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ABSTRACT 
Although ubiquitous in nature and technology, a deep understanding of glass formation 
and glass transition is still missing. It is assumed that the remarkable slowdown of kinetics 
towards vitrification can be traced back to structural changes in the undercooled liquid. 
Therefore, a continuous monitoring of the atomic structure during cooling from the equilib
rium liquid to the glass is inevitable. However, the high critical cooling rates usually neces
sary for vitrification of metallic alloys make this a challenging, but at the same time very 
exciting, endeavor. Only in recent years, it has been technologically possible to achieve in- 
situ monitoring of the evolving structure for a small number of metallic-glass-forming alloys. 
Currently, only high-energy X-rays from synchrotron sources as probes in combination with 
fast two-dimensional detectors can capture diffraction images from usually containerlessly 
levitated samples with the necessary scattered intensity as well as resolution in space and 
time. Here, results for those materials where in-situ monitored vitrification has been experi
mentally accomplished are reviewed, and approaches to experiment and data processing 
are compared. Insights into the structural behaviour during vitrification derived from these 
experiments are discussed. Results from accompanying simulations are also included. In 
addition to the in-situ observation of vitrification, structural indications of possible liquid- 
liquid crossovers in the alloys are considered as well.
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1. Introduction

When undercooled fast enough below its liquidus 
temperature Tl; crystallisation of a melt can be 
avoided, and a solid with an amorphous structure, 
known as glass, can be formed. While in terms of the 

atomic structure a relatively easy distinction between 
crystal and liquid can be made, the difference between 
a glass and a liquid is not equally as straightforward. 
It can be speculated that, 25 years ago, it was this 
structural similarity between glass and liquid that led 
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P.W. Anderson to consider the glass transition one of 
the deepest unsolved problems in solid-state theory.[1] 

Despite considerable progress, many aspects of the 
puzzle remain unsolved till today. Due to their grow
ing technological relevance[2–7] the origin of the high 
glass-forming ability (GFA) of bulk-metallic glasses 
(BMG) is of great interest.

Although a glass can be formed from a melt by 
rapid temperature decrease (quenching), rapid pressure 
increase (crushing), or a combination of both (crunch
ing)[8] this review addresses glass formation and glass 
transition by quenching a metallic melt only. The glass 
transition, taking place at the glass-transition tempera
ture Tg; in the direction from high to low temperatures, 
is referred to as vitrification (liquid-to-glass transition). 
It should be noted that, although logically sound, the 
transition in the opposite direction, i.e., the transition 
from the glass to the liquid, is generally not called 
“devitrification.” This term is usually reserved for the 
crystallisation of a glass by ageing or other influences. 
More generally, the term “glass” will be used here for 
an amorphous solid irrespective of its origin (i.e., not 
only when originating from a liquid), and the term 
“amorphous” in relation to the atomic structure (i.e., 
applicable for the equilibrium liquid above Tl and the 
undercooled liquid below Tl as well as the glass).

To get deeper insights into subtle structural differ
ences between liquid and glass, data with high reso
lution in space as well as time are needed. The high 
temporal resolution is necessary since experiments 
need to be carried out under rapid cooling dictated by 
the high critical cooling rates to bypass crystallisation. 
Furthermore, since important processes related to 
glass formation already take place above Tl;

[9] the 
structural investigation should commence at suffi
ciently high temperatures.

To avoid heterogeneous crystallisation, containers 
must be abandoned in most cases, and levitation tech
niques need to be employed. As will be discussed in 
more detail in Section 2, from several levitation tech
niques available, only electrostatic levitation (ESL) and 
aerodynamic levitation, the latter usually in the form 
of conical nozzle levitation (CNL), are used for the 
study of metallic glasses. From the palette of structural 
probes (electron, neutron and X-ray diffraction), only 
X-ray diffraction (XRD) is currently able to serve the 
necessary speed, intensity and resolution for monitor
ing the structural changes in the systems under inves
tigation. The underlying reasons will be elaborated on 
in Section 2 together with a short outline of the 
experimental methods, while detailed reviews of the 
latter can be found elsewhere.[10–14]

In combination, the aforementioned prerequisites 
mandate that the complete pathway (or at least major 
parts of it) starting from the equilibrium liquid, dur
ing undercooling and vitrification to the glass 
(Figure 1) has to be continuously monitored in situ 
by high-energy synchrotron X-ray diffraction in trans
mission mode using containerlessly levitated samples. 
For the remainder of this review, the term pathway 
refers to the sequence just described. In particular, 
wide-angle X-ray scattering (WAXS) is used to resolve 
the structure in appropriate detail. This article seeks 
to review the key results of studies that investigated 
metallic alloys in this manner. In parallel to the metal
lic melts, several oxides have been monitored in the 
same way.[19,20] Despite some similarities with metallic 
materials oxides will not be discussed in detail here. 
More information can be found in recent review 
articles.[11,12,21] The feasibility of other spectroscopic 
techniques to monitor the pathway, e.g., SAXS (small- 
angle X-ray scattering), AXS (anomalous X-ray scat
tering) and EXAFS (extended X-ray absorption fine 
structure) as well as, e.g., electron scattering, is briefly 
discussed in Section 2 and the Outlook (Section 7), 
respectively. Further quantities like electrical resistiv
ity[22,23] or specific heat[18] have also been monitored 
in situ in levitation experiments and show characteris
tic changes around Tg:

Along this pathway, it is not only the in-situ obser
vation of vitrification itself that is of interest, but also 
other phenomena which are possibly linked to liquid- 
liquid crossovers (LLC) and are often associated with 
so-called fragile-to-strong crossovers (FSC).[24–26] 

Here, LLCs, as they may show in in-situ structural 
measurements, will be addressed rather than providing 
an in-depth investigation of their still not well-under
stood nature in general as well as in metallic-glass- 
forming liquids in particular. LLCs have recently been 
reviewed,[26–29] and a lot of theoretical work has been 
dedicated to the possible descriptions of LLCs in a 
unified manner.[30–32] Different designations found in 
literature, like liquid-liquid transitions (LLT) or 
liquid-liquid phase transitions (LLPT), will be sum
marised under the more circumspect term LLC since 
it is unclear to what extent they can be considered 
thermodynamic transitions. The possible location of 
an LLC in a TTT (time-temperature-transformation) 
diagram is roughly sketched in (Figure 1a).

The first in-situ diffraction study along the complete 
pathway for metallic alloys was reported for 
Pd40Cu30Ni10P20 in 2003 by Uriarte et al. in the group 
of A.R. Yavari in Grenoble[33] (Figure 2). Although 
since then a few further in-situ monitored vitrifications 
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of BMGs were reported (Table 1), a first detailed ana
lysis including many structural metrics derived from 
the experimentally obtained structural functions 
(Section 3) and supporting comprehensive results from 
computer simulations was not published until 2015 for 
Zr60Cu30Al10.

[45]

It is necessary to mention that in parallel to in-situ 
monitoring of structural metrics during cooling, 
annealing of metallic glasses also progressed.[34,35,47–53] 

Mainly performed on melt-spun samples, these inves
tigations complement the in-situ cooling experiments, 
especially when performed for the same composition. 

The major drawback of experiments in annealing 
mode is the wide temperature range in which the 
alloy cannot be monitored in an amorphous regime 
due to the intervention of crystallisation (i.e., 
TX < T < Tl). If the sample is annealed to tempera
tures above Tg; but below TX; technically in-situ vitri
fication (“re-vitrification” for that matter) can be 
monitored on cooling to temperatures below Tg:[54–58] 

Since this review is dedicated to studies of the com
plete pathway, reports on such re-vitrifications are not 
reviewed here. Nevertheless, re-vitrification studies 
can help investigate cooling-rate dependencies of 
the structure for deeply undercooled samples.[58] 

Furthermore, being able to perform heating and cool
ing, i.e., cycling the same sample, in the same setup 
opens the opportunity to explore possible hystereses 
of the temperature-dependent structural changes. crys
tallisation of metallic glasses upon heating (and slow 
cooling) is in itself of utmost interest, and the occur
rence of different phases depending on the heating or 
cooling rate is of relevance for basic research as well 
as for possible applications of metallic glasses.[59–61] 

Comparing the structure of an alloy slightly above 
and below Tg structural changes seem to be extremely 
minute. However, tracing the structure in a certain 
temperature interval around and during the glass 
transition (in either direction), marked changes 
(“kinks”) in the temperature dependence of structural 
metrics become clear indicating its structural basis. 
Despite a lot of progress in experimental techniques, 
still only a few BMG-forming alloys have been ana
lysed in situ along the complete pathway to date. 

Figure 1. Schematic time-temperature-transformation (TTT) diagram of a model alloy quenched from Tstart (well above the liquidus 
temperature Tl or melting temperature Tm in case of a eutectic alloy) with three different cooling rates (a) and the temperature 
dependence of its volume or enthalpy at constant pressure (b). The model experiment ends at Tend: Depending on the cooling 
rate the (undercooled) liquid can crystallise at TX (red) or vitrify at different glass transition temperatures Tg, a (light blue) or Tg, b 

(dark blue) yielding glasses with slightly different properties (it needs to be mentioned that TX depends on the cooling rate as 
well and also differs from a TX upon heating the glass). Pathway b passes through a possible liquid-liquid crossover (LLC). Its range 
of existence and transition region is often only insufficiently known and, therefore, only roughly sketched in (a) (shaded in grey). 
The effects of LLCs on the macroscopic sample volume are controversial[15–18] and have been omitted in (b).

Figure 2. Intensity distribution IðQÞ acquired using high- 
energy synchrotron X-ray diffraction in transmission at various 
temperatures for the first reported in-situ monitoring of the 
complete pathway from the equilibrium liquid down to the 
glass for metallic alloys (Pd40Cu30Ni10P20, Tl ¼ 864 K;

Tg ¼ 569 K)[33] (reproduced with permission from ref. [34]).
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These alloys are listed in Table 1 together with the 
studied temperature range and some key experimental 
parameters. The immense experimental effort is the 
main factor limiting the number of such studies. 
Another one is the need for sufficiently high GFA, 
which reduces the number of alloys or alloy systems 
that can currently be studied in the way reviewed 
here. Nevertheless, insights towards the identification 
of possible universal trends can already be derived.

The remainder of this article is organised as fol
lows. In Section 2 the experimental methods outlined 
above are described in more detail, followed by a brief 
description of the theoretical background for elastic 
scattering (Section 3). Section 4 presents a few details 
about processing raw data and the necessary software, 
while Section 5 describes further steps of data treat
ment, how structural metrics can be obtained from 
the experimental data, fitting and ways of presenting 
data. In Section 6 results for milestones standing 
along the pathway, as reported by the different 
authors, are discussed. An outlook to the future of the 
field is given in Section 7.

