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Abstract  

 

We studied the atomic scale structure of bulk metallic glass (BMG) with the combination 

of fluctuation electron microscopy (FEM) and hybrid reverse Monte Carlo (HRMC) simulation.   

 Medium range order (MRO), which occupies the length scale between short range order (SRO) 

and long-range order, plays an important role on the properties of metallic glass, but the 

characterization of MRO in experiment is difficult because conventional techniques are not 

sensitive to the structure at MRO scale. Compared with the X-ray and neutron which can 

measure SRO by two-body correlation functions, FEM is an effective way to detect MRO 

structure through three and four-body correlation functions, providing information about the size, 

distribution, and internal structure of MRO combing HRMC modeling. Thickness estimation is 

necessary in FEM experiment and HRMC calculation, so in Chapter 3, we measured the elastic 

and inelastic mean free paths of metallic glass alloys based on focused ion beam prepared thin 

samples with measured thickness gradients. We developed a model based on the Wentzel atomic 

model to predict the elastic mean free path for other amorphous materials. In Chapter 4, we 

studied the correlation of MRO and glass forming ability ZrCuAl alloy.  Results from Variable 

resolution fluctuation microscopy show that in Zr50Cu35Al15 the crystal-like clusters shrink but 

become more ordered, while icosahedral-like clusters grow. Compared with Zr50Cu45Al5, 

Zr50Cu35Al15 with poorer glass forming ability exhibits more stable crystal-like structure under 

annealing, indicating that destabilizing crystal-like structures is important to achieve better glass 

forming ability in this alloy. In Chapter 5, we studied the crystallization and MRO structural in 

deformed and quenched Ni60Nb40 metallic glass. The deformed Ni60Nb40 contains fewer 
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icosahedral-like Voronoi clusters and more crystal-like and bcc-like Voronoi clusters. The 

crystal-like and bcc-like medium range order clusters may be the structural origin for its lower 

crystallization temperature compared with quenched alloy. 

Dynamics heterogeneity is proposed to be the microscopic origin of the dynamic nature 

of glass transition. Some experimental evidences and simulation have indicated that different 

regions of materials indeed relax at fast or slow rate. However, the spatial distribution of 

relaxation time visualized from experiment as the direct evidence of heterogeneous dynamics is 

still challenging. We proposed to measure the structural dynamics of supercooled metallic 

glasses with electron correlation microscopy (ECM) technique at the nanometer scale. ECM was 

developed as a way to measure structural relaxation times of liquids with nanometer-scale spatial 

resolution using the coherent electron scattering equivalent of photon correlation spectroscopy. 

In chapter 6, we studied the experimental requirements of ECM to obtain reliable results. For 

example, the trajectory length must be at least 40 times the relaxation time to obtain a well-

converged g2(t), and the time per frame must be less than 0.1 time the relaxation time to obtain 

sufficient sampling. ECM experiment was firstly realized in scanning transmission electron 

microscopy (STEM) mode and applied to measure the structural relaxation time of Pd based 

metallic glass.  In order to overcome the drift problem and capture the spatial information, we 

developed ECM experiment in dark field (DF) mode. In Chapter 7, through DF-ECM, we 

visualized the spatially heterogeneous dynamics by in-situ heating Pt57.5Cu14.7Ni5.3P22.5 nanowire 

into supercooled liquid state, and quantify the size of the heterogeneity by four point correlation 

function. The thickness effect and temporal evolution of the heterogeneous domain was also 

discussed. Additionally, a fast near surface dynamics was discovered, providing an effective 

mechanism for surface crystallization of liquids by homogeneous nucleation. 
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Chapter 1. Introduction to glasses and BMGs 

 

1.1   Glass transition  

Understanding the thermodynamic and kinetic process of the glass transition is necessary 

for understanding the structure of BMGs and glass forming ability (GFA). Figure 1 shows the 

specific volume change during glass formation. If the liquid avoids crystallization when the 

temperature is below the melting temperature, it becomes a supercooled liquid. Supercooled 

liquid is a metastable state, since its free energy is higher than the corresponding crystal, but due 

to the high atomic mobility and the short relaxation time, it is regarded as quasi equilibrium state. 

Therefore, thermodynamic properties of a supercooled liquid can be attained by extrapolating the 

properties of the liquid above melting temperature to lower temperature 1, as shown in Figure 1 

With decreasing temperature, the free energy difference between supercooled liquid and the 

competing crystal ΔG increases, which is the driving force for crystallization 2. When the 

temperature is approaching Tg, the mobility of atoms becomes quite slow and the structure is 

“frozen” into a non-equilibrium state, which is named glass. The red dashed line in Figure 1 

extrapolated from high temperature can be regarded as the equilibrium state of glass. The non-

equilibrium nature of glass leads to some unique properties, such as annealing and aging 

phenomena  3–8.   
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Figure 1. Dependence of specific volume on temperature in liquid, crystal and glassy states 
 

 

A time-temperature-transformation (TTT) diagram is often used to explain the kinetics of 

BMG formation 9. As shown in Figure 2, it plots boundaries between different states of the 

system (liquid, crystal, and glass in this case) in temperature versus time (usually on a 

logarithmic scale). TTT diagrams can be generated by the isothermal measurement. At different 

temperatures, the time used for transformation from liquid to crystal is different. With decreasing 

temperature, the driving force for crystallization increases and mobility of the atoms decreases. 

The competition between these two factors causes a “C” or “noise” in the TTT diagram. In order 

to reach the glass state, a cooling trajectory from the liquid must be entirely to the left (short 

time) side of the crystallization nose.  Thus, the crystallization nose determines the critical 

cooling rate to form BMG. Better glass formers require a slower critical quenching rate to avoid 

crystalline phase.  
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Figure 2. Schematic TTT diagram to illustrate kinetics of glass forming 9  
            

 

1.2   Bulk metallic glass 

Bulk metallic glasses (BMGs) are multi-component amorphous alloys, which show short 

range order but no long range order in structure. Compared with their crystal counterpart, BMGs 

have a variety of outstanding properties. They not only show excellent mechanical properties, 

such as high yield strength 10, high elastic limit during tension or compression 11,12 and high 

corrosion resistance 13,14, but also show promising functional properties, such as possible 

superconductivity at low temperature 15, good magnetic properties in Fe-based alloys 16, and 

potential applications in medicine due to good biocompatibility 9. Bulk amorphous alloys 

become soften and flow upon heating, which allows for easy processing, such as by injection 

molding, in much the same way as polymers. As a result, amorphous alloys have been 

commercialized for use in sports equipment, medical devices, and as cases for electronic 

equipment. 

https://en.wikipedia.org/wiki/Injection_molding
https://en.wikipedia.org/wiki/Injection_molding
https://en.wikipedia.org/wiki/Polymers
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Thin films of amorphous metals can be deposited via high velocity oxygen fuel technique 

as protective coatings. 

However, high critical cooling rate (Rc) and limited maximum size which can be formed 

during quenching limit applications of many BMGs, enhancing the glass-forming ability (GFA) 

and understanding the structural origin of good GFA are important concerns in this field.   

 

1.3   Fabrication of BMGs  

Metallic glasses are typically formed by quenching from high temperature liquids. When 

the temperature is below melting temperature, the solid crystal is more thermodynamically stable 

state than the liquid. In order to avoid crystallization, the temperature must decrease rapidly 

enough to “freeze” the liquid and acquire an amorphous state at low temperature. The first 

reported metallic glass was Au75Si25 produced by W. Klement (Jr.), Willens and Duwez in 1960 

17.   This and other early glass-forming alloys had to be cooled extremely rapidly (on the order of 

one megakelvin per second, 106 K/s) to avoid crystallization 18. With the discovery of more new 

alloys with higher glass forming ability (GFA), metallic glasses can be formed at cooling rates as 

low as 1 K/s. These "bulk" amorphous alloys can be cast into parts of up to several centimeters 

in thickness while retaining an amorphous structure, such as Zr and Pd based metallic glasses 

19,20.  

