity data
from laser reflectivity measurements to determine the fragility of Ag-
In-Sb-Te (m ~ 190), assuming a valid SER over a wide temperature
range well below T,,. Schumacher et al. (8) compared the experimen-
tal viscosity data for Ge,Sb,Tes at T' > Ty, to the values derived from
the SER based on simulated self-diffusion coefficients and observed a
nonnegligible discrepancy.

In general, liquids at high temperature are expected to obey the
SER, as they do not feel the energy landscape, and single-particle
dynamics follow the same temperature dependence as the collec-
tive macroscopic stress relaxation processes. When the temperature
approaches T, on cooling, D progressively decouples from n in frag-
ile liquids such as o-terphenyl (OTP), phenolphthaleine dimethyl
ether (PDE), and salol, beginning at ~1.2 T (9), supposedly due to
the dynamic heterogeneity (9). A SER breakdown in PCM GeTe was
also asserted by Sosso et al. (10) based on ab initio simulations, which
occurs in the supercooled liquid attributed to dynamic heterogeneities.
Such a breakdown in supercooled Ge,Sb,Tes and GeTe nanoparticles
was also taken into account by Chen et al. (11) and Orava et al. (4),
where the necessity of using a fractional SER to describe the super-
cooled liquid was emphasized. Also, the crystal growth kinetic co-
efficient Uy, decouples from n following the Ediger et al. relation (6)
Ugin € n_‘i* (&* < 1 depending on fragility). Detailed experimental
studies of multicomponent bulk metallic glass-forming liquids with
high atomic packing fractions (12) (¢ ~ 0.51 to 0.55) revealed a clear
breakdown of the SER close to, or even well above, the critical tem-
perature T. of mode-coupling theory (13, 14). Liquid PCMs, on the
other hand, represent p-electron bonded (15) fragile glass formers (4)
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with low atomic packing fractions (¢ ~ 0.3 to 0.4). There has been
unexpectedly little interest in, or experimental data related to, the
SER above T, for PCMs. However, the recent discussion concern-
ing the likely existence of liquid-liquid transitions (LLTs) in PCMs
suggests the probability of complex dynamical behavior, including a
breakdown of the SER in these liquids (16).

In this work, we probe the microscopic dynamics in the liquid
state of a typical PCM Ge;Sb,Te, using quasi-elastic neutron scatter-
ing (QENS), which permits direct determination of both the struc-
tural a-relaxation time (proportional to shear viscosity ) and the
self-diffusion coefficient D on the same sample under identical
conditions. Our results question the validity of the commonly used
SER in those technologically important PCMs, even well above T,
We discuss the origin of the breakdown of SER and its relation to a
possible metal-semiconductor (also fragile-strong liquid) transition
hidden below T, which may play a critical role in speeding up crys-
tallization kinetics, before restraining the atomic rearrangements
through the fragile-strong transition. The fundamental importance
of these phenomena to the technical performance of PCMs has been
stressed elsewhere (16, 17).

RESULTS

a-Relaxation time

We obtain relaxation times from the decay of the intermediate
scattering function (ISF) S(g,t), which describes the decay of micro-
scopic density fluctuations in the liquid and was obtained according
to the procedure outlined in Materials and Methods. Figure 1A shows
S(g,t) taken at the first structure factor maximum g = 2.0 A~ of the
liquid at different temperatures above T,, = 903 K. The data are best
fitted with a simple exponential function, $(¢,£)/S(¢,0) = f; exp(~t/1,),
where f; is a constant accounting for atomic vibrations and 1, is the
structural relaxation time. In the case of g, = 2.0 A™", that is, the po-
sition of the structure factor maximum, the fitting yields a collective
structural relaxation time, or a-relaxation time 1, as shown in Fig. 1B,
as the quasi-elastic signal at g arises predominantly from the coherent
scattering contribution. 1, is associated with the shear viscosity 1 in
the viscoelastic model of Maxwell, which establishes a proportional
relation via n = G..-14, Where G.. is the infinite frequency shear
modulus measured on time scales very short with respect to 1. This
proportionality has been directly tested by combining QENS and vis-
cosity measurements on various glass-forming melts (18).