2. Experimental methods

To accomplish in-situ vitrification, sufficiently high cool
ing rates as well as the exclusion of all sources of hetero
geneous nucleation need to be achieved. The necessary 
cooling rate is dictated mainly by the critical cooling rate 
of the material itself. The cooling rate can be reduced by 
actively heating the sample during otherwise free cooling. 

A higher cooling rate can be achieved by a smaller sam
ple size, which, however, may be detrimental to sample 
handling. Heterogeneous nucleation can only be avoided 
by the omission of a sample container. This immediately 
implies the need for a means of levitation of the sample 
during (ground-based) experiments as well as the 
avoidance of any other reactive environment. For the 
same reason, temperature measurements need to be 
taken contactlessly. Therefore, one or more optical pyro
meters are used.[10,19,45,62,63] At low temperatures they 
become ineffective and can be replaced by infrared pyro
meters.[12,62,64] Alternatively, an extrapolation to lower 
temperatures can be made by assuming and fitting an 
exponential function to the temperature profiles TðtÞ
(time-dependent surface temperature of the sample) 
measured at high temperatures.[45] These methods can 
be used for all levitation methods discussed here. After 
introducing the levitation methods the relevant diffrac
tion techniques for structure determination are briefly 
addressed.

2.1. Levitation techniques

Of the possible levitation techniques[14,65] three are 
usually used for structural studies on macroscopic 
metallic-glass samples, which are electromagnetic levi
tation (EML), electrostatic levitation (ESL) and aero
dynamic levitation, the latter mainly in the form of 
conical nozzle levitation (CNL). Detailed reviews can 
be found in the literature.[12,14,66–70] Each method has 
certain advantages and disadvantages in relation to 

Table 1. Some key data for the metallic alloys that have been successfully vitrified under in-situ structural monitoring by high- 
energy synchrotron X-rays: the temperature interval during which in-situ monitoring took place, the glass-transition temperature 
Tg; the liquidus temperature Tl; the reduced glass-transition temperature Tg=Tl; the onset temperature of a possible LLC TLLC (this 
quantity may be denoted differently in the individual references), the ratio TLLC=Tg; the method of sample mounting (amp: quartz 
ampoule), the method of heating (L: laser, I: inductive heating), the achieved cooling rates and method as given in the reference 
and (a: air jet on outside of quartz ampoule after stopping induction current; n: using liquid nitrogen instead of air; f: free cool
ing after switching-off laser causing a strongly temperature-dependent cooling rate; c: controlled cooling using the heat source 
to achieve a particular cooling rate), the energy Ei and wavelength ki of the incident monochromatic high-energy X-ray beam 
and the year of the report as referenced.

T interval Tg Tl
Tg

Tl
TLLC Cooling rate Ei (ki )

Alloy K K K K TLLC
Tg

Mount/heat K/s keV (Å) Year/ref.

Pd40Cu30Ni10P20 1270 … 600 569[35] 864[35] 0.659 – – amp/I 30 … 10 (a) 90 (0.138) 2003[33]

Pd40Cu30Ni10P20 910 … 298 569[35] 864[35] 0.659 – – amp/I 8.33 avg. (n) 92.5 (0.134) 2011[35,36]

Pd42:5Cu30Ni7:5P20 1100 … 420 575[36] 836[36] 0.688 – – ESL/L 5:::0:5 (f) 131 (0.095) 2019[37]

Zr50Cu40Al10 1700 … 700 712[38] 1159[38] 0.614 – – CNL/L 120 avg. (f) 113.4 (0.109) 2010[39]

Zr50:7Cu28Ni9Al12:3 1673 … 673 – † 1167 – – – CNL/L 84 avg. (c) 61.67 (0.201) 2012[40]

Zr51:9Cu23:3Ni10:5Al14:3 1673 … 673 776 1132 0.686 – – CNL/L 97 avg. (c) 61.67 (0.201) 2012[40]

Zr55Cu30Ni5Al10 1346 … 388 683[41] 1150[41] 0.594 – – CNL/L 85 avg. (f) 100 (0.124) 2020[42]

Zr57Cu15:4Ni12:6Al10Nb5 1389 … 577k, § 682 1115 0.612 1000 1.47 ESL/L 4.3 avg. (f) 129 (0.096) 2016[43]

Zr58:5Cu15:6Ni12:8Al10:3Nb2:8 1473 … 673 708†, ‡[44] 1170 0.605 � 860 1.21 ESL/L 5 avg. (f) 100 (0.124) 2016[18]

Zr60Cu30Al10 1471 … 372 671 1207 0.556 1070 1.59 CNL/L 100 avg. (f) 100 (0.124) 2015[45]

Ti40Cu34Pd14Zr10Sn2 1473 … 487 689 1176 0.586 – – CNL/L 80 avg. (f) 100 (0.124) 2025[46]

† Tg not identifiable in metrics
‡ Vitrification not discussed
k Cooling started at 1678 K
§ Minor crystallinity below 850 K
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the measurements taken, and not all are suitable for 
in-situ monitoring of temperature-dependent fast 
structural changes. The method used also depends on 
the material to be investigated, especially its GFA, as 
well as sample size. While ESL and CNL allow for 
diameters of about 3 mm, EML can be used for diam
eters twice as big.[65]

The oldest of these techniques is electromagnetic 
levitation (EML).[71] Its relatively simple basic con
struction consists of a coil-shaped, water-cooled 
metallic pipe (Figure 3). A traversing alternating elec
trical current generates an electromagnetic field, 
which, in turn, will induce currents inside a conduct
ive material (sample) placed in the centre of the coil. 
These currents will generate a secondary magnetic 
field, which causes the sample to levitate inside the 
coil (Lenz’s law).

At the same time, the induced currents also heat 
the sample beyond Tl: What seems to be convenient 
at first glance prevents this method from being used 
for the desired temperature-dependent measurements 
of the necessary wide temperature range considered 
here since heating and stable levitation would not be 
as independent of each other as necessary. Especially 
at low temperatures (e.g., below Tg), levitation is still 
necessary while heating is not. Although there are 
ways to mitigate this issue, e.g., by a combination 
with aerodynamic levitation[69,72] this method has not 
been used for any of the metallic glasses considered in 
this thesis (Table 1). Due to the need for electrically 
conductive materials, EML cannot be used for oxide 
glasses either. Other problems like sample deform
ation need to be considered as well[72] which may 
hamper accurate temperature measurements or even 
prevent the desired deep undercooling by premature 
nucleation.[73]

Electrostatic levitation (ESL) in principle dates back 
to the experiments of Millikan published in 1911, 

where small levitated charged oil drops were used to 
determine the elementary electrostatic charge.[74] 

Studying undercooling and recalescence of large sam
ples of high-temperature materials, ESL was used only 
about 80 years later[73] followed by the first X-ray scat
tering studies on electrostatically levitated metallic 
liquids another decade thereafter.[75] Finally, tempera
ture-dependent measurements over a wide tempera
ture range and in-situ vitrification were performed 
using ESL only recently (Table 1). Compared to EML, 
the use of ESL has some key advantages. The range of 
materials that can be studied with this method spans 
metals, semiconductors and insulators, since the only 
requirement to generate a levitation force is a suffi
cient surface charge which is created by the photoelec
tric effect[13] using ultraviolet light or by thermionic 
emission.[76] For ESL, sample heating and levitation 
are independent of each other, making a wide tem
perature range accessible, while feedback control pro
vides a stable sample positioning throughout the 
experiments.[77] Furthermore, no distortion of molten 
samples occurs (Figure 4).

While for EML the heating and levitation coil blocks 
the unrestricted view to the sample from the majority 
of angles, for ESL an open view for a plethora of 
instruments around the sample is possible, allowing a 
variety of measurements and diagnostics to take place 
simultaneously.[73,78] Those experiments can comprise 
density and thermal expansion by measuring the tem
perature-dependent size of the levitated ball using cam
eras and appropriate lighting,[15,17,79] measuring the 
temperature-dependent specific heat and emissivity uti
lising the Stefan-Boltzmann law,[80,81] or even measure
ments of the viscosity or surface tension by adding a 

Figure 3. Electromagnetically levitated metallic droplet (centre) 
inside the coil responsible for levitation and heating (repro
duced with permission from ref. [13]).

Figure 4. Electrostatic levitation exemplified for 0.6 g of liquid 
Ti39:5Zr39:5Ni21 (centre) at 1150 K (reproduced with permission 
from ref. [71]).
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sinusoidal electric field to the levitation field for a short 
time[76,82] and observing the time-dependent ring-down 
of the surface oscillations. Alternatively, the shape 
change of the drop upon rotation can be analysed to 
determine surface tension.[83,84]

The independence of levitation and heating 
requires an independent source for sample heating for 
which different types and numbers of lasers are used. 
By varying their output power, the temperature of the 
sample can be adjusted without impeding sample levi
tation. In-situ vitrification usually demands a cooling 
rate as high as possible if not only materials with 
exceptionally high GFA are to be investigated. Since 
ESL needs to take place in vacuo to prevent electrical 
breakdowns,[77] cooling is possible by radiation only, 
which limits the possible cooling rates _TðtÞ: The high
est _T is achieved by free cooling after switching off 
the lasers completely. Despite many advantages, this 
considerably limits the number of alloys for which in- 
situ monitoring of vitrification is possible in an ESL 
setup to those with exceptionally high GFA. Especially 
at low temperatures, the small cooling rates cause 
cooling to become slow, i.e., the cooling curve TðtÞ
becomes very flat and a reliable assignment of a tem
perature to a diffraction image is hampered. In this 
case, even for samples with low critical cooling rates 
in-situ vitrification was not described, although no 
crystallisation took place.[17,18]

The lasers used for heating vary in type, number 
and position relative to the sample[84] where wave
lengths in the infrared part of the spectrum are pre
ferred. Asymmetric heating, e.g., by using only one 
laser beam on top of the sample, can be used for 
interesting effects like “polyamorphic rotors” in con
nection with LLCs.[85] With isotropic laser heating 
sample temperatures of 3000 K and beyond can be 
reached.[76,86,87] However, this may cause evaporation 

of sample material and possible changes in compos
ition, which need to be verified by weighing the sam
ple and chemical analysis after the experiment. 
Furthermore, coating of the pyrometer window in the 
vacuum chamber with sample material and possibly 
distorted temperature readings need to be considered 
and measures to mitigate them to be employed.[13] 

Aerodynamic levitation suffers less from this issue 
than EML and ESL.

