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Abstract 

Metallic glasses are promising structural materials due to their unique property combinations 

such as high fracture toughness and high strength. For structural applications and processing, 

the coefficient of thermal expansion is an important design parameter. Here, it is demonstrated 

that predictions of the coefficient of thermal expansion for metallic glasses by density functional 

theory based ab initio calculations are efficient both with respect to time and resources. The 

coefficient of thermal expansion is predicted by an ab initio based method utilising the Debye-

Grüneisen model for a Pd-based metallic glass, which exhibits a pronounced medium range 

order. The predicted coefficient of thermal expansion of 3.4∙10−5 K−1 at room temperature is 

critically appraised by in situ synchrotron X-ray diffraction and excellent agreement is 

observed. Through this combined theoretical and experimental research strategy, the 

feasibility to predict the coefficient of thermal expansion from the ground state structure of a 

metallic glass until the onset of structural changes is shown. This strategy provides a method 

to efficiently probe a potentially vast number of metallic glass alloying combinations regarding 

thermal expansion. 

For the application of metallic glasses as structural materials, high fracture toughness is crucial 

to avoid catastrophic failure of the material in a brittle manner. One fingerprint for fracture 

toughness in metallic glasses is the fraction of hybridized bonds, which is affected by alloying 

Pd57.4Al23.5Y7.8M11.3 with M = Fe, Ni, Co, Cu, Os, Ir, Pt, and Au. It is shown that experimental 

fracture toughness data is correlated to the fraction of hybridized bonds which scale with the 

localized bonds at the Fermi level. Thus, the localized bonds at the Fermi level are utilized 

quantitatively as a measure for fracture toughness. Based on ab initio calculations, the 

minimum fraction of hybridized bonds was identified for Pd57.4Al23.5Y7.8Ni11.3. According to the 

ansatz that the crystal orbital overlap population at the Fermi level scales with fracture 

toughness, for Pd57.4Al23.5Y7.8Ni11.3 a value of around 95 ± 20 MPa·m0.5 is predicted 

quantitatively for the first time. Consistent with this prediction, in micro-mechanical beam 

bending experiments Pd57.4Al23.5Y7.8Ni11.3 thin films show pronounced plasticity and absence of 

crack growth. 
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As the properties of metallic glasses depend on the electronic structure, which in turn is defined 

by chemical composition, the influence of metalloids such as B on glass transition, topology, 

magnetism, and bonding is investigated systematically for B concentrations x = 2 to 92 at.% in 

the (Co6.8±3.9Ta)100-xBx system. From an electronic structure and coordination point of view, the 

B concentration range is divided into three regions: Below 39 ± 5 at.% B, the material is a 

metallic glass due to the dominance of metallic bonds. Above 69 ± 6 at.%, the presence of an 

icosahedra-like B network is observed. As the B concentration is increased above 39 ± 5 at.%, 

the B network evolves while the metallic coordination of the material decreases until the B 

concentration of 69 ± 9 at.% is reached. Hence, a composite is formed. It is evident that, based 

on the B concentration, the ratio of metallic bonding to icosahedral bonding in the composite 

can be controlled. It is proposed that, by tuning the coordination in the composite region, glassy 

materials with defined plasticity and processability can be designed. 

While it is accepted that the plastic behaviour of metallic glasses is affected by their free 

volume content, the effect thereof on chemical bonding has not been investigated 

systematically. According to electronic structure analysis, the overall bond strength is not 

significantly affected by the free volume content. However, with increasing free volume 

content, the average coordination number decreases. Furthermore, the volume fraction of 

regions containing atoms with lower coordination number increases. As the local bonding 

character changes from bonding to anti-bonding with decreasing coordination number, 

bonding is weakened in the volume fraction of lower coordination number. During deformation, 

the number of strong, short-distance bonds decreases more for free volume containing 

samples than for samples without free volume, resulting in additional bond weakening. Thus, 

it is shown that the introduction of free volume causes the formation of volume fractions of 

lower coordination number resulting in weaker bonding and proposed that this is the electronic 

structure origin of the enhanced plastic behaviour reported for glasses containing free volume. 
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Zusammenfassung 

Metallische Gläser besitzen vielversprechende mechanische Eigenschaftskombinationen für 

Strukturanwendungen, wie die Kombination von hoher Bruchzähigkeit und Festigkeit. Der 

thermische Ausdehnungskoeffizient ist dabei ein wichtiger Design-Parameter für 

Strukturanwendungen sowie die Verarbeitung metallischer Gläser. In dieser Arbeit wird 

gezeigt, dass die Vorhersage des thermischen Ausdehnungskoeffizienten durch auf der 

Dichte-Funktionaltheorie beruhender ab initio Berechnung effizient in Bezug auf Zeit und 

Ressourcen ist. Der thermische Ausdehnungskoeffizient wird für ein Pd-basiertes metallisches 

Glas mit einer ab initio Methodik unter Anwendung des Debye-Grüneisenmodells 

vorhergesagt. Dieses Pd-basierte metallische Glas besitzt eine ausgeprägte mittelreichweitige 

Ordnung. Der vorhergesagte thermische Ausdehnungskoeffizient von 3.4∙10-5 K-1 bei 

Raumtemperatur wird durch in situ Röntgenbeugungsversuche mit Synchrotronstrahlung 

kritisch hinterfragt. Dabei wird eine exzellente Übereinstimmung der theoretischen und 

experimentellen Werte beobachtet. Diese kombinierte theoretische und experimentelle 

Forschungsstrategie zeigt die Möglichkeit der Vorhersage des thermischen 

Ausdehnungskoeffizienten ausgehend von einem Topologiemodell im Grundzustand, sofern 

topologische Änderungen während des Aufheizens ausbleiben. Mit dieser Methodik kann die 

große Zahl an möglichen Legierungskombinationen metallischer Gläser effizient in Bezug auf 

den thermischen Ausdehnungskoeffizienten getestet werden. 

Für Strukturanwendungen metallischer Gläser ist die Bruchzähigkeit von besonderer 

Bedeutung, um katastrophales Versagen durch Sprödbruch zu verhindern. Die Anzahl der 

hybridisierten Bindungen in einem metallischen Glas ist ein Fingerabdruck für die 

Bruchzähigkeit, der durch das Legieren von Pd57.4Al23.5Y7.8M11.3 mit 

M = Fe, Ni, Co, Cu, Os, Ir, Pt, and Au beeinflusst wird. Es wird gezeigt, dass experimentelle 

Bruchzähigkeiten mit dem Anteil der hybridisierten Bindungen korrelieren. Der Anteil 

hybridisierter Bindungen skaliert dabei mit den lokalisierten Bindungen am Fermi-Niveau. 

Diese lokalisierten Bindungen am Fermi-Niveau werden daher als quantitatives Maß für die 

Bruchzähigkeit genutzt. Basierend auf ab initio Berechnungen wird für Pd57.4Al23.5Y7.8Ni11.3 ein 
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minimaler Anteil hybridisierter Bindungen festgestellt. Gemäß dem Ansatz, dass die 

Bruchzähigkeit mit der Kristallorbital-Überlappungspopulation am Fermi-Niveau skaliert, wird 

eine Bruchzähigkeit in Höhe von 95 ± 20 MPa∙m0.5 für Pd57.4Al23.5Y7.8Ni11.3 vorhergesagt. 

Mikromechanische Bruchversuche am Biegebalken sind konsistent mit dieser Vorhersage, da 

in den Biegebalken ausgeprägte plastische Verformung und kein Risswachstum sichtbar wird. 

Da die Eigenschaften metallischer Gläser von der Elektronenstruktur abhängen, die wiederum 

von der chemischen Zusammensetzung definiert wird, wird hier der Einfluss von Halbmetallen 

wie Bor auf den Glasübergang, Topologie, Magnetismus und Bindungen systematisch für 

Borkonzentrationen x = 2 bis 92 at.% im (Co6.8±3.9Ta)100-xBx-System untersucht. Vom 

Standpunkt der Elektronenstruktur und Koordination lässt sich der Borkonzentrationsbereich 

in drei Regionen aufteilen: Unterhalb von 39 ± 5 at.% Bor ist das Material ein metallisches Glas 

auf Grund der dominierenden metallischen Bindungen. Oberhalb von 69 ± 6 at.% wird ein 

ikosaeder-ähnliches Bornetzwerk beobachtet. Wenn die Borkonzentration über 39 ± 5 at.% 

Bor erhöht wird, entwickelt sich ein Bor-Netzwerk, während die metallische Koordination im 

Material bis zu einer Borkonzentration von 67 ± 5 at.% abnimmt. Daher wird in diesem 

mittleren Borkonzentrationsbereich in Komposit gebildet. Es ist erwiesen, dass durch die 

Borkonzentration das Verhältnis von metallischen zu ikosaedrischen Bindungen kontrolliert 

werden kann. Es wird daher vermutet, dass durch Einstellung der Koordination in der 

Kompositregion Gläser mit definierter Plastizität und Verarbeitbarkeit designt werden können. 

Es ist in der Literatur bekannt, dass die plastische Verformung metallischer Gläser vom Gehalt 

des freien Volumens beeinflusst wird. Allerdings wurde der Effekt des freien Volumens auf die 

chemischen Bindungen bis jetzt nicht systematisch untersucht. Mit Hilfe einer Analyse der 

Elektronenstruktur wird gezeigt, dass die globale Bindungsstärke nicht signifikant beeinflusst 

wird. Allerdings sinkt die durchschnittliche Koordinationszahl mit steigendem Gehalt des freien 

Volumens. Der lokale Bindungscharakter ändert sich dabei von bindend zu anti-bindend mit 

abnehmender Koordinationszahl. Während plastischer Verformung sinkt die Anzahl der 

starken, bindenden Bindungen stärker für Gläser mit freiem Volumen als für Gläser ohne freies 
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Volumen. Dadurch werden die Bindungen weiter geschwächt. Es wird gezeigt, dass das 

Einbringen von freiem Volumen zur Bildung von Volumenanteilen mit niedrigerer 

Koordinationszahl führt. Dies resultiert in schwächeren Bindungen und wird als 

elektronenstruktur-basierter Grund für die verbesserte plastische Verformbarkeit von Gläsern, 

die freies Volumen enthalten, vorgeschlagen.  
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1. Introduction 

On 3rd September 1960, “an amorphous structure […] in a 25 atomic per cent silicon-gold alloy 

which was quenched from ~1,300°C to room temperature” [1] was reported in Nature by W. 

Klement jun., R. H. Willens and P. Duwez from the Californian Institute of Technology. This 

Au75Si25 alloy, though crystallising into metastable crystalline phases within 24 hours [1], is 

since known as the first metallic glass. 

During the past 60 years of research on metallic glasses, amorphous alloys have been 

reported to be promising in terms of anti-microbial [2–9], tribological [9–11], catalytic [12–16] 

and mechanical [17–30] properties. Despite the wide range of interesting functional 

applications, the focus of this work will be on the quantum mechanically guided design of 

mechanical properties and topology of metallic glasses due to the property combination of high 

fracture toughness and yield strength [31], which is promising for structural applications. To 

approach the world of metallic glasses, the following sections give an overview on the 

characteristics of metallic glasses, on their mechanical properties, on the current state of 

quantum mechanical property predictions and on nano-structured metallic glasses to reach the 

research questions addressed in this work. 

1.1. Metallic glasses: The glassy state 

Metallic glasses are amorphous alloys [17]. According to traditional metallurgy, they are 

defined by the glass production route of rapid quenching below the glass transition temperature 

Tg (Fig. 1), where kinetic limitations prevent crystallization [18,20,32]. Short: “A [metallic] glass 

is a solid obtained by freezing a liquid without crystallization” [33]. This definition excludes 

glasses obtained by other synthesis routes such as magnetron sputtering, which are included 

in the definition based on topology: “Glass is a non-crystalline solid” [33]. While this definition 

also includes non-crystalline solids that are not glasses, the definition of metallic glass used in 

this work is: “A metallic glass is a non-crystalline solid exhibiting the phenomenon of glass 

transition” [33]. 
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To form a metallic glass, the liquid-like structure of a material needs to be stabilized, i.e. 

crystallization must be prevented. Inoue formulated hence three empirical glass forming rules 

for bulk metallic glasses: Typically, a metallic glass contains more than three constituents; the 

difference of atomic radii is larger than 12 %; and the heats of mixing between the constituents 

are negative [34]. Nowadays, minor alloying with elements that have a positive heat of mixing 

with at least one constituent of the metallic glass – violating Inoue’s 3rd rule – has been shown 

to improve glass-forming ability and plasticity of metallic glasses [35]. On the other side, a 

positive heat of mixing between two constituents can also result in phase separation [36]. 

Synthesis methods that enable metastable phase formation such as physical vapour 

deposition exhibit cooling rates up to the factor 105 to 1011 larger than metallurgical synthesis 

routes [37]. Therefore, the composition space fraction of thin film metallic glasses is 

significantly expanded compared to bulk metallic glasses [37]. This expansion cannot be 

predicted based on Inoue’s glass-forming rules. Hence, guidance to identify compositions with 

promising properties in this composition space fraction would be extremely valuable. This work 

concentrates on the quantum mechanical design of mechanical properties and topology as 

both are based on the inherent chemical bonding of the material.  

The glass transition – mentioned in the definition of a metallic glass above – is not a 

thermodynamic phase transition [22,33]. Hence, no heat of solidification is removed from the 

material when solidifying into a glass (Fig. 1) [38]. The atomic motion becomes impeded, 

resulting in a sudden increase in relaxation time necessary to reach an equilibrium 

configuration [33]. This is macroscopically observed as reaching a viscosity of 1013 dPa∙s [33]. 

Thereby, the glass configuration occupies a local minimum of the potential energy landscape 

in the configuration space, exhibiting higher energy than their crystalline counterparts and is 

hence metastable [33,39,40]. The glass transition temperature Tg depends on the cooling rate 

of the metallic glass (Fig. 1), whereby a higher cooling rate yields a higher Tg [33,38]. Tg is not 

only affected by the cooling rate and hence the synthesis conditions, but also by the thermal 

history of the glass, i.e. heat treatments, as well as by the chemical composition of the glass. 

Hence, Tg can be considered as a measure for the internal energy of the glass [38].  
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Fig. 1: Volume and enthalpy change during formation of a glass. Tm is the melting 

temperature, Tg1 and Tg2 are the glass transition temperatures of the glasses produced with 

cooling rates U1 and U2 (U1 < U2). As reference, the blue curve shows a crystalline material. 

The figure is based on references [33,41–43]. 

The excess entropy of the glassy state compared to the crystalline state is commonly called 

the “configurational entropy Sc” of a glass [44]. This entropy, designated as Sc in the following, 

quantifies the number of accessible (metastable) configurations of the glass [44] and is thus 

dependent on the cooling rate: quickly cooled glasses have less time to sample the potential 

energy space and exhibit hence a higher Sc than slowly cooled glasses [33]. Thus, when 

comparing two glasses, Sc is inversely correlated to Tg [45]. Sc of the glassy state remains at 

a constant value that is close to the Sc observed at Tg. Thus, the entropy of a glass is hence 

not equal to zero at 0 K [33]. 

As all amorphous materials, monolithic metallic glasses lack long-range order and 

microstructural features such as grain boundaries [17]. However, metallic glasses have a 

strong short-range order, because stable local atomic configurations with strong chemical 

affinity achieve a high packing density [46]. The short-range order configurations, while locally 

not identical everywhere in the glass, are characteristic for a certain metallic glass [46] and 

determine its properties. Both short-range order and properties are caused by the chemical 
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bonding in the glass. Within the zoo of coordination polyhedra, icosahedra are the most 

prominent polyhedra as they stabilize the amorphous structure by impeding crystallization [46]. 

Since they are metastable materials, metallic glasses tend to change their state to one with 

lower energy when heated to sufficient temperatures below Tg (Fig. 1), approaching a 

configuration of lower energy without crystallization [33]. This is known as structural relaxation 

[41] and is an irreversible process [42]. Sufficient temperatures for structural relaxation can be 

as low as room temperature [1], but are typically annealing temperatures below Tg [42]. On the 

atomic scale, structural relaxation is the annihilation of free volume [42,47], resulting eventually 

in a densified metallic glass state. Structural relaxation affects the mechanical properties for a 

given glass state [41–43] and leads to embrittlement [42,48]. The opposite of structural 

relaxation is structural rejuvenation [43]. By annealing above Tg or mechanical treatments the 

free volume content and energy stored in the metallic glass is increased (Fig. 1) and therewith, 

the effects of structural relaxation on the properties of the glass are reversed [48]. This has 

been reported to allow a specific amount of work hardening in metallic glasses [43,49]. Due to 

structural relaxation, the service temperature of metallic glasses is limited to temperatures well 

below Tg [48]. 

1.2. Mechanical properties of metallic glasses 

The mechanical properties of metallic glasses such as high hardness, yield strength, and 

toughness are often promising for structural applications [17]. Metallic glasses can exhibit high 

resilience together with low damping [17], allowing the efficient storage and release of elastic 

energy. In addition, metallic glasses cover a wide range of fracture toughness together with a 

high yield strength [17,31]. In contrast to crystalline materials, metallic glasses do not exhibit 

microstructure-based work-hardening and are therefore prone to plastic instabilities and early 

failure [50]. However, similar to crystalline materials, mechanical properties depend on the 

chemistry but also on sample dimensions and processing history [18,50] since the processing 

history influences the atomic configuration and especially the free volume content of the glass 
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[24,46,51]. For example, the fracture toughness, which is a crucial material parameter for any 

load-bearing structural material, is enhanced as the free volume content is increased [24]. 

This subchapter gives an overview on the mechanical properties of metallic glasses with a 

focus on plastic deformation and toughness since the underlying mechanisms for both are 

crucial to understand for the design of metallic glasses. In contrast to crystalline materials, 

where plastic deformation is sustained mainly by the rather well understood movement of 

dislocations [52], a single model for plastic deformation of metallic glasses does not yet exist. 

Thus, in this overview the two prevailing models for plastic deformation in metallic glasses – 

free volume and shear banding – will be summarized. In order to deeply understand the 

topological origins of free volume and shear banding, the reader is referred to the cited 

literature, as the focus of research in this work is the electronic structure origin of toughness 

and plastic deformation. 

1.2.1. Plastic deformation of metallic glasses 

Plasticity contributes to some extent to the toughness of metallic glasses (Fig. 2). Hence, the 

mechanisms that govern plasticity of metallic glasses, namely plastic deformation via regions 

of free volume as well as shear banding, will be shortly introduced. Free volume in metallic 

glasses are regions with locally lower coordination [53] and hence a locally larger atomic 

volume that can be understood as density fluctuations [24]. In these regions of lower 

coordination, the atoms can move in their nearest neighbour cage without energy change [54]. 

Thus, free volume provides a higher mobility of atoms and lowers the energy barrier for shear 

transformations [22,53] and promotes plastic deformation [51].  
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Fig. 2: Stress-strain curve of Zr59Cu20Al10Ni8Ti3 metallic glasses under compressive and 

tensile load. Data from [55]. 

On the atomic scale, plastic deformation is borne by cooperative atomic motions which can be 

described as flow [56]. During plastic flow, on the one hand, free volume is annihilated within 

less than 10 atomic jumps [54,56,57], lowering the energy of the system [54]. On the other 

hand, by forcing atoms under shear stress into free volume sites smaller than their atomic 

volume, relaxation of the neighbouring atoms creates free volume and results in shear 

softening [54]. The equilibrium of annihilation and creation of free volume under shear stress 

results in steady state flow, called homogeneous deformation. Homogeneous deformation is 

observed at low stresses or high temperatures [54,58]. Pure homogeneous deformation can 

be observed in nanometre-scaled samples [58,59] that deform until failure by necking as 

reported by Guo and co-workers [58]. 

Deviation from the steady state flow will cause either free volume creation with time until a 

critical free volume content of 2.4 % [60] is reached, where yielding begins [60] or free volume 

localization, which eventually leads to the formation of shear bands and is accompanied by a 

drop in stress [22,53]. 

Shear bands concentrate the plastic deformation in thin bands [54] with 10 to 100 nm thickness 

[50,61] and contain groups of atoms with much larger atomic strain than the surrounding matrix 

[50]. This localisation of strain is autocatalytic if a critical shear band size is reached [50,61]. 
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Deformation via shear bands is the normal mode of plastic deformation at room temperature, 

due to the mostly low homologous temperature and typically large stresses [50].  

Shear bands nucleate from shear transformation zones (STZ), i.e. stress concentrations at 

local free volume sites of the size of 3 [62] to 250 atoms [61,63,64], and are able to propagate 

when reaching a critical size [50]. Homogeneous nucleation of shear bands out of structural 

fluctuations requires more energy than heterogeneous nucleation of a shear band at stress 

concentrators such as precipitates or surface defects [50,53,65]. Therefore, the strength of 

metallic glasses containing stress concentrators is determined by the flow stress [22] and lower 

than the strength of a perfect glass containing only the inherent structural heterogeneities of a 

glass [66]. The propagating shear band is not shearing continuously, but exhibits stick-slip 

behaviour and moves stepwise [61,67]. 

The propagation of one critical shear band can lead to failure of the material, which is mostly 

the case in tension due to work softening [50,68]. Therefore, metallic glasses show zero 

ductility despite exhibiting a large fracture toughness [22,50,67,69]. Thus, for structural 

applications, the propagation of single shear bands is undesired, and the formation of multiple, 

sub-critical shear bands is desired. One possibility to stop shear band propagation and 

promote multiple shear band formation is the stress state. These multiple shear bands can 

interact and enter a self-organized critical state that dissipates the shear offset over all 

participating shear bands and allows stable plastic deformation [70]. Multiple shear band 

formation is promoted by multiaxial or complex stress states [50], where secondary shear 

bands nucleate from primary shear bands in stable deformation geometries such as bending 

[67,71]. Multiple shear band formation is amplified by geometric constraints [72]. Shear bands 

can be arrested for example by the neutral axis under bending load [50,73]. Due to this plastic 

deformation via shear bands, metallic glasses appear brittle in tension and ductile in 

compression (Fig. 2) [55]. 

Plastic deformation of metallic glasses depends on the sample size, as for samples smaller 

than ~100 nm, shear band formation can be eventually entirely prevented as the volume 
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available for shear band nucleation sites [64] is too small for the shear bands to develop [50]. 

While the volume for shear band nucleation might be sufficient, it might still be insufficient for 

the shear bands to mature and therewith to shear catastrophically [58]. Small sample sizes 

promote the formation of multiple closely spaced not-mature shear bands, while thick samples 

tend to form few widely spaced shear bands with large shear offset in bending [74]. Hence, 

metallic glasses perform best in nano-scale applications under bending or compressive load 

[50,59,74,75]. 

1.2.2. Toughness of metallic glasses 

As plastic deformation is not stable due to the absence of work hardening [22], metallic glasses 

are not ductile. On the other hand, metallic glasses are not entirely brittle materials as they are 

capable of local plastic deformation [27] even when failing apparently brittle [68]. When 

comparing the fracture surfaces of tough and brittle metallic glasses, macroscopically brittle 

samples exhibit local plasticity [27], because cracks evolve preferably in shear bands [27,76]. 

Fracture, however, is not equal to the runaway of a single shear band as it requires the 

formation of cavities and new surfaces [65,69]. Under uniaxial tensile load, brittle failure is 

mostly observed, while under uniaxial compressive or multiaxial load, plastic deformation due 

to the formation of multiple shear bands can be observed prior to failure [27]. Due to their 

common dependence on shear band formation and propagation, fracture strength and yield 

strength are related [27]. 

Despite their limited plasticity, metallic glasses can be highly tough materials [31]. In tough 

metallic glasses, such as Pt- [77] or Pd-based [31] metallic glasses, the plastic zone shields 

the crack tip and enables crack tip blunting by formation of multiple shear bands in front of the 

crack tip. Therewith energy is dissipated and crack extension hindered [77,78], leading ideally 

to an increase in toughness as the crack extends [31]. While the fracture toughness is generally 

an intrinsic material parameter [27], fracture toughness in metallic glasses is strongly affected 

by extrinsic parameters such as thermal history, residual stress and precision in sample 

preparation [79] as well as by intrinsic parameters such as the ability of shear band extension 
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and multiplication. As shear band extension and multiplication is dependent on the sample 

geometry due to the confinement of shear bands, the fracture toughness of metallic glasses is 

also geometry dependent [27,80]. This can be rationalized with the increasing number of shear 

bands below a critical sample size. The formation of new shear bands is – at least for Pd-

based glasses – energetically more favourable in small than in large samples [81]. Extensive 

shear banding bifurcates the growing crack while promoting a mixed mode failure, enhancing 

fracture toughness [82].  

The fracture toughness values of large samples scatter more strongly than those of small 

samples [24,81,83]. To be able to compare valid fracture toughness values, the samples need 

to be significantly larger than the ligament width and bending radius [81,84,85]. These 

conditions are typically satisfied when following standards like ASTM E399. However, the 

minimum samples sizes according to ASTM E399 need to be taken cautiously for metallic 

glasses, as they are close to the sample-size-dependence threshold of metallic glasses [84]. 