BMGs also can be formed by entirely in the solid state. For example, irradiation by ions 

or high-energy electrons can destroy crystalline order without melting. BMGs can also be formed 

by intense mechanical deformation of crystalline metals, such as cold rolling and ball milling 21. 

For cold rolled BMGs, the intense stress applied to material increases the internal energy by 

https://en.wikipedia.org/wiki/High_velocity_oxygen_fuel
https://en.wikipedia.org/wiki/Pol_Duwez
https://en.wikipedia.org/wiki/Mega-
https://en.wikipedia.org/wiki/Mega-
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introducing large amount of defects, leading to the collapse of crystalline structure and ultimate 

amorphization.  

Different glass formation pathways result in differences in structure. For example, 

deformation induced Al92Sm8 amorphous alloy shows different crystallization behavior from 

quenched. After annealing, as-quenched Al92Sm8 sample forms Al nanocrystals, but the as-

deformed alloy is not susceptible to primary crystallization and keeps its amorphous structure to 

significantly higher temperature and longer time 22. The structural origin of which may lie in the 

MRO difference in cold rolled and as cast sample 23. The structural difference of different 

formation methods will also be discussed in this thesis.  

 

1.4   Glass forming ability (GFA) of BMGs 

Critical cooling rate (Rc) and maximum size (tmax) that can be formed during quenching 

are often used to represent the GFA. As indicated in Figure 2, with different nose in TTT, lower 

Rc indicates a better glass former. Larger tmax of BMG is also an indicator of good GFA. 

(Zr3Ti)0.55(Cu5Ni4) 0.225Be0.225 alloy, as one of the best glass formers, can form BMG with Rc of 1 

K/s and the formed glassy rods can reach to 5-10 cm in diameter 2,24,25. Most BMGs require high 

critical cooling rates which limit the formation and applications of many BMGs, so enhancing 

the GFA and understanding the origin of good GFA are important to further applications of these 

alloys. Understanding GFA may also advance basic scientific understanding of the glass 

transition and crystal nucleation and growth. 

Inoue 26 proposed three famous empirical rules for BMG formation and better GFA: 

multicomponent system, atomic size ratio above 12% and negative heat of mixing between 

constitute elements. To better understand empirical guidelines of high GFA, their fundamental 
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physical origin is important. From thermodynamics and kinetics viewpoint, there are two ways to 

enhance GFA: one is to stabilize supercooled liquid and glass. The other way is to suppress 

crystallization. Based on these empirical guidelines, although there is no universal criterion of 

GFA for BMGs, researchers have proposed several parameters to describe GFA. One is reduced 

glass transition temperature, Trg = Tg/Tm, where Tm is the melting temperature. Bulk glass 

forming is expected if Trg is larger than 2/3 27. A strong chemical affinity (negative heat of 

mixing) and deep-eutectic compositions can result in lower Tl (more stable liquid), which can 

cause a higher Trg. A higher Trg with narrow supercooled liquid region can also reduce the 

chance for crystallization. The other common parameter is the width of supercooled liquid region 

ΔTx = Tx - Tg, where Tx is the crystallization temperature 28. The application of ΔTx to measure 

GFA is shown in Figure 3 26. Recently based on two guidelines above another index is proposed: 

γ = Tx/(Tg + Tl) 29,30. In general, these rules and parameters are consistent with most but not all 

known glass formers and have some success predicting the GFA of new alloys. However, none 

of them predict every known glass former, nor have any of them been widely accepted as a 

reliable tool for predicting new metallic glass compositions. 
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Figure 3. Relationship between Rc, tmax and ΔTx for various BMGs. 26 
 

The structural evolution during supercooling determines these thermodynamic properties 

as well as the GFA. From structural viewpoint, in metallic glass the efficient packing of atoms 

and clusters can result in better GFA 31,32. The icosahedral structure plays an important role to 

stabilize supercooled liquid and suppress crystallization.  For example, in Zr-Cu metallic glass, 

the efficient packing of Cu and Zr atoms stabilizes the supercooled Zr-Cu liquids. The existence 

of the icosahedral order with fivefold environment can increase the barrier for nucleation and 

cause slower structural rearrangement 33,34. The adding of minor Al may make the packing much 

denser and further stabilize the icosahedral order, causing the corresponding crystal less 

competitive and enhanced GFA 35,36.  
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1.5   Structure of BMG 

Several parameters are widely used to describe structure units for SRO in metallic glass. 

One is the Voronoi cell 37, which can be constructed through bisecting lines connecting the 

center atom and neighboring atoms and the enclosed space is Voronoi cell, similar as Wigner–

Seitz primitive unit cell. A vector including four numbers <i3, i4, i5, i6> is widely used for 

Voronoi index to represent the symmetry of the nearest neighbor atoms. The first number i3 

represents the number of triangles and the second number i4 is the number of quadrangles on the 

Voronoi polyhedron and so on 38. Another is common neighbor analysis (CNA) 39. CNA uses 

three-number index, jkl, to describe the multi-body correlation between neighboring atoms, in 

which j is the number of nearest neighbors common to both atoms in and k is the number of 

bonds between j atoms and l is the number of bonds in the longest continuous chain formed by 

the k bonds 38,39. For example, 555 present pentagonal bipyramid structure with fivefold local 

environment. The index of 421 describes fcc and 422 describes hcp structure.   

A lot simulation work has demonstrated that icosahedron is the dominant structure unit 

for SRO in BMG, such as Zr-Cu 40, Ni-Nb 41,42, Ni-Zr 43 and Zr-Pd 44. Because different authors 

may have different definitions of icosahedra, firstly we may clarify the meaning of icosahedra in 

this report: the CN is close to 12 and fivefold bonding is dominant. <0, 0, 12, 0> is considered as 

full icosahedra since all the atoms have five-fold symmetry bonding environment, and <0,  2, 8, 

0 >, <0, 2, 8, 1 >  and <0, 1, 10,2> are viewed as distorted or quasi-icosahedra. <0, 3, 6, 3 > is 

defined as non-icosahedra because the CN is a little far from 12 although five-fold boning still 

has the highest fraction.  Sheng et al 45 has studied the structure of SRO clusters in metal-

metalloid glasses with strong chemical SRO by ab initio MD models, finding that both full 

icosahedra and quasi-icosahedral clusters are abundant in metallic glass systems, but different 
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systems and different compositions have different fractions of icosahedra. According to our 

definition of icosahedra, structures in Figure 4 show that icosahedra are dominant in Zr84Pt16 and 

Ni80P20, but not in Ni81B19.  

 

Figure 4. SRO and MRO configurations, showing different fractions of icosahedra cluster in 

Ni81B19, Ni80P20 and Zr84Pt16 respectively. FS, ES and VS represent face-sharing, edge-sharing 

and vertex-sharing. 45 

 

Why icosahedra are so popular in metallic glass?  Pure crystalline metals have dense 

packing, such as fcc and hcp. When the temperature is increased above Tm, the density only 

decreases by a few percent compared to low temperature crystal 46, which means the metallic 

liquid is still in quite dense packing. Since glassy structure is very close to the supercooled liquid, 

BMGs should have high packing density. In a geometric viewpoint, the icosahedra with five-fold 

symmetry are preferred in SRO due to its efficient packing when atomic size ratio between 

solute atom and solvent atom is close to 0.902 31,32,47,48. However, it in 3D space, its fivefold 
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rotational symmetry is incompatible with the translational symmetry for long rang order in 

crystal 49. In other words, it is outstanding to form SRO but not for LRO, which is ideal for 

stabilizing glassy structure. Simulations show that icosahedra with the high packing density leads 

to low configurational potential energy and low entropy, so it is favored in supercooled liquid 

and frozen glass 50,51.  