Figures 5 and 6 show the shape of the nozzle that 
provided the name conical nozzle levitation (CNL) for 
this almost exclusively used design in state-of-the-art 
aerodynamic-levitation setups.[10,13,62,88–91]

Based on the early works of Winborne et al.,[92] the 
nozzle design has improved over time to allow increas
ingly bigger portions of the sample to be visible to the 
neutron or X-ray beam as well as to diagnostic instru
ments.[12] Metallic-glass samples are stably levitated by 
a regulated flow of inert gas, usually Ar, through a con
vergent-divergent conical nozzle channeled upwards to 
counteract gravity.[13] Levitation can be acoustically sta
bilised.[93–95] Technically, CNL is not a containerless 
method. However, the use of noble gases should suffi
ciently exclude reactions causing heterogeneous nucle
ation. Like for ESL, levitation and heating are 
independent of each other for CNL as well, and laser 
heating is performed in a virtually identical way as 
compared to ESL. The big difference and major advan
tage compared to, e.g., ESL is that the levitation gas also 
provides a drastic increase in cooling rate, making it 
possible to observe in-situ vitrification for a much 
wider range of liquids compared to the other levitation 
methods. Although it would provide an even higher 
thermal conductivity and subsequently higher cooling 
rates,[23,96] it is less suitable for CNL,[97] mainly due to 
small atomic mass. Furthermore, the levitation gas also 
reduces sample evaporation (and coating of windows 
and other components).[12] Minor drawbacks of CNL 
can be seen in additional scattering from the levitation 
gas and the lower suitability for experiments that 
involve oscillations of the molten material (e.g., for sur
face tension). However, if the main goal of the investi
gation is to acquire structural information over a wide 
temperature range along the pathway, including deep 
undercooling and vitrification, CNL can be considered 
the best choice.

Containerless processing would be eminently facili
tated if the need to counteract gravity is largely 
reduced or completely removed. Accordingly, experi
ments in microgravity have been performed during 
parabola flights, on board sounding rockets, on the 
Space Shuttle or on the International Space Station 

Figure 5. In-situ vitrification in a CNL setup showcased for an 
oxide melt (reproduced from ref. [11]). From top left to bottom 
right, the sample is heated and melted and subsequently vitri
fies during cooling.
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(ISS).[22,23,66,77,96,98–102] For sample stabilisation and 
positioning, combinations with the aforementioned tech
niques are possible.[100] Microgravity, furthermore, 
allows for measuring bigger samples than in ground- 
based setups,[70,99,100] the spherical shape and surface of 
the droplets are less disturbed, and convection is greatly 
reduced.[22] However, due to the lack of compact radi
ation sources with the necessary characteristics, it is cur
rently not possible to perform structural investigation in 
these environments.[98,103–105] Measurements in reduced 
gravity are therefore restricted to containerless measure
ments of density, thermal expansion, viscosity, surface 
tension, heat capacity or electrical resistivity – the latter 
being at least an indirect scattering experiment using the 
conduction electrons as a probe.

Ground-based levitation setups were first used to 
determine aforementioned macroscopic quantities like 
density, thermal expansion coefficient, heat capacity, 
emissivity, surface tension and viscosity[79,106] that can 
be inferred directly by observing the entire levitated 
sample, e.g., by using cameras. For the observation of 
the atomic structure and its evolution, probes sensitive 
to interatomic distances are necessary. To gain insights 
into the bulk of the sample, rather than their surface, 
appropriate diffraction experiments are needed, which, 
however, yield information in reciprocal space only. 
Real space information needs to be reconstructed subse
quently, which relates to several challenges on its own, 
as outlined in Section 3. The methods for determination 
of the atomic structure are briefly discussed in the 
following.

2.2. Scattering techniques

The scattering techniques commonly used in con
densed-matter science are X-ray, neutron and electron 

diffraction. To gain information not only on the aver
age structure, but also on the compositionally resolved 
partial structure factors or pair correlation functions in 
non-monatomic materials the same sample would need 
to be investigated by more than one of these probes.[107] 

Given the usually high number of elements in BMGs 
with high GFA not enough independent scattering 
techniques may be available. The situation becomes 
even more aggravated since the high critical cooling 
rates demand an ultrafast operation and detection 
mode with a high frame rate for all of them. A single 
frame captured needs to contain a complete diffraction 
pattern. However, the higher the frame rate the less 
”light” enters the detector per frame and the lower the 
signal-to-noise ratio (SNR) becomes. All these consid
erations favour a transmission geometry with source, 
sample and (two-dimensional) detector being in one 
line and stationary (Figures 6 and 7).

Since sample handling for levitation and the neces
sary cooling rates call for millimetre-sized samples the 
probe needs to be able to penetrate balls of according 
to diameters. This immediately excludes the use of 
electron diffraction since even with energies in the 
MeV range electrons can only penetrate samples with 
diameters < 1 lm,[109–111] not to mention the levita
tion gas surrounding the sample. Furthermore, in con
trast to neutrons and X-ray photons, electrons carry 
electric charge, i.e. electron diffraction would be 
excluded even in a reflection geometry due to distor
tion of the incident beam by the magnetic and electric 
fields used for EML and ESL as well as the charged 
levitating sample itself. Although millimetre-sized 
samples are unproblematic for neutrons to be pene
trated it is the low achievable intensity and the neces
sary high acquisition times that exclude this type of 
radiation. Possible ways to mitigate these problems are 

Figure 6. Schematic representation of conical-nozzle levitation and laser heating for synchrotron X-ray diffraction (adapted with 
permission from ref. [13]).
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discussed in Section 7. Thus, the current state of technol
ogy only allows high-energy (synchrotron) X-rays to be 
used as structural probe to gain the wanted insights into 
metallic-glass-forming alloys. With the term ”high- 
energy” commonly used for energies Ei > 60 keV of the 
incident monochromatic X-ray beam[11] all experiments 
listed in Table 1 fall into this category (for comparison 
the frequently used Cu- Ka radiation from a typical 
laboratory X-ray source has a wavelength ki � 1:54 Å 
corresponding to Ei ¼ 8:05 keV). State-of-the-art sour
ces of this kind of radiation are synchrotrons now avail
able in different places around the globe. Only due to the 
high brilliance and high energy of synchrotron light 
sources it has been possible to reduce acquisition times 
by obtaining 2D-diffraction patterns with enough inten
sity per frame.[33,112] Details of X-ray generation in syn
chrotrons can be found elsewhere.[113] Close to 
absorption edges of a specific given element its atomic 
form factor changes anomalously.[112,114] Comparing 
scattering patterns using incident X-rays with energy 
close to such an absorption edge with those using energy 
away from it a substantial contrast can be found. 
Harnessing this effect the so-called anomalous X-ray 
scattering (AXS) technique provides element-selective 
information that can be used to disentangle partial struc
ture factors.[107,114] Different X-ray energies can so be 
considered as independent types of radiation. Although 
AXS has been widely used for amorphous materials 
(liquid and glass) at constant temperature[112,114–118] a 
temperature-dependent study of the pathway or parts 

thereof is missing so far. To achieve an accurate disen
tanglement experiments using different incident energies 
would need to be carried out at the same sample either 
simultaneously, which would be related to a very com
plex experimental setup that is not available to date, or in 
consecutive runs with all other parameters exactly 
reproduced (cf. Section 7). Another well-known element 
specific synchrotron X-ray method, EXAFS (extended 
X-ray absorption fine structure),[119,120] although fast 
enough,[121,122] is limited by high absorption requiring 
very small sample thicknesses[120,123] and therefore suf
fers from similar problems as electron diffraction.

Total scattering diffraction patterns for synchrotron 
XRD are captured on two-dimensional (2D) flat-panel 
area detectors (custom-build or purchased from com
mercial suppliers) that are capable of recording over a 
wide range of scattering angles h or scattering vectors 
Q! (modulus Q ¼ Q!

�
�
�

�
�
�), respectively, simultaneously. 

This is possible since the used high energy Ei; i.e., 
small wavelength (Eq. (1)), “compresses” a wide Q 
-range into a cone (cf. Figure 7) with a small opening 
angle and enables the use of relatively compact set
ups.[11] No angular scan, as in laboratory XRD setups, 
is necessary, which would be impossible given the 
necessary high speed of the experiments anyway. 
Drawbacks of the method lie in the limited access to 
synchrotrons and time-consuming experiments. 
Especially in combination with CNL, the sufficient 
stabilisation of the sample can be challenging. The 
presence of the nozzle also prevents full visibility of 
the sample, rendering measurements of surface ten
sion, viscosity, density or thermal expansion at least 
difficult. Possible future improvements will be dis
cussed in Section 7.

In recent years, X-ray free-electron lasers (XFEL) 
have had their advent. Their pulsed nature allows 
monitoring very fast structural changes.[124–126] So far, 
XFELs have not been used to in-situ monitor vitrifica
tion but were, for instance, able to disclose LLCs in 
chalcogenide-based glasses.[125] The destructive nature 
of the intense X-ray pulses also demands novel ways 
of sample handling, which will be further discussed in 
the Outlook (Section 7).

Another challenge is the successive loss of informa
tion along the experimental route. During the diffrac
tion experiment, the three-dimensional structure is 
reduced to information on a 2D detector and later 
reduced even more by azimuthal averaging to a one- 
dimensional function, the structure factor SðQÞ: A 
partial reconstruction of the lost information would 
be possible by using different types of radiation, which 
is difficult as described above. To learn more about 

Figure 7. Geometry for elastic scattering methods in transmis
sion. In case of a 2D flat-panel detector the scattering vector Q

!

has to be calculated from its projected version Q
!�

: The scatter
ing vector Q

!
“translates” the incident wavevector k

!
i to the 

wavevector k
!

s of the wave scattered elastically at scattering 
angle 2h; where j k

!
sj ¼ ks ¼ ki ¼ j k

!
ij: The inset (adapted 

from ref. [108]) sketches a slanted view on the geometry illustrat
ing the relation of sample, beams and diffraction pattern.
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the evolving element-specific local environments and 
chemical short-range order (CSRO) along the pathway 
other methods like computer simulations can be uti
lised. A relatively simple method is Reverse Monte- 
Carlo (RMC) refinement in which the position of the 
atoms in a simulation is varied until the structure fac
tor coincides with the measured one.[127] From this 
final configuration, partial structure factors and all 
other information about local arrangement of the 
atoms, like bond lengths and bond angles, can be 
derived. The major drawback of this method is the 
massive overdeterminacy, i.e., a huge number of local 
configurations (three-dimensional) yield virtually 
identical structure factors (one-dimensional). Another 
computational method, molecular dynamics (MD) 
simulation, seeks to determine the structure based 
on solving the equations of motion for all atoms in a 
sample using interatomic potentials.[128,129] If these 
potentials are derived from first-principle quantum- 
mechanical calculations like density functional 
theory (DFT), the method is called ab-initio MD 
(AIMD).[130] The results of MD simulations can be 
used as additional input to improve RMC simulations. 
Currently, AIMD is too computationally expensive to 
be performed with the temperature increment as 
state-of-the-art diffraction experiments, but even a 
bigger step width can provide valuable insights.[45] 

DFT calculations can also be used to evaluate changes 
in bonding among atomic pairs along the pathway.