The required large sample sizes are difficult to produce with many metallic glasses, hence a 

low number of valid fracture toughness values can be found in literature [27]. Therefore, most 

toughness values in literature describe the conditional fracture toughness that cannot be 

directly compared to each other due to geometry differences [24,27,82]. Even when following 

standards, fracture toughness is dependent on the geometry, since fracture toughness 

depends on the fracture mode as well as on the notch root radius [27]. The most investigated 

fracture mode is crack opening (mode I, Fig. 3a). However, toughness under in-plane shear 

(mode II, Fig. 3b) conditions can be larger [27,82] while showing less scattering values [76].  
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Fig. 3: Schematic of the three different fracture modes. Adopted from [86]. 

The principal parameter that influences the fracture toughness is the composition, which 

determines structure and bonding of the metallic glass [27,87]. Especially the energy barrier 

for cavity formation is crucial for fracture toughness [88], since cavities are the first stage of a 

crack. The higher the energy for cavitation formation in the metallic glass, the more mechanical 

energy is required to create a cavity and thereby the nucleus of a crack. The chemical 

heterogeneity in metallic glasses enhances the energy barrier for cavity formation, as atoms 

may need to diffuse to create a surface with the energy available [88]. Changing the bonding 

by microalloying is one route to toughen metallic glasses intrinsically [27]. Impurities from the 

production process such as oxygen can be detrimental to fracture toughness due to the 

potential formation of inclusions [27,89]. Maybe the most prominent design guideline for tough 

metallic glasses is based on Poisson’s ratio and was introduced by Lewandowski et al. [90]. 

As Poisson’s ratio combines the elastic constants of resistance against size change (bulk 

modulus) and shape change (shear modulus) [78,91], Lewandowski et al. proposed a brittle-

to-tough transition at a Poisson’s ratio of 0.31-0.32 [90,92]. Being an indicator for covalent 

bonding [91], a low Poisson’s ratio would require atoms to disturb the bonding with 

neighbouring atoms to move, making atomic rearrangements and thus plastic deformation 

more energy expensive than in glasses with large Poisson’s ratio [75]. Yet the universality of 

the Poisson’s ratio criterion has been contested [50,93–98], as metallic glasses with different 

deformation behaviour but equal Poisson’s ratio have been reported [93]. The Poisson’s ratio-
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based brittle-to-tough transition is instead proposed to be alloy specific [95] and dependent on 

the experimental setup [82]. 

Next to approaches to improve toughness based on the composition of the glass, the 

production as well as thermal and mechanical processing routes of metallic glasses can be 

utilised to enhance toughness by adjusting the amount of free volume [27,83,99] and 

increasing the energy stored in the metallic glass [43], leading to structural rejuvenation. This 

energy can be introduced thermally [43] or by mechanical treatments that induce not only 

energy, but also anisotropy and inhomogeneities preventing easy shear band propagation [50]. 

These mechanical treatments are reported to introduce a specific capacity of work-hardening 

into metallic glasses [49]. The introduction of “pre-existing shear bands” enhances toughness 

by crack deflection [98].  

As small sample sizes enhance plasticity [50,64,74,75], extrinsic toughening routes aim to form 

microstructures by introduction of predominantly ductile, crystalline second phases such as 

dendrites or layers to stabilize the shear localization in metallic glasses [27] and confine the 

space available for shear bands [50,69]. However, while the controlled introduction of 

crystalline phases can enhance toughness, crystallisation due to annealing is reported to 

deteriorate the toughness of metallic glasses [100]. These nano-structured glasses will be 

discussed in more detail in section 1.4. All approaches to enhance toughness in metallic 

glasses have in common that they aim to prevent shear band propagation and to create 

multiple shear bands [50]. 

Nevertheless, metallic glasses are not predominantly attractive for structural applications 

because of one single mechanical property, but because of their unique property combinations 

[17] such as high strength and toughness, two mutually exclusive properties in metals [101]. 

This combination of strength and fracture toughness constitutes damage tolerance [31]. 

1.3. Quantum mechanical prediction of metallic glass properties 

To predict the mechanical properties of metallic glasses, empirical models such as the one by 

Zhang [102] are proposed. Zhang predicts the mechanical properties as well as the glass 
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forming ability based on the estimated Young’s modulus [102]. Those empirical models, 

however, take into account macroscopic properties and depend on databases of amorphous 

and crystalline alloys, interpolating the properties of known alloys to predict the properties of 

novel alloys by a composition based rule of mixture approach [102], for example. However, as 

already indicated by Davis et al. in 1982, the electronic structure is decisive for the mechanical 

properties [103], especially hybridization [103] and electron density [104,105]. Hence, rule of 

mixture approaches are more reliable when based on the ratio of atomic bonds instead of 

composition [106]. 

Following the line of Davis et al. [103], the macroscopic properties are dependent on the atomic 

interactions [106], composition and topology [103,107]. Especially the elastic constants reflect 

topology and atomic bonding on the macroscopic scale, as they can be calculated from the 

energy volume curve in the continuum [102,108]. The origin of stiffness needs thus to be 

sought in the bond strength [106] or valence electron density [104], if the bonding is 

predominantly metallic [109]. According to Schnabel et al. [110], however, the stiffness in terms 

of bulk modulus does not scale universally with valence electron density. They report based 

on a correlative analysis of density, electronic structure, and the integrated crystal orbital 

Hamilton population (COHP) [111] as a measure for bond energy that the bulk moduli of metal-

metal and metal-metalloid glasses scale best with bond energy density [110]. Hence, they 

propose the bond energy density as the origin of stiffness in metallic glasses [110]. 
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Fig. 4: Comparison of tough Pd57.0Al23.9Y7.7Cu11.4 and brittle Cu67.8Zr32.3. a) Load-displacement 

curves of micro-mechanical bending experiments. Electronic density of states (DOS) of b) 

Cu67.8Zr32.3 and c) Pd57.0Al23.9Y7.7Cu11.4 showing the total as well as the partial DOS. Figure 

adapted from [93] under the Creative Commons Attribution 4.0 license. Data of the DOS is 

smoothed by adjacent averaging to enhance clarity of the figure. 

Next to stiffness, also the toughness of metallic glasses can be linked to the electronic 

structure. The electronic structure dependence of toughness of metallic glasses is already 

hidden in the proposed design guideline based on Poisson’s ratio [90], because Poisson’s ratio 

corresponds to bond covalence [22]. Based on literature, the more covalent, directional the 

bonding, the lower fracture toughness is expected [78,87]. The surface energy, which is 
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important due to the formation of surfaces during crack growth, is influenced by the bond 

strength [87] and hence the electronic structure. Comparing the electronic density of states 

(DOS) of a brittle Cu67.8Zr32.2 and a tough Pd57.0Al23.9Cu11.4Y7.7 metallic glass (load-displacement 

curves presented in Fig. 4a), more hybridization is observed between Cu and Zr (Fig. 4b) than 

between the main constituents Pd and Al of the Pd-based metallic glass (Fig. 4c). Hence, a 

low fraction of hybridized bonds is proposed to be a fingerprint for toughness in metallic glasses 

since it promotes shear relaxation and therewith the formation of shear transformation zones 

[93]. This is consistent with the COHP analysis that shows more anti-bonding states and 

thereby weaker bonding for Pd57.0Al23.9Cu11.4Y7.7 than for Cu67.8Zr32.2 [93]. This fingerprint can 

be used to qualitatively estimate the plastic deformation behaviour of metallic glasses. 

However, a quantitative predictor function has not been available so far. Therefore, one focus 

of this work is to establish a quantitative correlation between the fracture toughness and the 

electronic structure of metallic glasses.  

1.4. Nano-structured glasses 

While intrinsic toughening of metallic glasses focuses on crack initiation, extrinsic toughening 

strategies focus on crack propagation and aim to introduce a microstructure in metallic glasses 

to hinder crack propagation. A microstructure in metallic glasses can be established by the 

introduction of second phases. The introduction of crystalline, quasi-crystalline or second 

amorphous phases into a metallic glass results in glass matrix composites [112,113]. One can 

differentiate between ex situ composites [114,115], where the second phases are added during 

glass synthesis [113,116], and in situ composites [114,117–122], where second phases form 

during synthesis or processing within the metallic glass [113]. The second phases confine the 

movement of shear bands and promote shear band multiplication [28,113,114,117,121–123]. 

However, not alone the presence of a second phase is sufficient to enhance the mechanical 

properties, but also the distribution of second phases is important, which needs to be on the 

correct length scale [113,117]. To prevent brittle failure of a metallic glass, the distance 

between the second phases is required to be of the size of the critical crack length or smaller 

[124] and the distribution of the second phases needs to be homogeneous [116,117,123]. 
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Deformation induced phase transformations such as the martensitic transformation in the 

second phases are beneficial for the mechanical properties [123]. Dendritic precipitations have 

been proven efficient to enhance the mechanical properties [113,118,119,122]. Pekarskaya et 

al. report that soft crystalline phases carry the plastic deformation partially by dislocations if 

the stress concentration in the glassy matrix is large enough [120]. As thin films, crystalline-

amorphous multilayers have been shown to exhibit enhanced mechanical properties [125]. 

Alternatively to crystalline phases, phase separation to introduce a second amorphous phase 

[126,127] or the design of an amorphous-amorphous microstructure similar to the 

microstructure of crystalline materials – known as nano-glasses – is proposed to enhance the 

mechanical properties, especially plasticity [128]. Phase separation usually occurs if the 

enthalpies of mixing between all constituent pairs except one are negative or the mixing 

enthalpy of one constituent pair is significantly more negative than the others [36,126,127]. 

Nano-glasses contain consolidated glassy particles, mimicking a nanocrystalline 

microstructure. Hence, nano-glasses contain glassy regions and lower-density glass-glass 

interfaces. Nano-glasses show enhanced plasticity and even work-hardening due to the 

formation and interaction of multiple shear bands at the glass-glass interfaces [128,129]. 

However, due to the lower activation barrier of shear bands in nano-glasses, the yield strength 

of nano-glasses is lowered compared to conventional bulk metallic glasses [128].  

Recently, the in situ formation of compositionally nano-structured metallic glasses has been 

reported in thin films [130]. In the Co-Ta-B system, a self-organized periodic lamellar 

nanostructure formed with a wavelength in the order of magnitude of 101 nm that is decreasing 

with increasing B content. Concomitantly, hardness, Young’s modulus, fracture strength and 

fracture toughness increase significantly [130]. The origin of the two amorphous phases is not 

clear yet, because all enthalpies of mixing are negative [130], which is not expected for phase 

separation according to literature [36]. Nevertheless, the in situ formation of nanostructured 

metallic glasses is proposed as a design route for enhanced mechanical properties [130]. The 
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self-organized nano-structured metallic glass formation with increasing B contents opens a 

composition space promising in terms of mechanical properties, which is not explored yet. 

1.5. Research questions 

The previous sections have given an overview about the mechanical properties and underlying 

physical mechanisms thereof (section 1.2): A low fraction of hybridized bonds on the overall 

bonding has been identified as the fingerprint of high fracture toughness [93]. The stiffness of 

metallic glasses scales with bond energy density, hence a high bond energy density has been 

proposed to be the origin of high stiffness [110]. Thus, quantum mechanical predictions of 

mechanical properties and topology can be a powerful tool for the design of metallic glasses 

for structural applications (section 1.3). However, since quantum mechanically guided design 

strategies cannot quantitatively predict fracture toughness and thermal expansion yet, this 

work focuses on the following research questions to advance the quantum mechanically based 

design of the mechanical properties and thermal expansion of metallic glass thin films: 

I. Can the thermal expansion of metallic glasses be predicted ab initio by the Debye-

Grüneisen model?  

The coefficient of thermal expansion (CTE) is of critical importance to minimize the 

amount of post-machining as well as due to the importance of thermal stresses in 

micro-mechanical devices and thin film applications [17,20,21]. While the CTE has 

been predicted by ab initio methods using the Debye-Grüneisen model for 

crystalline cubic [131–137], tetragonal [136,137], trigonal, and hexagonal [137] 

materials, it has not been employed to predict the CTE of amorphous materials. 

Hence, the goal is to predict the thermal expansion of metallic glasses ab initio 

using the Debye-Grüneisen model and to validate the prediction experimentally. 

II. Can the fracture toughness of metallic glasses be predicted quantitatively? 

Schnabel’s et al. qualitative design proposal that the fracture toughness is 

increased by a low fraction of hybridized bonds [93] will be validated by comparing 

the electronic structure of metallic glasses with fracture toughness data reported in 
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literature [31]. The aim is to quantify the fraction of hybridized bonds and to relate 

it to the fracture toughness of metallic glasses. Thereby, the proposal of an 

enhanced, quantitative predictor function for fracture toughness of metallic glasses 

based on the crystal orbital overlap population [138] is envisaged. 

III. Can metalloid-containing metallic glasses and network glasses be discriminated 

based on their electronic structure and topology? 

Co-Ta-B metallic glasses have been reported to exhibit excellent fracture 

toughness and strength, hardness as well as Young’s modulus with a B content of 

up to 49.5 at.% due to the formation of nanolaminates [130] and a high bond energy 

density [110]. High B-containing solids with B contents around 90 at.% are reported 

to be ultra-hard as a consequence of an icosahedral B-network [139–141]. 

However, the transition region between 50 and 90 at.% B has not been investigated 

yet. Hence, the goal is to identify topology and electronic structure differences 

between B-containing metallic glasses and icosahedral network formers – B-

containing network glasses or amorphous borides – in terms of topology and 

electronic structure to identify potential criteria for the discrimination between 

metallic glasses and network glasses. 

IV. What is the effect of free volume of metallic glasses on the electronic structure? 

Increasing the free volume content has been proposed to enhance plastic 

deformation of metallic glasses and is often referred to as “structural rejuvenation” 

[43]. Recently, an enhanced free volume content was reported to induce work 

hardening and hence enables stable plastic deformation [49]. Free volume in 

metallic glasses consists of volume fractions containing atoms with lower 

coordination number [53], which allow the atoms to move within their nearest 

neighbour cage without energy change [54]. Thus, atomic mobility is enhanced 

[22,53] as the free volume lowers the energy barrier for shear transformations in 

metallic glasses [22,53] promoting plastic deformability [51]. While literature often 

focusses on the free volume induced changes in internal energy [43,51,142–144] 
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and topology [49,145–147], the effect of free volume on the electronic structure has 

so far been overlooked. Therefore, the goal is to understand the effect of free 

volume on the electronic structure and hence chemical bonding based on ab initio 

calculations by systematically increasing the free volume content of Cu70Zr30. 

2. Methods 

In the following sections, the background of the theoretical and experimental concepts and 

methods used in this work is introduced. As the details of the theoretical and experimental 

strategies employed differ depending on the research question addressed, the reader is 

referred to the original publications attached to this work for the detailed setups used. 

2.1. Ab initio calculations 

Ab initio calculations are atomic calculations with the composition and topology as the – in 

principle – only input parameters. The calculation of forces between the atoms requires solving 

the multi-body Schrödinger equation. This is already challenging for He atoms containing two 

electrons. For a typical ab initio calculation that contains several atoms larger than hydrogen, 

the solution of the multi-body Schrödinger is therefore analytically not possible and 

computationally cost-intensive. To use computational resources efficiently, the ab initio 

calculations conducted here are based on density functional theory (DFT), which will be 

introduced here in a nutshell. 

Hohenberg and Kohn proved the possibility to determine material properties as well as the 

total energy based on the electron density n(r) [148]. The total energy of the system is 

calculated by 

E = min
n
{F[n] + ∫ d3r n(𝐫)v(𝐫)}. (1) 

In eq. 1, v(r) is the single-body potential, r the atomic position, and F[n] is the universal 

functional  

F[n] = min
Ψ→∞

< Ψ | T̂ + V̂ | Ψ > (2) 
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with the kinetic energy operator �̂�, the potential energy operator �̂� and the wavefunction Ψ 

[149]. Kohn and Sham reduced the computational effort further by introducing non-interacting 

electrons with the same density as in the original problem, resulting in Kohn-Sham eigenvalues 

εjσ and single-electron orbitals Φjσ by the non-interacting Schrödinger equation [149] 

{−
1

2
∇2 + vσ(𝐫)}Φjσ(𝐫) = εjσΦjσ(𝐫) (3) 

where vσ(r) is the potential energy. Based on eq. 2 and 3, the energetic contributions for the 

ground state are separated into the kinetic contribution TS[n]; the Hartree functional U[n] 

describing the electron-electron interactions; and the exchange-correlation functional EXC[n]: 

F[n] = TS[n] + U[n] + EXC[n] (4) 

This solution for the ground state energy is exact [149,150]. However, the exchange-

correlation functional is only defined by eq. 4 and hence, in practice, approximations are used. 

In this work, the general gradient approximation is employed (GGA, eq. (5)), which includes 

not only electron densities n↑(r) and n↓(r) (arrows indicating spin-up and spin-down electrons) 

but also the electron density gradients [149].  

EXC
GGA = ∫dr3eXC

GGA(n↑(𝐫), n↓(𝐫), |∆n↑(𝐫)|, |∆n↓(𝐫)|) (5) 

Here, the GGA versions developed by Perdew and Wang (PW-91) [151] and Perdew, Burke 

and Ernzerhof (PBE, eq. 5) [152] are utilized. Based on these principles, by finding the 

minimum of the energy, the ground state energy can be determined.  

To produce an amorphous structure in silico, ab initio molecular dynamics (AIMD) is used. 

Thereby, the forces between the atoms i and j are calculated from the total energy instead of 

giving a classical potential as it is done in classical molecular dynamics. With these forces 

f(rij(t)), the movement of the atoms in a given timestep Δt is determined and the atoms are 

moved from their initial position r(t) to the new position r(t+Δt), typically by the Verlet algorithm 

(eq. 6) [153]. 
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r(t + ∆t) = 2r(t) − r(t − ∆t) + (∆t)2∑f(rij(t))

i≠j

 (6) 

In the new configuration, energy and forces are then determined again by solving eq. (3) to 

determine the movement in the next iteration steps. 

However, these calculations are carried out at 0 K. To introduce temperature into AIMD, two 

approaches are the most common ones used and implemented in the openMX-code [154,155], 

which is used for AIMD in this work, employing canonical ensembles: controlling the 

temperature by velocity scaling or a Nosé-Hoover thermostat. For velocity scaling according 

to Woodcock [156], the mean squared velocity of the atoms is calculated for a specified 

temperature and compared to the actual mean squared velocity of the atoms in the system. 

Based on the difference between specified and actual mean squared velocity, a scaling factor 

is calculated that adjusts the position r(t-Δt) in eq. (6) in such a way that the atoms are 

effectively accelerated or decelerated to maintain the specified temperature [156]. With the 

Nosé-Hoover thermostat, the system is connected to a heat bath via friction coefficients. The 

heat bath controls the atomic velocities and keeps the temperature constant [157]. 

 

Fig. 5: Schematic representation of the ab initio modelling routine for metallic glasses 

introduced by Hostert et al. [158]. 

The modelling routine for metallic glasses employed in this work was developed by Hostert et 

al. [158] and is schematically shown in Fig. 5. A cubic supercell containing 115 atoms that are 
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initially placed randomly on a bcc lattice is heated to 4000 K for 400 fs. Subsequently, the cell 

is quenched to 0 K by geometry optimization. Afterwards, the volume of the cell is relaxed to 

minimize the energy while keeping the relative atomic positions constant. This heating – 

quenching – relaxation cycle is iterated until the volume change between two subsequent 

cycles is smaller than 2%. Based on the final structural model, the ground-state properties, 

electronic structure, and topology are then calculated. 

From the ab initio calculations, the elastic properties can be directly determined by hydrostatic 

deformations and volume conserving shear distortions in the case of a cubic cell. The bulk 

modulus is proportional to the second derivative of the energy-volume curve. Thus, by 

hydrostatic expansion and compression of the simulation cell while keeping the relative atomic 

positions fixed, the bulk modulus is calculated by fitting the obtained energy-volume curve with 

the Birch-Munarghan equation of state [159]: 

−(
δEel
δV
)
T

1

K0
= 3e(1 + 2e)

5
2 [1 −

1

2

δ3
δ2
e +

1

3

δ4
δ2
 e2 +⋯] (7) 

Where K0 is the bulk modulus at zero pressure, Eel the elastic energy, e the negative strain 

and 
δ3

δ2
= 3(4 − K0

′ ); and 
δ4

δ2
= 9K0K0

′′ + 9(K0
′ )2 − 63K0

′ + 143 with K0’ and K0’’ being the first and 

second derivative of K0 to the pressure [159], the latter one being of importance to describe 

the pressure dependence of K0 and K0’. The elastic constants of shear in the cubic system, 

c11, c12 and c44 are obtained via the volume conservative shear distortions D and D44 

(eq. 8 and 9) and subsequent fitting of the resulting energy-shear dilatation curves, 

eq. 10 and 11, where δ is the distortion matrix element, V the volume and E the energy of the 

supercell [160]. 

D = (

1 + δ 0 0
0 1 − δ 0

0 0
1

1 − δ2

) (8) 

D44 =

(

 

1 δ44 0
δ44 1 0

0 0
1

1 − δ44
2 )

  (9) 
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∆E = V(c11 − c12)δ
2 + O(δ4) (10) 

∆E44 = 2Vc44δ44
2 + O(δ44

4 ) (11) 

2.2. Bonding analysis 

Here, bonding analysis is understood in terms of topology and electronic structure analysis. 

The main tool for the topological analysis of short-range ordered materials is the radial 

distribution function R(r) and the closely related reduced pair distribution function G(r). R(r)∙dr 

describes the number of atoms in a shell of thickness dr in a distance r from an arbitrary atom 

[161] as defined by eq. (12): 

R(r) =∑∑
bibj
〈b〉2

δ(r − rij)

ji

 (12) 

g(r) =
R(r)

4πr2ρ0
 (13) 

bi, bj, <b> are the atomic scattering lengths of the atoms and the mean scattering length of the 

sample, which are necessary to compare the ab initio data with experimental results from high 

energy scattering (section 2.5). R(r) can be directly calculated from the atomic positions in the 

system. The pair distribution function g(r) (eq. (13) with ρ0 the atomic number density) is the 

histogram of bond distances with an arbitrary atom as the origin. Due to the large number of 

atoms in physical systems, the pair distribution function is a quasi-continuous function [161]. 

The pair distribution function g(r) describes very well the short-range order for small bond 

distances r, while it asymptotes to 1 for large bond distances. The amplitude of the structural 

information-containing oscillations decreases with 1/r. However, also the uncertainties in the 

experimental data scale with 1/r, hence the emphasis of the short bond distances in g(r) is 

statistically not significant [161]. Therefore, the reduced pair distribution function G(r) is used 

for analysis, as the uncertainties are constant with r and G(r) can be directly obtained by a 

Fourier transform of the experimentally obtained structure factor (section 2.5). G(r) is defined 

in eq. 14 [161]. 

G(r) = 4πrρ0(g(r) − 1) (14) 
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Another topological parameter is the coordination number CN, describing the number of 

nearest neighbours of an arbitrary atom. These nearest neighbours are within the first 

coordination shell around an atom that is described by the first main peak in R(r) and G(r). The 

first minimum in R(r) or G(r) is used as a cutoff-radius when counting the number of atoms 

surrounding an atom. Next to counting the number of atoms within the first coordination shell 

surrounding an atom and averaging this number for all atoms, the CN can be calculated by 

integrating R(r) within the boundaries r1 and r2, which are the boundaries of the first 

coordination shell [161]: 

CN = ∫ R(r)dr
r2

r1

 (15) 

By considering only certain atomic pairs for these topological quantities introduced here, the 

partial correlation functions or CN are obtained while the total quantities are the average of the 

partial ones. The total R(r) and G(r) as well as the total CN are also obtainable by X-ray 

scattering. 

For the bonding analysis based on the electronic structure, the starting point is the electronic 

density of states (DOS). The DOS describes the number of occupied and unoccupied 

electronic states as a function of energy [162]. Thus, the DOS is an integrated measure for the 

band structure. The DOS is a real space quantity, while the band structure is determined in 

reciprocal space [138]. The peak positions and peak shapes as well as the position of the 

Fermi level allow conclusions about the bonding in the material. The DOS analysis gains added 

value by calculation of the partial, orbital-resolved DOS, i.e. the DOS per alloy constituent. This 

enables the identification of the peaks in the total DOS as well as conclusions about the 

hybridization of orbitals. 

For an in-depth bonding analysis, the concepts of the crystal orbital overlap population (COOP) 

and the crystal orbital Hamilton population (COHP) are considered. The COOP weights the 

DOS by the orbital overlap [138]. Therefore, the probability to find an electron in a two-centre 

molecular orbital Ψ built from two atomic orbitals Χ1 and Χ2 needs to be considered: 
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1 = ∫Ψ2dt = ∫(c1Χ1 + c2Χ2)
2dt = c1

2 + c2
2 + 2c1c2S12 (16) 

S12 is the overlap integral between Χ1 and Χ2. The term 2c1c2S12 describes the interaction 

between atomic orbitals and is the weighting factor to obtain the COOP from the DOS [138]. 