In addition to icosahedra, non-icosahedral structure unit also has been found in BMGs, 

especially in metal-metalloid system. As shown in Figure 4 45, Ni81B19 system is a typical 

example that non- icosahedral structure <0, 3, 6, 0> is prominent. The Voronoi index <0, 3, 6, 0> 

is also called tri-capped trigonal prism (TTP) (with six solvent atoms for the trigonal prism, three 

solvent atoms for the caps and one solute atom in the center) 38. Simulations in Fe83(C/B/P)17 

MGs also found octahedron and bi-capped square Archimedean antiprism (BSAP) in addition to 

the TTP 52. However, in some metal-metalloid BMG, icosahedral structure is still the most 

popular SRO, such as Ni80P20 shown in Figure 4, in which P-centered SRO is <0, 2, 8,0> 

dominant. Here, the effective atomic size ratio plays an important role to determine the SRO 

structure unit.  

   

Medium range order (MRO), which occupies the length scale between SRO and long-

range order, can be thought of as packing of SRO, but how SRO is arranged to form MRO is not 

very clear. According to efficient cluster packing (ECP) by Miracle 53,54, the structure can be 

considered as solute atoms surrounding by solvent atoms, so MRO structure may be the efficient 

packing of the solute-centered clusters by sharing solvent atoms. It is suggested that fcc-like and 

icosahedral-like packing are more efficient and stable to form MRO in nanometer scale 55. In this 

model, the influence of atomic size on structure is emphasized but a quantitative description of 
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the chemical interaction is not established. Another problem of this model is it could not apply to 

all BMGs since some of them cannot be regarded as solute-centered. Egami et al 46,56 pointed out 

that there exist structure defects and atomic level stress in metallic glass. The positive or negative 

atomic-level stress/strain can cause bond length longer or shorter. Moreover, the strain 

fluctuation may produce topologically unstable sites and change the CN as well as the packing of 

clusters. A. Hirata et al 57 indicated that due to geometric frustration all the icosahedra found in 

experiment are distorted with partial fcc symmetry and structure of BMGs may be the dense 

packing of clusters with geometric distortion. Other simulations indicate that clusters can 

connect to each other by face, edge or vertex-sharing to form MRO supercluster 35,37,53, as shown 

in Figure 4. Since in some BMGs, TTP is the dominant unit and how these units fill the space in 

a dense and efficient manner is not very clear. Gaskell suggested the trigonal prism units are 

connected by sharing edges 58. 

The model of studying the structure of metallic glass based on icosahedral-like and 

solute-centered clusters is widely used now. The corresponding simulation results are consistent 

with SRO information 45, such as pair distribution function data. However, there are drawbacks 

in these modeling. For example, they capture little structural information beyond nearest 

neighbor cluster. What is more, not all of metallic glass systems can be regarded as solute-

centered structure 54. Previous simulations based on perfect icosahedral clusters do not match the 

FEM data well for BMGs 59.  

Recently, Hwang et al 60 provided a new model for the atomic structure of Zr50Cu45A5 

BMG based on based on incorporating experimental data on MRO from fluctuation electron 

microscopy (FEM) with an empirical interatomic potential using hybrid reverse Monte Carlo 

(HRMC) modeling. The models show that the majority of VP in Zr50Cu45Al5 BMG can be 
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classified into two groups: 1) icosahedral-like clusters with approximate five-fold rotational 

symmetry symmetry such as <0, 0, 12, 0> and <0, 2, 8, 2>; 2) crystal-like clusters with 

approximate four- and six-fold rotational symmetry such as <0, 4, 4, x> and <0, 5, 2, x> (x is 

typically between 0 to 4). Similar VP group together to form larger superclusters on the MRO 

length scale and there is a transformation from crystal-like to icosahedral-like clusters after 

structural relaxation 60. Figure 5 is partial structure of HRMC model after 60 mins annealing at 

300 °C (0.85Tg) and the color of atom indicates the fraction of pentagons in their VP. In the 

center of the Figure 5(a), viewed from the six-fold axis, the crystal-like VP form a supercluster 

with fourfold and sixfold rotational symmetry. The yellow circles indicate superclusters with 

approximate two-fold symmetry composed of the icosahedral-like VP. In both superclusters, 

although atoms are distorted, clear pseudoplanes can be observed, which produce the strong 

nanodiffraction and high variance in FEM. The plane spacing of 0.27 nm is corresponding to 

icosahedral-like supercluster and the plane spacing of 0.25 nm is corresponding to crystal-like 

supercluster, creating two main peaks in FEM data.  Figure 5(b) is the region of same size from 

EAM-only model without constraint of FEM data, showing no structural features as (a).  
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Figure 5. (a) Structure from HRMC modeling for 300 °C, 60 mins annealed sample, including 

icosahedral-like and crystal-like supercluster. (b) Structure from the EAM-only model 60 

 

1.6   Relaxation dynamics of supercooled liquid  

Structural relaxation dynamics is an important and long-standing question in glass field. 

From supercooled liquid to frozen glass, the dynamics are slowing down, which can be 

demonstrated by increasing of viscosity and relaxation time with decreasing temperature 2. If the 

increase of viscosity has an Arrhenius dependence on temperature, the glass is labeled as 

“strong” such as SiO2. “Fragile” glasses show a non-Arrhenius increase of viscosity. The 

majority of metallic glasses are fragile, which may be related with the structural evolution with 

temperature decreasing 38. The underlying mechanism of the slowing relaxation dynamics is 

critical to understand the fundamental nature of glass, such as glass transition, the stability of 

glassy state. Egami and co-workers have proposed a microscopic model to describe the local 

structural dynamics based on the atomic level stress. This model can predict the transition 

temperature from equilibrium state to glassy state in terms of topological structural fluctuation 

and ordering 56. If dynamics in equilibrium liquid at high temperature as homogenous, Ediger et. 
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al proposed that with temperature approaching Tg the nonexponential relaxation time hints that 

slowing dynamics are spatially heterogeneous 61. This has been better studied in polymer glasses 

since, where it has been directly observed that the dynamics of a subensemble is different with 

the overall ensemble 61–63, and that the size of the heterogeneity is in the range 2-3 nm 64–66.  

Many simulations 67–70 also indicate the existence of heterogeneous mobility of atoms.  

 

Figure 6. Schematic illustration of spatially heterogeneous dynamics 71 

 

Figure 6 illustrates the spatial heterogeneity 71.  In Figure 6(a), the well-arranged regions 

represent that structures do not change and other regions show substantial rearrangement of local 

structure over same period of time. ξhet in Figure 6(b) is the correlation length or size of 

heterogeneity. Moreover, this spatial heterogeneity is temperature dependent. At high 

temperature, the dynamics are nearly homogeneous, which can be well explained by mode-

coupling theory 72,73. With decreasing temperature, due to the different barrier heights and local 

mobility, the dynamics may be more and more heterogeneous and the spatial heterogeneity of 

relaxation dynamics may last longer and have a larger correlation length 74.  Although some 
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models indicate that regions with slower mobility tend to have lower potential energy 75,76, the 

structural origin of this dynamic heterogeneity is not very clear. In metallic glass, some 

simulations find that icosahedral structure has a lower configurational potential energy, and that 

increasing icosahedral order with cooling is highly related to the non-Arrhenius dynamical 

slowing down 33,34,76,77. It is also demonstrated that structural relaxation is highly related with the 

change of some mechanical properties of metallic glasses, such as the increasing of the shear 

modulus and the decreasing of the intrinsic plasticity and toughness 6,78,79. Currently, several 

experimental techniques are mostly widely-used to detect structural relaxation in metallic glass, 

including the dynamical mechanical analysis 80 and Modulated calorimetry 81.  These methods all 

measure average signals as a function of frequency on macroscopic level.  X-ray Photon 

Correlation Spectroscopy (XPCS) 82 can make use of the coherent beams of synchrotron x-rays 

to investigate the structural relaxation on the atomic length scale, but the insufficient signal to 

noise ratio is the limited factor and requires long exposure time.  