3. Structural functions

Incident monochromatic X-rays with energy Ei pos
sess a wavelength

ki ¼
hc
Ei

(1) 

which translates to the modulus of the incident wave vector

k
!

i

�
�
�

�
�
� ¼ ki ¼

2p

ki
, (2) 

where c is the speed of light in vacuum and h Planck’s 
constant. Considering only elastic scattering the modulus 

k
!

s

�
�
�

�
�
� ¼ ks of the scattered wavevector is identical to that 

of the incident wavevector, i.e., ks ¼ ki or k
!

s

�
�
�

�
�
� ¼ j k

!
ij

(Figure 7). The momentum transferred to the sample 
during the scattering event is expressed by the so-called 
scattering vector

Q! ¼ k
!

s − k
!

i, (3) 

Of which, in the case of the isotropic nature 
(inset of Figure 7) of the amorphous material 

(liquid and glass), only the modulus Q ¼ Q!
�
�
�

�
�
� is of 

interest. Both vectors k
!

i and k
!

s are vectors in the 
so-called k -space (not Q-space) or reciprocal space. 
Instead of Q, in some publications q or K is used. 
The modulus of the scattering vector is related to 
the scattering angle 2h (Figure 7), which is often 
used for presenting the results of laboratory X-ray 
experiments, by

Q ¼
4p

ki
sin h: (4) 

The important quantity for structural analysis is 
SðQÞ the total scattering structure function, where 
‘total scattering’ refers to the fact that the measured 
intensity comprises scattering not only from the 
atomic structure but also inelastic scattering due to 
the thermal movement of the atoms, i.e., their dynam
ics.[107] Ways of separating both exist by evaluating 
the so-called Debye-Waller factor.[131] For amorphous 
materials SðQÞ is usually referred to as the structure 
factor, which must not be confused with the crystallo
graphic structure factor.[107] For all of the studies 
reviewed here, the Faber-Ziman formalism has been 
used.[107,132]

Although SðQÞ can already be used to analyse cer
tain aspects of the structure, e.g., in connection with 
global electronic influences[133,134] and thermal expan
sion[49] more often information in real space (r-space) 
is desired, which can be obtained by a Fourier trans
form that yields the reduced pair-distribution function

GðrÞ ¼
2
p

ðQmax

0

Q SðQÞ − 1½ � sin ðQrÞdQ: (5) 

GðrÞ can be interpreted as the distribution of prob
ability of finding the centre of another atom at dis
tance r from an arbitrarily chosen atom (at r ¼ 0) and 
can directly provide an insight into the typical shell 
structure of amorphous materials. If q0; the material’s 
(average) particle number density, is known further 
structural functions can be derived from GðrÞ like the 
pair-distribution function

gðrÞ ¼
GðrÞ

4pq0r
þ 1 (6) 

And the pair density function qðrÞ ¼ q0gðrÞ: Both 
describe the shell structure as deviation from the 
mean density (of a structureless gas of the same mean 
density) to higher as well as to lower values. All these 
real-space functions give information on how the 
neighbourhood of an atom in the sample looks like 
on average. The coordination number
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NC ¼

ðr2

r1

RðrÞdr, (7) 

Provides the number of atomic centres located 
between two concentric spheres with radii r1 and r2;

where r1 and r2 usually delimit a nearest-neighbour 
(NN) shell. The function RðrÞ in Eq. (7) is called 
radial distribution function (RDF) and can be calcu
lated from gðrÞ or qðrÞ; respectively, by

RðrÞ ¼ 4pr2q0gðrÞ: (8) 

Knowledge of the number density q0; necessary to 
determine gðrÞ; qðrÞ; RðrÞ and NC; can be obtained 
by measuring the macroscopic mass density or, 
ideally, from the scattering data directly (the initial 
slope of GðrÞ is proportional to q0). However, the 
latter is prone to uncertainties along the chain of 
structure analysis. To determine the density macro
scopically, the temperature-dependent volume of the 
sample needs to be known along the pathway, which, 
as already mentioned above, can be achieved by 
using cameras and appropriate lighting.[15,17,79] 

Unfortunately, especially for CNL, this method is less 
attractive as parts of the sample are hidden by the 
nozzle. It is therefore important to gain as much 
structural information from SðQÞ and GðrÞ as the 
structural functions that do not depend on the know
ledge of q0: Throughout this review, we use the term 
structural function for the functions in reciprocal as 
well as in real space. It must not be confused with the 
term structure function.

4. Data acquisition and reduction

Temperature-dependent measurements upon cooling 
result in a huge amount of data depending on the 
temporal as well as spatial resolution of the detector. 
From the scattered intensity captured as diffraction 
patterns on the area detectors (Figures 6 and inset of 
7) to the structural functions in real space, many steps 
are necessary, which are carried out using several spe
cialised software packages. Some of them are specific 
to a particular setup (mainly at early steps in the tool
chain of data analysis) or common for a facility, 
beamline or particular research group. Others, like 
those to perform the Fourier transform, can be used 
interchangeably.

The raw data is influenced by several factors not 
intrinsic to the measured material. These are related 
to the X-ray source, the sample environment, as well 
as the detector and need to be corrected for.[11,107] 

Routines for these corrections are usually included in 
the corresponding software packages.

Diffraction patterns of amorphous materials are 
characterised by diffuse concentric rings (halos). 
Using e.g., DAWN[135,136] or FIT2D,[137] the diffrac
tion patterns are azimuthally integrated to obtain the 
integrated diffraction intensities IðQÞ: With subse
quent normalisation to the X-ray atomic form factor 
and conversion to electron units per atom (generalised 
Krogh-Moe-Norman method[138,139]) the total struc
ture factors SðQÞ can be calculated. Dedicated soft
ware for this step is e.g. GudrunX[140] or PDFgetX3 
[143] which also Fourier transforms SðQÞ to the 
reduced pair-distribution function GðrÞ as outlined 
above. While ideally Qmax in Eq. (5) is infinite, in 
practice it is necessary to choose a finite value, usually 
as high as possible, depending on the raw data. 
Improper choice can introduce artifacts in form of 
additional oscillations in GðrÞ (“termination ripples”), 
which can be somewhat mitigated by the use of modi
fication functions during Fourier transform.[141] 

PDFgetX3 has been developed as a rapid and highly 
automatable software that can readily process hun
dreds of X-ray diffraction patterns within a few sec
onds[142] and is thus especially useful for the high 
number of temperature-dependent diffraction patterns 
taken along the pathway. In the end, a variety of plot
ting programs can be used to visualise, e.g., the tem
perature-dependent structural functions SðQ, TÞ;

Gðr, TÞ; Rðr, TÞ:

For the mentioned RMC calculations, also a variety 
of software packages are available, with RMCProfile[143] 

and RMCþþ[144] being the most common. MD simula
tions are most commonly carried out based on the 
LAMMPS code.[129] For DFT calculations, the SIESTA 
code[145–147] is often used, which employs the standard 
Kohn-Sham self-consistent scheme in local density 
approximation (LDA).

5. Data analysis

The two main results that can be obtained (more or 
less) directly from the in-situ measurements are the 
cooling curves TðtÞ and (after the corrections outlined 
in Section 4) SðQÞ; i.e., SðQ, TÞ to be precise. All other 
structural functions are in turn derived from SðQ, TÞ:

Although the main aspect of this thesis is the evolving 
structure, the cooling curves TðtÞ themselves yield 
important results beyond indicating the sample tem
perature during cooling. From TðtÞ the temperature 
rate _TðtÞ can be calculated (upon cooling its values 
are negative; the absolute value is then called “cooling 
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rate”). Upon free cooling, i.e., after deactivating all 
heating equipment, _TðtÞ strongly changes (Figure 8), 
and an exponentially decaying temperature is 
expected.

Knowledge of _TðtÞ is important in comparing dif
ferent experiments and materials since effects like 
LLCs may be temperature-dependent (Section 6.2). 
Major deviations occur if the sample crystallises and 
recalescence occurs, which leads to sharp temperature 
increase due to the release of latent heat of crystallisa
tion. This behaviour is, of course, not desired as it 
prevents vitrification. Whether the glass transition can 
be observed by a small kink in TðtÞ at Tg is not 
always, clear although it has been reported.[39] For an 
oxide-glass-forming liquid, a small kink in TðtÞ
related to a possible LLC has been reported[19] as well 
as the visibility of decomposition of a Zr-based metal
lic glass.[148] With the knowledge of the emissivity of 
the material and the Stefan-Boltzmann law, the 

temperature-dependent specific heat cpðTÞ of the alloy 
can be determined.[18,80]

Deeper insights can be gained by closer scrutiny of 
the details of the structural functions. Since in both 
reciprocal and in real space these functions consist of 
a series of peaks (and troughs, i.e., “anti-peaks”) it is 
fruitful to analyse those and their temperature 
dependence independently. Quantities like positions, 
widths or heights of peaks are commonly called struc
tural metrics and can be obtained by different meth
ods as will be discussed further down. Great care 
must be taken when ascribing a physical meaning to a 
peak and according metrics. Furthermore, there is no 
unique and agreed-upon procedure for how the struc
tural functions can be “dissected” into those peaks 
(halos for SðQÞ and NN shells for GðrÞ) nor where a 
peak begins/ends or if some sort of background needs 
to be subtracted[149] (Figure 9). However, the choice 
of background is subjective and may lack physical 

Figure 8. Examples of several TðtÞ functions (”cooling curves”) and proposed interpretations. (a) The first reported in-situ vitrifica
tion (Pd40Cu30Ni10P20) showing no recalescence that would point to crystallisation during free cooling after switching off the sam
ple heating (reproduced with permission from ref. [33]). (b) The comparison of Zr60Cu30Al10 and Zr67Cu33 shows that in-situ 
vitrification of the latter alloy could not be achieved due to the intervention of crystallisation evidenced by the recalescence event 
at about 1050 K (this also shows the beneficial effect of Al on GFA) (reproduced with permission from ref. [45]) (c) In 
Zr41:2Ti13:8Cu12:5Ni10:0Be22:5 a small recalescence event (hatched area) was attributed to a decomposition of the undercooled liquid 
with respect to Zr and Be (reproduced with permission from ref. [148]). (d) A possible kink (determined using two tangents) in the 
cooling curve of CaAl2O4 interpreted as an increase in the degree of order related to a dynamical crossover temperature causing 
changes in thermodynamic properties as well (reproduced with permission from ref. [19]).
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justification. One form of background is constructed 
by connecting the minima of the functions via straight 
lines.[42,149] This method misses important tempera
ture-induced structural changes in the troughs 
between the peaks, i.e., it would cause a peak to 
increase in height although actually the adjacent 
minima get deeper with decreasing temperature.[42] 

Given that the structural functions oscillate about a 
line of constant y (e.g., SðQÞ ¼ 1; GðrÞ ¼ 0; gðrÞ ¼ 1) 
using the intersections of these functions with that 
line can be used to demarcate the peaks.[150] 