The COHP is an energy-resolved bonding descriptor [111]. This is again a weighted 

representation of the DOS, however, here the DOS is weighted by an occupation number and 

is multiplied with an Hamiltonian operator, resulting in the energy resolution [111]. The COHP 

does, as the COOP, not only give information about bonding (negative COHP, positive COOP) 

and antibonding states (positive COHP, negative COOP), but integration of the COHP up to 

the Fermi levels yields a measure of bond strength [163]. However, COOP and COHP cannot 

be directly calculated from the output of projector augmented wave (PAW) codes such as the 

Vienna Ab-Initio Simulation package (VASP) used here for the calculation of the DOS 

[164,165], which is a consequence of the delocalized nature of the plane-waves and PAWs 

[163]. The LOBSTER software is used to project the delocalized PAWs onto localized orbitals 

and subsequently to calculate the COOP and COHP [166]. 

2.3. Magnetron sputtering 

The metallic glass samples in this work were synthesised as thin film metallic glasses by 

magnetron sputtering. In magnetron sputtering, ions of a working gas – typically Ar+ ions – are 

accelerated towards a cathode made of the material to sputter – the target – by applying a 

negative potential to the cathode. The process takes place at low pressures which are realized 

by the introduction of the inert working gas into a high-vacuum chamber. The ion source in 

magnetron sputtering is a plasma, i.e. an electrically neutral mixture of ions and electrons, that 

is concentrated in the vicinity of the target by a magnetic field surrounding the cathode 

[167,168]. When an ion impinges the target surface, the momentum of the arriving ion is 

reversed and partially absorbed, eventually causing the ejection of a target atom if the energy 

was sufficiently high [167,168]. The efficiency of ejecting target atoms by sputtering is called 

the sputter yield and depends on the target material and potential as well as the ion species, 

energy and impinging angle [167,168]. Hence, the target composition or – when using 
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elemental targets – the power ratio is not equal to the film composition. Parameters to define 

composition, structure and morphology of the deposited film are the deposition rate, substrate 

temperature, substrate bias voltage, particle flux and the sputtering mode [167]. 

 

Fig. 6: Schematic of the magnetron sputtering process based on [168,169]. 

Different sputtering modes are available. Among those, the simplest one is direct current 

magnetron sputtering (DCMS), which is usable with all conducting materials, while radio 

frequency magnetron sputtering (RFMS) can be employed also for non-conducting materials. 

Both methods are used in this work, DCMS for metallic targets and RFMS for B targets. For 

DCMS, a constant voltage is applied between cathode and anode, ionizing the gas atoms. As 

the plasma is quasineutral, the voltage is mainly found in the region between the plasma and 

the cathode, called the cathode sheath, as schematically shown in Fig. 6 [169]. The cathode 

sheath thickness is in the order of mm [169]. Due to the potential difference in the cathode 

sheath, the ions are accelerated towards the cathode, which is the target. Next to sputtering 

target atoms when impinging the target, the ions cause the ejection of secondary electrons 

that are accelerated away from the cathode to the plasma and provide the energy for the 

plasma [168]. With the help of magnetic fields, in magnetron sputtering the plasma is 

concentrated close to the cathode. Confining the movement of electrons in this dense plasma 

region increases the lifetime of the electrons and allows the usage of lower voltages and 

deposition pressures compared to a pure DC-glow discharge without magnetic fields [168]. 

Crucial parameters are the target-to-substrate distance and the chamber pressure as both 
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influence the deposition rate [167,168] as well as the number of collisions and hence scattering 

events of atoms during sputtering [170]. The latter is decreased due to the low deposition 

pressure in magnetron sputtering [168]. 

 

Fig. 7: Schematic of the ultra-high vacuum deposition system used. Visible in the centre is 

the main deposition chamber with the cluster flange of four 2-inch cathodes on the bottom 

and the substrate holder at the top; to the right the separately pumped load lock that enables 

a fast exchange of samples. Load lock and main chamber are separated by a gate valve. 

Charge builds up at the surface of non-conducting targets due to immobile electrons, which 

would be neutralized by incoming positive ions. Thereby, the cathode would be shielded by a 

neutral layer. To avoid neutralization of the cathode’s surface, an alternating potential is 

applied with a frequency sufficiently high to suppress charge neutralization while recharging 

the target surface with electrons [167]. In practice, a frequency of 13.56 MHz is used (radio 

frequency, RF) [167]. Insulating materials can be directly sputtered by RFMS, while for 

conductive materials the power supply needs to be capacitively coupled with the target [167]. 

The oscillating electrons in the radio frequency field generate the plasma, thus the secondary 

electrons necessary for DCMS are not required to sustain the RF-plasma. While it is possible 
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to sputter nearly all materials by RFMS, operating RFMS is more challenging than DCMS due 

to the complexity of matching the impedance of the plasma to the generator [167]. 

 

Fig. 8: Schematic of sample library synthesis by magnetron sputtering. The four magnetrons 

with targets of element A, B, C, and D (bottom) are tilted by 20° and the substrate centre is 

placed in the common focal point (top, not to scale). Thereby, the composition of the sample 

changes along the two perpendicular composition gradients A-C and B-D. 

In this work, an ultra-high vacuum deposition system with four 2-inch cathodes was used 

(Fig. 7). The cathodes were tilted by 20° to the substrate normal to allow the deposition of 

compositional gradients (Fig. 8), creating sample libraries on the substrate wafer [171]. The 

substrate to target distance was 10 cm. Samples were deposited onto different types of 

substrates: Single crystal Si wafers for chemical characterization as well as for probing the 

mechanical properties and atom probe tomography, polyimide (Kapton) for high energy X-ray 

scattering on sample libraries, and NaCl substrates to obtain powder samples. For the latter, 

the NaCl substrates were dissolved in water after deposition and the resulting thin film flakes 

were cleaned in isopropanol and acetone. The cleaned thin film flakes were ground in a mortar 

to obtain metallic glass powders [172]. For compositionally homogeneous films as required for 
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the powder samples, the substrate was rotated. The reader is referred to the original 

publications attached for details of the deposition settings. 

2.4. Energy dispersive X-ray spectroscopy 

Energy dispersive X-ray spectroscopy (EDX) is used to determine the chemical composition. 

EDX requires electrons as primary beam and is hence available in many scanning as well as 

transmission electron microscopes. Due to the electron bombardment, atoms in the sample 

become ionized. The resulting electron hole is then filled by a higher-energetic electron from a 

more outer shell while the excess energy is released as a characteristic X-ray photon. Thereby, 

electron transitions have to satisfy following conditions: I) Δn > 0; II) Δl = ± 1; and III) Δj = -1, 

0, +1, where n is the principle quantum number, l the angular momentum quantum number 

and j = l ± s is the total angular momentum with s describing the spin (±1/2) [173]. 

The spatial resolution is determined by the sample as well as the primary electron energy, as 

every interaction deflects the electron path. Elements with a large atomic number and hence 

many electrons cause multiple interactions and result in a smaller interaction volume compared 

to light elements, where the electrons penetrate a larger volume. Additionally, high electron 

energies cause a larger interaction volume than low electron energies and hence worsen the 

spatial resolution [173]. 

The characteristic X-rays are detected by a semiconductor detector made either of Li-doped 

Si (Si(Li), used in this work) or Ge crystals. The detection principle is the same in both cases: 

The X-rays create electron-hole pairs until the complete X-ray energy is dissipated. The energy 

required for one electron-hole pair in Si(Li) is 3.8 eV [173]. Accordingly, the number of electron-

hole pairs is proportional to the energy of the X-ray photon. Electrons and holes are separated, 

the resulting electrical pulse is amplified and analysed in a multi-channel analyser [173]. The 

detector needs to be cooled by liquid nitrogen to reduce noise and to avoid diffusion of Li.  

To avoid contamination of the detector by condensation of hydrocarbons and water from the 

microscope environment, the detector is separated from the microscope chamber by a window. 

In very pure vacuum environments, a window is not necessary. The disadvantage of the 
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window is the absorption of X-rays, especially at low energies. Thus, X-rays of light elements 

such as B, C, N, and O are lowered in intensity while even lighter elements are not possible to 

detect [173]. 

In the EDX spectrum, the peaks of the characteristic X-rays are superimposed on a 

background caused by bremsstrahlung [173]. From the peak position, one can qualitatively 

infer the elements present in the sample. For quantitative analysis, one needs to take the peak 

intensities into account that are proportional to the concentration of the respective constituent. 

The proportionality constant combines contributions of ZAF, standing for: Z – correction for 

inelastic scattering due to differences in mean atomic numbers; A – correction for X-ray 

absorption; and F – correction for X-ray fluorescence. These contributions have to be 

determined by modelling, called ZAF-correction, or by using a reference of known composition 

[173]. 

While EDX is a widely available technique, it is not the ideal solution for light elements such as 

B. The detector window is not fully transparent for the low Kα X-ray energy of 0.183 keV for B 

[174]. Moreover, the B Kα-peak (partially) overlaps with C Kα (0.277 keV [174]), which is always 

detected due to condensation of hydrocarbons during contact with air and impurities of the B 

target. Hence, to obtain precise and accurate B concentrations, the measurement with 

reference to a standard sample is necessary.  

The composition of the standard sample is determined by time-of-flight elastic recoil detection 

analysis (ToF-ERDA) in this work. ToF-ERDA enables the quantification of the chemical 

composition without the usage of a standard sample [175]. In ToF-ERDA, sample atoms are 

recoiled due to impingement of an ion beam with energies in the MeV range. The energy 

spectrum of the recoiled atoms is analysed to determine the composition of the sample: the 

energy allows identification of the element, the intensity conclusions on the composition. To 

separate the recoiled sample atoms from the scattered atoms of the ion beam, the time-of-

flight is considered [173]. The sensitivity of ERDA is approximately independent of the atomic 

mass [173], and thus suited to determine the composition of samples containing light elements. 
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ToF-ERDA measurements in this work were carried out at the tandem accelerator laboratory 

of Uppsala University. Recoils were generated by 127I8+ primary ions with a kinetic energy of 

36 MeV. The detector telescope consisted of thin carbon foils for the ToF measurement [176] 

as well as a gas ionization detection system [177] and was situated at an angle of 45° with 

respect to the primary ions. Hence, both the incidence and exit angles were 22.5° with respect 

to the specimen surface. Time and energy coincidence spectra were converted into a depth 

profile using the CONTES software package [178].  

The error of ToF-ERDA consists of the systematic uncertainties, which are in the order of 10% 

for light elements. The systematic uncertainties arise as a consequence of the energy loss of 

primary and recoiled species as well as the detection efficiency, which is significantly smaller 

than 1 for light elements such as B [175,176]. The detection efficiency is determined by the 

probability of electron emission when passing the carbon foils in the detector and the 

probability of detection [176]. Hence, the detection efficiency is limited by the electron stopping 

power of the carbon foil [176]. Moreover, statistical uncertainties, caused by counting statistics, 

were maximum for B with 2%. While the error on the content of light elements is hence rather 

high and affects the uncertainties of the metal content, the relative compositions can be 

determined with a higher precision as those are mainly influenced by the statistical 

uncertainties (supplementary material of [179]). 

2.5. High energy X-ray scattering 

Since the focus of this work is on metallic glasses and amorphous materials, X-ray scattering 

will not yield Bragg diffraction peaks that are known from crystalline materials. The scattering 

method used instead is called “total scattering” and treats Bragg peaks as well as diffuse 

scattering equally – containing information about the non-crystalline structure [161]. The 

intensity I(Q) obtained in the total-scattering experiment is corrected for background and 

Compton scattering and subsequently normalized by the mean atomic scattering length <b> 

of the sample to obtain the structure factor S(Q), eq. (17) [161]. 
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S(Q) =
I(Q)

〈b〉2
 (17) 

From the structure factor, the reduced pair distribution function G(r) is calculated by a Fourier 

transform [161]: 

G(r) = (
2

π
)∫ Q[S(Q) − 1] sin(Qr) dQ

∞

0

 (18) 

Q is the wavevector in reciprocal space. In the experiment, the limits 0 and ∞ cannot be 

reached and must be replaced by the limiting Qmin and Qmax. As the scattering data is collected 

in reciprocal space, the high-Q data are describing the short-range order in the low-r range of 

G(r) and vice versa. Therefore, one needs to collect data over a Q-range as wide as possible. 

This can be achieved by using high X-ray energies and a short sample to detector distance. 

Hence, high energy X-ray scattering was carried out at the synchrotron light source PETRA III 

at Deutsches Elektronen-Synchrotron DESY in Hamburg. At beamline P02.1, an X-ray energy 

of 60 keV and a sample to detector distance of roughly 200 mm has been used in combination 

with a Perkin Elmer XRD1621 area detector [180] to probe the wavevector space up to more 

than 14 Å-1. 

While the experimental pair-distribution functions are well suited for short-range order 

information in metallic environments, information on the B-bonds is hard to capture due to the 

low scattering length of B. The atomic scattering length is a complex quantity, however, for 

high X-ray energies and scattering in forward direction, the real part is the dominating one and 

approaches the atomic number, while the imaginary part gains importance close to absorption 

edges [174]. Hence, B yields a low intensity in the scattered X-rays, while the metals yield a 

high scattering intensity. As a result, B-metal bonds can be observed in experimental pair 

distribution functions, while B-B bonds are hardly visible. 

2.6. X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive technique to probe the chemical 

environment in the sample by measuring the binding energy of core and valence electron 

states [173]. By irradiation of the sample with monochromatic X-rays in ultra-high vacuum, 
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electrons in the sample are excited and some leave the sample. This is called the photoeffect. 

The photoeffect can be understood as a three step process: First, the electrons are excited by 

the impinging X-rays. Thereafter, the excited electrons move through the sample to the surface 

while potentially exciting secondary electrons. Lastly, some electrons surmount the energy 

barrier between surface and vacuum – the work function – and leave the sample [181]. The 

sample contains a small positive potential afterwards as result of the electron hole [181]. The 

electrons that left the sample are detected and their kinetic energy Ek is measured. Ek contains 

the impinging X-ray energy ħω (ħ: Planck constant divided by 2π; ω: frequency of X-rays), the 

binding energy EB and the work function φ: 

Ekin = ℏω − EB − φ (19) 

As ħω and φ are known, the binding energy is the quantity usually shown. After ejection of the 

electron from the sample, the remaining electrons react to the positive potential, thus changing 

the electronic structure in the sample. The so-called final state is hence not identical with the 

initial state. This can result in satellite and plasmon peaks in the electron spectrum [181]. 

The electron mean free path in the sample is crucial for the photoelectron to reach the sample 

surface and is in the range of less than 50 Å [181]. Hence, XPS is very surface sensitive. This 

leads to the challenge to differentiate bulk and surface properties [181]. As instrumental 

condition, a ultra-high vacuum (UHV) environment is necessary, not only to allow the 

photoelectron to travel to the detector, but also to avoid the adsorption of volatile atoms or 

molecules on the sample surface that interfere with the measurement [181]. 

2.7. Micromechanical beam bending tests 

The fracture toughness can be determined based on linear elastic fracture mechanics (LEFM). 

LEFM requires completely elastic deformation in the material, plastic deformation is only 

allowed in small regions, so that the overall deformation remains elastic [86]. If a crack is 

introduced into a material, a stress concentration field in front of the crack tip will form, which 

is quantified by the stress intensity factor K. The evolving stress field depends on the loading 

mode, which is differentiated by crack-opening (mode I), in-plane shear (mode II), and out-of-
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plane shear (mode III, Fig. 3). Hence, K depends on the mode present in the sample as well 

as on the testing geometry [86]. Here, only mode I and KI are discussed as this mode is the 

condition important for most applications [86]. The stress in front of the crack tip decreases 

proportionally to the reciprocal square root of the radial distance. Thus, the stress is maximum 

in the vicinity of the tip. Due to the large stress at the crack tip, plastic deformation may occur 

locally, forming a plastic zone with the radius rp. LEFM requires rp to be much smaller than the 

size of the stress field described by K as well as much smaller than the sample dimensions to 

avoid size effects [86]. If these conditions are satisfied, KI is a measure for the load at the crack 

tip and is called fracture toughness. The crack grows when a critical KIc is reached. An 

equivalent condition can be formulated based on the energy release rate [86]. 

Energetically, during crack growth the formation of surfaces as well as the breaking of bonds 

requires energy, described by 2𝛾𝐵𝑎, where γ is the surface energy and B and a are width and 

length of the crack, respectively. On the other hand, there is the elastic energy released by the 

growing crack −
σ2π

2E
Ba2, where σ is the crack opening stress and E the Young’s modulus. The 

equilibrium of these energies defines the critical crack length ac: 

ac =
2γE

σ2π
 (20) 

As KIc/E is equal to the surface energy (2γ), the critical stress intensity factor KIc is defined by 

the surface energy, which is known as Griffith criterion [86]: 

KIc = √2γE (21) 

A concept that can be used for inelastic mechanical behaviour is the J-integral, which is the 

energy integral of the strain energy around the crack tip. It captures the energy change in the 

elastic system arising from defects such as growing cracks. Being a parameter of the state 

around the crack tip, the J-concept is equivalent to the K-concept [86]. 
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Fig. 9: Schematic of a notched cantilever for micro-mechanical bending experiments after 

Matoy et al. [182]. 

The fracture toughness is measured by fracturing notched samples, for example as defined by 

ASTM 399 [27,86]. A typical sample geometry for micro-mechanical bending experiments is 

the notched cantilever (Fig. 9) as described by Matoy et al. [182] with a 

height:length:ligament width:breadth (H:L:w:B) ratio of 2:5:2.1:1.7 [182] a notch of depth a. The 

notch can exhibit material bridges at the edges that break first due to the high stress intensity 

there and thereby introduce a real crack tip at the notch root [182]. The effect of a notch or 

fatigue pre-crack may be small for metallic glasses [82], while the notch root radius affects 

shear banding [27]. The fracture toughness of these cantilevers is calculated by eq. (22) [182]. 

KI = σF√πaf (
a

w
) =

FmaxL

Bw
3
2

f (
a

w
) (22) 

σF is the flow stress, Fmax the maximum load and f(a/w) a geometry factor depending on the 

sample geometry used [182]. The measured KI values are only valid when the sample size 

fulfils eq. (23) to ensure a sample size independent fracture toughness KIc, which is a material 

property. 

a,w, B ≥ 2.5 (
KIc
σY
)
2

 (23) 

with σy being the yield stress [27,84,182]. Due to eq. (23), large sample sizes are required to 

determine the fracture toughness of tough materials. Hence, it is difficult to comply with the 

sample size conditions for metallic glasses since for most metallic glasses only small sample 

sizes are available. Samples smaller than required exhibit a larger toughness than KIc, since 
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the plastic zone size may be larger than the sample size, resulting in the inapplicability of LEFM 

[86]. 

If a material deforms plastically, LEFM is no longer applicable due to crack blunting and elastic-

plastic fracture mechanics needs to be used. While in elastic-plastic fracture the K-concept is 

not valid anymore [86], the J-concept can be applied and is complemented by the crack tip 

opening displacement (CTOD) δt. Both are directly connected via the fracture strength σf [86]: 

JC = σfδtc (24) 

However, these concepts are only valid if the samples are sufficiently large since the zone 

around the crack tip being described by the J or δt concept needs to be significantly larger than 

the plastic zone. Moreover, elastic-plastic fracture mechanics can only describe stable crack 

growth [86]. Hence, shear softening metallic glasses are out of the scope of this model. 

2.8. Magnetometry 

The magnetization of metallic glass samples is measured in a vibrating sample magnetometer. 

Therein, the sample and – at distance to avoid interference of the magnetic fields – a reference 

is oscillated in an external magnetic field. The magnetic field of the sample as response to the 

external magnetic field induces a voltage into detection coils that is proportional to the magnetic 

field of the sample [183]. Due to the comparison of the voltage induced by the sample and the 

voltage induced by the reference, the measurement is insensitive to the vibration amplitude 

and frequency as well as to instabilities and non-uniformities of the magnetic field [183]. 

2.9. Atom probe tomography 

Atom probe tomography (APT) is used to investigate the chemical composition spatially 

resolved on a nano-meter scale, for example to probe the chemical heterogeneity of the 

samples as done in this work. In APT, a high voltage is applied between a sub-micrometre-

sized sharp sample tip, which is cooled to cryogenic temperatures, and a local counter-

electrode located in micrometre distance. By high voltage pulses or laser pulses surface atoms 

are evaporated from the tip and accelerated through the local electrode into a position sensitive 
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single ion detector. Based on the detector information and the time-of-flight, type and position 

of the ion in the tip can be reconstructed [173]. 

3. Summary of publications 

In this section, the publications that address the research questions formulated in section 1.5 

are summarized. The detailed results, discussion and methodology can be found in the 

attached original publications. 

Paper I: 

The coefficient of thermal expansion (CTE) is an important design parameter for structural 

applications as well as processing of metallic glasses. It is demonstrated that predictions of 

the coefficient of thermal expansion for metallic glasses by density functional theory-based ab 

initio calculations are efficient both with respect to time and resources. The coefficient of 

thermal expansion is predicted by an ab initio based method utilizing the Debye-Grüneisen 

model to be 3.4∙10−5 K−1 at room temperature for a Pd54.7Al23.5Y7.8Ni11.3 metallic glass, which 

exhibits a pronounced medium-range order. The predictions are critically appraised by in situ 

synchrotron X-ray scattering and excellent agreement is observed. Through this combined 

theoretical and experimental research strategy, the feasibility to predict the CTE from the 

ground state structure of a metallic glass until the onset of structural changes is shown. 

Thereby, a method to efficiently probe a potentially vast number of metallic glass alloying 

combinations regarding thermal expansion is provided. 

Paper II: 

While thermal expansion is important for thermoplastic forming, for the application of metallic 

glasses as structural materials high fracture toughness is crucial to avoid catastrophic failure 

of the material in a brittle manner. One fingerprint for fracture toughness in metallic glasses is 

the fraction of hybridized bonds, which is in case of Pd57.4Al23.5Y7.8M11.3 affected by alloying with 

M = Fe, Ni, Co, Cu, Os, Ir, Pt, and Au. It is shown that experimental fracture toughness data is 

correlated to the fraction of hybridized bonds which scale with the localized bonds at the Fermi 
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level. Thus, the localized bonds at the Fermi level are utilized quantitatively as a measure for 

fracture toughness. Based on ab initio calculations, the minimum fraction of hybridized bonds 

was identified for Pd57.4Al23.5Y7.8Ni11.3. According to the ansatz that the crystal orbital overlap 

population at the Fermi level scales with fracture toughness, for Pd57.4Al23.5Y7.8Ni11.3 a value of 

around 95 ± 20 MPa·m0.5 is predicted quantitatively for the first time. Consistent with this 

prediction, in micro-mechanical beam bending experiments Pd57.4Al23.5Y7.8Ni11.3 thin films show 

pronounced plasticity and absence of crack growth. 

Paper III: 

Metalloids are frequently alloyed into metallic glasses to enhance the mechanical properties 

[29,130,184] or the glass forming ability [21,185,186]. However, the effect of – especially large 

– metalloid concentrations on the electronic structure has not been investigated so far. As the 

behaviour of metallic glasses depends on the electronic structure which in turn is defined by 

chemical composition, the influence of B concentration on glass transition, topology, 

magnetism and bonding for B concentrations x = 2 to 92 at.% in the (Co6.8Ta1)100-xBx system is 

systematically investigated. From an electronic structure and coordination point of view, the B 

concentration range is divided into three regions: Below 39±5 at.% B, the material is a metallic 

glass due to the dominance of metallic bonds. Above 69±6 at.% the presence of an 

icosahedra-like B network is observed. As the B concentration is increased above 39±5 at.%, 

the B network evolves while the metallic coordination of the material decreases until the B 

concentration of 67±5 at.% is reached. Hence, a composite is formed. It is evident that based 

on the B concentration, the ratio of metallic bonding to icosahedral bonding in the composite 

can be controlled. It is proposed that by tuning the coordination in the composite region, glassy 

materials with defined plasticity and processability can be designed. 

Paper IV: 

While it is accepted that the plastic behaviour of metallic glasses is affected by their free 

volume content, the effect thereof on chemical bonding has not been investigated 

systematically. According to electronic structure analysis, the overall bond strength is not 



- 38 - 
 

significantly affected by the free volume content. However, with increasing free volume 

content, the average coordination number decreases. Furthermore, the volume fraction of 

regions containing atoms with lower coordination number increases. As the local bonding 

character changes from bonding to anti-bonding with decreasing coordination number, 

bonding is weakened in the volume fraction of lower coordination number. During deformation, 

the number of strong, short-distance bonds decreases more for free volume containing 

samples than for samples without free volume, resulting in additional bond weakening. Thus, 

it is shown that the introduction of free volume causes the formation of volume fractions of 

lower coordination number resulting in weaker bonding and proposed that this is the electronic 

structure origin of the enhanced plastic behaviour reported for glasses containing free volume. 

4. Contribution to the field 

In this work, the Debye-Grüneisen model is proposed as a reliable ab initio-based method to 

predict the CTE of metallic glasses. Moreover, a predictor function for fracture toughness 

based on the correlation between the fraction of localized, anti-bonding bonds scaling with the 

crystal orbital overlap population at the Fermi level and experimental fracture toughness data 

is proposed. Both methods - to predict CTE and fracture toughness – expand the available ab 

initio predictor functions to metallic glasses. The prediction of fracture toughness is crucial to 

avoid catastrophic failure and the CTE has an impact on near net-shape forming. Thus, this 

work enables the identification of promising metallic glass compositions for structural 

applications and processing out of the vast metallic glass composition space fraction. Due to 

the here employed ab initio approach, this identification is efficient both with respect to time 

and resources. 