Self-diffusivity

Self-diffusion coefficients were determined from the QENS signal in
the low-q range, where the signal is dominated by the incoherent
scattering of both Ge and Te atoms and reflects their single-particle
dynamics on long length and time scales. Given the incoherent cross
sections of each species and their relative concentration in the alloy
melt, the measured self-diffusion coefficient of Ge,Sb,Te, represents
a mean value weighted by roughly '/5 Ge and */5 Te (the incoherent
scattering cross section of Sb is negligibly small). As shown in the
inset of Fig. 2, the incoherent relaxation times 1™ follow a 1/4°
dependence at low g* < 0.6 A, which is characteristic of long-range
atomic diffusion in liquids in the hydrodynamic limit as g — 0 A"
(19). This thus allows us to derive a mean Ge/Te self-diffusion co-
efficient via Dge/re = 1/(g%). In Fig. 2, the resulting Dge/re values
are fitted with the Arrhenius law, yielding an activation energy E, p =
26.41 + 0.89 k] mol " and a pre-exponent Dy = 1.4 x 107’ m*s™". To
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Fig. 1. Exponential decay of the ISF and the a-relaxation time <, for liquid
Ge,Sb,Te, above T,,. (A) The decay of the ISF 5(g,t) of liquid Ge,Sb,Te, at the
structure factor first maximum go = 2.0 A~' measured at temperatures above T, =
903 K. The data, typical of high-fluidity systems, are best fitted by simple expo-
nential functions (solid lines), each yielding a single relaxation time 1, (see the
main text for details). Note that at a very short time (<0.65 ps), the data points
correspond to phonons and fast processes that are not explicitly taken into ac-
count in the fitting. This is consistent with the analysis of the dynamic structure
factor S(g,m) in the energy transfer (hw) domain (see fig. S1), where S(g,w) is best
described by a single Lorentzian form. (B) Arrhenius plot for the a-relaxation time
1, above T,

our knowledge, there are no experimental diffusivity data available
for liquid PCMs. Some partial atomic diffusion coefficients are avail-
able from ab initio computer simulations (20) Dg. =4.04 x 107 m?s™!
and Dy = 4.06 x 107 m? s™! at 1000 K for the same composition,
which are close to our value (D = 5.7 x 10~° m? s™') at 1003 K.

DISCUSSION

The breakdown of the SER

According to the SER, the product (D-n)/T and, hence, (D-1,)/T should
remain constant as a function of T (Eq. 1). For the liquid PCM
Ge;Sb,Tey, this is evidently not the case, as highlighted in Fig. 3A. A
marked deviation is observed at 1050 K on approaching T, (903 K)
during cooling, indicating a breakdown of the SER well above the
melting point up to at least 1050 K, ~1.16 T,,. For T > 1050 K, the
SER seems to hold, although the limited temperature range does not
allow for a conclusive assessment for even higher temperatures. Note
that we take the SER in its form of D o< (t./T) " If G.. in the Maxwell
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Fig. 2. Mean self-diffusion coefficient Dge/re Of liquid Ge,Sb,Te, derived
from incoherent scattering signal at low g. Inset: g> dependence of the inverse
relaxation time 1/1,. At low g (¢° < 0.6 A7), 1/1, follows a g* dependence (solid
straight lines), as expected from hydrodynamic theoryas g — 0 A™'.Forg*> 0.6 A=,
1/74 deviates from the g* dependence due to coherent scattering contributions
from a prepeak of S(g) at ~1 A™" (see fig. 52).

relation is temperature dependent (as it certainly is for fragile liquids),
then the temperature of SER breakdown, in its original form with
viscosity, might differ somewhat from the breakdown temperature
observed here. In either case, it should occur at relaxation times on
the order of 1 ps (from Figs. 1 and 3B), far shorter than in any nor-
mal liquid where the breakdown only occurs at nanosecond relaxa-
tion times.

In Fig. 3B, by fitting the data with a fractional SER of the form (21)

Do (1,/T) (2)

where 0 < § < 1, we see that the high-temperature liquid for T >
1050 K closely follows the SER with an exponent § =~ 0.97 + 0.11,
while & =~ 0.60 + 0.03 is obtained for T'< 1050 K, indicating a strong
deviation from the SER. The latter can be related to the decoupling
of crystal growth coefficient Uy, and viscosity n for fragile liquids,
which is described by the form Uy, o¢ ne given by Ediger et al. (6).
£* = 0.67 in a similar PCM Ge,Sb,Tes, estimated by Orava et al. (4)
from an empirical correlation with fragility, is close to our & = 0.6.

The breakdown of the SER at such high temperatures (>T},,), and
short relaxation times, is an important observation because (i) the
SER has provided the basis for calculating viscosity and fragility from
simulated self-diffusion coefficients and/or crystal growth velocities
(or vice versa) of PCMs near Ty, (4, 7, 8); (ii) it occurs at temperatures
where diffusivities are nearly four orders of magnitude higher (~5 x
10™° m? s7") than where the SER breakdown is observed in con-
ventional glass formers [for instance, for the typical fragile molecular
liquid OTP, the SER remains valid down to the much lower diffusiv-
ity D= 1.3 x 107" m? s7* (22) where n = 7.7 Pa-s]; and (iii) it is a
feature favorable for fast phase switching behavior required for PCM
functions in memory devices.