Alternatively, the local minima within the troughs (or 
zeros after background subtraction) can be used 
(Figure 9c,d). For results of simulations, a less arbi
trary way has been proposed in the case of 
RðrÞ:[151,152] Different kinds of functions are com
monly fitted to the individual peaks before they are 
subject to further analysis. Fits are performed for dif
ferent reasons: (i) smoothing out noise from the 
experiment, where the type of functions and number 
of curves fitted to one peak can be chosen arbitrarily 
(depending on time and computational power avail
able), since no physical meaning is attached to the 

functions and the only aim is to reproduce the experi
mental curve as well as possible with scatter removed, 
(ii) showing that the peak consists of two (or more) 
features (by fitting two or more curves) that, e.g., may 
behave differently depending on temperature (e.g., 
first NN shell in ref.[45]) or (iii) fitting of two or more 
curves, especially in r -space, that are supposed to dir
ectly relate to expected partial pair correlations or 
bond lengths of elemental pairs in the alloy. The latter 
has to be done with great care and is often ill-fated 
when too many components are present. Even with 
less components, although tempting, sub-peaks do not 
automatically relate to certain elemental pairs of the 
same number. The used fit functions depend on the 
authors and the purpose of the fit. Gaussian functions 
are frequently used,[42,45,149,153] but also Lorentzian 
functions or combinations/convolutions of both in the 
form of Voigt or pseudo-Voigt functions[40,56,154]), as 
well as spline functions.[17,18,44,57,64] Using different fit 
functions to obtain different parameters from a peak 
has been used as well.[17]

From the individual peaks or their fitted version, 
several parameters or characteristics can then be 
derived and analysed as well as plotted as tempera
ture-dependent structural metrics. The peak position 
may be considered the most straightforward, although 
the position of the maximum (i.e., the x -value belonging 
to the highest y value), the position of the centroid 
(centre of mass, i.e., first moment) or a quantity called 
R50

[42] (the x -value for which 50% of the peak area is 
below as well as above) can be meant, where authors do 
not always clearly indicate which definition they fol
lowed or if a baseline correction was carried out, which 
can impede comparability of results. Subsequently, other 
metrics suffer from the same issue. For the width of a 
peak, often the full width at half maximum (FWHM) C 

is used, but its second moment (i.e. variance)[43] may 
deliver comparable information with less scatter. Further 
commonly used metrics are height of the peak or area of 
the peak, where peak area, rather than its height, is 
linked to its intensity. Also, the skewness or asymmetry 
of a peak can be analysed following different definitions, 
e.g., by comparing the left and right half-width,[155] the 
relative positions of the maximum and the centroid, or 
by calculating its third moment. In general, metrics that 
involve an integration (centroid and other moments) are 
much more robust since they naturally include an aver
aging over many values. Frequently ratios of different 
metrics are discussed as well.[42,75,149,154] Calculating and 
analyzing the moments removes the subjectivity of 
choosing a specific fit function[43,156] and in principle 
also moments beyond the third one can be used to 

Figure 9. Possible ways of extracting peaks from a model 
structural function (black) and their fitting: (a) using the parts 
above a baseline, implied by the average of a structural func
tion, (horizontal black line) only (peaks not necessarily to be 
fitted), (b) using portions above and below that baseline (espe
cially in real space called NN shell and anti-shell), (c) defining 
an additional baseline for a fit (shown exemplarily for the first 
peak fitted by two sub-peaks), (d) removing a background 
(orange, determined by a set of linear functions) before fitting. 
In a) the definitions of intensity, height and FWHM are 
highlighted.
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discern possible temperature-dependent changes in 
behaviour (e.g., related to a possible LLC) along the 
pathway, although the physical meaning may not always 
be straightforward. The aforementioned quantities are 
sometimes taken only from sub-peaks or shoulders after 
applying fitting procedures.[43] Although highlighting 
those temperature-dependent changes is usually the 
intention behind an author’s selection of a specific struc
tural metric, due to the constraints of the experiment, 
one metric may have less noise than another and is 
therefore preferred.[17] Calculating the relative Gaussian 
and Lorentzian proportion of a fitted Voigt profile was 
proposed as another way of gaining further structural 
insights.[154] By using the intersections of the structural 
functions with their respective baselines to define 
peaks[17,45,55,57] and their analysis in terms of moment- 
related metrics without any fitting can be considered the 
least subjective processing. This procedure inspired the 
“shell/anti-shell” concept, which was shown to yield bet
ter-defined metrics with less scatter.[150] Generalised to 
include metrics in reciprocal space as well (“halo/anti- 
halo”) this method could be referred to as “peak/anti- 
peak” concept, with “anti-peak” being the troughs in the 
structural functions. One of the assets of the “shell/anti- 
shell” concept is its recognition that structure, especially 
in real space, means deviations from the mean density to 
higher as well as to lower local density while not prefer
ring the former over the latter. Additionally, the “shell/ 
anti-shell” concept removes spurious increases in peak 
heights, which are actually caused by deepening troughs, 
and decreases the influence of subjectivity even further. 
Analyzing the temperature dependence of the anti-peaks, 
an additional set of metrics providing valuable informa
tion about the structural evolution along the pathway 
can be obtained.

6. The pathway

An experiment for in-situ monitoring the pathway 
should be designed to commence at a temperature 
sufficiently higher than the alloy’s Tl; ideally with the 
sample even overheated to several hundred kelvin 
above TA; the temperature that marks the onset of 
cooperative re-organisation of atoms and the begin
ning of glass formation in the liquid alloy.[9] From the 
overheated condition, after passing milestones like 
possible (maybe even mandatory) LLCs, vitrification 
takes place and yields an amorphous solid called a 
glass. Structure and properties of the latter are not 
unique but depend on the overheating as well as the 
cooling rate.[157,158] When the alloy stays liquid below 
its Tl it is referred to as undercooled liquid (UCL). 

The frequently used term “supercooled” is assumed 
here to be synonymous with “undercooled” but may 
be somewhat misleading since “super” has the mean
ing of above, not below.

Figure 10a exemplarily shows SðQ, TÞ for 
Zr60Cu30Al10

[45] along the pathway in a three-dimen
sional way using a so-called “waterfall plot.”[33,37,45,153] 

The same information can be illustrated in a contour 
plot (Figure 10b). After Fourier transform, all real- 
space structural functions, most importantly GðrÞ; can 
be visualised in the same way. Figure 10c shows the 
corresponding reduced pair-distribution functions 
Gðr, TÞ for Zr60Cu30Al10

[45] as a 2D projection where 
T -dependent trends can be followed with the help of 
an appropriate color scale. All these T -dependent 
plots can be supplemented by movies showing the 
structural evolution in about the real experimental 
time.[46]

In the following, a closer look will be taken at the 
milestones along the pathway and how they may 
show in structural data gathered by in-situ high- 
energy synchrotron X-ray diffraction experiments. 
Paralleling the experiment, the discussion starts at 
high temperatures and follows the pathway towards 
lower temperatures.

6.1. Undercooling

After the alloy has successfully passed the first step of 
the pathway towards vitrification by entering the UCL 
regime, structural changes at the atomic scale that 
finally lead to vitrification could now be identified. 
Contrary to experiments investigating the structural 
changes of metallic glasses on heating or during iso
thermal holds,[34,35,47–53,159–161] respectively, rapid 
cooling experiments have the potential to continu
ously probe the sample in an amorphous regime 
down to Tg and enable the determination of the func
tional relations of the T-dependence of structural met
rics. The intervention of crystallisation prevented the 
latter during the experiments in heating or at isother
mal holds. Due to initial limitations of detector speed, 
the density of data points of the early studies on cool
ing that achieved in-situ vitrification was low, and 
details of the functional dependence still could not be 
resolved yet.[33,149,153] Qu et al. were the first to pub
lish quasi-continuous sets of structural data over a 
wide temperature range along the pathway in the 
form of the position of the principal maximum in the 
diffraction intensity IðQ, TÞ:[40] Despite the relatively 
strong scatter, a non-linear behaviour became visible 
for temperatures above Tg in Zr-based metallic glasses 
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(Table 1). Data with a high density of data points and 
at the same time a much higher signal-to-noise ratio 
was presented by Georgarakis et al.[45] for 
Zr60Cu30Al10, including the additional step to obtain 
SðQ, TÞ from IðQ, TÞ (Section 5). Of SðQ, TÞ the 

position Q1ðTÞ of the principal peak as well as its 
height SðQ1, TÞ was analysed, showing the non-linear 
temperature-dependence above Tg much clearer 
(Figure 11). Recently, Ryu et al. demonstrated the 
curvature of SðQ1, TÞ with high clarity for 
Pd42:5Cu30Ni7:5P20.

[37] The latter study showed that a 
Curie-Weiss-like function, originally known from the 
description of magnetic ordering phenomena,[162] can 
be fitted to SðQ1, TÞ − 1 with a negative characteristic 
temperature (quasi-Curie temperature) that has been 
associated with a proposed hypothetical “ideal-glass 
state” that possesses long-range (non-decaying) dens
ity correlations.[37,154] In MD simulations for several 
other metals (elements and alloys), a comparable 
behaviour could be observed.[37] Further experimental 
studies have to validate the generality of this 
behaviour, but it seems to be more common than 
expected (exemplified by the red dashed curve for 
Ni62Nb38 in Figure 11). Compared to SðQ1, TÞ

the non-linear behaviour for Q1ðTÞ is less 
pronounced.[17,18,35,40,45,47,50,163] In any case, the pres
ence of curvature casts doubt on results derived from 
fitting linear functions or tangents to temperature- 
dependent structural metrics, especially since their 
slope depends on the T-range they are fitted 
to.[35,45,50,64,159,160,164] The latter is either strongly 
influenced by subjectivity or insufficiently known due 
to experimental constraints (accessible T -range).

A curvature (Figure 11) with increasing (negative) 
slope upon cooling indicates an acceleration of the 
structural evolution upon increasing undercool
ing.[43,45,159–161] Anomalies in the way this acceler
ation takes place may be related to LLCs (Section 6.2) 
reflecting changes in fragility. In real space, non-linear 
changes of structural metrics with temperature were 
observed as well,[17,18,35,43,45,50] probably related to the 
same effects as in reciprocal space, showing that the 
accelerated ordering spans various length scales 
belonging to short- (SRO) as well as medium-range 
order (MRO).