In paper III, it is proposed that by controlling the coordination in a self-organized metallic glass 

– network glass Co-Ta-B composite, soft-magnetic amorphous materials with defined plasticity 

and processability can be designed. Thereby, an experimentally unexplored compositional 

space fraction is opened up which is promising in terms of mechanical properties by the 

combination of the beneficial mechanical properties of metallic as well as network glasses. In 
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addition, the coordination based composite formation may point towards the origin of self-

organized nano-laminate formation in metallic glasses, which has not been explained so far. 

In paper IV, bond weakening due to a local rise of anti-bonding states in volume fractions of 

lower coordination is proposed as the electronic structure origin of the enhanced plastic 

behaviour reported for free volume containing metallic glasses. Considering this free volume 

effect on the electronic structure enables fine-tuning of the quantum-mechanical predictor 

functions, yielding in a suitable composition and free volume content for the optimal 

performance of a metallic glass in a specific application. Simultaneously, the complexity of 

metallic glass synthesis increases, as not only the composition, but also the free volume 

content needs to be controlled. As the density is affected by the free volume content, the former 

is identified as a key parameter for the quantum mechanically guided design of metallic 

glasses. 

5. Future work 

Quantum mechanical methods have limitations due to the computational resources required 

when predicting amorphous materials on time-scales larger than femtoseconds. Simulations 

of atomic rearrangements during structural relaxation or investigations of shear bands and 

their electronic structure would require simulations with supercells in the order of µm and time 

scales in the order of seconds or at least milliseconds. Compared to the spatial and temporal 

scales used in the studies presented here, this means increasing the temporal scale by a factor 

of 109 – 1012 and the spatial scale by a factor of 103
 in each direction. Therefore, one simulation 

cell would contain 1011 atoms, and the number of electrons is even larger. The computational 

time required would hence increase by a factor much larger than 1033 due to the cubic scaling 

of the computational time with electrons [187]. To avoid the drawbacks of potentials used in 

classical molecular dynamics, which is capable of large cell sizes, these demanding 

calculations need to be conducted based on linear scaling (O(N)) DFT algorithms [188]. O(N) 

algorithms use the fact that electronic interactions are mainly confined to the short-range order 

[188] and are hence suited for short-range ordered (non-metallic) materials. However, O(N) 
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algorithms for metallic systems have been developed [188]. Next to O(N) algorithms, new 

modelling routines for large metallic glass systems need to be developed that reduce the 

computational effort by identifying and focussing on the regions of interest in the supercell. The 

precision of the calculations is to be kept high in these regions of interest, while the precision 

in the rest of the simulation cell may be lowered to reduce the computational effort. 

The continuous evolution of short and medium-range order in Pd62.1Al27.3Y4.2Ni6.4 towards the 

crystalline structure during heating was reported in this work based on high energy X-ray 

scattering. While this technique can resolve the average structural evolution, the formation of 

embryos for crystallization, their structure as well as competing phases has not been 

understood so far. To gain this understanding, the movement and evolution of the atomic 

structure on the atomic level needs to be tracked. As atom probe tomography in combination 

with field ion microscopy allows three-dimensional atomic resolution [189], the crystallization 

of metallic glasses can be investigated on stepwise heated samples by the combination of 

these techniques. Due to the beneficial effects of crystalline phases in the metallic glass matrix 

[113], once the mechanisms of the crystallization process in metallic glasses are understood, 

the design of metallic glass matrix composites with defined mechanical properties will be 

enabled. 

Not only the metallic glass matrix composites, but also composites containing icosahedra-like 

network fragments as well as metallically bonded regions are promising for the design of 

metallic glasses with enhanced mechanical properties. However, the effect of the ratio of 

network fragments to metallically bonded regions on the mechanical properties as well as the 

effect of composition, substrate temperature and ion energy on the self-organized formation of 

these self-organized composites needs to be understood to design composites with tailored 

mechanical properties. Therefore, a systematic study on the deposition conditions combined 

with electron microscopy techniques that probe the local topology such as electron loss near 

edge fine structure spectroscopy needs to be conducted. Correlative ab initio calculations to 

determine the surface energies are required to explain the self-organized formation of these 
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amorphous composites. The amorphous nature of the glass, however, makes the calculation 

of surface energies complex since the surface of amorphous materials is not precisely defined. 

Hence, a routine must be developed that first identifies representative surface configurations 

out of the vast number of potential surfaces. Only in the second step, the surface energies can 

be calculated. Micro-mechanical experiments show the influence of the different composite 

structures on the mechanical properties. 

The predictor function for fracture toughness of metallic glasses based on the number of 

localized states at the Fermi level, as presented here, does neglect the influence of magnetism 

as well as free volume. As magnetism influences the electronic states at the Fermi level [190] 

and the effects of magnetism on the electronic structure of metallic glasses are not 

systematically investigated yet, the predictor function needs to be expanded for magnetic 

metallic glasses based on the understanding of the electronic structure of these materials. The 

free volume needs also to be incorporated into the predictor functions, as the free volume is a 

crucial parameter for fracture toughness [43] and leads to bond weakening due to a local rise 

of anti-bonding states in volume fractions containing atoms of low coordination number, which 

are identified as free volume sites [53]. Therefore, the theoretical study on the effect of free 

volume on the electronic structure needs to be critically appraised by an experimental study 

that connects the free volume content of thin film metallic glasses measured by high energy 

X-ray diffraction according to Yavari et al. [145] with the mechanical properties. Moreover, the 

distribution of volume fractions containing atoms of low coordination number needs to be 

critically appraised by determining the free volume distribution experimentally employing 

fluctuation electron microscopy [191]. 
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Thermal expansion of Pd-based 
metallic glasses by ab initio 
methods and high energy X-ray 
diffraction
Simon Evertz  1, Denis Music1, Volker Schnabel2, Jozef Bednarcik3 & Jochen M. Schneider1

Metallic glasses are promising structural materials due to their unique properties. For structural 
applications and processing the coefficient of thermal expansion is an important design parameter. 
Here we demonstrate that predictions of the coefficient of thermal expansion for metallic glasses 
by density functional theory based ab initio calculations are efficient both with respect to time and 
resources. The coefficient of thermal expansion is predicted by an ab initio based method utilising the 
Debye-Grüneisen model for a Pd-based metallic glass, which exhibits a pronounced medium range 
order. The predictions are critically appraised by in situ synchrotron X-ray diffraction and excellent 
agreement is observed. Through this combined theoretical and experimental research strategy, we 
show the feasibility to predict the coefficient of thermal expansion from the ground state structure of a 
metallic glass until the onset of structural changes. Thereby, we provide a method to efficiently probe a 
potentially vast number of metallic glass alloying combinations regarding thermal expansion.

Metallic glasses are promising materials for micromechanical structural applications due to the combination of 
high strength and elasticity, hardness and toughness1–3, leading to an outstanding property combination compared 
to other material classes4. In addition to these property combinations, the absence of microstructural features2  
makes metallic glasses ideal for micromechanical applications. The low viscosity in the supercooled liquid region 
allows the near net-shape production of structural components by thermoplastic forming, while volume shrink-
age during casting is one magnitude lower compared to crystalline materials due to the lack of a first order phase 
transition during solidification5. For processing by near net shape production methods and application in micro-
mechanical devices the coefficient of thermal expansion (CTE) is of critical importance in terms of dimensional 
accuracy and thermal stresses1–3,5.

Pd-based metallic glasses exhibit promising property combinations such as high strength and toughness, 
leading to damage tolerant materials6. Schnabel et al. reported a metalloid-free Pd57.0Al23.9Y7.7Cu11.4 metallic 
glass with extensive plastic deformation before fracture and a high damage tolerance4. Following the electronic 
structure based design proposal of Schnabel et al. that a low fraction of hybridised bonds is a fingerprint of 
damage-tolerance4, Pd62.1Al27.3Y4.2Ni6.4 is predicted to exhibit damage tolerance. In addition to the damage toler-
ance, the knowledge of the CTE is crucial for potential micromechanical applications.

While knowledge based ab initio models to predict structure and mechanical, electrical and magnetic prop-
erties of metallic glasses are state of the art7–10, there are no reports on Debye-Grüneisen model to predict the 
CTEs of metallic glasses in literature. The CTEs of cubic11–17, tetragonal16,17, hexagonal and trigonal materials17 
have been calculated by the Debye-Grüneisen model. To our knowledge, the Debye-Grüneisen model has not 
been applied to amorphous materials yet. Here it is demonstrated that the ab initio based prediction of CTEs is 
efficient with respect to time and resources. As a model system we have evaluated a Pd54.7Al23.5Y7.8Ni11.3 thin film 
metallic glass by the ab initio based Debye-Grüneisen model and validated the theoretical predictions by high 
energy X-ray diffraction experiments.
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Methods
In this work, ab initio molecular dynamic simulations were carried out using the density functional theory18 
based openMX code19,20. Electronic potentials with the generalised gradient approximation were employed21. 
Basis functions were linear combinations of localised pseudoatomic orbitals22. The following basis functions were 
applied: Pd5.0-s2p1d1, Al6.0s1p2, Y6.5-s3p2d1 and Ni6.0-s2p2d2f1. The first symbol designates the chemical 
element followed by the cutoff radius. The last set of symbols defines the primitive orbitals. An N-point grid 
of 85 × 85 × 85 and a cutoff energy of 150 Ry has been used. For volume relaxation at 0 K the Vienna Ab-initio 
Simulation Package was utilised23,24. Thereby, the ultrasoft pseudopotentials were employed and the Brillouin 
zone was integrated on a 3 × 3 × 3 Monkhorst-Pack k-point grid25.

To model both short- and medium-ranged order, the structural model introduced by Hostert et al.8 was mod-
ified in terms of the size of the supercell and of relaxation time. Here, a larger supercell containing 389 atoms and 
43 vacancies was employed. In order to obtain an amorphous structure, the supercell was heated to 4000 K for 
4000 fs and quenched to 0 K with infinite cooling rate until the volume change between two subsequent cycles 
was <2%. As described previously by Hostert et al.8, the application of an infinite cooling rate is appropriate com-
pared to cooling rates accessible in thin film synthesis. The bulk modulus B was obtained from the ground state 
by fitting the volume-energy data with the Birch-Munarghan equation of state26. Shear and Young’s modulus were 
calculated by means of volume conservative distortions27. In order to allow a medium range order to develop, 
relaxation of the atomic positions was allowed at 300, 400, 700 and 800 K for 4400 fs. Taking the scattering pow-
ers of the constituents into account, the pair distribution function (PDF) g(r) was calculated from the atomic 
positions8.

To estimate the CTE, a Debye-Grüneisen theory based method described by Söderlind et al.11 was used. 
Thereby the Helmholtz free energy (eq. (1)) was calculated for different temperatures.
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Ee(r) is the temperature independent electron energy, N the number of atoms in the supercell, kB Boltzmann’s 
constant and T the temperature. From the mechanical properties obtained in the ab initio calculations, namely 
bulk modulus B and Poisson’s ration ν, the Debye temperature Θ was calculated by eq. (2)
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h is the Planck constant and M the atomic mass. The dependence of the free energy on the Wigner-Seitz radius 
r was introduced via the change of Debye Θ temperature with r (eq. (3)), whereby γ is the Grüneisen parameter 
and r0 the equilibrium radius.

r
r (3)0
0

3
Θ = Θ









γ

From the free energy curve calculated for several temperatures the equilibrium radii at each temperature were 
calculated. From the change of the equilibrium radius r0 with temperature T, the linear and volumetric thermal 
expansion coefficients αlin and αvol, respectively, were obtained by eq. (4)

T
r T

dr T
dT

( ) 1
3

1
( )

( )
(4)lin vol

0

0α α= =

To measure the thermal expansion by synchrotron X-ray diffraction Pd62.1Al27.3Y4.2Ni6.4 thin films were depos-
ited on rotating NaCl substrates by magnetron sputtering of elemental targets in DC mode in an ultra-high vac-
uum chamber (base pressure <51 mPa). Floating bias was utilised, the power densities on the Pd, Al, Y and Ni 
targets were 4.2, 4.7, 1.7 and 1.3 W/cm2, respectively. Ar was employed as working gas with a pressure of 0.4 Pa 
during sputtering. For the synchrotron measurements, the NaCl substrate was dissolved in water to obtain thin 
film particles, which were subsequently cleaned in isopropanol and acetone.

High-energy X-ray diffraction was conducted at beamline P02.1 of the PETRA III electron storage ring 
at DESY, Hamburg. X-rays with a wavelength of 0.20701 Å were used and data collected with a Perkin Elmer 
XRD1621 fast detector. The sample was positioned in a Linkam THMS 600 heating stage and heated up with a 
heating rate of 10 K/min up to 863 K, hold at this temperature for 300 s and cooled down to room temperature 
with 10 K/min. Diffraction patterns were taken continuously with a measurement and detector read-out time of 
12 s. The diffraction patterns were integrated over this time interval, which leads to a temperature resolution of 
2 K. We used the FIT2D software28–30 to process the diffraction patterns.

The thermal expansion of an amorphous substance is connected to the shift of the principal peak position Q 
in reciprocal space as described in eq. (5)31, where Q is the principal peak position, V the atomic volume and αvol 
the volumetric CTE. T0 indicates the reference temperature, in this study room temperature.
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The principal peak was fitted by a Pseudo-Voigt function in order to obtain the quantitative peak positions. 
Throughout this work, all CTEs are given as volumetric CTEs.

To study the structural changes during heating, the structure factor S(Q) and the reduced PDF G(r) were 
obtained using the PDFgetX3 software32. From the structure factor S(Q) the reduced PDF G(r) was calculated by 
a Fourier transformation. g(r) and G(r) are connected by

ρ
ρ πρ

= = +g r r G r
r

( ) ( ) ( )
4

1
(6)0 0

Results and Discussion
In this part, first the CTE of Pd54.7Al23.5Y7.8Ni11.3 metallic glass is predicted by the Debye-Grüneisen model and 
critically appraised by in situ X-ray diffraction. Thereafter, the calculated and experimentally observed structures 
are compared to validate the employed ab initio model. In the third part, a refined structural analysis is conducted 
to investigate the changes in the atomic structure observed in the experiments.

Thermal expansion. We evaluate the thermal expansion of Pd62.1Al27.3Y4.2Ni6.4 thin film metallic glasses by 
in situ X-ray diffraction and by ab initio methods utilising the Debye-Grüneisen model. Figure 1(a) shows the 
synchrotron X-ray diffraction results for the thermal expansion of Pd62.1Al27.3Y4.2Ni6.4 thin film powder. The ratio 
of the principal peak positions (Q(T0)/Q(T))3 of the structure factor S(Q) is depicted as a function of temperature 
since this ratio is directly related to volume changes in the glass31,33,34. Thus, the CTE is related to (Q(T0)/Q(T))3 
below Tg provided that no structural change occurs31, as has been reported for several La-, Pd-, Sm-, Co- and 
Zr-based metallic glasses31,33–40. In the heating section, beginning at room temperature, the ratio (Q(T0)/Q(T))3 
is increasing linearly. From 570 K onwards (this temperature is referred to as relaxation temperature Tr), the CTE 
decreases and eventually turns negative at Tn = 670 K. The (Q(T0)/Q(T))3 curve reaches a minimum at 775 K. 
According to Bednarcik et al.34 the minimum in the (Q(T0)/Q(T))3 curve corresponds to the glass transition 
temperature Tg. The continuing change in the (Q(T0)/Q(T))3 ratio due to homogenisation of the sample tem-
perature at the maximum temperature of 863 K during a holding time of 5 min causes an infinite slope. In the 
cooling section, the (Q(T0)/Q(T))3 ratio decreases linearly. The linear regions of the heating and cooling sections 
are fitted in intervals of 50 K. The resulting CTEs are shown in Fig. 1(b). The average in CTE for the heating and 
cooling section are 3.5 ± 0.2 × 10−5 and 3.4 ± 0.1 × 10−5 K−1, respectively, which is consistent with CTE for other 
Pd-based metallic glasses41. In the supercooled region above Tg we measured a CTE of 2.7 × 10−4 K−1, which is 
8 times larger than the CTEs in the glassy regions. This can be rationalized based on additional excitations of 
atomic oscillators at the glass transition33,34,42. In contrast to the thermal expansion while cooling, the thermal 
expansion while heating begins to deviate from a linear dependence at Tr. Throughout the whole cooling region a 
linear dependency of (Q(T0)/Q(T))3 to the temperature is observed. The non-linear dependency of (Q(T0)/Q(T))3 
on temperature while heating is caused by the annihilation of free volume in the structure31,33,43. The CTEs in the 

Figure 1. Thermal expansion of a Pd based metallic glass. (a) Ratio of the principle peak positions of the 
structure factor (Q(T0)/Q(T))3 of Pd62.1Al27.3Y4.2Ni6.4 as a function of temperature. The dashed lines are linear 
fits with the slopes as the volumetric coefficient of thermal expansion in the heating, cooling and supercooled 
region αh, αc and αsc, respectively. Dotted lines mark the relaxation and glass transition temperature Tr and 
Tg. Arrows indicate the direction of heating. (b) Coefficient of thermal expansion of Pd54.7Al23.5Y7.8Ni11.3 by 
ab initio based Debye-Grüneisen model. Debye temperature is 332 K. The red and blue triangles represent the 
experimental CTEs in the heating and cooling sections, respectively.
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heating and cooling section are consistent within the error of the measurement. This holds because the difference 
in free volume between the heating and cooling curves does not influence the relative shift of the principle max-
imum of S(Q) in the relaxation free temperature region33. While heating the metallic glass, excess free volume is 
annihilated. Hence, with increasing temperature the thermal expansion is superimposed by free volume annihi-
lation. Above Tr the influence of free volume annihilation on the macroscopic thermal expansion is larger than 
the thermal volume expansion. Eventually, this causes a negative CTE at 670 K.

Figure 1(b) depicts the calculated CTEs from the Debye-Grüneisen model based on the ab initio calcula-
tions in the ground state and the experimental CTEs as a function of temperature. The calculated CTEs increase 
between 100 and 300 K from 1.5 × 10−5 to 3.4 × 10−5 K−1. Above the Debye temperature ΘD = 332 K, the CTE 
increases only slightly. Hence, we observe excellent agreement between the experimentally and theoretically 
obtained CTEs of the Pd54.7Al23.5Y7.8Ni11.3 thin film metallic glass, which is within the error of the measurement 
and the precision of the Debye temperature calculation. The Debye temperature depends on the temperature 
dependent equilibrium volume, elastic constants and composition, whereby the calculated CTE can deviate up to 
30%17. The Debye-Grüneisen method models the acoustic mode of the phonons below Θ and the increased ampli-
tudes of anharmonic vibrations at higher temperatures by the Grüneisen constant as long as structural changes 
such as relaxation or the approach of the melting point do not occur13. Deviations of the experimentally obtained 
CTEs from the predicted CTEs indicate regions with and without structural relaxation. For Pd62.1Al27.3Y4.2Ni6.4 
the experimental CTE begins to decrease at Tr, marking the onset of structural relaxation. Therefore, we propose 
the Debye-Grüneisen model as a reliable ab initio based method to predict CTEs of metallic glasses, provided a 
realistic structural model is applied, which will be discussed in the next section.

The applicability of the Debye-Grüneisen model can be justified by the work of Safarik and Schwarz44. The 
signature of a metallic glass in terms of lattice vibrations are low frequency lattice vibrations that can be modelled 
by Einstein oscillators. These vibrations that deviate from the Debye model are highly anharmonic. However, 
the anharmonic modes do not influence the bulk modulus44. As the bulk modulus is one major input parameter 
for the Debye-Grüneisen model and is not influenced by an anomalous large density of low frequency vibra-
tions in glasses, this model can be applied for metallic glasses without the addition of Einstein oscillators in the 
Debye-Grüneisen model.

Ab initio structural model vs. experiment. The CTE predicted by the Debye-Grüneisen model depends 
entirely on the atomic configuration obtained in the ab initio calculations. Hence, we will compare the simulated 
configuration with the experimentally observed one. Besides topology, glass transition temperature is a repre-
sentative gauge to judge the validity of an atomic configuration. The glass transition temperature Tg is estimated 
by an empirical model introduced by Wang et al.45. They report the ratio of 1000Tg and MΘD

2 (the Lindemann 
criterion) is approximately constant for metallic glasses, considering Zr-based, Pd-based, Nd-based, La-based and 
Cu-based metallic glass systems, where M is the average atomic mass45. Based on this model, Tg of the calculated 
structure is 981 K compared to 775 K in the experiment (Fig. 1). This difference of 20% between theory and exper-
iment is comparable with the deviations expected for the predicted CTE and even smaller compared to deviations 
of Tg calculated by classical molecular dynamics simulations for Ni-P45,46 and Zr-Al-Ni47,48 to the corresponding 
experimental values. Causes for this deviation might be the infinite quenching rate that increases Tg

46 and the 
small difference in composition caused by the discrete number of atoms in the supercell. Thus, the accuracy of 
our structural model with respect to Tg is within the temperature range expected from our model and literature.

Short and medium range order have been reported in literature to have different contributions to thermal 
expansion40. Hence, we compare the calculated and experimentally obtained PDF in Fig. 2. The PDFs calculated 
for 300, 400, 700 and 800 K, i.e. for whole temperature range encompassing Tr as well as Tg, resemble the first peak 
of the experimental PDF at 2.8 Å with a deviation of 0.1 Å. The second coordination shells of the calculations 
overlap with the experimental one. Similar to the experimental PDF, the calculated PDF for 300 K exhibits a dis-
tinct peak splitting with a peak at 4.8 Å and a shoulder at 5.3 Å, i.e. at the same positions as in the experimental 
case. The peak splitting is observed up to 800 K. In the third coordination shell, the calculated PDF at 300 K shows 

Figure 2. Experimental and calculated pair distribution functions of Pd62.1Al27.3Y4.2Ni6.4 at 300, 400, 700 and 
800 K.
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two distinct peaks which are different from the experimentally observed peak. However, the calculated third 
coordination shell covers the relevant r-range between 6.0 and 8.5 Å and exhibits the same asymmetric shape as 
the experimentally observed third coordination shell. For higher temperatures of 700 and 800 K the major peaks 
in the third coordination shell of the calculated PDFs are within the range of 7.5 and 7.0 Å. Despite computational 
constraints, the description of the short-range order up to the second coordination shell is feasible at room tem-
perature, as the calculated PDF at 300 K resembles the experimental PDF despite the noise due to the low number 
of atoms. Therefore, the ab initio model introduced in ref.8 for a metalloid containing metallic glass produces 
a realistic atomic structure of a metalloid free metallic glass if the size of the supercell is adjusted to comprise 
higher coordination shells. Therefore, the increased size of the supercell compared to ref.8 is necessary. However, 
to account for structural relaxation an even larger supercell would be required. The number of 389 atoms used 
here, which corresponds to an increase of 338% in reference to ref.8, is still 1.5 times smaller than the number of 
atoms found in regions of correlative motion during structural relaxation in Pd-based metallic glasses49. To sum-
marize the comparison of ab initio model and experimentally observed structure, the calculated PDF, glass tran-
sition temperature and CTE are consistent with the experimental values. Hence, the ab initio model represents an 
atomic configuration comparable to the atomic configuration obtained with magnetron sputtering.

Structural rearrangements. The deviation of (Q(T0)/Q(T))3 from a linear dependence on T and the devi-
ation of the CTE from the theoretical prediction at Tr indicate the onset of structural rearrangements, which 
have implications on mechanical properties43. Temperature induced mechanical property and phase stability 
changes are of key importance for structural applications41. Thus, to investigate the atomic rearrangements, we 
employed a refined structural analysis. To understand the influence of structural rearrangements on the medium 
range order, we compare the structure factor obtained by high energy X-ray diffraction at room temperature; 
Tn = 670 K, at which the CTE changes from positive to negative values; Tg = 775 K; and the maximum heater 
temperature of 863 K (Fig. 3(a)). From the comparison of the structure factor at RT and 670 K we observe a slight 
peak shift towards lower wavevectors, while the peak width begins to decrease at Tr (Fig. 4(a)). This indicates an 

Figure 3. Changes in the structure of Pd62.1Al27.3Y4.2Ni6.4 during in situ heating and cooling. Structure factor 
S(Q) (a) and PDF (b) and difference between PDF at elevated temperature and room temperature (c) of 
Pd62.1Al27.3Y4.2Ni6.4 for room temperature (300 K), 670 K, glass transition temperature (775 K), the supercooled 
region (800, 826 and 849 K), maximum heating temperature and the cooled down sample. The inset in (a) shows 
the peak positions of the Bragg peaks of the fcc-phases of the main constituents Pd and Al.
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onset of structural rearrangements towards a more ordered structure, which is consistent with the comparison 
of predicted and measured CTE. Between 670 K and Tg = 775 K, the second peak of S(Q) (Fig. 3(a)) shifts signif-
icantly towards larger q values from 4.77 to 4.90 Å−1. Furthermore, the ratio of first and second peak positions 
q2/q1 (Fig. 4(b)) deviates from a constant value above 670 K. Hence, starting at Tn = 670 K inelastic structural 
changes occur that cannot solely be attributed to thermal expansion33. The changes in S(Q) (Fig. 3(a)) indicate 
that atomic rearrangements become more pronounced in the supercooled liquid region between Tg and 863 K. 
In the supercooled liquid region, the principal peak develops a shoulder at 3 Å−1 and decreases in height due to 
atomic rearrangements, while a peak sharpening of the main peak in the second coordination shell is observed, 
indicating the onset of the Bragg peaks and hence structural rearrangements towards the formation of a crystal-
line phase. These small Bragg peaks are irreversible and clearly visible in the cooled down sample, which consists 
of nanocrystals in an amorphous matrix after the heating cycle.