For phase-change memory devices, the PCMs must have ultrafast
crystallization kinetics to crystallize in a few nanoseconds. The early
(high temperature) fractional SER behavior inevitably leads to a

Wei et al., Sci. Adv. 2018;4:eaat8632 30 November 2018

A
8 1.8
: Ge1Sb2Te4 E \( Water
L o 6 | (Dehaoui et al.) |
e 7 r + T 14 }‘ Tm
| — N N {
vE H T . 210 - ]
01‘9 6 } Tm +\ .. . 250 300 3?9(K4)00 450 500
= 1.
e : S | - $~ |
Qs D, /T = const. T *
I (SER)
4 Lo P P \
900 1000 1100 1200
Temperature (K)
B T T T
10F 3
9F i, 3
— 8F 3
n 7F 3
£ £=0.97
o 6F ]
o
Z
Q 5F ]
4 Ge,Sb,Te, 1

0.4 0.8 1.2 1.6 2
1/T(107 5 s K1)

Fig. 3. The breakdown of the SER in liquid PCMs. (A) During cooling, (D-t,)/T
initially has a constant value at T> 1050 K as expected from the SER but shows a
marked positive deviation from the constant below 1050 K as T,,, = 903 K is ap-
proached, indicating a breakdown of the SER at Tsg = 1050 K. Inset: The SER
breakdown in water occurs at around 340 K, which is about 1.25 T, [adapted from
Dehaoui et al. (28)]. (B) The data fitting with the fractional SER indicates & ~ 0.60 +
0.03 for Tse < 1050 K, indicating a strong deviation from the SER, as in (A), while a
larger slope with & ~ 0.97 £ 0.11 at higher temperature follows the SER (€ = 1).

higher diffusivity than that expected from the SER. With decreasing
temperature, this difference may develop up to a few orders of mag-
nitude in the supercooled liquid. In other words, the viscous flow
may have slowed down, while the atomic diffusion could remain
much faster, which would facilitate the diffusion-controlled nuclea-
tion and growth process. Hence, this can be one of the favorable
factors governing the fast phase switching at a moderate temperature
when heated by a “set” electric pulse in the memory devices.

The origin of the SER violation and its

related phenomenology

The origin of the breakdown is usually explained by dynamical het-
erogeneities for viscous liquids. In our work, we have been struck by
the fact that the onset temperature for deviation from the SER occurs
in a temperature domain where S(g,t) is still exponential, with no
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sign, even at temperatures very near the melting point, of the sort of
shoulder usually associated with stretching of the exponential and
the development of the dynamic heterogeneity [seen, for instance,
in (23)]. Then, how can the observed SER breakdown be attributed
to heterogeneity? Poole and coworkers (24) demonstrated the pres-
ence of dynamic and structural heterogeneity in a model molecular
liquid in a single instantaneous configuration, where a two-step re-
laxation was not observable due to the loss of information during
averaging over initial configurations. Moreover, our experiment,
probing the short time scale (a few picoseconds), has a limited energy
resolution, which does not allow us to resolve even shorter time
scales. Note that the height of the plateau in the decay is less than 1,
which might already signify the existence of the first-step relaxation
(shoulder in the decay of ISF) even when not being undercooled. The
molecular dynamics (MD) simulation study of the ISF shows the
presence of dynamic heterogeneity in the supercooled GeTe (25),
which, originating from structural heterogeneities due to chains of
Ge-Ge homopolar bonds, may explain the breakdown of the SER
in GeTe in the viscous regime below Ty, (26). From our measurement,
despite the observed exponential decay in ISF, the dynamic heteroge-
neity may still be present in the PCM above T,,. If it is the case, then
the underlying structural signature and physical origin remain to be
determined.