MD simulation data accompanying the experimental 
results suggest that during progressing undercooling, 
more and more atoms are gathered in clus
ters.[43,45,165–167] This enhancement of the SRO is often 
predominantly characterised by icosahedral-like sym
metry with strong covalent bonding (hybridisation 
effects).[45,165–167] The number of icosahedral-like clus
ters shows a non-linear behaviour comparable to the 
metrics discussed above, highlighting again the acceler
ated structural evolution in the UCL corroborating the 
finding in reciprocal space mentioned above (Figure 
12). Icosahedral SRO is associated with the stabilisation 

Figure 10. The evolution of structural functions along the 
pathway exemplarily for Zr60Cu30Al10 during cooling from 
1400 K (red) to 370 K (blue) (data taken from ref. [45]). This also 
showcases different ways of visualising structural functions 
along the pathway. In (a) the T-dependence of the structure 
factor SðQ, TÞ is shown in a three-dimensional way as waterfall 
plot. Highlighted in green are the functions for the liquidus 
temperature Tl ¼ 671 K and the glass-transition temperature 
Tl ¼ 1207 K: Alternatively, in (b) the T-dependence of the 
structure factor SðQ, TÞ is shown as contour plot. The corre
sponding reduced pair-distribution functions Gðr, TÞ are shown 
in (c) as 2D plot. Here T-dependent trends in the in the large 
amount of data can be followed with the help of the color 
coding.
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of the amorphous structure against nucleation of crys
talline phases[173] and the covalent bonding character to 
a shortening of interatomic distances or increased pack
ing efficiency.[45,149,174,175] Both aid the significant 
slowing-down of the relaxation kinetics related to the 
sharp increase in viscosity towards vitrifaction.[149,176] 

Experiments also revealed that the first NN shell seems 
to exhibit negative thermal expansion.[35,45,51,153,177] 

After demonstrating this clearly for Pd40Cu30Ni10P20 

upon cooling by Georgarakis et al.[153] the same behav
iour has been reported numerous times for other alloys 
as well.[18,45,177] Further results showed that this effect 
is not limited to alloys but even occurs in liquid ele
ments.[178] An explanation was given in terms of the 
developing clusters along the pathway. At high temper
atures only the strongest bonds survive, and clusters are 
relatively small, i.e., the coordination number Nc is low. 
The developing bonds on cooling cause more atoms to 
enter the clusters, causing their radius (roughly the first 
NN distance) as well as Nc to increase.[153,178] At the 
same time the packing density increases which, in turn, 
is beneficial for high GFA.[176] This behaviour stops 
abruptly at Tg highlighting that it is caused by structural 
changes in the UCL and not a”real” negative expan
sion.[46] All higher NN shells exhibit a positive expan
sion[35,177] with NN shells two and three expanding 
even stronger than observed macroscopically.[46] This 
illustrates that it is the MRO that determines the 
macroscopic thermal expansion. Since MRO also deter
mines the position of Q1 in SðQÞ[154,179] highlights the 
importance of the Yavari equation[34,49] for the descrip
tion of thermal expansion. Since atoms located on NN 
shells belonging to the MRO are at the centre of their 

own SRO, both should be describable on common 
grounds. However, the MRO seems to be governed by 
its own emergent many-body effects.[46,154,180] Global 
electronic interactions have been invoked to describe 
the characteristic distances of the MRO.[46,133,134,150,181] 

It remains to be seen if such a global description will be 
able to aid a deeper understanding of glass formation 
and glass transition. Interestingly, during undercooling 
it is not only the clusters constituting the first NN shell 
that ”absorb” atoms, but it could be shown quite gener
ally that atoms are transferred from anti-shells to shells 
(Figure 13) which can be interpreted as a signature of 
increasing structural order along the pathway.[45,46,150]

Apart from analyzing distances, other real-space met
rics have been used to underline the structural changes 
during undercooling and their relationship with the 
slowdown of kinetics.[42,149] The evolution of clusters 
and their interconnection changes the activation energy 
for viscous flow. In this respect, the intensity ratio of two 
sub-peaks, fitted to describe the first NN shell for 
Pd40Cu30Ni10P20

[36] and Zr55Cu30Ni5Al10,
[42] has been 

considered. Not only is this metric showing the acceler
ated evolution again, but their curved T -dependence 
parallels that gðTÞ for Pd40Cu30Ni10P20 remarkably 
well.[149] This was interpreted as the CSRO providing the 
structural basis for the stark increase of gðTÞ in the UCL 
region towards vitrifaction.[149] Comparing the evolution 
of the intensity ratio for both Pd40Cu30Ni10P20 and 
Zr60Cu30Al10 a relation to fragility seems to be encoded 
in this metrics;[42,149] the stronger the structural changes 
upon cooling, the more fragile the alloy is. Further 
attempts to find structural signatures for fragility have 
been made by constructing metrics that are able to 

Figure 11. Non-linear temperature dependence of structural metrics in reciprocal space for different metallic glasses. A Curie- 
Weiss-like behaviour has been proposed recently and was fitted to the experimentally obtained height SðQ1Þ − 1 of the first peak 
of the structure factor of Pd42:5Cu30Ni7:5P20 (a, reproduced from ref. [37]). For the height SðQ1Þ and position Q1 of Zr60Cu30Al10 the 
continuous non-linear shape has been approximated discontinuously using two linear functions each whose intersection was asso
ciated with a stark increase in the viscosity gðTÞ (b, reproduced with permission from ref. [45]). A lack of data for wide T regions 
severely hampers a correct fit as in the case of Ni62Nb38 (c, adapted with permission from ref. [161]) but again allows for a non-lin
ear dependence over the complete T region down to Tg as sketched by the red dashed line while originally a linear approxima
tion[161] was used for the high-T region only.
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emphasise small details. Additionally to the findings of 
Louzguine et al.,[42,149] it could be shown that fragility is 
connected to the structural evolution in the MRO on 

distances around the fourth NN shell.[18,44] In the follow
ing signatures of structural crossovers, maybe related to 
changes in fragility, are discussed.

Figure 12. Results from MD simulations of various metallic glass forming liquids upon cooling. A rapid acceleration of cluster for
mation in the undercooled regime is clearly visible. This is especially the case for clusters with icosahedral-like symmetry. In (a), 
(b), (c), (d) and (f) so called Voronoi indices[168,169] are given where <0,0,12,0> relates to perfect icosahedral symmetry, i.e. central 
atoms enclosed by Voronoi polyhedra (VP) with 12 pentagonal faces. (a–c) Shows the cluster evolution around the different elem
ental species in Cu50Zr45Al5 (reproduced with permission from ref. [170]). For Cu64Zr36 the growth of the <0,0,12,0> VP on the 
expense of clusters with other symmetries is highlighted in (d, reproduced with permission from ref. [171,172]). In (e) cluster popula
tions with rhombic dodecahedral (RhD), icosahedral (ICO) and cuboctahedral (Cb) shapes as well as the sum of the population of 
RhD and Cb clusters (RhC) are shown for Zr60Cu30Al10 (reproduced with permission from ref. [45]). A comparison of the population 
of <0,0,12,0> clusters in Cu46Zr47Al7 and Cu46Zr54 is shown in (f, reproduced with permission from ref. [165]). As in the experimen
tally obtained metrics (Figure 11) mainly continuous non-linear dependences of the populations between Tl and Tg are visible.
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6.2. Liquid-liquid crossovers

The experiments that were able to monitor the vitrifi
cation in situ (Table 1) show changes in slope, fre
quently called “kinks” (Figure 11), in several structural 
metrics, which are ascribed to the glass transition at 
Tg (Section 6.3). However, additional anomalies along 
the pathway were reported by several authors. To get 
reliable results, data for a temperature range as wide 
as possible is necessary, which is not always provided. 
Even if a putative kink is close to the centre of the 
measured temperature interval, its determination is 
not always without doubt. Sometimes kinks are identi
fied with the help of “tangents” (Figure 11).

However, this approach is somewhat subjective and 
may cause the detection of transitions or crossovers 
where there may actually be none.[43,45] Step-like 
“double-kinks” were found in the temperature-depend
ent position Q1ðTÞ of the first maxima of Zr-based 
alloys (Vitreloy 1 and 106a).[17,18,163] The associated 
change in behaviour takes place over relatively small 
temperature intervals and was ascribed to LLCs (Figure 
14). Interestingly, these step-like kinks can point 
“downstairs” (Figure 14a) or “upstairs” (Figure 14b) 
where no explanation for the different direction was 
reported.[163] Difficulties in interpretation may arise 
from the evolution of the different partial structure fac
tors of these multi-component alloys during the LLC 
which cannot be disentangled easily.[163] The macro
scopic density remains virtually unchanged across the 
LLC in Vitreloy 1 and 106a, and the slow transition 

kinetics was found incompatible with only local struc
tural changes.[17,18,163] Additionally, a strong cooling 
rate dependence was found (Figure 14a,b). The higher 

Figure 13. The function DGðr, TÞ ¼ Gðr, TÞ − Gðr, 1400) K for 
Zr60Cu30Al10 shows the transfer of atoms from the anti-shells 
to the shells upon undercooling, i.e., an increasing height of 
the peaks of DGðr, TÞ accompanied by a decreasing depth of 
the throughs (reproduced with permission from ref. [45]).

Figure 14. Kinks in structural metrics in reciprocal space during 
supposed LLCs and their temperature dependence. (a) The position 
Q1 of the first peak of SðQÞ of Vitreloy 1 (Zr41:2Ti13:8Cu12:5Ni10Be22:5) 
for three different cooling rates (reproduced with permission from 
ref. [163]). (b) the same for Vitreloy 106a (Zr58:5Cu15:6Ni12:8A 
10:3Nb2:8) (reproduced with permission from ref. [163]) (c) 1=Q3

1 
(which is supposed to be a microscopic measure (esp. MRO) of the 
volume of the alloy) for Vitreloy 1 (reproduced with permission 
from ref. [17]) (d) FWHM CðTÞ of the first peak of SðQÞ of Vitreloy 1 
showing indications (marked by arrows) of a hysteresis (reproduced 
with permission from ref. [17]).
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the cooling rate, the less pronounced the kinks are.[163] 

While the results shown in Figure 14 were taken by an 
ESL setup[17,18,163] CNL was used for Zr60Cu30Al10 

(Figure 11). Given the about 50 times higher cooling 
rates for the latter (Table 1) and the trend observed in 
ref. [163] (Figure 11a,b) LLCs may almost be invisible in 
CNL experiments without elaborate data treatment 
(possible ways of enhancing the visibility of LLCs in 
structural metrics have been proposed, cf., e.g., refs. 
[13,45]). To clarify this important issue, alloys with pro
nounced kinks found in ESL would need to be investi
gated in a CNL setup additionally. For 
Zr41:2Ti13:8Cu12:5Ni10Be22:5 (in CðTÞ) in addition to a 
kink at lower temperature during cooling, a similar 
kink at higher temperature on heating was reported 
(Figure 11d), which was taken as an indication of a hys
teresis.[17] However, the lack of data for the sample pos
sessing a fully amorphous structure during heating 
between TX and Tl makes the clear identification of the 
hysteresis difficult. Further investigations are necessary 
to see whether a hysteresis can be seen in other (struc
tural) metrics and other alloys as well. Indications for the 
latter were recently reported.[182] Furthermore, it is not 
clear whether TLLC it depends on the cooling rate.[163] 

The existence of both non-linear behaviour and kinks in 
the same alloy (Figure 15) highlights that the accelerated 
evolution probably is the “normal” behaviour and LLCs 
are occurring additionally under certain circumstances. 
Finally, a possible LLC may be bypassed completely dur
ing rapid undercooling (path b in Figure 1a), not unlike 
possible crystalline phases[61,183,184] and will be visible 
only upon heating the vitrified sample. Such a behaviour 

would bear similarities with recent reports of a possible 
“glacial-glass phase” in metallic alloys.[184]

To increase the confidence for a surmised LLC, it 
should be reflected in nonstructural quantities as well. 
Such quantities can, for instance, be the temperature- 
dependent viscosity gðTÞ;[45] density (back projection 
of the levitating drop)[17] or thermodynamic proper
ties like the specific heat.[18] Anomalies in the specific 
heat have been shown, which were discussed in rela
tion to a possible first-order nature of LLCs.[17,18,32] 

However, this is not readily observed in the cooling 
curves TðtÞ for metallic glasses[18,45] (a possible kink 
in TðtÞ was reported for oxide glasses, though).[19] 

Viscosity, on the other hand, is virtually never known 
over the complete T -range of the pathway, since the 
huge change in its magnitude cannot be measured 
with a single method.