Comparing the peak positions of S(Q) to the Bragg peaks of the crystalline phases of the main constituents Pd 
and Al (inset in Fig. 3(a)), the principle peak shifts towards the (111) peak of Pd, while the shoulder of the prin-
cipal peak is near the Bragg peaks of the (200) plane. The main peak of the second coordination shell matches the 
(311) peak of Al, while its shoulders are between the (220) and (222) peaks, respectively, of both elements. Thus, 
the fcc crystalline structures appear to evolve via fcc-like short-range ordered clusters before the onset of crystalli-
sation. Similar observations have been reported by Voyles et al. for the amorphous to crystalline transition of Si50.

Despite the nanocrystalline phase in the glass present in the cooling region, the CTE for the glass and a 
nanocrystal-glass composite material are equal within the error of the measurement. This equivalence of CTEs 
may be explained by the portion of the amorphous phase and the similarity of the CTE of the major constit-
uent Pd. The rather broad principle peak of S(Q) of the cooled down sample in Fig. 3(a) and the small Bragg 
peak indicate a considerably large amorphous portion after the heating and cooling cycle. Additionally, the CTE 
of 3.4 × 10−5 K−1 for main constituent Pd13 is in agreement with the calculated CTE for the amorphous phase. 
Thus, the difference of CTE between crystalline and amorphous phase might be small, wherefore the CTE of the 
nanocrystal-glass composite is equal to the amorphous CTE.

Complementary to the medium-range order analysis, the development of short-range order is probed by 
employing real space PDFs. The experimentally obtained real space reduced PDF G(r) shown in Fig. 3(b) under-
lines the structural changes during heating. Corrugations at bond distances lower than 2.1 Å are artefacts from 
the Fourier transform of S(Q) to G(r)51. The first peaks of G(r) are at distances of 2.9, 4.8, 7.1 and 9.4 Å. The first 
peak indicates Pd-dominated bonding, as its position is at the distance of Pd-Pd bonds in icosahedral coordi-
nation. The G(r) at RT and 670 K resemble each other in terms of peak shape and position. Within the tem-
perature range of RT to 863 K the shape of the nearest neighbour shell remains unchanged. However, the peak 
height is decreasing until Tg by 13%, while the full width half maximum (FWHM) is increasing until Tg by 8%. 
The difference between the PDF at elevated temperatures and PDF at 300 K (Fig. 4(c)) shows an increase of the 
peak flanks with a larger portion at the right flank, while the height at the peak centre decreases. Thus, thermal 
rejuvenation might occur, that broadens the atomic bond length distribution in the first coordination shell and 
thereby increases the disordering52 by thermally activated atomic movements. However, the thermal rejuvena-
tion of the short range order does not affect the average atomic volume, as the FWHM of the principle peak of 
S(Q) begins to narrow and the (Q(T0)/Q(T))3 ratio begins to change already at 570 K. Since the average volume is 
represented by the principle peak of S(Q), the changing (Q(T0)/Q(T))3 ratio indicates free volume annihilation31 
concurrent to thermal rejuvenation of the short range order. As can be derived by the continuously changing 
slope of Q(T0)/Q(T))3 towards a more negative value, the free volume annihilation rate in the medium range 
order increases up to Tg, where the average atomic volume begins to increase again. Thermal rejuvenation stops at 
the glass transition temperature, where structural relaxation sets on as the FWHM decreases and principle peak 
height increases53 strongly up to Tx, where the slope decreases and thus structural relaxation slows down. During 

Figure 4. Changes in the structure factor with temperature. (a) Full width half maximum (FWHM) of principal 
peak of the structure factor as a function of temperature in the heating section, the dashed line is a linear fit of 
the FWHM below Tr (b) second to first peak ratio q2/q1 of the structure factor as a function of temperature in 
the heating section, the dashed line marks a constant q2/q1 ratio.
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structural relaxation, the right flank of the first coordination shell decreases (Fig. 4(c)), while the left flank is 
increased compared to the reference. Thus above Tg, free volume annihilation takes place in the short range order 
due to removal of large atomic bond distances53. This structural relaxation towards a more ordered structure at Tx 
is consistent with the continuous development of a more ordered (crystalline) structure, which has been already 
observed by the evolution of the Bragg peaks in S(Q).

While free volume is annihilated between the nearest neighbours above Tg, peak splitting is observed for the 
second to fifth coordination shell, indicating chemical rearrangement. Whereas the major subpeak of the second 
coordination shell below Tg is at 4.8 Å, the major peak at Tg is at 5.1 Å with shoulders at 4.3 and 5.6 Å. These three 
subpeaks become more pronounced with increasing temperature in the supercooled region. Also in the third 
coordination shell the subpeak at 7.4 Å, which was not dominating below Tg, evolves at Tg and eventually dom-
inates the third coordination shell in the supercooled region. Shoulders evolve also in the fourth coordination 
shell in the supercooled region. This evolution of subpeaks in the second to fourth coordination shell hints to a 
rearrangement of local chemical environment53 of Pd, which is the major constituent in this metallic glass.

The different behaviour of short and medium range order in terms of free volume annihilation, thermal 
rejuvenation and relaxation hints to a heterogeneous atomic environment on the short range order level. To 
understand the relation of the individual coordination shells in the short range ordered region and the thermal 
expansion, we calculated the temperature induced relative shift of peak positions of the individual coordination 
shells. Figure 5 depicts the relative shift of the peak positions rij of the PDF (indices indicating the jth peak in the ith  
coordination shell) during heating. The average thermal expansion obtained from the shift of the principle peak 
of S(Q) is indicated by a solid line and supposed to be approximately the macroscopic thermal expansion40. The 
reference peak positons at T0 = RT for r11, r21, r22, r31, r32, r41 and r42 are 2.86, 4.75, 5.05, 6.95, 7.29 9.26 and 9.54 Å, 
respectively. From Fig. 5 we learn that the thermal expansion of the coordination shells is inhomogeneous. The 
first and third coordination shell contract compared to the macroscopic thermal expansion, while the second 
coordination shell expands more than by the macroscopic thermal expansion. The expansion of the fourth coor-
dination shell matches the macroscopic thermal expansion. The peak shifts of the first to third coordination 
shells are due to rearrangements on the atomic level (Fig. 3(b,c)). Comparing the cooled down sample to the 
initial sample, the second peak at 3.4 Å forms in the first coordination shell, might be associated with the bonds 
involving Y, while the second coordination shell consists of three distinct peaks at 4.2, 5.0 and 5.7 Å instead of 
one peak containing two subpeaks. The difference of the PDF of the cooled down sample and the pristine sample 
(Fig. 3(c)) reveals a sharpening of the peak of the first coordination shell, indicating a narrower bond length dis-
tribution. The distinct peaks in the second coordination shell verify the increased ordering in the sample after the 
heating cycle. However, in Fig. 5 we observe that the higher coordination shells reflect the macroscopic thermal 
expansion obtained from the principal peak shift in S(Q)40. This can readily be understood based on the inverse 
relationship between wavenumber and bond distance. The principal peak of S(Q) contains the major information 
of the medium range order34,54. Thus, it is learned from the analysis of both S(Q) and G(r) that the macroscopic 
thermal expansion is reflected by the medium range order, while irreversible changes take place in the heteroge-
neous atomic environment of the short and near medium range order up to bond distances of 13.2 Å, which is in 
agreement to literature reports40 on CuZr metallic glasses. During structural relaxation, the exchange of atoms 
with different sizes between the heterogeneous coordination shells is possible55, allowing the contraction and 
expansion of coordination shells as is the case for the first to third coordination shell, leading to inhomogeneous 
thermal expansion on the atomic scale. Following the shifts of the peak positions in Fig. 5 we observe a significant 
change in slope around 745 K, inferring an increased rate of structural rearrangements. The inflection point at 
775 K corresponds to the glass transition temperature Tg observed in (Q(T0)/Q(T))3. Further heating leads to a 

Figure 5. Relative shift of peak positions rij of G(r) as a function of temperature of the jth peak in the ith 
coordination shell. The solid line marks the relative peak shift expected from the average CTE αc obtained from 
the structure factor S(Q). Empty symbols represent relative peak shifts of the calculated PDF from Fig. 2. Tg and 
Tx are the glass transition and crystallisation temperature, respectively.
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minimum at 800 K. This change of slope in real space is identified as crystallisation temperature Tx
34. This temper-

ature coincides with the flattening of the width of the principle peak of the structure factor and of the q2/q1-ratio 
in Fig. 4. The onset of crystallisation at Tx is consistent with the observation of Bragg peaks in the structure factor 
(Fig. 3(a)) inferring nanocrystal formation within a glassy matrix.

The empty symbols in Fig. 5 show the relative peak shifts of the calculated PDFs in Fig. 2 and underline 
the lack of structural relaxation in the ab initio model. The peak positions of the calculated PDF do not shift 
in accordance with the experiments, but show a strong scattering. The scattering is likely caused by the small 
volume of the supercell, which introduces noise into the calculated PDF that is also observed for bond dis-
tance larger 4 Å (Fig. 2). Hence, a direct determination of CTEs from the shift of peak positions in real space is 
not feasible. However, as shown in Fig. 2 the description of the short-range order up to the third coordination 
shell by ab initio calculations is possible at room temperature. This enables the prediction of CTEs with the 
Debye-Grüneisen model, which is more efficient in terms of time and resources compared to experimental 
methods.

Conclusion
The average room temperature CTE of the Pd54.7Al23.5Y7.8Ni11.3 thin film metallic glass obtained from 
Debye-Grüneisen model is 3.4 × 10−5 K−1, while the experimental CTEs calculated from in situ heating and cool-
ing cycles in synchrotron X-ray diffraction experiments are 3.5 ± 0.3 × 10−5 and 3.4 ± 0.1 × 10−5 K−1, respectively. 
Hence, we observe excellent agreement between the experimentally and theoretically obtained CTEs. Therefore, 
we propose the Debye-Grüneisen model as a reliable ab initio based method for predicting the CTE of metallic 
glasses. A comparison between the calculated and experimental PDF shows that the experimentally observed 
structure at room temperature is well resembled by the ab initio model. The temperature induced structural relax-
ation is not covered by our model containing 389 atoms, which is the cause for the deviation between theoretical 
and experimental CTE data for temperatures above Tr. The deviation originates in the rearrangement of atoms 
and the annihilation of free volume during structural relaxation within the experiment.

The in situ high energy X-ray diffraction structure analysis reveals an inhomogeneous expansion of the indi-
vidual coordination shells. For the Pd62.1Al27.3Y4.2Ni6.4 thin film metallic glass the macroscopic thermal expansion 
is dominated by the medium range order, while thermal rejuvenation and atomic rearrangements are observed 
in the short range order. Structural relaxation of the average structure starts at 570 K. The glass transition tem-
perature of Pd62.1Al27.3Y4.2Ni6.4 is 775 K, which we identified through a change of signs of the CTE. Above Tg, the 
peaks of S(Q) shift towards the positions of the Bragg peaks of the crystalline phases of the main constituents. 
Hence, before the onset of crystallisation a continuous evolution towards a fcc structure via a fcc-like arrangement 
of short-range ordered clusters is proposed, leading to the formation of a nanocrystal-glass composite mate-
rial. The crystallisation temperature of 800 K is 25 K higher than Tg. The akin CTEs of the metallic glass and 
nanocrystal-glass composite material suggest thermal expansion based on the same mechanism of coordinated 
vibrations of strings of atoms next to highly defective areas in Pd-based metallic glasses and nanocrystal-glass 
composites.

Based on the average atomic volume, we observe free volume annihilation in the medium range order that 
exceeds the volume expansion at 670 K leading to a negative thermal expansion. Above Tg, free volume annihi-
lation takes place in the short range order, while the average atomic volume increases in the supercooled region.

Data availability statement. The data generated and analysed during this study are available from the 
corresponding author on reasonable request.
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• A model to quantitatively predict the
fracture toughness based on the orbital
overlap at the Fermi is introduced.

• The toughness of Pd57.4Al23.5Y7.8Ni11.3
metallic glass is predicted to be 95 ±
20 MPa·m0.5
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High fracture toughness is crucial for the application of metallic glasses as structural materials to avoid cata-
strophic failure of the material in a brittle manner. One fingerprint for fracture toughness in metallic glasses is
the fraction of hybridized bonds, which is affected by alloying Pd57.4Al23.5Y7.8M11.3 with M = Fe, Ni, Co, Cu, Os,
Ir, Pt, and Au. It is shown that experimental fracture toughness data is correlated to the fraction of hybridized
bondswhich scalewith the localized bonds at the Fermi level. Thus, the localized bonds at the Fermi level are uti-
lized quantitatively as a measure for fracture toughness. Based on ab initio calculations, the minimum fraction of
hybridized bonds was identified for Pd57.4Al23.5Y7.8Ni11.3. According to the ansatz that the crystal orbital overlap
population at the Fermi level scales with fracture toughness, for Pd57.4Al23.5Y7.8Ni11.3 a value of around 95 ±
20 MPa·m0.5 is predicted quantitatively for the first time. Consistent with this prediction, in micro-mechanical
beam bending experiments Pd57.4Al23.5Y7.8Ni11.3 thin films show pronounced plasticity and absence of crack
growth.

© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Some metallic glasses envisaged for mechanical applications have a
high strength [1–3] and show the capability of plastic deformation,
z).

. This is an open access article under
especially in geometries confined to the size of the plastic zone [4,5],
which can be in the range ofmillimeters [6]. Plasticity inmetallic glasses
is especially reported to occur under bending load [7–10]. Lewandowski
et al. put the Poisson's ratio ν forward as a design criterion for brittle-
ness and toughness by reporting a brittle to ductile transition at ν =
0.31–0.32 [11]. However, as this brittle to ductile transition is not uni-
versal [9,12,13], Schnabel et al. proposed the fraction of hybridized
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bonds compared to the overall bonding as an electronically motivated
measure for high fracture toughness [12] as covalent bonding induces
brittleness in metallic glasses [10,14]. Decreasing the fraction of hybrid-
ized bonds [12] is therefore proposed to serve as a guideline for increas-
ing fracture toughness. Based on this approach the high fracture
toughness of 49.0 MPa·m0.5 reported for a Pd57.0Al23.9Y7.7Cu11.4 glass
can be rationalized by a comparative analysis of densities of states and
bonding with brittle metallic glass systems such as Cu69.6Zr30.4 [12].
For the design of though metallic glasses, Schnabel's proposal lacks,
however, predictive capability since a quantitative relationship be-
tween fracture toughness and electronic structure has not been
established so far.

Hence, the quantitative model to predict the fracture toughness of
metallic glasses based on the fraction of hybridized bonds presented
here enables the quantitative prediction of fracture toughness of metal-
lic glasses for the first time. In this model, the crystal orbital overlap
population [15] at the Fermi level is utilized as ameasure to quantify lo-
calized bonds. By correlating the localized bonds with fracture tough-
ness values reported in literature, the fracture toughness of
Pd57.4Al23.5Y7.8Ni11.3 is predicted. The prediction from this quantitative
model is validated experimentally. Due to its fracture toughness of
49.0MPa·m0.5 reported by Schnabel et al. [12], the Pd57.0Al23.9Y7.7Cu11.4
metallic glass is chosen as a reference and Pd57.0Al23.9Y7.7M11.4 (M= Fe,
Ni, Os, Ir, Pt, and Au) as the model system with the aim to understand
the relationship between electronic structure and fracture toughness
by quantification of the fraction of hybridized bonds.

2. Methods

2.1. Ab initio calculations

The electronic structure of metallic glasses is the basis for the quan-
titativemodel introduced here to predict fracture toughness. To investi-
gate the electronic structure of Pd57.0Al23.9Y7.7M11.4 metallic glasses, ab
initio molecular dynamics calculations were carried out in this study
to determine the fraction of hybridized bonds. Therefore, the density
functional theory [16] based openMX code [17,18] was used by
employing electronic potentials with the generalized gradient approxi-
mation [19]. The following linear combinations of localized
pseudoatomic orbitals [20] were applied as basis functions: Pd5.0-
s2p1d1, Al6.0-s2p2, Y6.5-s3p2d1, Ni6.0-s2p2d2f1, Au8.0-s2p2d1,
Co5.5-s2p1d1, Ir7.0-s2p2d2f1, Cu4.5-s1p1d1, Os7.0-s2p2d2f1, Fe5.0-
s1p2d1, Pt7.0-s2p2d2f1. Thereby, the first symbol designates the chem-
ical element followed by the cutoff-radius of the potential in Bohr radii.
The last set of symbols defines the primitive orbitals. A grid of 85x85x85
N-points and a cutoff energy of 150 Ry have been used. The Vienna Ab-
initio Simulation Package (VASP) [21,22] was employed for volume re-
laxation at 0 K. Therefore, ultrasoft pseudopotentials were employed
and the Brillouin zone was integrated at a 3 × 3 × 3 Monkhorst-Pack
k-point grid [23]. For the calculation of the electronic structure, projec-
tor augmented-wave potentials [22,24] were utilized. The Crystal Or-
bital Overlap Populations (COOP) [15] and Crystal Hamilton Overlap
Populations (COHP) [25] were calculated by the projection of the
wavefunction onto localized orbitals using the LOBSTER code (version
2.2.1) [26–28], taking all atomic orbitals in the supercell into account.
For visualization, all atomic interactions within the first coordination
shell of every atom are considered. To generate glassy structures com-
parable to experimental samples, the procedure introduced by Hostert
et al. [29] was applied. Thereby, a supercell of 115 atoms was heated
for 400 fs to 4000 K by scaling the velocities and then quenched to
0 K. Afterwards the volume of the structure was relaxed. The heating-
quenching-relaxation cycle was repeated until the volume difference
between two subsequent cycles was lower than 2%. To obtain the bulk
modulus, the volume-energy data were fitted with the Birch-
Murnaghan equation of state [30]. From the atomic positions, the re-
duced pair distribution function (PDF) g(r) was calculated [29].
2.2. Sample synthesis and characterization

Metallic glass thin films were synthesized by magnetron sputtering
from elemental targets on silicon and NaCl-substrates in DC mode in
an ultra-high vacuum combinatorial growth system [31] with a base
pressure lower than 8·10−5 Pa. The substrate potential was kept float-
ing and no intentional heating was applied. The target to substrate dis-
tance was 10 cm. For silicon substrates, no sample rotation was applied
to achieve Pd\\Ni and Al\\Y gradients, from which the position with
the calculated composition was selected. For NaCl-substrates, the sam-
ple was rotated with 30 rounds per minute to obtain a homogeneous
film. The power densities at the targets were 4.2, 4.8, 1.7 and
1.3 W/cm2 for Pd, Al, Y, and Ni, respectively. Ar was the working gas
with a pressure of 0.4 Pa during sputtering [12]. After deposition, the
NaCl substrates were dissolved in water, to obtain thin film flakes
which were cleaned in isopropanol and acetone prior to the synchro-
tron measurements. Thin films deposited onto silicon substrates were
used for micromechanical testing.

High energy X-ray diffraction (HEXRD) was carried out at beamline
P02.1 [32] of the PETRA III electron storage ring at DESY, Hamburg,
Germany. X-rays with a wavelength of 0.20701 Å were utilized. Data
were collected with a Perkin Elmer XRD1621 fast detector and proc-
essed by applying the FIT2D software [33–35]. The data were corrected
for background scattering and the structure factor as well as pair distri-
bution functions calculated by a fast Fourier transformation imple-
mented in the PDFgetX3 software package [36]. The composition of
the sample was investigated with an EDAX Genesis 2000 detector on a
JEOL JSM-6480 scanning electron microscope. The electronic structure
was explored by X-ray photoelectron spectroscopy in a JEOL JAMP
9500F Field Emission Auger microprobe.

The fracture toughness was evaluated using pre-notched micro
specimens [37–39] produced via focused ion beam (FIB) milling in a
Zeiss Auriga® Dual Beam FIB from 1 μm thick metallic glass thin films
deposited onto Si substrates. Single cantilever bending on pre-notched
specimen was used to reduce the possible impact of residual stresses
[40]. The ion beam current was sequentially reduced from 2 nA to 50
pA for notching. The nominal dimensions of the cantilever were 1 × 1
× 10 μm3 with a crack length of 200 nm and a final bending length of
6 μm tomeet the geometric requirements [41,42] on the used geometry
factors. Subsequently, four samples were tested in a Zeiss Gemini 500
field emission scanning electron microscope equipped with an Asmec
Unat II in situ indenter. The indenter operates in an intrinsic displace-
ment controlled mode [43]. Numerous unloading segments were intro-
duced to the applied displacement function to evaluate crack
propagation via the unloading stiffness following the small scale ap-
proach of Wurster et al. [44]. While small scale fracture tests are not in
full geometric accordance with the ASTM KIC measurement standard,
reproducible values for fracture toughness are obtained and reported
here as KQ [43].

Atom probe tomography (APT) specimens were prepared from the
center of the metallic glass thin film deposited on a silicon substrate
using an FEI Helios 600 following procedures described in Ref. [45].
APTmeasurements were carried out on a Cameca LEAP 3000×HR oper-
ated in voltagemode at a pulse repetition rate of 200 kHz, a pulse rate of
15% and the base temperature was set to 60 K. Data analysis was per-
formed using the IVAS 3.8.2 software package.

3. Results and discussion

Pd57.4Al23.5Y7.8Cu11.3 was reported by Schnabel et al. [12] to exhibit a
fracture toughness of 49 MPa·m0.5. Thus, Pd57.4Al23.5Y7.8Cu11.3 was se-
lected as a reference system in the present study. To investigate the
composition dependence of the fraction of localized bonds on the over-
all bonding, Cu in Pd57.4Al23.5Y7.8Cu11.3 has been substituted by Fe, Ni,
Co, Os, Ir, Pt, and Au, i.e. by screening group 8-11 elements in the 4th
and 6th period of the periodic table of elements. In the following, the
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results of the ab initio calculations are presented. Based on the calcu-
lated electronic structure and fracture toughness data from literature,
a quantitative model to predict the fracture toughness is introduced.
Thereafter, the theoretical atomic scale topology is contrasted to exper-
imental data. Finally, the predicted fracture toughness data and results
of micro-mechanical bending tests are compared to critically appraise
the prediction.

The total and partial electronic densities of states (DOS) of
Pd57.4Al23.5Y7.8M11.3 (M= Cu, Ir, Au, Ni) are presented in Fig. 1 for the
energy range of−10 to 0 eV below the Fermi level. The total DOS consist
of the sum of the partial DOS of every atom in the supercell of the calcu-
lation. The partial DOS contains the summed DOS of all atoms of a cer-
tain species. For the partial DOS, the DOS for the s, p and d bands are
shown separately to differentiate the individual orbital contributions.
The DOS are smoothed by adjacent averaging with a smooth window
of 7 data points to enhance clarity. Fig. 1a shows the DOS for the refer-
ence material Pd57.4Al23.5Y7.8Cu11.3 [12]. By comparing peak positions
and shapes for the main constituents Pd and Al between −5 and
−2 eVweak p-d hybridization aswell asweak s-d hybridization around
−6 eV is observed. While the Y d-band shows only minor overlap with
the Pd d-band, strong d-d hybridization between Cu and Pd is present
over the complete energy range of−6 to 0 eV populated in the Cu DOS.

Following the approach of Schnabel et al. [12], the hybridizing con-
stituent Cu in the reference Pd57.4Al23.5Y7.8Cu11.3 was substituted in
the simulations by Ir, Fe, Os, Pt, Au, Ni to identify a less hybridizing con-
stituent. All compositions discussed here have in common that themain
Fig. 1. Total and partial DOS of Pd57.4Al23.5Y7.8M11.3 (M= Cu, Ir, Au, Ni) (a) DOS of reference me
and (d) Ni. The top panels show the total DOS. In the panels of the partial DOS, the states of t
represents the total DOS to relate the partial DOS to the total DOS. In the case of the Ni-conta
Fermi-level is shifted to 0 eV. Blue dashed lines indicate hybridization, blue boxes the domina
of the references to color in this figure legend, the reader is referred to the web version of this
alloy constituents Pd and Al show weak pd- and sd-hybridization be-
tween −6 and −2 eV and that the Y d-band overlaps only slightly
with other bands (Fig. 1b–d), as has already been discussed for the ref-
erencematerial above. Therefore, the focuswill be on the differences in-
duced by the Cu-substituting element.

The partial DOS of Pd57.4Al23.5Y7.8Ir11.3 (Fig. 1b) resemble those of
Pd57.4Al23.5Y7.8Cu11.3. The Ir d-states are more evenly distributed be-
tween −6 eV and the Fermi level compared to Cu (Fig. 1a). But as for
Pd57.4Al23.5Y7.8Cu11.3, hybridization is evident from the partial DOS of
the Ir and Pd d-bands. This type of electronic structure of
Pd57.4Al23.5Y7.8Ir11.3 and Pd57.4Al23.5Y7.8Cu11.3 is representative for
Pd57.4Al23.5Y7.8M11.3 alloyed with M= Fe, Os, and Pt (Fig. S1 in the sup-
plementary information).