Our observation indicates that the SER is violated in the PCM well
above T, up to at least 1050 K. The limited temperature range of the
data does not allow us to conclusively assert the validity of the SER at
even higher temperatures. Whether the SER holds in any temperature
in the PCM at all needs further experimental and, perhaps more help-
ful, simulation studies. Using MD simulations, Horbach and Kob (27)
showed that the SER does not hold, even at very high temperatures
above 3 T, in the network glass-forming liquid silica. This raises
the question whether the breakdown in the PCM is similar to the ones
of directionally bonded, network glass-forming liquids. However,
such a scenario is difficult to reconcile with the distinct characteristics
of PCMs. PCMs have fast dynamics with a high fragility of m = 90 or
higher (4, 7), whereas liquid silica has slow dynamics with a fragility
of m = 20 near the strong liquid limit. The viscosity of PCMs is about
~2 mPas at T,,, which is nine orders of magnitude lower than that of
liquid silica (~10° Pa-s) at its T,,. PCMs are covalently bonded in the
semiconducting solid amorphous phase but defy the description of a
typical network structure by deviating from Zachariasen’s glass picture
(1, 2). Above the melting point, their liquid state becomes metallic (16).
Thus, neither slow dynamics nor a typical network structure is a pre-
requisite for the breakdown of the SER in the PCM. We note that a
simulation study of a similar PCM GeTe, computing viscosity with
the Green-Kubo formula and self-diffusivity, shows that the SER
holds well at high temperature (10).

The observation in Ge;Sb,Te, more resembles the case of the
“most anomalous liquid”—supercooled water. For bulk water, the re-
cent data of Dehaoui et al. (28) showed a crossover in the fractional
SER behavior from & = 1 at high temperature to § ~ 0.8 at low tem-
perature. The breakdown temperature Tsg of ~340 K, ~ 1.25 T,
and the diffusivity D ~ 5 x10™° m?® s™" at Tgg (where viscosity n ~
0.4 mPa s) are comparable to those of Ge;Sb,Te, (see Fig. 3A, inset).
Note that the deviation from the SER in water appears well above
other known anomalies such as density maximum (277 K), rapid
C,, increase, and sharp viscosity rising (below T,). As is much dis-
cussed, the anomalies of water are thought to be related to an LLT
and possibly a nearby, but hidden, second critical point suggested by
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some computational models (29). Errington and Debenedetti (30)
showed that a “Russian doll” of nested kinetic and thermodynamic
anomalies exists in water and the same has since been found for other
water-like systems [e.g., Si (31)]. The breakdown of the SER appears to
be the anomaly persisting to the highest temperature and a much
more sensitive signaler of impending anomalous character than any
of the other signals yet studied.

Given that “water-like” anomalies such as density maxima, and di-
verging (or peaked) heat capacities, occur in supercooled Te, Ge, and
Si(32-34); in Ge;sTegs just above the eutectic temperature (35); and in
As,Te; somewhat above its Ty, (36), we should expect the unusual be-
havior in the PCMs at lower temperatures (16). The thermodynamic
response function maxima in the abovementioned chalcogenides
are also associated with liquid metal-semiconductor transitions
(16). Pressure-induced polyamorphic transitions between high- and
low-density amorphous states (which are also metallic and semi-
conducting states) have been found in both Ge;Sb,Te, and Ge,Sb,Te;
(37, 38), and these closely parallel the polyamorphism in amorphous
silicon (39) and vitreous ice (40)—except that the latter obviously does
not have a semiconductor-metal transition. On the basis of all of the
above, the proposed LLT scenario is illustrated in the pressure-
temperature (P-T) diagram for liquid and metastable liquid states of
Ge;Sb,Te, in fig. S3, which shows a conjectured LLT regime, together
with available literature data. Its analogy to that of water is provided by
the inset. Tanaka’s two-order-parameter model already predicts that a
“V-shape” P-T phase diagram (as is the case for our PCM) is directly
related to thermodynamic and dynamic anomalies similar to those of
water (41). The fact that we observe the same sort of SER breakdown
for the PCM as for water (see fig. S3) lends credence to the suggested
phase diagram and its implication of a submerged LLT. An LLT
scenario is consistent with the evidence of a fragile-strong crossover/
transition found recently in a similar composition Ge,Sb,Tes below
T, manifesting as a continuous crossover argued by Chen et al. (11)
and as a singular temperature (792 K) argued by Flores-Ruiz et al. (42).

It is important that the phenomena described in this work are not
confused with recent reports of SER breakdown above “T,,” (a ternary
eutectic temperature) in certain glass-forming metallic mixtures, such
as ZrCuAl, where the species Cu decouples from the Zr-Al matrix
(43, 44). The latter phenomenon is more closely related to the case
of Cu in amorphous silicon, where D, can be four orders of magni-
tude greater than that of the host (Si) atoms (45). A related phenom-
enon, also quite different from our conjecture, is the superionicity of
Cu (or Ag) cations in many superionic glass formers, where the mobile
ion decoupling is observed well above any liquidus temperature (and
also above 2 Ty), and the Stokes-Einstein discrepancy at T, can reach

g
11 orders of magnitude (46).