The proposed origins of LLCs are probably diverse 
and also controversial. However, an LLC should ori
ginate in intrinsic structural changes. Competing 
explanations have been put forward as well as 
attempts for a unified description.[31,32,185] That the 
aforementioned kinks in the structural metrics can 
“bend” in both directions[163] makes it even harder to 
determine the underlying reason and hints at possibly 
different reasons and underlying mechanisms for 
LLCs. With respect to the opposite evolution of dis
tances for the first NN shell compared to that of the 
higher NN shells, as discussed above (Section 6.1), it 
could be possible that at some T the clusters approach 
a critical size, triggering a reconfiguration on the 
length scale of the MRO during the LLC.[17] Such 
changes at the level of the SRO are related to an 
increased number density and packing efficiency of 
locally preferred clusters.[18,45,186] Furthermore, clus
ters increasingly tend to form backbones (MRO corre
lations) during undercooling, which are going to 
percolate the sample at a specific temperature, which 
may be related to TLLC:[43,186–188] These backbones 
may be interpreted as partial solidification of the sam
ple.[43] Using MD simulations of Cu64Zr36 this perco
lation was found to take place at about 1:4Tg and is 
also related to the onset of glassy dynamics.[186] Since 
percolation affects the dynamical properties, LLCs are 
often associated with fragile-to-strong transitions or 
crossovers (FSC).[25,26] Backbone formation has been 
connected to the onset of glassy dynamics[186,187,189] 

making LLCs maybe precursors, or even necessary 
prerequisites, for vitrification. With energy barriers 
lower than for the liquid-crystal transformation[17] 

LLCs may be likened to Ostwald steps;[31,190,191] how
ever, not necessarily towards a crystal but towards a 

Figure 15. Kinks in the normalised position riðTÞ=rið673 KÞ

and height Gðri, TÞ=Gðri, 673 KÞ of the first five peaks 
(i ¼ 1:::5) during an LLC (hatched region) of Vitreloy 106a 
(Zr58:5Cu15:6Ni12:8Al10:3Nb2:8) upon cooling (reproduced with 
permission from ref. [18]) Curves are shifted on the y-axes for 
clarity and the solid lines are a guides to the eyes. Note the 
combined occurrence of kinks and non-linear behaviour.
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glass. The (possibly kinetically stronger) liquid below 
TLLC can resist crystallisation better, which may be 
key to increased undercoolability[17] and eventually 
high GFA.

Since TLLC is often close to the critical temperature 
TC � 1:25Tg of the mode-coupling theory (MCT)[43,192] 

it is tempting to identify both temperatures,[43] but only 
the temperatures being close is not sufficient to make 
this assertion without further validation,[43] if MCT is 
applicable for metallic glasses at all.[193] Nevertheless, it is 
not unreasonable that a connection between the dynam
ical crossover of the MCT or similar theories and a cross
over observable in structural metrics exists. It remains to 
be seen how close developing backbones,[186,188,189,194] 

collectively moving atoms in MCT[192] or so-called 
cooperatively rearranging regions[195,196] of the Adam- 
Gibbs description of the relaxation dynamics in under
cooled liquids[195] are related. The ratio TLLC=Tg may 
not be fixed for all classes of metallic liquids, and LLCs 
may even occur above Tl; multiple transitions may 
appear at different T in the same undercooled 
liquid[32,187] and an LLC may even be in competition 
with vitrification.[57]

Possible chemical decomposition involving long-range 
mass transport[163] or nanoscale demixing into different 
liquids, as surmised in oxide glasses, has also been put 
forward in connection to LLCs.[85] Temperature-depend
ent changes in the electronic structure have been pro
posed too.[182]

The increasing cooperativity during cooling begins 
with atoms forming clusters or associates in the 
equilibrium liquid way above Tl and leads to 
the aforementioned formation of percolating back
bones.[186,188,189,194,197] In a sense, the connection of 
clusters to backbones can be seen in analogy to the 
formation of polymers from monomers and the for
mation of the monomers from single atoms. A poly
mer has to be considered a different material than the 
individual monomers from which it emerges. In this 
respect, the interpretation of fragile-to-strong cross
overs can be seen as a chemical transition. It is not a 
single material showing a change in the temperature 
dependence of the viscosity, but a mixture of the poly
mer as well as remaining monomers and individual 
atoms, where more and more polymer with gðTÞ dif
ferent properties from that of the monomers is cre
ated upon cooling. Following this view, it needs to be 
investigated why polymerisation preferably takes place 
at the observed TLLC and how close the relationship to 
“traditional” polymers is.

Recently, the transition to a “glacial-glass” was sur
mised to take place via a first-order LLC in the UCL 

regime of La32:5Ce32:5Co25Al10 on heating.[184] Similar 
indications can also be seen for 
Ti40Cu34Pd14Zr10Sn2

[61,198,199] and Pd42:5Ni42:5P15,
[200] 

where in the latter the new state was entered by vary
ing the conditions of the high-temperature melt before 
quenching. Other recent observation, may fall under 
this scope as well.[201–204] It is, however, not yet clear 
whether the ”glacial-glass” is really of amorphous 
structure.[32]

Other alleged LLCs reported in the literature are 
probably more aptly called “pseudo-LLCs.” Those 
could be related to experimental artifacts (reviewed in 
ref.[205]) or transitions appearing above Tl that can be 
associated with dissolving solid-like remainders on 
heating.[206] In other cases,[15] probably crystallisation 
was mistaken for an LLC, including hysteresis.[16,17] 

For other transitions that have been called glass-to- 
glass transition, like the hydrogen-induced transition 
in Mg-Ce-Ni-based glasses,[207] it remains open into 
which category they are to be placed.

6.3. Vitrification

That upon annealing of metallic glasses, the tempera
ture dependence of in-situ-obtained structural metrics, 
mainly those in reciprocal space, shows a kink close 
to Tg (known from thermo-analytical methods) has 
been shown and discussed in the literature 
galore.[34,35,48–52,55–58,164,198,208–210] Similar observa
tions were made for oxide glasses.[211] The studies 
investigating the glass transition of metallic-glass- 
forming liquids on cooling from the high-temperature 
equilibrium liquid found comparable kinks at Tg:

Detailed discussions of the evolving structural metrics 
across vitrification showed similar kinks in reciprocal 
as well as real space.[153] Again, similar results for oxide 
glasses on cooling were reported as well.[19,20,212]

Below Tg; for annealing as well as cooling experiments 
and simulations, structural metrics show mostly linear or 
even constant temperature dependence.[34,35,37,46,47,50–52] 

This can be interpreted to result from ordinary thermal 
expansion of the glass after the structural changes in the 
undercooled liquid have ceased to dominate. Especially 
the almost constant FWHM C1 of the first halo points to 
mainly the Debye-Waller factor acting[46] and shows that 
the increase of the structural correlation length / 2p=C1 
during undercooling has stopped. Although it is benefi
cial to be principally able to identify the glass transition 
from structural results via the kink, a direct comparison 
of structural functions somewhat above as well as below 
Tg yields almost no differences, highlighting again 
Anderson’s puzzle. Since to date no partial structures 
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have been experimentally resolved in pathway studies, 
for an insight on what causes the liquid to freeze into a 
glass at Tg simulation results are inevitable.

Several MD simulation studies clearly replicate 
the kink at or around Tg (Figure 15), where the 
rapid increase in numbers of clusters abruptly 
stops.[45,165,170,194,213] Nonstructural results like diffu
sion coefficients derived from MD simulations show 
abrupt changes close to Tg as well.[25,194] The develop
ing backbones in the form of networks of clus
ters[186,188,189,194,197] mentioned above seem to be the 
responsible entity that slows down the kinetics and 
causes the large increase in the activation energy and 
viscosity.[193] Arrest occurs close to or at Tg and vitri
ficaction takes place. The addition of relatively small 
quantities of alloying elements, Al to Zr-Cu-based 
metallic glasses being a prominent example,[45,214] can 
enhance cluster formation as well as their intercon
nection, leading to increased GFA.[45,165–167,189] 

Indications for possible first-order glass transitions 
have been reported.[80,203]

Using Tl (or Tm) and Tg the pathway can be divided 
into the three regimes (Figure 16d). However, consider
ing possible LLCs at TLLC; another possible way of a div
ision, again into three regimes, is possible (Figure 16b,c). 
Now the regime of the high-T liquid (HTL) on cooling 
does not necessarily end at Tl or Tm; but may extend 
down to TLLC: The second regime is between TLLC and 
Tg; which may be called low-T liquid (LTL),[18,200] which 
is followed by the glassy regime below Tg: A division in 
this way has been pointed out for metallic glasses in 
simulation and experiment as well as for oxide 
glasses.[18,19,25,45,50,51,194] The three regimes have also 
been likened[45] to the Angell et al.’s three “domains of 
interest” during cooling of glass-forming materials.[31,215] 

Future investigations have to validate this possible cor
respondence as well as if the existence of three regimes 
along the pathway is a general phenomenon. Together 
with further characteristic temperatures, like TA in the 
high-temperature liquid[9] even more domains or 
regimes may be distinguished depending on the details 
of the topology of the potential energy landscape of the 
particular material.[25] Several results from MD simula
tions show accelerated structural ordering in the second 
regime, mainly ascribed to the formation of clusters of 
icosahedral-like geometry (Figure 12).[45,165,167,170] This 
is supposed to be especially the case the more fragile the 
melt is (Figure 16b). It is worthwhile mentioning that in 
an alternative view, the dominance of the icosahedral 
structural motif is to be considered a sign of nano-crys
tallisation rather than one of glass formation.[216]

7. Outlook

Although still a young field, in-situ monitoring of 
structural changes during undercooling of metallic 
melts, including liquid-liquid crossovers and vitrifica
tion itself, has already yielded intriguing and impor
tant results. The main advantage of the structural 
measurements, as opposed to, e.g., viscosity measure
ments, is the possibility to gain detailed insights for 
the complete pathway of a liquid alloy to vitrification 
within a single experiment. Combined with simula
tions, it could be shown that during undercooling, 
clusters and their interconnection evolve, being 
responsible for the viscous slowdown and LLCs. It is, 
however, still not clear what exactly determines the 
value of Tg; i.e., what condition has been met at this 
temperature that the structure locks into place. 
Anderson’s puzzle has still not been fully solved. 
However, it has to be considered that in-situ vitrifica
tion, after following the complete pathway, has only 
been reported for ten alloys from a limited number of 
alloy systems so far (Table 1). More such measure
ments for much wider classes of glasses (metallic and 
non-metallic) and related simulations are necessary to 
identify or verify universalities in their structural 
behaviour. Even if not the complete pathway, but still 
a sufficiently wide temperature range, can be captured, 
valuable information towards universalities can be 
obtained. Already now, the acceleration of the struc
tural evolution during undercooling was observed in 
several alloy systems for which only incomplete data 
is available (e.g., Ni-Nb[159,161] (cf. also Figure 11c), 
Ni-Nb-Ta,[159] Cu-Hf[64]) pointing to general trends. 
Further supporting studies, utilising new setups and 
methods, need to be carried out.