Recently, our group has developed electron correlation microscopy (ECM), the coherent 

electron scattering equivalent of photon correlation spectroscopy, as a way to measure structural 

relaxation times of liquids with nanometer-scale spatial resolution.  ECM uses a time series of 

electron nanodiffraction patterns measured with a nanometer-diameter coherent probe beam in a 

field-emission scanning transmission electron microscope (STEM) to measure the time 

autocorrelation function g2(t), which we fit to the Kohlrausch-Williams-Watt function to obtain 

the structural relaxation time τ and stretching exponent β. Compared with XPCS, for ECM, the 

high-quality lenses make nanometer-scale coherent probes easily accessible on any modern field-

emission gun scanning transmission electron microscope (STEM) 83. More importantly, large 

elastic scattering factors create significant diffraction even from small volumes, which makes it 
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easier to measure fast dynamics from small structures in ECM than in XPCS. The development 

of ECM experiment and its application will be discussed in Chapter 6 and 7.  
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Chapter 2. Methods 

  

2.1   Fluctuation electron microscopy (FEM) 

FEM is an effective way to detect MRO structure through three and four-body correlation 

functions 84–86. In FEM experiments, the statistically normalized variance V is calculated from 

the spatially-resolved diffracted intensity I, measured using electron nanodiffraction in a 

scanning transmission electron microscope (STEM) as a function of scattering vector magnitude 

k and the coherent spatial resolution R.            
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Where values within <> are averaging over the position on the sample. The spatial 

resolution R, which is typically 1-2 nm, can be defined by the Raleigh Criteria, R=0.61/Q 87, in 

which Q is the radius of the virtual objective aperture in the STEM. In equation (1), the 

diffraction intensity I(k) depends on two body correlation function, g2(r) which searches the shell 

from r to r+dr, as shown in Figure 7(a). At larger r, g2(r) increases smoothly as 4πr2, so it is a 

powerful measurement for SRO but not sensitive to MRO. Figure 7(b) shows that g3(r1,r,θ) 

searches volume of the shell from r to r+dr and θ to θ+dθ, so the searching volume is smaller. 

g4(r1,r2,r,θ) can be thought as a pair-pair distribution function which is more selective since it 

searches only the pair of atoms with distance r2, as shown in Figure 7(c). So g3(r1,r,θ) and 

g4(r1,r2,r,θ) are more sensitive to MRO, especially g4(r1,r2,r,θ).  
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Figure 7. Schematic illustration of searching volumes in two-body, three body and four-body 

correlation functions 88. 

 

In variance calculation, ( ),I k Q is the average of intensity over all the pixels and it is 

only dependent on g2(r), while ( )2 ,I k Q  is the average of intensity square and it is primarily 

dependent on the three and four-body correlation functions (g3(r) and g4(r)) 88. Therefore 

Variance is effective to the MRO structure. Figure 8(a) describes the STEM scattering geometry 

for fluctuation electron microscopy 89. The probe, focused at nanometer scale in diameter, scans 

over the sample and collects a large number of nanodiffraction patterns. Figure 8(b) shows a 

typical nanodiffraction pattern from amorphous structure. The scanning step is set to be larger 

than probe diameter to avoid overlapping. The annular mean intensity and variance of the all the 

acquired diffraction pattern can be calculated.  
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Figure 8. (a) Experimental configuration of FEM in STEM. (b) Typical nanodiffraction pattern 

89.  

 

If atoms in BMGs are completely randomized and show isotropic at length-scale of probe 

size, which means there is no existence of MRO, the spatial fluctuation is weak and FEM will 

get low magnitude of variance. However, if MRO at the length-scale of probe size exists, the 

different size, density and orientation of MRO clusters cause structure anisotropic and 

fluctuation and FEM is an effective way to measure the structural heterogeneity at the length 

scale of probe size in amorphous material by getting high magnitude of variance.  When FEM is 

applied for measurement of crystalline structure, for a pure single crystal, the structure is ordered 

but homogenous, we still get low variance; for polycrystal, the anisotropic and ordered structure 

can yield very high magnitude of variance. At present, it is proved that FEM can measure 

structural inhomogeneity and MRO in different MGs 60,90,91. 

FEM as a function of R is variable resolution FEM. Through the adjustment of the three 

full strength condenser lenses and probe convergent angle, the STEM FEM has a high degree of 

flexibility to form different resolution of probes with nearly identical coherence 92.  In our 
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research, the probe size ranges from 1.3nm to 11nm with almost constant coherence.  In the pair 

persistent model 88, it is supposed that the decay length between two correlated atom pairs is Ʌ. 

Here, the g3(r) contribution is neglected and it is assumed that g4(r) has a Gaussian decay, as 

shown in equation (2).                       
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At low resolution, the model predicts 1/V versus 1/Q2 is linear, as shown in equation (3). 

The correlation function decay length Ʌ can be calculated equation (4), in which m is the slope 

and c is the intercept of the linear fitting. 
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VRFEM with variable-size coherent probes can provide a more direct measurement of 

size of different MRO types and how they evolve after structural relaxation.  

 

2.2   Hybrid Reverse Monte Carlo (HRMC) modeling 

Reverse Monte Carlo (RMC) 93 is often used to search a structural model based on 

experimental data and some constraints, such as EXAFS and FEM signal. The initial point is to 

construct cell with N atoms and the corresponding quantities are calculated and the calculated 

results should be consistent with experimental values as best as possible.  During the process of 

approaching experimental values, several steps are taken for RMC. The system will move atoms 

randomly in the cell and the difference between calculation and experiment is evaluated by 

equation (5). 
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 In which yexp is the measured quantity by experiment and ycal is the calculated quantity. σ is the 

experimental error. The goal of RMC is to make χ2 as small as possible. If calculation makes χ2 

smaller, then it is accepted. If the calculation makes χ2 bigger, the result will be accepted with a 

probability (P) based on the increase amount Δχ2, as shown in equation (6).  

 2
exp( / 2)P c= −∆  (6) 

This calculation process will be repeated until the result is within tolerance and the ultimate 

atomic configuration is the possible structure in real materials. The problem of RMC is that it 

does not yield unique structure so experimental constraints are important to induce a physically 

meaningful structure. In metallic glass modeling, according to Hwang et al 59, RMC constrained 

only by radial distribution function G(r) creates a model that does not agree with FEM. With the 

combination of RMC and FEM, it better confines the structure both at short and medium range, 

enhancing the uniqueness of results, but the drawback is it lacks of minimizing potential energy. 

Hybrid Reverse Monte Carlo (HRMC) 94 can fit both pair correlation function and bond angle 

information, leading to best fitting experimental data and minimized potential energy. With FEM 

constrains, Treacy et al 95 proposed paracrystalline model in amorphous silicon which is 

consistent with both the reduced density functions (RDFs) and FEM data simultaneously and 

continuous random network (CRN) model is not unique in matching RDFs. Therefore, FEM is 

an important constraint when confining the structure of amorphous materials.  