SUMMARY

We have performed neutron scattering studies of diffusion and re-
laxation times in the PCM Ge,Sb,Te, and identified a breakdown in
the SER well above the T,,, which lies in a relaxation time domain
10* times shorter than that in normal liquids. The high-temperature
deviation from the SER, characterized by a fractional SER with an
exponent £ = 0.60 + 0.03, implies a high diffusivity, which is favor-
able for fast phase switching for PCM functions. We link our finding
to the behavior observed in liquid silicon, germanium, and water,
where it is seen as a consequence of a submerged LLT, which provokes
facile crystallization and fragile-strong transitions when ultrafast
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cooling preserves the liquid state. The exploration of PCMs’ anomalous
liquid-state behavior will be an essential step toward understanding the
fast phase switching behavior in this class of material.

MATERIALS AND METHODS

Sample preparation

Ge,;Sb,Te, was prepared using the Ge, Sb, and Te elements with pu-
rities ranging from 99.999 to 99.9999 atomic %. The elements were
sealed under vacuum (10~® mbar) in a fused quartz tube with an in-
ternal diameter of 5 mm and synthesized in a rocking furnace for
homogenization at 900°C for 15 hours.

QENS measurements and data analysis

The sample, sealed in the fused quartz tube, was loaded into a thin-
walled Al,O5 container for the QENS measurements, which were
carried out at the time-of-flight spectrometer TOFTOF at the Heinz
Maier-Leibnitz neutron source (FRM II) in Munich (47, 48). Two
incident neutron wavelengths A; = 4.4 and 7 A were used to obtain
a broad q and energy transfer range along with a high resolution of
about 90 peV (full width at half maximum).

Spectra were collected as a function of temperature in a high-
vacuum, high-temperature Nb furnace. Raw time-of-flight data were
normalized to a vanadium standard and interpolated to constant g to
obtain the dynamic structure factor S(g,®) using the FRIDA-1 software
(see http://sourceforge.net/projects/frida/ for source code). All spectra
were found to be well described by a model composed of the quasi-
elastic scattering from the alloy melt and a flat background to ap-
proximate the processes too fast to be accurately measured by the
spectrometer. The S(q,m) obtained in the measurements, where A; =
7 A, was additionally modeled to include the elastic scattering from
the container. In general, the model S(g,w) reads

S(q. (D) = R(qv w)®N[A08((D) + (1 - AO)L(qv (’0)] + b(q, (D)

where R(q,®) is the instrumental resolution function, N is a nor-
malization factor, A is the magnitude of the elastic scattering, and
b(q,m) is a constant but g-dependent background. The symbol &®
denotes a numerical convolution. The quasi-elastic scattering was
found to be best described with a single Lorentzian of the form (see
fig. S1)

_ 1 T(q)
) e+ g

where T is the half width at half maximum. Below g* ~ 0.6 A2, the
incoherent scattering from Ge and Te dominates and the coherent
contributions from thermal diffusion (Rayleigh line) and acoustic
modes are effectively contained in the flat background of the ob-
served quasi-elastic spectra (49). A mean Ge/Te self-diffusion co-
efficient was determined via

(g)
DGe/Te = h—qz

An analysis was also carried out in the time domain first by ob-
taining the ISF S(g,t) (or density correlation function) via cosine
Fourier transform of the measured S(g,0) and normalizing to the
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instrumental resolution function R(g,t). In general, the data were
then fitted with a simple exponential decay as

S(q,t)/5(q,0) = f(q)exp[—t/(q)] + ¢

where f(g) is the amplitude, 7 is the structural relaxation time, and
the constant c is an offset that takes care of any remaining elastic
scattering. It should be noted that this is in line with the model used
for S(q,m), as the Fourier transform of a Lorentzian is a simple expo-
nential. To ensure consistency of the analyses in both energy transfer
and time domain, we restricted the fitting range in the energy transfer
domain to [-1,1] meV and in the time domain to the data points af-
ter 0.65 ps. At higher energy transfers and shorter times, the spectra
are dominated by phononic vibrations and fast relaxation processes.
The self-diffusion coefficient was obtained from the time domain
analysis via

-1 2

DGe/Te = T(q) q

The values of Dg,/t. reported in the manuscript represent an av-
erage of the values obtained in both analyses.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/4/11/eaat8632/DC1

Fig. S1. The dynamic structure factor S(q,0) in the energy transfer domain (ho) obtained
from QENS.

Fig. S2. The “effective” diffusion coefficient D, as a function of g derived at a given
temperature of 1103 K using the relation D, = 1/(rqq2)‘

Fig. S3. P-T metastable liquid phase diagram conjectured for Ge;Sb,Te,, in analogy to that of
water (inset).
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