For X-ray investigations at synchrotrons and free- 
electron lasers, it is mainly the desire for element-specific 
measurements, to obtain partial structure factors. At first 
sight it seems that AXS could be a relatively simple way 
to achieve this goal. However, the same experiment, i.e., 
following the pathway in the exact same manner, would 
need to be meticulously repeated several times with dif
ferent wavelengths for the different elements in the sam
ple. Alternatively, a setup for the simultaneous 
acquisition with different wavelengths, similar to what 
was recently proposed and demonstrated for other X-ray 
techniques,[217–222] would need to be devised. 
Additionally, the relevant absorption edges of many ele
ments are too low to cover a wide Q range (Eqs. (1) and 
(4)).[114] Nevertheless, any additional information, e.g., 
to inform RMC simulations, is of interest.

Investigating alloys with low GFA calls for much 
smaller sample sizes, causing much higher cooling rates. 
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XFELs could be immensely beneficial in this respect, as 
necessary small exposure times are compensated by 
higher intensity to keep the SNR sufficiently high.[125,126] 

As the high intensity of the X-rays from XFELs destroys 
the sample after each diffraction pattern, a pump-probe- 
like experiment needs to be used. Therein, the sample 
would be heated up, e.g., by a laser pulse, to a desired 
temperature Tstart where the pathway commences. 
Following the deactivation of the heating, a single diffrac
tion pattern would be recorded after a certain delay time 
at a temperature below Tstart: In this way, the complete 
pathway would not be probed in one continuous run but 
as a series of many diffraction patterns, each taken after a 

slightly longer delay time. A connected challenge lies in 
the automated and sufficiently fast continued supply of 
samples of well-defined mass. Pump-probe methods 
could also benefit AXS measurements needing different 
X-ray wavelengths, as discussed above. Together with 
faster detectors, having better SNR and energy discrimin
ation, identification of structural signatures of vitrifica
tion and LLCs of a much wider spectrum of alloy 
compositions would be possible.

Complementing the wide-angle measurements 
reviewed here, SAXS along the complete pathway, maybe 
even simultaneously,[223] would provide further and 
more direct insight into the different length scales that 

Figure 16. The pathway of liquids to vitrification can be separated into three different regimes. This subdivision is not unique and 
not agreed upon. Parallels to Angell’s three domains of interest[31,215] can be drawn (a, adapted with permission from ref. [31]) 
Mauro et al. (cf., e.g., ref. [160]) hinted at three regimes, where the evolution of structural metrics in the region between high-tem
perature liquid and glass supposedly depends on the materials fragility (b, adapted with permission from ref. [160]) Three regimes 
have also been pointed out for oxide melts (c, here CaAl2O4 adapted with permission from ref. [19] mind the flipped temperature 
scale). A possible LLC in the undercooled (”supercooled”) regime (TLLC ¼ 1467 K) and not Tm (or Tl) maybe the actual border of 
the first two regimes on cooling. Three regimes (glass, undercooled (”supercooled”) liquid and liquid) have also been discussed for 
heating experiments (d, here Pd40Cu30Ni10P20, note how position Q1 and height SðQ1Þ are affected very differently across the glass 
transition; adapted with permission from ref. [35]).
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govern the structural changes during LLCs and vitrifac
tion.[163] A further boost to studying the pathway in par
ticular and the structure of (not only) glasses in general 
may be provided by the future prospect of a possible 
day-to-day use of compact X-ray sources.[224–226]

Since neutron sources and detectors that allow for a 
time resolution to cover the complete pathway, as can be 
done with synchrotron radiation, are not to be expected 
anytime soon, let alone compact variants thereof, elec
trons as probes should be revisited. Recent advances 
have been made to use this method for the investigation 
of fast structural changes.[111,227,228] The use of electrons 
can be considered twofold. On the one hand, electron 
scattering provides additional information to disentangle 
the partial structure factors (here the size of the facility is 
of minor relevance, and accelerator-based setups would 
be acceptable[111,228,229]). On the other hand, as compact 
in-house total-scattering method, e.g., in modified trans
mission electron microscopes (TEM)[227] ”replacing” 
synchrotrons. Since transmission electron diffraction in a 
TEM can only work properly with sample thicknesses up 
to � 100 nm, levitating (and keeping the beam focussed 
onto) samples of this size is virtually excluded. 
Additionally, levitation is also excluded since the sample 
needs to be properly grounded and also because the 
default configuration of TEMs uses vertical electron 
beams. Other reasons that prevent the use of levitation 
setups for electron diffraction have been mentioned 
above. Interestingly, vitrification of nm-sized metallic 
samples without using containerless levitation has been 
achieved recently.[230,231] However, as discussed above in 
relation to XFELs, such small sample sizes lead to much 
higher cooling rates, making it virtually impossible to 
record the complete pathway in a single run. Again, a 
pump-probe-like experiment could be used. Appropriate 
samples could, for instance, be prepared using FIB 
(focussed ion beam) and heated by pulses of electrical 
current.[230] As even the vitrification of nm-sized pure 
metals (connected to a heat sink) could be demon
strated,[230] such a technique is promising to work for 
most metallic-glass-forming alloys. Contrary to the pro
cedure using XFELs as described above, the sample could 
even be re-heated to Tstart whereafter the next measure
ment is taken after a slightly longer delay time. However, 
a possible deterioration of the sample during cycling in 
the pump-probe experiments, mainly by evaporation, 
may need to be taken into account. Progress in the devel
opment of direct electron-detectors[232–236] with high 
SNR could massively aid this method. However, electron 
diffraction alone would not allow for partial structure 
factors to be resolved. This issue could, again, be miti
gated by using a pump-probe setup for EXELFS 

(extended electron energy loss fine structure[235,237–239]) 
as an energy-dispersive technique, analogous to EXAFS. 
These developments may turn electrons into a valuable 
tool to monitor the pathway and in-situ vitrification 
after all.

As briefly mentioned in Section 3, the studies dis
cussed do not take into account inelastic scattering separ
ately and, hence, a possible influence of the dynamic 
structure on the vitrification. With the abovementioned 
“structural Curie-Weiss behaviour,” the promising 
attempt for a comprehensive framework to describe the 
combined structural and dynamical influences at differ
ent length scales on glass formation and vitrification 
has been introduced recently.[37,154,180,193,216,240–245] 

Although experimental techniques like inelastic X-ray/ 
neutron scattering or X-ray photon correlation spectros
copy (XPCS) can access dynamic contributions, the 
required speed along the pathway, again, imposes limita
tions. However, isothermal holds or pump-probe setups 
can help to address this issue.

Also, as mentioned briefly earlier, structural mile
stones along the pathway should be backed up by meas
urements of complementary properties. Ideally, those 
measurements would need to be carried out in the same 
setup or even parallel to the diffraction experiments. In 
any case, those multi-messenger studies should be per
formed more frequently. While some of those combined 
measurements have been reported as already mentioned 
(density,[246,247] thermal expansion, specific heat,[23,102] 

electrical resistivity,[22,23] viscosity,[76,82,247] surface ten
sion[76,82–84]) further combinations are thinkable, even if 
not the complete pathway can be captured. Such a pos
sible method could be nuclear magnetic resonance 
(NMR) spectroscopy. For oxide glasses, NMR is used in 
CNL setups already.[248,249] In metals it is foremost the 
so-called Knight shift that is measured by NMR.[250] 

Although not in levitation experiments, for La50Al35Ni15 

it was shown that the Knight shift can highlight signa
tures of a crossover above Tl

[251] and for 
Pd43Ni10Cu27P20 above Tg:[252] Also, MD and RMC sim
ulations carried out for as many temperatures along the 
pathway as possible and with small increments can give 
valuable insights. Here the ever-increasing power of 
modern computers will be an asset.

In-situ studies with varying cooling rates need to 
be performed more often. On the one hand, since the 
cooling-rate dependence of LLCs needs to be investi
gated further. In this respect, alloys that have been vit
rified using ESL should also be investigated in a CNL 
setup. On the other hand, a low enough cooling rate 
will lead to crystallisation and the analysis of the 
emerging crystal structures may, e.g., help to learn 
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more about the SRO in the related liquid and glass as 
well. Furthermore, a comparison with crystalline 
structures that emerge during annealing an already 
prepared glass is supposed to yield insights on the 
prerequisites for high GFA if its relation to a competi
tion of crystalline structures is kept in mind.[253] 

Although preliminary results exist[60] a detailed ana
lysis is still missing.

Additionally, independent of the particular type of 
experiment, the investigated temperature range should 
be extended on both ends of the pathway. For high tem
peratures, this is necessary to examine how far the found 
non-linear behaviour of structural metrics continues and 
how common anomalies that point to LLCs above 
Tl

[254,255] are. Going to temperatures way below Tg in 
situ after vitrification would be intriguing as well. To 
monitor possible further structural changes[256,257] down 
to cryogenic temperatures, reducing the temperature of 
the gas stream in a CNL setup could be supplemented by 
a cooled sample holder that ”grabs” the already vitrified 
sample in situ, providing additional conductive cooling.

Finally, going the pathway in the opposite direction 
will be insightful as well, i.e., heating the glass rapidly 
enough to bypass crystallisation ending up at tempera
tures above Tl: This “up-quenching”[258] has been 
demonstrated using ultrafast chip calorimetry, but 
results in combination with ultrafast structural investi
gations showing the absence of crystallinity are yet to 
be published.[259]
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