The HRMC simulations were constrained by SRO from an empirical interatomic 

potential and MRO from FEM data. The HRMC algorithm uses Metropolis Monte Carlo with 

random single-atom moves to minimize a cost function 𝐶𝐶 = 𝛼𝛼𝜒𝜒2 + 𝐸𝐸 , were E is the system 
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potential energy, and 𝜒𝜒2 measures the discrepancy between the simulated variance 𝑉𝑉𝑠𝑠(𝑘𝑘) to the 

experimental variance 𝑉𝑉(𝑘𝑘). 𝜒𝜒2 is defined by equation (7) 
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in which 𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒 is the experimental error for each V(k) data point and 𝛼𝛼 is a weighting factor set to 

encourage energy minimization while constraining the fit of the experimental data within 

reasonable values (based upon the experimental error). 𝛽𝛽 = 1
3
𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠
𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒

 is a scaling factor that corrects 

for the thickness difference between the sample and the model and for the approximations in the 

V(k) calculation60,96.  

HRMC simulation needs an initial model to for the structure refinement. Firstly, a box 

was then randomly filled with atoms, and then conjugate gradient minimization in LAMMPS 

was used to find a local minimum of the energy of the structure. The resulting dense random 

packed structure was used as the input model for HRMC simulation. The HRMC simulations 

calculate Is(k) using the Dash et al. method96.  To obtain enough samples from which to calculate 

V, I is calculated with the incident electron beam traveling along 211 different directions, evenly 

spaced in solid angle on the top half of the unit circle.  The simulation minimizes the cost 

function using random, single-atom moves accepted or rejected according to the Metropolis 

algorithm and an effective temperature. The temperature is decreased in a simulated annealing 

framework after the cost function has equilibrated at a given temperature.  

 

2.3   Electron correlation microscopy   

ECM was developed as a way to measure atomic dynamics in materials with nanometer-

scale spatial resolution using the coherent electron scattering equivalent of photon correlation 
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spectroscopy 97. Coherent scattering gives rise to speckle patterns, in which each speckle 

corresponds to a volume of the sample at the length scale of coherence probe size with sufficient 

internal order to create constructive interference of the scattered waves.  The time of which the 

speckle intensity persists then represents the time over which that particular arrangement of 

structure persists. Through a time-resolved measurement of the speckle intensity, the 

characteristic time for structural rearrangements can be measured statistically by time 

autocorrelation function shown in equation (8).   
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where t’ is the time of a frame in the diffraction time series, t is delay time after t’, and < > 

denotes average over all t’.  

g2(t) can be related to intermediate scattering function f(t) in an ergodic system by 

equation (9).  

 2

2
( ) 1 [ ( )]tg C f t= +  (9) 

where C is an instrument-dependent parameter 98.  

Structural relaxation process in glass is generally described with the Kohlrausch-

Williams-Watt (KWW) shown in equation (10). 

 ( ) (0)exp( )f t f
t β

t
= −  (10) 
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Here the time-dependent quantity f(t) is the intermediate scattering function, t is the delay 

time, τ is the relaxation time, and β is a fitting parameter known as the stretching exponent. 

Combining equations (9) and (10), the relationship between g2(t) and τ is 

 
2
( ) 1 exp[ 2( )]t

tg A
β

t
= + −  (11) 

where A is an instrument-dependent scaling parameter related to the diffraction intensity 

variation. 

Our ECM experiment was carried out using FEI Titan with in-situ heating to supercooled 

liquid region of metallic glass to collect a time series of diffracted speckle patterns. It can be 

performed either by STEM nanodiffraction or by tilted dark field (DF) illumination in 

transmission electron microscopy (TEM) mode, as shown in Figure 9.  

 

Figure 9. Diagrams describing the scattering geometry for ECM in (a) TEM, and (b) STEM. 
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Moreover, we have the access to two cameras with different speeds, which enables us to 

measure low relaxation and fast relaxation using different time resolutions. Low-speed ECM was 

performed in the University of Wisconsin-Madison FEI Titan with probe aberration corrector at 

200 kV and Gatan US 1000 CCD camera was used to collect speckle patterns.  The exposure 

time can be fast to 0.1 s and the reading out time is ~0.07 s, so the shortest time per frame can be 

0.17 s.  High-speed ECM experiments can be obtained on the Brookhaven National Lab image-

corrected Titan at 300 kV using a Gatan K2-IS direct electron detection camera.  The K2-IS 

acquires 1920 by 1856 pixel images at 2.5 ms total frame time (400 frames per second) and 

almost zero readout overhead time. The fast direct electron detection camera enormously 

improves the time resolution, enabling to measure the superfast relaxation behavior. 

TEM samples of metallic glass were heated inside both microscopes using a 

DENSSolutions SH30 single-tilt heating holder 81, which provides temperature stability of ± 

0.03 °C and sample drift rates comparable to room temperature operation of the same 

microscope. 

 

 

 

 

  



28 
 

Chapter 3.  Mean free path of metallic glass 

  

3.1   Introduction  

The elastic mean free path (EMFP), which is the mean distance between two elastic 

scattering processes 99, is the quantification of the elastic scattering and it plays an important role 

in understanding the electron-specimen interaction. In order to simulate the electron trajectories 

inside the specimens 100, EMFPs have been used as input parameters in a single scattering Monte 

Carlo model. The EMFP is also an important parameter in the reverse Monte Carlo simulation 

59,60 that simulates the variance signals in fluctuation electron microscope experiments 89,101,102. 

However, the determination of EMFPs for different materials is difficult and complicated since 

no simple expression is available that can be applied for reliable evaluation.  

One approach that can be used to estimate the EMFP values of single elements is based 

on the relationship between the EMFP and the elastic cross-section, which is shown in equation 

(13) 103. In equation (13), λel is the EMFP, A is the atomic weight of the TEM specimen, N0 is the 

Avogadro’s number, σel is the elastic cross section and ρ is the density of the specimen. The 

cross-section σel can be calculated from equation (14) 104, where f(θ) is the elastic scattering 

factor and     
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θ is the scattering angle. The values of the scattering factor f(x) have been published 105–107 for 

specific x=sin θ/λ* values, where λ* is the electron wavelength. An analytical approximation of 

f(x) that was derived from a curve fitting of the published data is shown in equation (15) 108, 

where Ai and Bi are the fitting parameters that have been reported in Ref. 109.  
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The EMFPs can be estimated by combining Eq. (13)-(15) with the reported Ai and Bi values.  

However, it is not clear how to apply this approach to estimate the EMFPs for alloy systems 

since the reported scattering factors are for single-element solids. 

 0/ ln( / )tt I Il =  (16)                                                                                                                                                   

The other approach that can be used to estimate the EMFPs for amorphous alloys is based 

on the log-ratio method as shown in equation (16) 110,111, where t is the thickness of the TEM 

specimen; It is the number of incident electrons and I0 is the number of the unscattered electrons. 

Since the elastic scattering of electrons in amorphous alloys follows Poisson statistics 112, 

equation (16) is valid to calculate the EMFPs for amorphous alloys 113,114. In order to apply 

equation (16), the knowledge of the sample thickness is necessary. A variety of thickness 

determination methods have been reported such as procedures based on convergent beam 

electron diffraction (CBED) 115, tomography 116 and contamination cone 117. However, none of 

these methods is desirable due to their significant drawbacks. For example, the CBED method is 

not applicable on amorphous alloys since it can only be applied on the crystalline regions of the 

specimen 118. The tomography method requires great experimental efforts 114 and the accuracy of 

the contamination method is not satisfactory 118,119.  
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Recently a procedure that provides a reliable thickness measurement based on focus ion 

beam (FIB) cutting and scanning electron microscopy (SEM) imaging of TEM samples has been 

reported 114. Based on this method, we prepared TEM samples of three MG systems Ni60Nb40, 

Pd82Si18 and Ni80P20 (at. %). The ln(It/I0) values were measured in STEM from positions with 

different thicknesses and the corresponding thicknesses were measured by a FIB cutting and 

SEM imaging procedure. The EMFPs were obtained by a linear fitting of the thickness against 

ln(It/I0) based on equation (16). Combining the results in this work and previously reported 

EMFPs for Cu64.5Zr35.5, Zr50Cu45Al5 and Al87Y7Fe5Cu MG systems 114, an analytical expression 

that originates from a Wentzel atomic model 104 is established.  