In contrast to Pd57.4Al23.5Y7.8Cu11.3, the energy range populated by
the Au d-band between −6 and −2 eV in Pd57.4Al23.5Y7.8Au11.3

(Fig. 1c) is rather narrow and only weak hybridization with the Pd d-
band is found between −6 and −4 eV. In this energy range, however,
the total DOS is dominated by the Au d-band. Around −4 eV, sd-
hybridization is observed between Al and Au. Due to the small overlap
of the Au d-band with the populated states of the other constituents
and its domination of the total DOS between−6 and−4 eV, Au should
be a suitable candidate element for the substitution of Cu in
Pd57.4Al23.5Y7.8Cu11.3 to obtain a metallic glass with high fracture tough-
ness through a low fraction of hybridized bonds.

In the DOS of Pd57.4Al23.5Y7.8Ni11.3 (Fig. 1d), the Ni d-band populates
a small energy range between −4 eV and 0 eV similar to
tallic glass Pd57.4Al23.5Y7.8Cu11.3 and metallic glasses where Cu is replaced by (b) Ir, (c) Au
he s, p and d band are shown with black, red and green lines respectively. The grey line
ining alloy, the different spin orientations due to spin polarization are summarized. The
nce of the partial DOS of the M elements and are a guide for the eye. (For interpretation
article.)
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Pd57.4Al23.5Y7.8Au11.3. In this energy range, the Pd d-band becomes less
populated, which leads to less hybridization while the Ni d-band dom-
inates the total DOS. In contrast to Pd57.4Al23.5Y7.8Au11.3, due to the vi-
cinity to the Fermi level, the hybridizing states of Ni form weaker
bonds compared to the hybridizing states of Au in Pd57.4Al23.5Y7.8Au11.3
that are located at lower energies [15].

Based on the qualitative DOS analysis above, Ni is identified as the
most promising candidate to substitute Cu in Pd57.4Al23.5Y7.8Cu11.3

with respect to fracture toughness. While Ir hybridizes strongly with
Pd, Au populates only a narrow energy range around −6 eV. However,
Ni shows qualitatively the lowest fraction of hybridized bonds on the
overall bonding of the transition metals studied here and the hybridiz-
ing states of Ni form weak bonds due to the vicinity to the Fermi level
[15], thereby promoting shear relaxation.

The bonding and anti-bonding contributions in the Pd-based me-
tallic glass were investigated by the COHP depicted in Fig. 2a. The
COHP of Pd57.4Al23.5Y7.8Ir11.3 is smoothed by a Savitzky-Golay [46]
filter to enhance the clarity of the graphical representation. Accord-
ing to Rempp [47], these oscillations for Pd57.4Al23.5Y7.8Ir11.3 could
Fig. 2. Crystal Orbital Hamilton Populations (COHP) of (a) Pd57.4Al23.5Y7.8M11.3 (M=Cu, Ir, Au, N
Cu69.6Zr30.4 [12], Pt57.4Cu14.8Ni5.2P22.6 [4] and Co53.0Ta7.0B40.0 [49] metallic glasses.
be caused by the energy difference between the Ir d- and both s-
and p-bands.

Fig. 2a shows, that the COHPs of the Pd-based metallic glasses from
Fig. 1 resemble each other. Below approximately −2.4 eV, the COHPs
are negative, indicating bonding contributions to the overall bonding.
Above−2.4 eV, all Pd-basedmetallic glasses show anti-bonding contri-
butions to the bonding. Comparing the COHPs of Pd57.4Al23.5Y7.8Ir11.3 to
the reference system Pd57.4Al23.5Y7.8Cu11.3, a slight shift of the COHP
above−2.8 eV towards the Fermi level is identified, while it resembles
the reference COHP of Pd57.4Al23.5Y7.8Cu11.3 below −2.8 eV. The
resulting higher population of anti-bonding states at the Fermi-level in-
dicates weaker bonding. Pd57.4Al23.5Y7.8Au11.3 exhibits fewer bonding
contributions than the reference Pd57.4Al23.5Y7.8Cu11.3 between −5
and −3.3 eV, which is part of the energy range dominated by the Au
d-band, while its anti-bonding states resemble the reference material.
Thus, the lower population of bonding states and the lower fraction of
hybridized bonds observed in Fig. 1 results in weaker localized bonds
between −5 and −3.3 eV, which may, in turn, enable shear relaxation
upon mechanical loading. In contrast to this, the COHP of
i)metallic glasses shownon Fig. 1 and (b) selected Pd57.4Al23.5Y7.8M11.3 in comparisonwith
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Pd57.4Al23.5Y7.8Ni11.3 resembles the COHP of the reference material in
the bonding region, while the anti-bonding contributions are smaller
than the reference and shifted to the Fermi-level similar to
Pd57.4Al23.5Y7.8Ir11.3. Taking into account the integrated COHP (ICOHP)
as ameasure of bond strength [48], Pd57.4Al23.5Y7.8Ni11.3 exhibitsweaker
bonding than Pd57.4Al23.5Y7.8Au11.3 as its ICOHPof−0.509 eV is less neg-
ative and hence indicates weaker bond strength than −0.589 eV for
Pd57.4Al23.5Y7.8Au11.3, which is consistent with the qualitative DOS anal-
ysis above.

Comparing the COHP of Pd57.4Al23.5Y7.8Cu11.3 and
Pd57.4Al23.5Y7.8Ni11.3 with the COHP of brittle Cu69.6Zr30.4 [12], the simi-
larly tough but nearly twice as strong Co53.0Ta7.0B40.0 [49] and tough
Pt57.4Cu14.8Ni5.2P22.6 [4] shows that Pd57.4Al23.5Y7.8Ni11.3 is similar to
the Pt-based metallic glass. Contrary to Pd57.4Al23.5Y7.8Ni11.3,
Pt57.4Cu14.8Ni5.2P22.6 exhibits more bonding states between −8 and
Fig. 3. (a) Fracture toughness as a function of COOP at the Fermi level. Values for fracture toughn
solid red line represents a linear fit. The blue dashed line marks the COOP at Ef of Pd57.4Al23.5Y7

values of Pd57.4Al23.5Y7.8Ni11.3. Note that the fracture toughness of all glasses included in th
(a) including glasses from Fig. 1. Negative values indicate anti-bonding contributions, positive
the Fermi level. (For interpretation of the references to color in this figure legend, the reader is
−5 eV and at the same time more anti-bonding states close to the
Fermi level. Due to the presence of stronger bonding states below
−5 eV, Pt57.4Cu14.8Ni5.2P22.6 is expected to be more shear resistant
than Pd57.4Al23.5Y7.8Ni11.3. Nevertheless, as the COHP of
Pt57.4Cu14.8Ni5.2P22.6 and Pd57.4Al23.5Y7.8Ni11.3 are similar, also the frac-
ture toughness is expected to be similar. The brittle Cu69.6Zr30.4, in con-
trast, exhibits anti-bonding states only between −2 and −3 eV and
hence bonding states close to the Fermi level, indicating strong, hybrid-
ized bonds. The COHP of Co53.0Ta7.0B40.0 contains a broad energy range
populated by bonding states, anti-bonding states are only present
above−1 eV close to the Fermi level. Due to the larger amount of bond-
ing contributions and thus stronger hybridized bonding, the shear resis-
tance in the latter two glasses is predicted to be larger compared to
Pt57.4Cu14.8Ni5.2P22.6 and the Pd-based glasses. This prediction is consis-
tent with the brittle behavior reported for Cu69.6Zr30.4 [12] and
esswere obtained from literature [4,50–54] and COOP calculated by ab initiomethods. The
.8Ni11.3. Dotted blue lines mark the minimum and maximum predicted fracture toughness
e fit was obtained under similar loading conditions. (b) COOP of metallic glasses from
values bonding contributions. The inset is a magnification of the marked region close to
referred to the web version of this article.)



Fig. 4. (a) Calculated and experimental pair distribution function of Pd57.4Al23.5Y7.8Ni11.3
and Pd62.1Al27.3Y4.2Ni6.4, respectively. The experimental PDF has already been published
in [57]. (b) Calculated density of states of Pd57.4Al23.5Y7.8Ni11.3 and the valence band of
Pd62.1Al27.3Y4.2Ni6.4 measured by XPS.
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Co53.0Ta7.0B40.0 [49] in contrast to the plastic behavior reported for
Pt57.4Cu14.8Ni5.2P22.6 [4] tested under bending load with slightly differ-
ent sample sizes [4,12,49].

Above, Niwas identified as themost promising element to substitute
Cu in Pd57.4Al23.5Y7.8Cu11.3 to improve fracture toughness. Here, the or-
bital overlap at the Fermi level is investigated to predict the fracture
toughness quantitatively.We assume that for glasseswith a low fraction
of localized and hence hybridized bonds the balance to the overall
bonding is given by metallic bonds. Thus, the ideal glass in terms of
toughness exhibits metallic bonds only. By means of Crystal Orbital
Overlap Population (COOP) and COHP, it is possible to characterize lo-
calized bonding [25], but not metallic bonding directly. Therefore, the
fraction of metallic bonding is described indirectly by the absence of lo-
calized bonds. Focusing hence on the orbital overlap by means of the
COOP, for ideal metallic bonding no localized bond overlap and thus a
value of 0 for the COOP at the Fermi level is expected, as all electrons
are shared in an electron gas. Due to the pronounced metallic bonding
character consistent with the absence of hybridized bonds, a high frac-
ture toughness is expected for metallic glasses with a low COOP at the
Fermi level.

The fracture toughness of non-magnetic metallic glasses reported in
literature [4,50–54] is presented in Fig. 3a) as a function of the COOP at
the Fermi level. Therefore, we use the same data set for fracture tough-
ness as Demetriou et al. [50] expanded by the data from Schnabel et al.
[12]. These data are fitted by a linear fit excluding fracture toughness
values of Pd79.1Ag3.5P6.1Si9.6Ge1.7 and Pd57.4Al23.5Y7.8Cu11.3, as these
data may be affected by sample size: The fracture toughness of
Pd79.1Ag3.5P6.1Si9.6Ge1.7 might be overestimated because the plastic
zone size of 6 mm is larger than the actual sample size [50] of 2.1
× 2.1 × 20 mm3 in two dimensions [5]. Fracture toughness of
Pd57.4Al23.5Y7.8Cu11.3 is determined by the J-integral and might be sam-
ple size dependent [12]. The COOP at the Fermi level of
Pd57.4Al23.5Y7.8Ni11.3 is indicated by a dashed blue line. Based on the in-
tersection of the dashed blue line with the fit, the fracture toughness of
Pd57.4Al23.5Y7.8Ni11.3 is predicted to be around 95± 20 MPa·m0.5. Com-
paring this prediction with the Ashby map reported by Demetriou et al.
[50], this predicted fracture toughness corresponds to a plastic zone size
in the orders of 0.1 to 1 mm [50]. Furthermore, this analysis shows that
in addition to the presence of localized bonds, also anti-bonding states
at the Fermi level must be considered for the design of tough metallic
glasses. Antibonding states increase the total bond energy and thus pro-
mote bond separation [55] and hence favor brittle behavior of metallic
glasses. Due to the promotion of bond separation, not only the fracture
toughness is affected by anti-bonding states, but also the cohesive en-
ergy and hence the elastic properties (cf. Fig. S2). The free volume in
ab initio calculations is small and different free volume configurations
were not tested. Hence, the free volume content is smaller than it
might be in physical samples, as shown in Fig. 4 below. However, as a
larger amount of free volume promotes fracture toughness by lowering
the energy barrier for shear transformation and plastic deformation
[56], the fracture toughness predicted based on the electronic structure
serves as a lower boundwhile free volume affects the variability of frac-
ture toughness observed in Fig. 3a.

The COOP of the glasses presented in Figs. 1 and 3a) are shown in
Fig. 3b). While all material systems exhibit a transition between bond-
ing and anti-bonding states between−5 and−3 eV, the amount of an-
tibonding states close to the Fermi level differs significantly. It is evident
that the difference between the COOPs depends mainly on the major
constituent of the alloys. The difference between the Pd-based metallic
glasses is hence rather small (inset Fig. 3b). Nevertheless,
Pd57.4Al23.5Y7.8Ni11.3 clearly exhibits the smallest population of anti-
bonding states at the Fermi level (COOP(Ef)Ni = −0.01278), whereas
Pd57.4Al23.5Y7.8Au11.3 – from a qualitative point of view (Fig. 1) also in-
teresting – displays a larger population of antibonding states at the
Fermi level (COOP(Ef)Au = −0.01901). Therefore, the predicted
fracture toughness of approximately 95 ± 20 MPa.m0.5 of
Pd57.4Al23.5Y7.8Ni11.3 is the largest within the here considered group of
metallic glasses.

Since the Ni-containing Pd-based metallic glass is the most promis-
ing candidate in terms of fracture toughness, this composition was syn-
thesized by magnetron sputtering in the form of a Pd57.9Al25.0Y4.9Ni12.2
thin film on silicon and Pd62.1Al27.3Y4.2Ni6.4 for the thin film flakes. The
constituents are homogeneously distributed based on the frequency
distribution analysis performed on data collected by atom probe-
tomography (see Fig. S3 in supplementary information). Hence, chemi-
cal inhomogeneities on the here probed length scale cannot be revealed
by atom probe tomography. To critically appraise the predicted topol-
ogy, the calculated pair distribution function is compared to the exper-
imentally obtained one in Fig. 4a. Considering the slight differences
between the composition of the powder and the calculation, the pair
distribution functions are in reasonable agreement. However, the first
peak of the experimental pair distribution function is shifted to a larger
bond distance compared to the theoretical one. This indicates that the
synthesized material is less frustrated, most likely due to the presence
of free volume. As the energy barrier for shear transformation and
thus plastic deformation, which is required for high fracture toughness,
decreases with increasing free volume content in the sample [56], the
plastic deformation behavior of the experimental sample is expected
to be more enhanced than predicted with the fracture toughness pre-
dicted serving as a lower bound. Fig. 4b compares the theoretical DOS
with the experimental DOS. Due to the high energy of the X-rays in
the XPS (1.49 keV) as well as the temperature in the experiment
(298 K in experiment vs. 0 K in the calculation), the experimental DOS
experiences severe peak broadening. Thereby, one broad hump is ob-
served for the valence band, that covers the energy range of the more
detailed theoretical DOS. The comparison between calculated andmea-
sured topology and electronic structure confirms the significance of the
ab initiomodeled structure.



Fig. 5. (a) Snapshot of Pd57.9Al25.0Y4.9Ni12.2 micro cantilever during in situ loading. (b) Post mortem microbeam after 4 μm deflection. (c) Detail in-lense-SE micrograph of the region
highlighted in (a). Huge shear bands are formed at the location of the pre-notch. The arrows indicate the additional formation of shear bands at the compression side of the cantilever.
(d) Force versus displacement raw-data. The unloading stiffness (S) shown in red does not significantly change during the experiment indicating an absence of substantial crack-
growth. Plasticity in the vicinity of the pre-notch is observed right from the beginning resulting in a different initial loading slope compared to S. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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To investigate the fracture toughness of the Pd57.9Al25.0Y4.9Ni12.2me-
tallic glass, beamswere prepared formicro-mechanical testing (Fig. 5a).
The unloading slopes (S in Fig. 5d) performed after 2, 2.5, 3, and 3.5 μm
displacement do not change indicating an absence of crack extension.
Also, at the final displacement of 4 μm, the beam did not fracture
(Fig. 5b). In contrast, multiple shear-bands are formed not only around
the pre-notch but also on the compressive side of the cantilever (Fig. 5c)
indicating significant plastic deformation. The shear bands do not cross
the neutral axis which indicates that shear band propagation is sup-
pressed by the stress gradient and the change from tensile to compres-
sive stresses across cantilever. Therefore, catastrophic shear band
propagation is prevented because the suppressed shear band propaga-
tion requires the activation of new shear bands (see Fig. 5c) and allows
the glass to deform plastically without catastrophic crack development
[5] up to the final displacement of 4 μm Since no evidence for crack ex-
tension was obtained in post mortem imaging, the fracture toughness
exceeds the constraints of micromechanical fracture experiments. This
is in agreement with the high fracture toughness expected from the
plot in Fig. 3, whichwould require substantially larger samples to quan-
titatively proof the enormous fracture toughness [5,58]. Such sample di-
mensions are – in light of the chemical composition and technological
constraints – currently not feasible.

4. Conclusions

Inspired by the qualitative notion of Schnabel et al. [12] that the frac-
tion of bonds stemming from hybridized states compared to the overall
bonding can be associated with damage tolerance in thin film metallic
glasses, a correlation between the fraction of localized and anti-bonding
bonds scaling with the crystal orbital overlap population at the Fermi
level and experimental fracture toughness data is identified. It is shown
that a low number of anti-bonding states at the Fermi-level is a necessary
requirement for high fracture toughness. The electronic structures of
Pd57.4Al23.5Y7.8M11.3 (M = Fe, Ni, Cu, Os, Ir, Pt, and Au) have been calcu-
lated by ab initio methods. Pd57.4Al23.5Y7.8Ni11.3 was identified to exhibit
the minimal fraction of hybridized bonds of the materials investigated.
Moreover, the correlation between the fraction of localized anti-bonding
bonds scaling with the crystal orbital overlap population at the Fermi
level and experimental fracture toughness data was identified. This corre-
lation allows the quantitative prediction of fracture toughness of metallic
glasses that is crucial for the design of tough metallic glasses. With this
model, the fracture toughness of Pd57.4Al23.5Y7.8Ni11.3 is predicted to be
95 ± 20 MPa·m0.5, being the first fracture toughness value predicted
quantitatively for ametallic glass based on the electronic structure. Consis-
tent with this prediction, micro-mechanical beam bending experiments
show that Pd57.4Al23.5Y7.8Ni11.3 thin films exhibit superior fracture tough-
ness and formmultiple shear bands.
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Abstract: Due to their unique property combination of high strength and toughness, metallic glasses
are promising materials for structural applications. As the behaviour of metallic glasses depends on the
electronic structure which in turn is defined by chemical composition, we systematically investigate the
influence of B concentration on glass transition, topology, magnetism, and bonding for B concentrations
x = 2 to 92 at.% in the (Co6.8±3.9Ta)100−xBx system. From an electronic structure and coordination point
of view, the B concentration range is divided into three regions: Below 39 ± 5 at.% B, the material
is a metallic glass due to the dominance of metallic bonds. Above 69 ± 6 at.%, the presence of
an icosahedra-like B network is observed. As the B concentration is increased above 39 ± 5 at.%,
the B network evolves while the metallic coordination of the material decreases until the B concentration
of 67 ± 5 at.% is reached. Hence, a composite is formed. It is evident that, based on the B concentration,
the ratio of metallic bonding to icosahedral bonding in the composite can be controlled. It is proposed
that, by tuning the coordination in the composite region, glassy materials with defined plasticity and
processability can be designed.

Keywords: metallic glass; composite; metalloid network; bonding

1. Introduction

Metallic glasses are promising materials for structural applications due to their unique property
combination of high yield strength and fracture toughness [1–5]. While they are capable of plastic
deformation at the microscale [5], the glass forming ability (GFA) poses often formidable challenges
for both, processing and application [6]. Alloying with metalloids such as B can enhance the GFA
in metallic glasses [3,7,8]. Co-B based metallic glasses with boron concentrations in the range of
35 at.% have been reported to exhibit yield strengths larger than 5000 MPa [9,10]. With increasing B
concentrations up to 50 at.%, the fracture strength reaches values up to 11,000 MPa [11]. Simultaneously,
between 28 and 50 at.% B the reduced Young’s modulus increases from 280 to 345 GPa, hardness
from 10 to 13 GPa, and fracture toughness from 2.5 to 6 MPa·m0.5 [11]. Based on ab initio calculations,
a stiffness of 263 GPa is predicted for Co33.0Ta3.5B63.5 [12]. On the other hand, amorphous borides with
B concentrations >90 at.% form icosahedra-like B networks [13] and are reported to be ultra-hard [14,15],
exhibit low friction due to self-lubrication [15], and show catalytic properties [16]. However, those
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covalent borides exhibit brittle behaviour [13] in contrast to metallic glasses. For Co-Ta-B, the range of
B concentration for which the transition from metallic glass to covalent glasses occurs has not been
studied. Furthermore, the impact of B additions on the electronic structure and properties of Co-Ta-B
has not been investigated systematically. Hence, to identify and to rationalise the composition induced
changes in the electronic structure of metallic and covalent Co-Ta-B glasses as well as within their
transition regime, we vary the B concentration of (Co6.8±3.9Ta)100−xBx supercells between x = 2 and
92 at.% in ab initio calculations and between x = 22 and 85 at.% in experimental samples. Specifically,
we probe the B concentration induced changes in glass transition, topology, magnetisation, and
bonding by ab initio calculations as well as high energy X-ray scattering, magnetometry, and X-ray
photoelectron spectroscopy. Thereby, we reveal that the transition from a metallic to a covalent glass is
associated with the formation of a composite.

2. Methods

2.1. Theoretical Methods

Density-functional-theory (DFT) [17] based ab initio molecular dynamic calculations were
conducted on a supercell containing 115 atoms of composition (Co6.8±3.9Ta)100−xBx (x = 2 to 92 at.%).
Following the modelling routine for metallic glasses developed by Hostert et al. [18], the supercell
was heated up to 4000 K for 400 fs in an NVT ensemble and subsequently quenched to 0 K by
geometry relaxation using the openMX code (version 3.8) [19,20]. Electronic potentials with the
general gradient approximation were employed [21]. The following basis functions were applied:
Co5.5-s2p1d1, Ta7.0-s2p1d1f1 and B4.5-s2p2. The first symbol designates the chemical element followed
the cutoff-radius. The primitive orbitals are defined by the last set of symbols. A k-grid of 1x1x1
and a cutoff-radius of 150 Ry were used. The temperature was controlled by scaling of velocities.
After quenching to 0 K, the volume was relaxed employing the Vienna Ab initio Simulation Package
(VASP) [22,23] with projector augmented-wave potentials [23,24] using the Perdew-Burke-Ernzerhof
functional [21] and integration over the Brillouin zone on a 3x3x3 Monkhorst-Pack k-grid [25].
The iteration cycle of heating-quenching-volume relaxation was repeated until the volume change
was smaller than 2%. To calculate the pair distribution function G(r) from the atomic positions, the
relaxed structure was hold at 300 K for 200 fs. G(r) was averaged over time. The crystal orbital overlap
populations (COOP) [26] and crystal orbital Hamilton populations (COHP) [27] were calculated using
the LOBSTER code (version 3.2.0) [28–30].

2.2. Experimental Methods

Magnetron sputtering was utilized to synthesize (Co6.8±3.9Ta)100−xBx (x = 22 to 85 at.%) thin
films on Si, NaCl, and polyimide substrates for the characterization of chemistry, magnetic, and
binding properties; glass transition; and topology, respectively. Therefore, an ultra-high vacuum
combinatorial growth system [31] with a base pressure lower than 2 × 10−8 Pa and a target-to-substrate
distance of 10 cm was employed. Floating substrate potential and non-intentional heating were used.
For depositions on Si and polyimide substrates, the substrate was not rotated to obtain combinatorial
samples. For depositions on NaCl, substrate rotation was used to obtain homogeneous films. The NaCl
substrate was subsequently dissolved in deionized water. The resulting thin film flakes were cleaned
in isopropanol and acetone for usage in in situ heating high energy X-ray scattering experiments. Up to
three 2-inch B targets with a purity of 99.9% and one 2-inch Co88Ta12 target with 99.9% purity were
used. The working gas during deposition was Ar (purity 6.0) with a pressure of 0.4 Pa. The B targets
were sputtered in RF mode with up to 10.2 Wcm−2, while the CoTa target was sputtered in DC mode
with up to 1.5 Wcm−2.

The chemical composition was determined using standard-based energy dispersive X-ray
spectroscopy with a Bruker Quantax75 EDS system in a Hitachi TM4000plus scanning electron microscope.
The EDX measurements were calibrated with a Co71Ta6B23 thin film which was characterized by ion
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beam analysis using time-of-flight elastic recoil detection analysis (ToF-ERDA) at the tandem accelerator
laboratory of Uppsala University. Recoils were generated by 127I8+ primary ions with a kinetic energy of
36 MeV. The detector telescope, consisting of thin carbon foils for the ToF [32] as well as a gas ionization
detection system [33], was situated at an angle of 45◦ with respect to the primary ions and both the
incidence as well as exit angles were 22.5◦ with respect to the specimen surface. Time and energy
coincidence spectra were converted into a depth profile using the CONTES software package [34]. The O
concentration of the Co71Ta6B23 thin film was <1 at.%. Meanwhile, the statistical uncertainty of the
concentration was with 2% relative deviation maximum for B and maximum systematic uncertainties of
10% relative deviation are assumed due to uncertainties of the specific energy loss of primary ions and
recoiled species.