 

3.2   Materials and methods 

Alloy ingots of Ni60Nb40 (a.t. %) were synthesized by arc-melting in a titanium-gettered 

argon atmosphere and the MG ribbons were prepared by melt-spinning in an argon atmosphere. 

Pd82Si18 (a.t. %) MG ribbon was arc melted from elements and then induction melted in a quartz 

tube and ejected onto a rotating Cu block at a tangential speed of 30 m/s. Ribbons with 

thicknesses of 25-30 μm and a width of 1.2 mm were produced. Ni80P20 (a.t. %) MG alloy with 

thickness of 10 μm was deposited by electroless plating onto an Al substrate by Atotech 

Deutschland GmbH 120.  

A lamella with about 2 µm thickness of the Ni60Nb40 MG ribbon was extracted 121 and 

further thinned until it was electron transparent in the 7 kV SEM imaging with a SE2 detector. 

Three fiducial holes at the side of the lamella were made by gallium milling in order to mark the 

local positions, as shown in Figure 10. The side view of the lamella is seen in Figure 10(a) where 
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the thickness variation from the top to the bottom is from thin to thick. The top view of the 

lamella is shown in Figure 10(b). 

 

Figure 10. (a) SEM view of the as-prepared TEM lamella of the Ni60Nb40 metallic glass with 

fiducial holes. The thickness variation from the top to the bottom is from thin to thick. (b) FIB 

view of the as-prepared TEM lamella of the Ni60Nb40 metallic glass. It is seen that a sample 

warping didn’t occur. Both images were taken with a SE2 detector at 7kV and working distance 

5.1 mm. The stage was tilted by 54 degree. 

 

The ln(It/I0) values were measured at positions with different thicknesses in a FEI Titan 

scanning transmission electron microscope (STEM) with a CEOS probe aberration corrector 

operated by 200 keV. The STEM image of the lamella is shown in Figure 11 and the local 

positions where the ln(It/I0) values were measured along the dashed reference lines that are 

labeled as first-sixth rows. Since the dashed lines are selected at the edge or the center of the 
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fiducial holes, the same positions in FIB can be located to measure the corresponding 

thicknesses. 

 

Figure 11. The TEM sample of Ni60Nb40 with a thickness gradient and three fiducial holes on the 

side. The thickness variation from 1st row to 6th row is from thin to thick. 

 

EMFP measurements were performed on the FEI Titan with a probe of 2 nm in diameter 

and a convergence half angle of 0.74 mrad. In order to measure the ratio It/I0, in which It is the 

intensity of zero beam without sample and I0 is the intensity of zero beam on the sample, a probe 

image was acquired using a CCD camera with an exposure time of 0.5 s. The intensity of the 

zero beam was integrated to calculate the ratio It/I0.  For the IMFP, the ln(It/I0) values were 

measured by electron energy loss spectrum (EELS) with a convergence semi-angle 24.5 mrad 

and a collection semi-angle 52.5 mrad. It and I0 are the integrated intensities of the entire 

spectrum and the zero loss peak, respectively 114. After the ln(It/I0) measurements, in order to 
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achieve a reliable thickness measurement, a carbon sidewall deposition was applied on each side 

 

Figure 12. (a) FIB view of the TEM sample after carbon deposition on both sides. The stage was 

tiled by 54 degree. (b) SEM view of the carbon deposited sample after cutting to the first 

(thinnest) row. The stage was tilted by 3 degree. (c) SEM view of the carbon deposited sample 

after cutting to the sixth (thickest) row.  

 

of the lamella in the FIB system. The carbon sidewalls were initially deposited by electrons from 

a low speed of SEM scanning to avoid any possible damage induced by gallium milling. Then a 

gallium beam with a current of 50 pA was used to increase the carbon sidewalls thickness. 

Figure 12(a) shows the top view of the lamella after carbon sidewall deposition. After the carbon 

deposition, the stage was tilted to 3 degree and the lamella was cut to expose the positions where 

the ln(It/I0) values were measured (dashed lines in Figure 11). The shapes of the lamella after 

cutting to the first (thinnest) and sixth (thickest) rows are shown in Figure 12(b) and (c).  



34 
 

 

Figure 13. SEM view of the carbon deposited sample after cutting to (a) first row, (b) second row, 

(c) fourth row, and (d) sixth row. All images were taken with an Inlens detector at 3kV and 

working distance 5.1mm. The stage was tilted by 54 degree to expose the cutting surface in order 

to measure sample thicknesses. 

 

The cross-section views of the carbon deposited lamella after cutting to first, second, 

fourth and sixth rows are shown in Figure 13 and a thickness variation at different rows is clearly 

seen. Figure 3-5(a) shows the cross-section of the carbon deposited sample after cutting to first 

row. The position “B” is 1600 nm distance away from the edge of a fiducial hole (marked as 

“A”) and it is one of the positions where ln(It/I0) values were measured. An intensity profile that 

is perpendicular to the lamella was generated using the software ImageJ and the thickness of 

position “B” is determined by the full width of half maximum of the peak in the intensity profile, 

as shown in Figure 14(b). Four different imaging parameters were used to measure the thickness 

of a position that is 1280 nm distance away from the edge of a fiducial hole. Thicknesses 

measured with different SEM imaging parameters were shown in Table 1, indicating that the 

carbon deposition method enables a reliable thickness measurement. For the other two MG 
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systems Pd82Si18 and Ni80P20, a similar procedure was used to measure the corresponding 

thicknesses and the ln(It/I0) values for EMFP and IMFP.  

 

Figure 14. (a) SEM view of the carbon deposited sample after cutting to first row. It was taken 

with an Inlens detector at 3kV and working distance 5.1mm. Stage was tilted by 54 degree.  

 

Table 1. The results of the thickness measurements for a position that is 1280nm away from the 

edge of a fiducial hole at the first row.  

Detector\WD 5.1mm 12mm 
SE2 57.89nm 58.82nm 
Inlens 58.76nm 58.14nm 

 

 

3.3   EMFPs and IMFPs of metallic glasses  
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Figure 15 shows the thickness as a function of t/λ for both elastic and inelastic scatterings 

of electrons in MG systems Ni60Nb40, Pd82Si18 and Ni80P20. The slope of the linear fitting for 

each dataset is the MFP. Considering the ln(It/I0) value is zero when the thickness value is zero, 

the intercepts of the linear fittings are fixed at zero. The EMFP/IMFP values for all three MG 

systems are determined as 35±0.5/97±3, 26±0.5/148±3 and 40±0.5/129±2.5 nm.  

 

Figure 15. Linear fittings of the thickness vs t/λ plots to determine EMFPs and IMFPs for (a) 

Ni60Nb40, (b) Pd82Si18 and (c) Ni80P20. The intercepts are set as zero for the fittings and the slopes 

are the EMFPs and IMFPs.  
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3.4   A developed model to predict EMFP  

The expression for the elastic scattering cross-section σel that has been established from 

an atomic model is shown in equation (17), where Z is the atomic number, R is the effective 

atomic radius, E is the energy of the incident electrons that is 200 keV in the present work, E0 is 

the rest  

energy that is 511 keV and aH is the Bohr radius that is 0.0529 nm. The details of the deduction 

of equation (17) are provided in Ref. 104.  

 
22 2 * 2

0
2

(1 / )
el

H

Z R E E
a

l
σ

π
+

=  (17) 

In the Wentzel atom model 104,113, the effective atomic radius R is represented as  

 1/3
HR a Z −=  (18)      

Substituting equation (17) into equation (18), the cross-section σel is represented as  

 
24/3 * 2

4/30(1 / )
el

Z E E Zl
σ

π
+

= ∝  (19)                                                                                                                                                      

The calculated cross-section values from equation (19) do not agree well with the experimentally 

determined cross-section values for carbon, germanium and platinum 122. It is seen in equation 

(19) that at a specific acceleration voltage E, the cross-section σel is proportional to Z3/4. 

However, it is found that the cross-section is proportional Z3/2 rather than Z3/4 for 100 keV 

electrons 123 and the effective atomic radius should be re-written as  

 1/40.9 HR a Z −=  (20)                                                                                                                                              
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In fact, the expression of the effective atomic radius should vary depending on the energy of 

incident electrons, since the electrons with larger energies are less strongly scattered by the same 

target atom. In this work, with 200 keV electron energy the effective radius can be represented as  

 2
1

a
HR a a Z=  (21)                                                                                                                                                       

where a1 and a2 are both constants to be determined from the experimental data and the details 

are provided in the following section. 

Combing equation (13), (17) and (21), the EMFP is represented as  

 22(1 )2 *2 2
0 1 0(1 E/ E )EMFP a

A
N a Z

πl
ρ l +=

+  (22)                                                                                                                                                      

or in an alternate form  

 22 *2 2
0 1 0

ln( ) ln( ) 2(1 a ) ln(Z)
(1 E/ E )

EMFP

A N a
l ρ π

l
= − +

+
 (23)                                                                                                                                                     

In order to determine the coefficients a1and a2. In equation (23), the 

2 *2 2
0 1 0

ln( )
(1 E/ E )N a
π

l +
 and 2(1+a2) terms are constants for a specific acceleration voltage E and 

they can be determined as the intercept and the slope for a linear fitting of ln( )EMFP

A
l ρ  as a 

function of ln(Z) , which is shown in Figure 16.  
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Figure 16. The linear regression of ln(λ*ρ/A) as a function of ln(Zeff), where λ is EMFP,  ρ is the 

density, A is the atomic weight and Zeff is the effective atomic number.  

 

The EMFPs of Al87Y7Fe5Cu, Cu64.5Zr35.5 and Zr50Cu45Al5 MG systems are from Ref. 114. 

The effective atomic number Zeff for elastic scattering is calculated as 123  

 
1.5 1.5Zeff i if Z= ∑  (24)                                                                                                                                               

where fi is the mole fraction and Zi is the atomic number for each elemental component. It is 

noted from Table 2 that there is no significant difference between the values calculated with the 

weighted-average values. The densities are from Ref. 124 and the atomic weight values are the 

weighted-average from every elemental component. It is seen from the linear regression that the 

slope and intercept are -1.01 and -4.27 respectively.  The EMFP can be expressed as equation 

(25) in a unit of 10-4 nm. 
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4.27

1.01
eff

Ae Zl
ρ

−
−=  (25)                                                                                                                                                     

The predicted EMFPs from equation (25) are listed in Table 2 and they are in close agreement 

with the experimentally determined values.  

 

Table 2. Comparison of the calculated EMFP using equation (25) with the experimental results.  

Materials Density 
(g/cm3) 

Zeff 
Eq.(12) 

A 
(g/mol) 

EMFPCalculated 
(nm) Eq(13) 

EMFPMeasured 
(nm) 

 EMFP numerically 

calculated (nm) 
Al87Y7Fe5Cu 3.11 16.3 33.1 89    85±1 [19] 80.1 
Zr50Cu45Al5 7.39 34.1 75.6 41    41±1 [19] 28.9 
Cu64.5Zr35.5 6.95 33.1 73.4 43    43±1 [19] 32.9 
Ni60Nb40 8.95 33.5 72.4 33    35±0.5  23.3 
Pd82Si18 10.25 41.3 92.3 29    26±0.5 21.5 
Ni80P20 7.9 25.7 53.1 36    40±0.5  30.8 

 

Due to the goodness of the fitting, equation (25) is capable to predict the EMFPs for other 

MG systems with effective atomic numbers that are in the interpolation regime of the linear 

regression (ranges from 19 to 43). It is noted that this regime covers most of the commonly 

studied MG systems. The significance of this analytical expression is that it provides a simple 

and accurate estimation of the EMFPs, considering the fact that any experimental determination 

method including the procedure illustrated in this work is time-consuming and requires great 

efforts. Combining equation (16) and (22), the absolute thickness can be determined by a simple 

measurement of ln(It/I0). It also provides an efficient way to measure the thickness of TEM 

samples. 

Analytical methods to compute the differential cross section are provided in order to 

realize the formulation of simple algorithms to study the elastic scattering of electrons for all 
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elements. Mayol and Salvat calculated and tabulated cross section for elastic scattering of 

electrons using the Dirac partial wave method with screened potentials 125. Based on the cross 

section of electrons with kinetic energies of 100 eV, EMFP can be acquired from the following 

equation:                                                                                                                                                         

 
0/ ( )A Nl σρ=   (26) 

where N0 is Avogadro’s number (in units of atoms / mol), A is the atomic weight of the 

scattering atoms in the specimen (kg / mol), ρ is the density (kg / m3). The calculated results are 

shown in Table 2. Compared with experimental values, EMFP by numerical calculation always 

tends to smaller, which mainly caused by the difference of kinetic energy of electrons in 

calculation and experiment, but it still provides a good and easy way to use approximation of 

EMFP.  

 

3.5   Models for IMFP  

Since inelastic scattering also follows Poisson statistics, the IMFPs can be measured in a 

same way as EMFPs from equation (16). It is seen from Figure 15 that the IMFPs for the three 

MG systems are 97±3, 148±3 and 129±2.5 nm, respectively. A widely used model from Ref. 

118,126 is represented as 

 2

106( / )(1 /1022)
ln(2 / )(1 / 511)

m
IMFP

m

E E E
E E E

l
β

+
=

+
 (27) 

where β is the EELS collection semi-angle and Em is given by  

 
0.367.6mE Z=  (28)                                                                                                                                                     
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and the effective atomic number for inelastic scattering is given 114 by 

 
1.3

0.3
i i i

eff
i i i

f Z
Z

f Z
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∑
 (29)                                                                                                                                                      

An alternative model from Ref. 127 is shown as  
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where α is the convergence semi-angle, θC is a constant angle that is 20mrad and θE is given by  

  
0.3 25.5 (1 / 511)
(1 /1022)E

E
E E
ρθ +

=
+

 (31)     

 

Table 3. Comparisons of calculated IMFP by equation (27) and (30) with experimental results.                                                                                                                                           

Materials Density 
(g/cm3) 

Zeff 
 

IMFPCalculated 
(nm) Eq(27) 

IMFPMeasured 
(nm) Eq(30) 

 Measured IMFP  
(nm) 

Al87Y7Fe5Cu 3.11 16.3 102     114            149±1 
Zr50Cu45Al5 7.39 34.1 82     117            163±1 
Cu64.5Zr35.5 6.95 33.1 80     119             146±2 
Ni60Nb40 8.95 33.5 73     108              97±3 
Pd82Si18 10.25 41.3 68     105            148±3 
Ni80P20 7.9 25.7 89     111             129±2.5 

 

The predicted IMFP values from the two models are shown in Table 3. It is seen that the 

predicted values from equation (30) are closer to the experimentally determined values, but there 

is still a discrepancy. It is noted that qualitatively both models predict a larger IMFP for a smaller 

effective atomic number. However, this does not agree with the experimental data. For example, 
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in both models the IMFPs for Al88Y7Fe5Cu and Pd82Si18 are predicted to be the largest and 

smallest among the six systems, but this is not the case for experimental results. 