High energy X-ray scattering was carried out at beamline P02.1 [35] of the PETRA III electron
storage ring at Deutsches Elektronen-Synchrotron (DESY), Hamburg, Germany, utilizing X-rays with a
wavelength of 0.20701 Å. To measure the topology along the CoTa-B compositional gradients, samples
deposited on polyimide were measured [31]. To determine the structural changes and the glass
transition temperature Tg, powder samples sealed in fused silica capillaries under Ar atmosphere were
heated in situ by a Si3N4 heating element (Bach RC GmbH) to temperatures up to 1400 K with a heating
rate of 15 K/min. Data were collected with a Perkin Elmer XRD 1621 plate detector and integrated
by the FIT2D software [36–38]. The background-corrected data were used to calculate the structure
factor as well as the pair distribution function G(r) by a fast Fourier transformation implemented in the
PDFgetX3 software package [39].

Binding energies were measured by X-ray photoelectron spectroscopy (XPS) in a Kratos Analytical
Axis Supra. Al Kα radiation (photon energy 1.4866 keV) was employed. The sample was deposited
immediately prior to the XPS measurement. However, due to the contact to ambient atmosphere during
sample transfer (~15 min), the surface has already been oxidized. To remove the oxide, the sample was
etched using an Ar+ ions with an energy of 500 eV for 120 s. The binding energy was corrected for charging
by using the C 1s peak at 285 eV for calibration. CasaXPS software was utilised to analyse the acquired
spectra employing Shirley backgrounds. The B 1s peak was fitted with a mixed Gauss-Lorentz peak
(30/70) and the Co 2p signal was fitted according to Biesinger et al. [40]. The saturation magnetization
was measured at room temperature using the Vibrating Sample Magnetometer (VSM) option at a physical
property measurement system (PPMS) from Quantum Design employing a maximum magnetic field
of 2 T.

3. Results and Discussion

3.1. Glass Transition

As a first indicator for differences between high and low boron concentration regimes, the glass
transition temperature Tg as an integral measure for the structure of a glass is considered. Table 1
lists the glass transition temperatures obtained by measuring average atomic volume changes by
high energy X-ray scattering (Supplementary Figure S1) for (Co6.8±3.9Ta)100−xBx with B concentrations
between 22 and 85 at.%. The Co/Ta-ratio is constant at 6.8 ± 3.9. Tg increases from 757 ± 1 K to 900 ± 1 K
up to a B concentration of 46 at.%, then decreases to around 595 ± 1 K at 59 at.% B, and stays constant
around 590 ± 14 K for higher B concentrations. These glass transition temperatures are lower than
those reported in literature (Tg = 975 K for Co55Ta10B35) [9], which may be attributed to the different
synthesis routes.

As Tg is inversely proportional to the configurational entropy Sc [41], Sc is larger for high B
concentrations above 59 at.% compared to lower B concentrations. The constant Tg and hence a
constant Sc corresponds to a constant number of degrees of freedom for (Co6.8±3.9Ta)100−xBx with more
than 59 at.% B, despite the further incorporation of B into the material. This constant number of degrees
of freedom suggests the existence of a B network in the high B concentration regime.
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Table 1. Glass transition temperature Tg for (Co6.8±3.9Ta)100−xBx as a function of B concentrations
determined by high-energy X-ray scattering

Composition (at.%) Tg in K

Co67Ta11B22 757 ± 1
Co56Ta10B34 829 ± 1
Co53Ta9B38 899 ± 2
Co46Ta8B46 900 ± 5
Co40Ta8B52 773 ± 1
Co37Ta4B59 595 ± 1
Co35Ta4B61 600 ± 1
Co33Ta5B62 607 ± 1
Co32Ta3B65 -
Co18Ta4B78 573 ± 1
Co12Ta3B85 575 ± 1

3.2. Topology

To further investigate the structural differences with focus on the short-range order, the reduced
pair distribution functions G(r) of (Co6.8±3.9Ta)100−xBx as a function of B concentration are shown in
Figure 1a. For low B concentrations, the metal-metal (M-M) bonds with a distance of 2.6 Å at 22 at.%
dominate G(r). At 3.1 Å, bonds with the second nearest neighbour are visible. The metal-boron (M-B)
bonds result in a small peak at 2.1 Å for 22 at.% B, while the B-B bonds are not visible due to the low
scattering power of B in X-ray scattering [42].
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Figure 1. Short range order of (Co6.8±3.9Ta)100−xBx. (a) Reduced pair distribution functions G(r) for
(Co6.8±3.9Ta)100−xBx shown as a function of B concentration obtained by high-energy X-ray scattering.
Open circles depict the ab initio G(r) (b) Shift of the first and second peak distances rM-B, rM-M of
G(r) corresponding to the metal-boron (M-B) and metal-metal (M-M) bonds, respectively. The shift is
relative to the peak position for the sample with a B concentration of 22 at.%.

With increasing B concentration, the intensity of the M-B bonds increases, while the intensity of
the M-M peak decreases as it is expected for larger B concentrations and the corresponding lower
metal concentrations in the sample. Hence, as the B concentration is increased, the metal atoms bond
more often with B than with each other. Moreover, the bond lengths rM-B and rM-M increase with an
increasing B concentration (Figure 1b). Between 34 and 59 at.% B, the bond lengths increase by 4% for
M-B and by 10% for M-M bonds. Above 59 at.%, rM-M remains constant, while rM-B decreases by 2.3%.
This is consistent with the evolution of a B network, surrounding the metal atoms and separating them
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at a constant distance once the B network completely evolved at 59 at.% B. Simultaneously, the M-B
bond length decreases upon further incorporation of B into the network, as the additional B atoms
populate the B network and thereby surround the metal atoms more closely.

This B network evolution notion is supported by the calculated total and partial coordination
numbers (CN). The total CN (Figure 2a) remains constant around 12 up to 40 at.% B, then decreases
between 40 and 70 at.% B down to 10 and stays constant at 7 for B concentrations larger 77 at.%. The low
total CN above 77 at.% B is consistent with the formation of a B network structure. Further evidence for
the B network evolution is given by the B concentration induced changes in partial CNs. Focusing on
the metal coordination in Figure 2b,c, a continuous decrease of metal-metal coordination is observed
upon B addition. The decrease of Ta-Co coordination occurs predominantly between 40 and 70 at.%. B.
Above 70 at.% B, the metal-metal CN is 0, since the metal-metal bonds are no longer formed and all
remaining metal atoms form metal-B bonds. The opposite is observed for the metal-B coordination that
increases from 0 to 9 for Co-B and from 0 to 10 for Ta-B in the composition range of 2 to 70 at.% B, being
constant at 9 (Co-B) for larger B concentrations. The Ta-B CN above 70 at.% B scatters strongly, as only
3, 2 and 1 Ta atoms are present in the simulation cells for 77, 83, and 92 at.% B, respectively. Hence,
these CN may not be significant due to lack of statistics. Finally, the B concentration induced changes
in the B-B CN (Figure 2d) give the strongest evidence for the formation of a B network. While the CN
for B-B ranges from 0 to 1 for B concentrations lower 40 at.%, a jump of the B-B CN to 3.5 is observed at
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Based on the short-range order and topology analysis carried out above, (Co6.8±3.9Ta)100−xBx

is identified as metallic glass for B concentrations lower 40 at.% as the metals are predominantly
coordinated with metals, while for B concentrations larger 70 at.% a network glass is present due to
the presence of an icosahedral-like B network with metal atoms surrounded by B only. Within the
concentration range of B concentrations between 40 and 70 at.%, the existence of a glass composite
containing metallic glass and covalent glass-like regions is proposed, as the B network evolves in this
region and the metal atoms are still coordinated with metals.

To compare physical and in-silico samples, G(r) of the ab initio models are depicted in Figure 1a
with open symbols. As the ab initio model can only cover the first coordination shell, bond distances
smaller than 3.5 Å should be considered in the ab initio G(r). In the first coordination shell, however,
the calculated G(r) exhibits peaks at the M-B, M-M and 2nd bond peak position of the experimentally
obtained G(r). It is evident that the M-M peak splits into two peaks, indicating the presence of Co-Co
and Co-Ta bonds. For large B concentrations, only the M-B are visible due to the low number of metal
atoms in the cell. Considering the small cell size and the associated statistical limitations of the ab
initio G(r), the ab initio configurations are consistent with the experiment. However, in contrast to the
experimental G(r), also the B-B bonds at 1.71 Å for large B concentrations can be analysed. The B-B
bond distances are consistent with icosahedral bonding, as reported in [13,44,46].

To examine the medium-range order (MRO), the structure factor S(q) of (Co6.8±3.9Ta)100−xBx as a
function of B concentration is shown in Figure 3a. The S(q) shows clearly that samples are amorphous
over the whole compositional range since Bragg peaks are absent. With increasing B concentration
up to 62 at.% (Figure 3b), the amorphous principal peak of the structure factor at 3.1 Å−1 shows a
significant increase in full width at half maximum (FWHM), indicating the formation of less medium
range ordered material. This observation is consistent with the higher configurational entropy notion
at these B concentrations discussed in the context of the B concentration induced changes in glass
transition temperature above. The vanishing double peak at 5.2 and 6.0 Å−1 between 22 and 59 at.%
B underlines this enhanced disorder. In addition, a shoulder to the principal peak arises at 2.3 Å−1

and is clearly visible for B concentrations between 59 and 78 at.%, where the width of the principle
peak increases strongly. The onset of the shoulder can already be seen in the asymmetry of the peak at
46 at.% B. This shoulder indicates that two types of medium-range order are present, being consistent
with the glass composite regime proposed above.
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3.3. Electronic Structure

In the next step, we critically appraise the glass composite formation notion by analysis of the
electronic structure. According to the free electron model of Nagel and Tauc [47], twice the Fermi
vector kf, which describes the Fermi sphere in amorphous materials, corresponds to the principal peak
position of the structure factor qp in a stable metallic glass:

2kf = qp (1)

Hence, the Fermi level Ef can be experimentally determined from S(q) by inserting Equation (1)
into Equation (2) [48]

Ef =
}2

2m
k2

f (2)

where} is the Planck constant divided by 2π and m the electron mass. As a comparison of experimentally
and theoretically obtained absolute values of Ef is not possible, the relative shift of Ef as a function of
B concentration is compared in Figure 4. Based on ab initio data, Ef is constant up to 63 at.% B and
decreases for higher B concentrations. The experimentally obtained Ef based on the free-electron model
for metallic glasses [47] remains constant for less than 62 at.% B and shifts to larger values for higher
B concentrations. This deviation between the free electron model and the ab initio model indicates
that the free-electron model is not applicable for B concentrations larger 62 at.%. Hence, the metallic
character of the material is lost. This loss of metallic bonding character for B concentrations larger
than 62 at.% is consistent with the proposal of a covalent network glass for large B concentrations
made above.Condens. Matter 2020, 5, x FOR PEER REVIEW 8 of 14 
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Figure 4. Shift of Fermi level Ef as a function of B concentration. Red triangles are based on the Fermi
level calculated by ab initio calculations, the blue circles represent experimental data points based on
the free-electron model [47].

The orbital overlap and bond strength give further insight into the change from metallic to
covalent character by means of the integrated crystal orbital overlap population (ICOOP) [26] and
integrated crystal orbital Hamilton population (ICOHP) [27] at Ef. The latter is a measure of bond
strength [28]. Figure 5a plots the partial ICOHP at Ef for Co-B, B-B, Co-Co and Ta-B bonds. While the
Co-Co contribution to the bond strength is low and constant up to 77 at.% (for higher B concentrations,
Co-Co interaction cannot be found), the metal-B bond strength is between 1.5 and 2 eV, decreasing up to
32 at.% B and staying roughly constant for more than 32 at.% B. Significant changes are observed for the
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B-B bond strengths: Up to 32 at.%, the bonding contribution decreases down to −2.9 eV. Subsequently,
the bond strength increases further up to –4.8 eV at 77 at.% and is constant for larger B concentrations
(negative values are bonding, positive values anti-bonding contributions). The orbital overlap as
quantified by ICOOP at Ef (Figure 5b) is consistent with the ICOHP.
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Fermi level (ICOOP(Ef)) as a function of B concentration.

Summarizing the ab initio bonding analysis, the change of bonding from metal-metal to metal-B
and B-B interactions is driven by increasing B-B bond strength and orbital overlap. Both the measure of
bond strength ICOHP(Ef) and the integrated orbital overlap at Ef of B-B as a function of B concentration
change slope two times at 32 at.% B and at 77 at.% B, being consistent with the metallic glass,
composite, and B network glass regions defined above. The constant bond strength and overlap for B
concentrations larger 77 at.% are consistent with the notion of a completely evolved B network in this
composition range.

Investigating the B concentration induced changes in binding energy experimentally (Figure 6),
the results obtained by XPS are more complex to interpret. For samples with 16, 47 and 65 at.% B, the B
1s binding energy (Figure 6a) exhibits a small but significant peak shift of 0.3 eV to larger binding
energies consistent with the ab initio bonding analysis. The peak deconvolution indicates oxidation of
the sample with 16 at.% B due to the presence of 16 at.% O in the sample. The B 1s peak, however,
can neither be attributed to icosahedral nor to octahedral bonding or bonding in a solid solution,
as the binding energies for the B 1s peak in the icosahedral AlMgB14 structure with 188.2 eV [49],
in Co-B bonds with 188.3 eV [50], in Ta-B bonds with 188.7 eV [51] and alpha-B with 188.0 eV [13] are
experimentally not resolvable. The B1s binding energy of icosahedrally bonded B in AlMgB14 is shown
here as an example for B-rich solids.

The Co 2p3/2 peak (Figure 6b) for samples with 16, 47 and 65 at.% B at a binding energy of 778.3 eV
shows the presence of Co-B bonds as this binding energy is in between those for Co-B bonds in CoB
(778.2 eV) and Co2B (778.6 eV) [50]. The observation of Co-B bonds is consistent with the ab initio
bonding analysis. As for the B 1s peak, a small but significant peak shift of 0.2 eV towards higher
binding energies between 16 and 65 at.% B is observed. A similar shift is obtained for the Ta 4f feature
in the binding energy spectrum (not shown). The larger binding energy for the metals indicates an
increased B coordination, consistent with the analysis of the coordination number.
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3.4. Magnetization

It is well known that the soft-magnetism of Co-Ta-B is promising to reduce transformer losses [7,10].
Hence, the influence of the enhanced B concentration on the volume magnetization is shown in Figure 7.
The total volume magnetization as well as the partial contributions of Co, Ta, and B based on ab initio
data are compared with experimental data points of the saturation volume magnetization. The main
contribution to volume magnetization comes from Co atoms, while B does not show a magnetic moment.
With increasing B concentration, a decrease of magnetization is clearly visible due to the dilution of
metal coupling by B. This decrease of magnetization is in agreement with literature [52]. Above 63 at.%
B the volume magnetization is approximately 0 due to the lack of metal-metal interactions, explainable
by a B network surrounding the metals for high B concentrations. During the decrease from 0.1 to
0 µB/Å3, a change in slope at 40 at.% B is observed, trending with the proposed onset of the region of
the glass composite identified above.
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Comparing the ab initio volume magnetization with experimental values, the measured near
zero saturation magnetization for a sample with 75 at.% B agrees very well with the ab initio data.
For a sample with 19 at.% B, the measured saturation volume magnetization of 0.098 µB/Å3 is 25 %
larger than the ab initio volume magnetization. This enhanced volume magnetization may be caused
by clustering of Co atoms in the physical sample in contrast to the homogenous distribution of Co
atoms in the in-silico sample as well as by a different density. This clustering of Co atoms could lead
to a phase separation as observed by Kontis et al. [11]. The volume magnetization measurement
(Supplementary Figure S2) confirms the soft magnetism reported for the Co-Ta-B system [10].

The B concentration induced transition from a metallic glass to a covalent B network glass has
been investigated. It is revealed that these two composition regions are separated by a concentration
region where the formation of a glass composite is inferred based on the glass transition temperature Tg,
topology, electronic structure, bonding and magnetization. Table 2 summarizes the critical B
concentrations for the onset of a B network evolution as well as the beginning of a percolating
B network based on each property.

Table 2. Summary of critical B concentrations for the onset and percolation of the B network.

Quantity Onset B Network Evolution
(at.% B)

Onset Percolating B-Network
(at.% B)

Glass transition 46 59
Topology 40 70

Free-electron model - 70
Bonding 32 77

Volume magnetization 40 70

Comparing the critical B concentrations in Table 2, the critical B concentrations for the of onset
of the B network evolution and percolation are consistent taking the large variety of quantities and
methods as well as the discrete composition changes investigated into account. Hence, we can deduce
from the mean concentration values in Table 2 that (Co6.8±3.9Ta)100−xBx is a metallic glass up to a B
concentration of 39 ± 5 at.% B. For more than 69 ± 6 at.% B, the material is a network glass dominated
by an amorphous icosahedra-like B network.

In between 39 ± 5 and 69 ± 6 at.% B, both metallic bonding and indicators for a B-network are
observed. Hence, a glass composite is proposed consisting of metallically bonded regions and B
network fragments. As the glass transition temperature changes in this composite regime, a material
with defined processability may be designed by controlling the coordination and hence the fraction of
icosahedral bonds. Additionally, this glass composite is promising in terms of mechanical properties,
as it allows to combine the high strength and stiffness as well as plasticity of metallic glasses with the
high stiffness and hardness of the amorphous borides. This combination of mechanical properties in
the (Co6.8±3.9Ta)100−xBx system has been reported by Kontis et al. for a self-organized nanostructured
material [11]. The self-organized formation of a nanostructure may be enabled by the coexistence of
metallic and covalently bonded regions in this concentration range.

4. Conclusions

The B concentration in (Co6.8±3.9Ta)100−xBx was varied systematically from 2 to 92 at% to reveal
the composition induced changes in electronic structure and topology in the transition regime between
metallic glasses and network glasses. Based on topology and electronic structure, the critical B
concentration for the onset of the B network evolution is identified as 39 ± 5 at.%. Below this B
concentration the material is a metallic glass. At a B concentration of 69 ± 6 at.% the icosahedral-like
B network is percolating the material, enclosing the metal atoms. Hence, the material is a covalent
glass in this compositional range. Between 38 ± 5 and 69 ± 6 at.% we reveal the existence of a glass
composite that contains metallic regions and B network fragments. We propose that by controlling
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the coordination in this glass composite, soft-magnetic amorphous materials with defined plasticity
and processability can be designed. Hence, further research should focus on the composition range of
38 ± 5–69 ± 6 at.% B to enable the design of mechanical properties in the range of the glass composite.

Supplementary Materials: The following are available online at http://www.mdpi.com/2410-3896/5/1/18/s1,
Supplementary Figure S1: Shift of the principal peak of the structure factor with temperature, Supplementary
Figure S2: Hysteresis curve of Co67Ta14B19 and Co21Ta4B75 measured at room temperature in a vibrating
sample magnetometer
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Abstract: While it is accepted that the plastic behavior of metallic glasses is affected by their free
volume content, the effect on chemical bonding has not been investigated systematically. According
to electronic structure analysis, the overall bond strength is not significantly affected by the free
volume content. However, with an increasing free volume content, the average coordination number
decreases. Furthermore, the volume fraction of regions containing atoms with a lower coordination
number increases. As the local bonding character changes from bonding to anti-bonding with a
decreasing coordination number, bonding is weakened in the volume fraction of a lower coordination
number. During deformation, the number of strong, short-distance bonds decreases more for free
volume-containing samples than for samples without free volume, resulting in additional bond
weakening. Therefore, we show that the introduction of free volume causes the formation of volume
fractions of a lower coordination number, resulting in weaker bonding, and propose that this is
the electronic structure origin of the enhanced plastic behavior reported for glasses containing
free volume.

Keywords: metallic glass; free volume; electronic structure; ab initio

1. Introduction

Plastic deformability is crucial for structural applications of metallic glasses [1]. Increasing the
free volume content has been proposed to enhance the plastic deformation of metallic glasses and
is often referred to as “structural rejuvenation” [2]. Recently, an enhanced free volume content was
reported to induce work hardening and hence enable stable plastic deformation [3].

Free volume is inherent to the glassy state, as its density varies depending on the synthesis
conditions [2], and consists of volume fractions containing atoms with a lower coordination number [4],
allowing the atoms to move within their nearest neighbor cage without energy change [5]. Therefore, the
atomic mobility is enhanced [4,6] as the free volume lowers the energy barrier for shear transformations
in metallic glasses [4,6], promoting plastic deformability [7]. While the literature often focusses on free
volume-induced changes in internal energy [2,7–10] and topology [3,11–13], the effect of free volume
on the electronic structure has been overlooked thus far. Cu70Zr30 metallic glasses have previously
been predicted to be brittle based on ab initio methods [14,15]. Therefore, the goal of this study is to
understand the effect of free volume on the electronic structure and hence chemical bonding based on
ab initio calculations by systematically increasing the free volume content of Cu70Zr30.

2. Methods

Density-functional-theory (DFT)-based [16] ab initio molecular dynamics calculations were
carried out in this work. To create glassy structural models, the modeling routine introduced by
Hostert et al. [17] was employed. The initial supercell contained 115 atoms, which were initially
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randomly distributed on a bcc-lattice (115 atoms and 13 vacancies) [17]. This supercell was heated
up with a timestep of 1 fs to 4000 K for 400 fs in a canonical ensemble by the scaling of velocities
and subsequently quenched to 0 K by geometry relaxation employing the openMX 3.9.2 code [18,19].
Electronic potentials with the general gradient approximation [20] and the basic functions Cu6.0S-s3p3d3
and Zr7.0-s3p3d3f1 were applied, where the first symbol designated the chemical element and
cutoff-radius and the last set of symbols defined the primitive orbitals. A 1 × 1 × 1 k-grid and an energy
cutoff-radius of 150 Ry were used. After quenching to 0 K, the volume was relaxed by employing the
Vienna Ab initio Simulation Package (VASP) [21,22] with projector-augmented wave potentials [22,23]
using the Perdew–Burke–Ernzerhof functional [20]. Integration over the Brillouin zone was conducted
on a 3 × 3 × 3 Monkhorst–Pack k-grid [24]. This heating-quenching-relaxation cycle described above
was repeated until the volume change between two subsequent cycles was smaller than 2%.

To create different free volume contents, up to five atoms were removed from the amorphous
structural model while keeping the composition approximately constant. To avoid a vacancy-like
atomic configuration around the position of the removed atom, the supercell was heated to 4000 K
for 400 fs by velocity scaling in a canonical ensemble and subsequently quenched to 0 K by geometry
relaxation. This allowed the free volume to distribute within the supercell. To probe the significance
and reproducibility of the observed results, four independent structural models were developed from
the initial crystalline supercell up to the free volume-containing supercells.

The bulk modulus was calculated from the ground state by fitting the energy-volume data
with the Birch–Munarghan equation of state [25], and the shear modulus was calculated using
volume-conserving distortions [26]. To calculate pair distribution functions, taking the atomic
scattering factors into account [17], the supercell was heated to 300 K for 300 fs. The pair distribution
functions were averaged over the last 200 fs. For bonding analysis, the crystal orbital Hamilton
populations (COHPs) [27] were obtained from the LOBSTER code (version 3.2.0) [28–30].

3. Results and Discussion

Before the electronic structure and topology are analysed, the changes of total energy and elastic
moduli as a function of increasing free volume content are investigated and are shown in Figure 1.
The variability range indicated does not represent the numerical error of the calculation, but the
variability of plus and minus one standard deviation of the average of the properties listed in Table 1,
which were obtained for the different structural models investigated in the study.
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Figure 1. Ab initio total energy density (a), energy per atom (b), bulk modulus (c), and shear modulus
(d) of Cu70Zr30. Gray symbols mark the result of a single calculation and black symbols mark the
average of the data points per free volume content, while the variability bars represent plus and minus
one standard deviation of the average value of the properties listed in Table 1, which were obtained for
the different structural models investigated in the study.
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Table 1. Free volume, total energy, energy per atom, supercell volume, energy density, and bulk and
shear modulus of the four structural models developed in this study.

Free Volume
(%)

Total Energy
(eV)

Energy per Atom
(eV/Atom)

Supercell
Volume (Å3)

Energy Density
(eV/Å3)

Bulk Modulus
(GPa)

Shear Modulus
(GPa)

Structural model 1
0.0 −590.6 −5.12 1847.5 −0.320 114.4 39.2
0.9 −582.2 −5.11 1847.5 −0.315 111.3 37.9
1.8 −576.3 −5.10 1847.5 −0.312 113.4 37.2
2.7 −576.4 −5.14 1847.5 −0.312 116.1 38.7
3.6 −566.4 −5.10 1847.5 −0.307 111.5 35.5
4.5 −548.1 −4.98 1847.5 −0.297 106.1 35.9

Structural model 2
0.0 −589.9 −5.13 1857.0 −0.317 113.7 40.2
0.9 −582.5 −5.11 1857.0 −0.314 111.3 38.1
1.8 −574.2 −5.08 1857.0 −0.309 112.3 36.9
2.7 −567.3 −5.06 1857.0 −0.305 112.0 34.4
3.6 −570.9 −5.14 1857.0 −0.307 115.1 37.4
4.5 −557.3 −5.06 1857.0 −0.300 112.1 34.2

Structural model 3
0.0 −592.9 −5.16 1831.8 −0.324 114.9 43.0
0.9 −585.8 −5.14 1831.8 −0.320 111.1 41.5
1.8 −577.1 −5.11 1831.8 −0.315 108.3 40.4
2.7 −573.2 −5.12 1831.8 −0.313 103.7 38.5
3.6 −569.8 −5.13 1831.8 −0.311 102.3 37.9
4.5 −559.2 −5.08 1831.8 −0.305 96.5 35.6

Structural model 4
0.0 −588.7 −5.12 1839.0 −0.320 114.6 38.4
0.9 −581.7 −5.10 1839.0 −0.316 111.2 40.3
1.8 −572.4 −5.07 1839.0 −0.311 110.4 37.4
2.7 −569.4 −5.08 1839.0 −0.309 110.7 38.8
3.6 −564.0 −5.08 1839.0 −0.307 110.6 36.4
4.5 −554.6 −5.04 1839.0 −0.302 110.1 37.2

The free volume is the excess mean atomic volume compared to the reference structural model
that is based on a supercell containing 115 atoms, which has a free volume content of 0% per definition.
The internal energy of the glass is represented here as the energy density and energy per atom
(Figure 1a,b). The energy density is used to normalize the total energy of the structural models with the
same free volume content, as the absolute volumes of the structural models are not identical. With the
free volume content increasing by 4.6%, the energy density increased by 6.4% and the energy per atom
by 1.8%. This increase of energy is larger than the variability between the structural models and is
consistent with the literature [2,31]. However, the internal energy at free volume contents of 2.7 and
3.6% deviates to lower energies from the increasing internal energy observed before.

The bulk modulus (Figure 1c) varies from 110 to 115 GPa and hence by 4.3%. This small change
of the bulk modulus with an increasing free volume content reflects bond weakening. The shear
modulus (Figure 1d) decreases linearly by 10% with an increasing free volume content. Therefore,
the energy barrier for shear transformations decreases [32], which is consistent with the increased
internal energy [8]. The effect of the free volume on the resistance to hydrostatic deformation is small
but significant.

To reveal the effect of an increasing free volume on the electronic structure, partitioning of the
bond energy is analysed: The COHPs of the three structural models, which are based on different initial
configurations, are similar (Figure 2a–c), showing bonding contributions below approx. −2.5 eV and
anti-bonding contributions close to the Fermi level. However, it is evident that with an increasing free
volume content, the COHPs are shifting towards the Fermi level, which is indicated by the arrows in
Figure 2a–c and is further visualized by the free volume-induced changes of the center of gravity (CoG)
of the COHP and the electronic density of states (DOS, Figure S1) depicted in Figure 2d,e, as calculated
by Equation (1).

CoGX =

∫
(X·E) dE∫

X dE
(1)
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Figure 2. Global bonding analysis of free volume-containing Cu70Zr30. Crystal orbital Hamilton
population (COHP) of three Cu70Zr30 metallic glass structural models (a–c). Free volume-induced
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calculations. The variability bars indicate the range of plus and minus one standard deviation from the
average value obtained for the different structural models investigated in this study.

Here, X is the COHP or DOS, respectively, and E is the energy of the electronic states. For free
volume contents up to 2.7%, the CoG shift towards the Fermi level is larger than the variation of data at
a constant free volume (red shaded area in Figure 2d,e). However, for free volume contents larger
than 2.7%, the shift of the CoG is smaller than the variation at a constant free volume and hence, the CoG
remains constant with respect to the Fermi level. This is in line with the critical free volume content for
yielding of metallic glasses proposed by Wang et al. [33].

The integrated COHP (ICOHP) at the Fermi level, which is a measure of the bond strength [29],
exhibits a subtle decreasing trend and strongly dispersed data (Figure 2f). The difference in ICOHP
between the minimum and maximum free volume contents (0.0 and 4.6%) is −0.3 meV/atom. Due to
the numerical precision of ab initio calculations [34] and the orthogonal projection of the electrons [29],
this difference is appraised as not significant, while the scattering within the set of calculations analysed
here indicates a slightly decreasing ICOHP with an increasing free volume content. Therefore, while the
electrons occupy higher energetic electronic states with an increased free volume content, the analysis
of the total COHP confirms that the effect of the free volume on the overall bond strength is small
but significant.

To investigate the influence of the free volume on directional and non-directional bonds spatially
resolved, the COHPs are separated into the contributions of the electronic bands of the Cu70Zr30 samples
with free volume contents of 4.6% (Figure 3a–c) and 0.0% (Figure 3d–f). As the total COHPs of the
structural models are consistent (Figure 2a–c) and due to computational constraints, the band-resolved
analysis has been conducted only for structural model 1. Based on the electronic band contributions
(Figure 3a,b,d,e), the interactions between the s-bands (s-s), the s- and d-bands (s-d), and the d-bands
(d-d) are dominating the bonding in Cu70Zr30. As observed for the total COHPs (Figure 2a–c),
only minor differences exist between the COHPs for the same structural model but different free
volume contents. Therefore, both directional (s-d and d-d bonds) and non-directional bonding (s-s [35])
is affected in a similar way by the free volume. However, the COHPs for low coordination numbers
exhibit less bonding states below −2.5 eV, as well as an enhanced number of anti-bonding states
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between −1.5 eV and the Fermi level (Figure 3c,f). As this analysis indicates that the local atomic
structure predominantly affects the bonding, the effect of the free volume on the local bonding is
probed next.
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To this end, the distribution of coordination numbers, i.e., the number of neighbors of an atom
within the first coordination shell, which is discussed later in Figure 6, is analysed by comparing the
simulation cell containing no free volume with the one containing a 4.6% free volume, as presented in
Figure 4a. The range of coordination numbers observed is consistent with the literature [36]. The average
coordination number decreases from 14.2 to 13.5 as free volume is introduced. To visualize the impact
of the free volume on the spatial distribution of coordination numbers, iso-coordination surfaces that
enclose volume sections containing atoms with a coordination number ≤ 12 are shown in the simulation
cell in Figure 4b,c. In the configuration without free volume (Figure 4b), these iso-coordination sections
are partly interconnected and populate 11.3% of the volume of the supercell. With an increased free
volume content of 4.6% (Figure 4c), the volume fraction of the iso-coordination sections increases by
11.8%. Therefore, the introduction of a 4.6% free volume causes the volume fraction containing atoms
with coordination numbers ≤ 12 to increase to 23.1%.

The analysis of the ICOHP(Ef) of individual atoms as a function of the coordination number
(Figure 5) emphasizes the bond weakening in regions of a low coordination number: Atoms with a
coordination number ≤ 14 exhibit a positive ICOHP(Ef) and hence overall anti-bonding interactions.
Therefore, the bonding in the volume fraction with a coordination number ≤ 14 is weakened. For more
densely packed atoms with a coordination number > 14 and larger, the ICOHP(Ef) is negative. Hence,
interactions with the nearest neighbors for atoms with a coordination number > 14 are bonding
strongly. The magnitude of the bond energy range for coordination numbers between 14 and 17 may
originate from the inherent structural heterogeneities of metallic glasses [6]. From Figure 5, it is clearly
visible that the ICOHP(Ef) as a function of the coordination number is independent on the overall free
volume content in the sample. However, it is also evident that the number of weakened bonds clearly
increases due to the shift of the coordination number distribution to lower values and the increasing
volume fraction of regions containing atoms with a lower coordination number. This is consistent
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with the reduced shear modulus (Figure 1), and the reported lowered activation energy for shear
transformations [4,6].Materials 2020, 13, x FOR PEER REVIEW 6 of 11 
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Figure 4. Global and spatially resolved coordination number analysis. (a) Relative frequency of
occurrence of a coordination number in the sample. Black bars represent the coordination number of a
sample with a 0.0% free volume content, and red bars of a sample with a 4.6% free volume content.
Dashed lines mark the respective average coordination number. Iso-configuration surfaces enclosing
regions with a coordination number of 12 and lower in the simulation cell for a glass with a 0.0% and
4.6% free volume are shown in (b,c), respectively.

To analyse the effect of the free volume on the short-range order, the pair distribution function
(PDF) of an undeformed, a 2% sheared, and a 2% hydrostatically expanded glass with a 4.6% free
volume content (Figure 6a) and 0% free volume (Figure 6b) are compared by showing the difference in
the PDF in Figure 6c. To enlarge the overall sample size, the average of three independently calculated
configurations is shown in Figure 6. The complete pair distribution functions presented in Figure S2
clearly show the lack of long-range order in the samples. The bond distances of 2.5, 2.75, and 3.2 Å for
Cu-Cu, Cu-Zr, and Zr-Zr, respectively, are consistent with the literature [36,37] within 0.15 Å, which has
been reported for ab initio structural models of metallic glasses before [38]. However, as the deviation
from the literature is consistent throughout the structural models investigated and this analysis is based
on a comparison with the structural model without free volume as a reference, the conclusions from
this study are considered valid. While the bond distribution is similar for deformed and undeformed,
free-volume-containing and free-volume-free samples, small changes can be observed in the difference
curve (Figure 6c): With an increased free volume content, the number of bonds is reduced for the
sheared and hydrostatically deformed cells. While this effect is small, the variability bands of the PDF
of the sheared and hydrostatically deformed samples do not overlap completely with the variability
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band of the reference PDF, indicating a decreased number of bonds. Therefore, the effect of the free
volume content on the number of bonds is small but significant.Materials 2020, 13, x FOR PEER REVIEW 7 of 11 
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Figure 6. Total pair distribution functions of Cu70Zr30 of the undeformed, 2% sheared, and 2%
hydrostatically enlarged cells for a sample containing a 4.6% free volume (a) and 0.0% free volume (b)
and the difference in the pair distribution functions with a 4.6% and 0.0% free volume (c). (d–f) present
the corresponding partial pair distribution functions for Cu-Cu, (g–i) Cu-Zr, and (k–m) Zr-Zr bonds.
The pair distribution functions (PDFs) shown are the average of three independently calculated samples
to enlarge the overall sample size. Shaded areas represent the variability obtained for the different
structural models investigated in this study.



Materials 2020, 13, 4911 8 of 10

By not only comparing the total PDFs, but also focusing on the partial Cu-Cu PDFs (Figure 6d–f),
Cu-Zr PDFs, (Figure 6g–i) and Zr-Zr PDFs (Figure 6k–m), the bond depletion discussed for the total PDF
can be observed in the partial Cu-Cu and Cu-Zr PDFs, which are the main contributors to the total PDF:
While the deformation-induced bond depletion with an increased free volume content is not significant
for Cu-Cu bonds (Figure 6f), the number of Cu-Zr bonds in the hydrostatically deformed samples is
reduced on the short bond-distance side of the first peak of the PDF for the free volume-containing
glass compared to the glass without free volume. However, for the undeformed cell, a larger peak,
i.e., a larger number of bonds, is observed for Cu-Cu and Cu-Zr in the free volume-containing cell
(Figure 6f,i), while during deformation, these additional bonds are no longer present. For the Zr-Zr
bonds (Figure 6k–m), a small increase in the number of bonds with free volume content in the
undeformed cell is observed, while the effect of deformation on the number of bonds for the free
volume-containing system compared to the system without free volume is minor.

Hence, small topological differences between 0.0 and 4.6% free volume-containing samples are
observed: The number of bonds in the short-range order increases with the free volume content for
undeformed systems, while for shear and hydrostatic deformation, the number of short-distance and
hence strong bonds in the short-range order is reduced more for free volume-containing systems than
for systems without free volume. This originates from a deformation-induced depletion in the number
of Cu-Zr bonds. The observed changes in topology are consistent with the weaker bonding under
shear deformation proposed based on the electronic structure analysis and the reported decreased
barrier for shear transformations [4,5].

4. Conclusions

A systematic, ab initio calculation-based comparison pf Cu70Zr30 metallic glasses with free volume
contents varying from 0.0% to 4.6% revealed that the overall bond strength based on the integrated
COHP changes marginally with an increasing free volume content, while the populated electronic states
and bond energy contributions shift by 0.1 eV to higher energies. However, the average coordination
number decreases from 14.2 to 13.5 with an increasing free volume content from 0.0 to 4.6%, since the
volume fraction of regions containing atoms with a coordination number ≤ 12 increases significantly:
For samples without free volume, the volume fraction of regions containing atoms with a coordination
number ≤ 12 occupies 11.3% of the simulation cell volume, while this volume fraction increases to
23.1% for glasses with a 4.6% free volume content. Due to an increasing number of anti-bonding
contributions to the local bonding with a decreasing coordination number, the ICOHP(Ef) exhibits
positive bonds of atoms with coordination numbers ≤ 14, indicating the dominance of anti-bonding
contributions. Therefore, the bonding is weakened locally in the volume fraction of lower coordination.
Topology-wise, under shear and hydrostatic deformation, free volume-containing samples show a
larger decrease in strong, short-distance bonds with an increased free volume than samples without
free volume, indicating additional bond weakening. Therefore, the introduction of free volume causes
the formation of volume fractions of lower coordination. Due to a local rise of anti-bonding states
in these volume fractions of lower coordination, bonding is weakened. We propose that this local
bond weakening is the electronic structure origin of the enhanced plastic behavior reported for free
volume-containing metallic glasses.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1944/13/21/4911/s1:
Figure S1: Density of states of Cu70Zr30 metallic glasses with different free volume contents. Figure S2:
Pair distribution functions of Cu70Zr30 structural models containing different amounts of free volume.

Author Contributions: Conceptualization, S.E. and J.M.S.; formal analysis, S.E.; investigation, S.E.;
writing—original draft preparation, S.E.; writing—review and editing, J.M.S.; visualization, S.E.; supervision,
J.M.S.; funding acquisition, J.M.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the German Research Foundation, grant number SCHN 735/22-2, within the
SPP 1594 “Topological engineering of Ultrastrong Glasses”.

http://www.mdpi.com/1996-1944/13/21/4911/s1


Materials 2020, 13, 4911 9 of 10

Acknowledgments: Ab initio calculations were performed in the JARA-HPC partition part of the supercomputer
CLAIX at RWTH Aachen University within the project JARA0131. We thank D. Bogdanovski for fruitful discussions
on the bonding analysis using COHP.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ashby, M.; Greer, A.L. Metallic glasses as structural materials. Scr. Mater. 2006, 54, 321–326. [CrossRef]
2. Sun, Y.; Concustell, A.; Greer, A.L. Thermomechanical processing of metallic glasses: Extending the range of

the glassy state. Nat. Rev. Mater. 2016, 1, 16039. [CrossRef]
3. Pan, J.; Ivanov, Y.P.; Zhou, W.H.; Li, Y.; Greer, A.L. Strain-hardening and suppression of shear-banding in

rejuvenated bulk metallic glass. Nature 2020, 578, 559–562. [CrossRef] [PubMed]
4. Argon, A.S. Plastic deformation in metallic glasses. Acta Metall. 1979, 27, 47–58. [CrossRef]
5. Spaepen, F. A microscopic mechanism for steady state inhomogeneous flow in metallic glasses. Acta Metall.

1977, 25, 407–415. [CrossRef]
6. Egami, T.; Iwashita, T.; Dmowski, W. Mechanical Properties of Metallic Glasses. Metals 2013, 3, 77–113. [CrossRef]
7. Li, N.; Liu, L.; Chen, Q.; Pan, J.; Chan, K.C. The effect of free volume on the deformation behaviour of a

Zr-based metallic glass under nanoindentation. J. Phys. D Appl. Phys. 2007, 40, 6055–6059. [CrossRef]
8. Slipenyuk, A.; Eckert, J. Correlation between enthalpy change and free volume reduction during structural

relaxation of Zr55Cu30Al10Ni5 metallic glass. Scr. Mater. 2004, 50, 39–44. [CrossRef]
9. Haruyama, O.; Nakayama, Y.; Wada, R.; Tokunaga, H.; Okada, J.; Ishikawa, T.; Yokoyama, Y. Volume and

enthalpy relaxation in Zr55Cu30Ni5Al10 bulk metallic glass. Acta Mater. 2010, 58, 1829–1836. [CrossRef]
10. Evenson, Z.; Busch, R. Equilibrium viscosity, enthalpy recovery and free volume relaxation in a

Zr44Ti11Ni10Cu10Be25 bulk metallic glass. Acta Mater. 2011, 59, 4404–4415. [CrossRef]
11. Yavari, A.R.; Le Moulec, A.; Inoue, A.; Nishiyama, N.; Lupu, N.; Matsubara, E.; Botta, W.J.; Vaughan, G.;

Di Michiel, M.; Kvick, Å. Excess free volume in metallic glasses measured by X-ray diffraction. Acta Mater.
2005, 53, 1611–1619. [CrossRef]

12. Fan, C.; Liu, C.T.; Chen, G.; Liaw, P.K. Quantitatively defining free-volume, interconnecting-zone and cluster
in metallic glasses. Intermetallics 2015, 57, 98–100. [CrossRef]

13. Ye, J.C.; Lu, J.; Liu, C.T.; Wang, Q.; Yang, Y. Atomistic free-volume zones and inelastic deformation of
metallic glasses. Nat. Mater. 2010, 9, 619–623. [CrossRef]

14. Schnabel, V.; Jaya, B.N.; Köhler, M.; Music, D.; Kirchlechner, C.; Dehm, G.; Raabe, D.; Schneider, J.M.
Electronic hybridisation implications for the damage-tolerance of thin film metallic glasses. Sci. Rep. 2016,
6, 36556. [CrossRef] [PubMed]

15. Evertz, S.; Kirchlechner, I.; Soler, R.; Kirchlechner, C.; Kontis, P.; Bednarcik, J.; Gault, B.; Dehm, G.; Raabe, D.;
Schneider, J.M. Electronic structure based design of thin film metallic glasses with superior fracture toughness.
Mater. Design 2020, 186, 108327. [CrossRef]

16. Hohenberg, P.; Kohn, W. Inhomogeneous Electron Gas. Phys. Rev. 1964, 136, B864–B871. [CrossRef]
17. Hostert, C.; Music, D.; Bednarcik, J.; Keckes, J.; Kapaklis, V.; Hjorvarsson, B.; Schneider, J.M. Ab initio

molecular dynamics model for density, elastic properties and short range order of Co-Fe-Ta-B metallic glass
thin films. J. Phys. Condens. Mat. 2011, 23, 475401. [CrossRef]

18. Ozaki, T.; Kino, H. Numerical atomic basis orbitals from H to Kr. Phys. Rev. B 2004, 69, 195113. [CrossRef]
19. Ozaki, T.; Kino, H. Efficient projector expansion for the ab initio LCAO method. Phys. Rev. B 2005,

72, 45121. [CrossRef]
20. Perdew, J.P.; Burke, K.; Ernzerhof, M. Generalized Gradient Approximation Made Simple. Phys. Rev. Lett.

1996, 77, 3865–3868. [CrossRef]
21. Kresse, G.; Furthmüller, J. Efficient iterative schemes for ab initio total-energy calculations using a plane-wave

basis set. Phys. Rev. B 1996, 54, 11169–11186. [CrossRef] [PubMed]
22. Kresse, G.; Joubert, D. From ultrasoft pseudopotentials to the projector augmented-wave method. Phys. Rev. B

1999, 59, 1758–1775. [CrossRef]
23. Blöchl, P.E. Projector augmented-wave method. Phys. Rev. B 1994, 50, 17953–17979. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.scriptamat.2005.09.051
http://dx.doi.org/10.1038/natrevmats.2016.39
http://dx.doi.org/10.1038/s41586-020-2016-3
http://www.ncbi.nlm.nih.gov/pubmed/32103194
http://dx.doi.org/10.1016/0001-6160(79)90055-5
http://dx.doi.org/10.1016/0001-6160(77)90232-2
http://dx.doi.org/10.3390/met3010077
http://dx.doi.org/10.1088/0022-3727/40/19/043
http://dx.doi.org/10.1016/j.scriptamat.2003.09.038
http://dx.doi.org/10.1016/j.actamat.2009.11.025
http://dx.doi.org/10.1016/j.actamat.2011.03.064
http://dx.doi.org/10.1016/j.actamat.2004.12.011
http://dx.doi.org/10.1016/j.intermet.2014.10.008
http://dx.doi.org/10.1038/nmat2802
http://dx.doi.org/10.1038/srep36556
http://www.ncbi.nlm.nih.gov/pubmed/27819318
http://dx.doi.org/10.1016/j.matdes.2019.108327
http://dx.doi.org/10.1103/PhysRev.136.B864
http://dx.doi.org/10.1088/0953-8984/23/47/475401
http://dx.doi.org/10.1103/PhysRevB.69.195113
http://dx.doi.org/10.1103/PhysRevB.72.045121
http://dx.doi.org/10.1103/PhysRevLett.77.3865
http://dx.doi.org/10.1103/PhysRevB.54.11169
http://www.ncbi.nlm.nih.gov/pubmed/9984901
http://dx.doi.org/10.1103/PhysRevB.59.1758
http://dx.doi.org/10.1103/PhysRevB.50.17953
http://www.ncbi.nlm.nih.gov/pubmed/9976227


Materials 2020, 13, 4911 10 of 10

24. Monkhorst, H.J.; Pack, J.D. Special points for Brillouin-zone integrations. Phys. Rev. B 1976,
13, 5188–5192. [CrossRef]

25. Birch, F. Finite strain isotherm and velocities for single-crystal and polycrystalline NaCl at high pressures
and 300◦ K. J. Geophys. Res. 1978, 83, 1257. [CrossRef]

26. Music, D.; Takahashi, T.; Vitos, L.; Asker, C.; Abrikosov, I.A.; Schneider, J.M. Elastic properties of Fe–Mn
random alloys studied by ab initio calculations. Appl. Phys. Lett. 2007, 91, 191904. [CrossRef]

27. Dronskowski, R.; Bloechl, P.E. Crystal orbital Hamilton populations (COHP): Energy-resolved visualization
of chemical bonding in solids based on density-functional calculations. J. Phys. Chem. 1993,
97, 8617–8624. [CrossRef]

28. Deringer, V.L.; Tchougréeff, A.L.; Dronskowski, R. Crystal orbital Hamilton population (COHP) analysis as
projected from plane-wave basis sets. J. Phys. Chem. A 2011, 115, 5461–5466. [CrossRef]

29. Maintz, S.; Deringer, V.L.; Tchougréeff, A.L.; Dronskowski, R. Analytic projection from plane-wave and
PAW wavefunctions and application to chemical-bonding analysis in solids. J. Comput. Chem. 2013,
34, 2557–2567. [CrossRef]

30. Maintz, S.; Deringer, V.L.; Tchougréeff, A.L.; Dronskowski, R. LOBSTER: A tool to extract chemical bonding
from plane-wave based DFT. J. Comput. Chem. 2016, 37, 1030–1035. [CrossRef]

31. Spaepen, F. Homogeneous flow of metallic glasses: A free volume perspective. Scr. Mater. 2006,
54, 363–367. [CrossRef]

32. Dyre, J.C.; Wang, W.H. The instantaneous shear modulus in the shoving model. J. Chem. Phys. 2012,
136, 224108. [CrossRef] [PubMed]

33. Wang, J.G.; Zhao, D.Q.; Pan, M.X.; Wang, W.H.; Song, S.X.; Nieh, T.G. Correlation between onset of yielding
and free volume in metallic glasses. Scr. Mater. 2010, 62, 477–480. [CrossRef]

34. Lejaeghere, K.; van Speybroeck, V.; van Oost, G.; Cottenier, S. Error Estimates for Solid-State
Density-Functional Theory Predictions: An Overview by Means of the Ground-State Elemental Crystals.
Crit. Rev. Solid State Mater. Sci. 2014, 39, 1–24. [CrossRef]

35. Carter, F.L. On Deriving Density of States Information from Chemical Bond Considerations.
In Electronic Density of States Based on Invited and Contributed Papers and Discussion, 3rd Materials
Research Symposium; Bennet, L.H., Ed.; NBS Special Publication: Washington, DC, USA, 1971; pp. 385–405.

36. Li, F.; Liu, X.J.; Lu, Z.P. Atomic structural evolution during glass formation of a Cu–Zr binary metallic glass.
Comp. Mater. Sci. 2014, 85, 147–153. [CrossRef]

37. Babanov, Y.A.; Schvetsov, V.R.; Sidorenko, A.F. Atomic structure of binary amorphous alloys by combined
EXAFS and X-ray scattering. Phys. B Condens. Mat. 1995, 208–209, 375–376. [CrossRef]

38. Evertz, S.; Music, D.; Schnabel, V.; Bednarcik, J.; Schneider, J.M. Thermal expansion of Pd-based metallic
glasses by ab initio methods and high energy X-ray diffraction. Sci. Rep. 2017, 7, 15744. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1103/PhysRevB.13.5188
http://dx.doi.org/10.1029/JB083iB03p01257
http://dx.doi.org/10.1063/1.2807677
http://dx.doi.org/10.1021/j100135a014
http://dx.doi.org/10.1021/jp202489s
http://dx.doi.org/10.1002/jcc.23424
http://dx.doi.org/10.1002/jcc.24300
http://dx.doi.org/10.1016/j.scriptamat.2005.09.046
http://dx.doi.org/10.1063/1.4724102
http://www.ncbi.nlm.nih.gov/pubmed/22713037
http://dx.doi.org/10.1016/j.scriptamat.2009.12.015
http://dx.doi.org/10.1080/10408436.2013.772503
http://dx.doi.org/10.1016/j.commatsci.2013.12.058
http://dx.doi.org/10.1016/0921-4526(94)00701-V
http://dx.doi.org/10.1038/s41598-017-16117-7
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