 

3.6   Summary 

The elastic and inelastic mean free paths of three metallic glass alloys, Ni60Nb40, Pd82Si18 

and Ni80P20, have been measured from focused ion beam prepared thin samples with thickness 

gradients. The elastic/inelastic mean free paths of the three alloys are 35±0.5/97±3, 

26±0.5/148±3 and 40±0.5/129±2.5 nm respectively. Elastic mean free paths predicted from 

atomic scattering cross sections consistently underestimate the experimental data. A model based 

on the Wentzel atomic model was developed and the fit to available data is in much better 

agreement with experiments. Existing models for the inelastic mean free path are not in good 

agreement with the experimental data. 
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Chapter 4.   Zr-Cu-Al structure and GFA 

 

4.1   Experimental and computational details 

A mixture of Zr, Cu and Al elements of 99.9 at.% purity or higher was arc-melted in a Ti-

gettered, high-purity argon atmosphere to make a master ingot.  The ingot was then remelted and 

injected onto a copper wheel spinning at 25 m/sec tangential wheel speed, forming ribbons with 

~400 μm thick and 0.5 cm wide. Samples were annealed at 0.83Tg for 10 min and 60 min to 

measure the MRO after structural relaxation. 

Tg and the crystallization temperature Tx for as-cast alloy were measured using a TA 

Instruments Q100 Modulated Differential Scanning Calorimetry (DSC) with autosampler at a 

heating rate of 0.33 K/s under a flow of purified argon. Annealing for structural relaxation was 

done in the DSC with argon environment at 573 K (0.83Tg) for 10 min and 60 min. For annealed 

samples, we performed a pre-annealing at 473K for 1 min to ensure thermal stability. 

Zr50Cu35Al15 TEM samples were prepared by electropolishing. The electrolyte was 

composed of HNO3 (9%) with butyl cellosolve + methanol mixture (1:2). The temperature range 

during the electropolishing was between -42 °C and -52 °C. Samples were electro-polished at 42 

V using a Struers Tenupol electropolisher8,128 with a current between 60 and 75 mA. 

Electropolishing forms a thick oxidation layer on the surface of the sample, so after electro-

polishing we employed low energy ion milling (Fischione 1040 Nanomill) to remove the 

oxidation layer. On both sides of the TEM sample, a 60 μm x 25 μm box was milled at -168 °C 

with 700 eV for 20 minutes.  Immediately before FEM measurements, TEM samples were 

plasma cleaned at 20 psi Ar + O2 mixture for ~ 30 s. 
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FEM experiments were performed in an FEI Titan STEM with a probe Cs aberration 

corrector at 200 kV. A camera length of 512 mm in energy filtered STEM (EF-STEM) mode 

with a 10 eV wide slit was used. A Gatan annular dark-field detector mounted on the 2.5 mm 

GIF entrance aperture was used to collect images simultaneously with the nanodiffraction 

patterns. 512 by 512 pixel nanodiffraction patterns were acquired with a CCD binning of four on 

a 10x10 grid of positions covering a 30 nm x 30 nm area of the sample. Variance data from ten 

different areas of each sample are averaged together and reported with one standard deviation of 

the mean error bars. The exposure time was set to 6 s in order to ensure a sufficiently high signal 

to noise ratio.  The sample thickness was measured using the log-ratio method applied to the 

elastic scattering transmittance. We used same the elastic mean free path as was used in the 

Zr50Cu45Al5 BMG, 39±1 nm 114. Typically, the samples had an electron transmittance of 40% ~ 

50% which is thin enough for FEM experiments. 

By adjustment of the three full strength condenser lenses, the probe convergence angle Q 

and thus the probe size R can be varied with fixed condenser aperture, enabling variable 

resolution FEM (VRFEM). VRFEM is the study of V(Q) at fixed k. That data can be analyzed in 

the context of the pair persistence model 88 to yield the decay length Λ of an approximate four-

body atom position correlation function. Λ is then a measure of the size of the MRO causing 

diffraction into a particular k. We varied the probe size from 1.3 nm to 11.0 nm with nearly 

constant coherence 86. The parameters for each probe size are given in Table 4. V(Q) data are not 

corrected for the surface oxide. 
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Table 4. The corresponding parameters for five different FEM resolutions. 

 
FEM Resolution 

(nm) 
C2 Aperture (um) Conv. Angle (mrad) Spot number 

1.3 10 1.17 7 

2.0 10 0.75 7 

5.0 10 0.30 6 

8.0 10 0.20 5 

11.0 5 0.14 4 

 

For HRMC simulation, the interatomic potential for Zr-Cu-Al was developed by Cheng 

by H. Sheng 129. Hwang et al. used the original version of the potential. A 2.833 nm3 box was 

then randomly filled with atoms with the same atom density and the correct composition, then 

conjugate gradient minimization in LAMMPS was used to find a local minimum of the energy of 

the structure. The resulting dense random packed structure was used as the input model for each 

HRMC simulation for the three sample states. HRMC simulations were performed against the 

oxide-subtracted V(k) data sets with R = 2 nm only. The experimental sample thickness, 𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒, 

was 270 Å and 𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠 was 28.3 Å, giving 𝛽𝛽 = 0.0349. The weighting parameter between 𝑉𝑉(𝑘𝑘) and 

𝑉𝑉𝑠𝑠(𝑘𝑘) was 𝛼𝛼 = 40. 

 

4.2   DSC results 

Figure 17 shows heat release from DSC data for as quenched and annealed samples. The 

as-quenched sample shows substantial heat release due to structural relaxation below Tg. The two 

annealed samples show substantially less heat release and are thus in a lower enthalpy state 

before the DSC measurement. 
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Figure 17. DSC data for as quenched and annealed samples. 

 

4.3   FEM results 

A surface oxidation layer covers the sample even after low energy ion milling.  Figure 18 

shows V(k) for the as-cast BMG sample acquired from both the thin and thick regions of the 

sample. The thinnest regions exhibit only a peak at 0.33 Å-1, lower in k, which correspond 

reasonably well to the lowest order reflections from Zr and Cu oxides. The thicker region 

exhibits peaks at 0.33 Å-1 arising from metal-oxygen-metal bonding and peaks at 0.41 Å-1 and  

 

Figure 18. V(k) from thick area and thin oxidation layer of as-cast Zr50Cu35Al15 BMG. 
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0.45 Å-1 arising from metal-metal bonds, and thus the BMG. The elastic transmittance shows that 

the oxide-only region is ~20 nm thick and the thicker region is ~50 nm thick, so there is ~30 nm 

of residual metal.  

If plural elastic scattering is small, to a good approximation V(k) from the oxide and the 

metal simply add.  We therefore obtain the signal from just the metal by measuring the signal 

from just the oxide, then subtracting it from the combined metal/oxide signal, as shown in Figure 

19. Similar measurements of thin, fully oxidized regions, and thicker, partially oxidized regions, 

are applied to the V(k) data for samples annealed for 10 min and 60 min, as shown in Figure 20.  

 

Figure 19. V(k) from as cast Zr50Cu35Al15 after subtraction of the surface oxide contribution. 

 

Figure 20. Variance V as a function of k from sample annealed for (a) 10mins (b) 60mins 
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Figure 21 shows V(k) after oxide subtraction  for the as-cast and annealed samples for R = 

2 nm. One main peak exists at k ~ 0.41 Å-1, with shoulders near k ~ 0.37 Å-1 and k ~ 0.45 Å-1. 

Based on previous work on Zr50Cu45Al5, the peak at k = 0.41 Å-1 corresponds to crystal-like 

MRO clusters and peak at k = 0.37 Å-1 corresponds to icosahedral-like MRO clusters 60. After 

structural relaxation, the amplitude of the peak at ~ 0.37 Å-1 increases substantially.  The peak at 

k ~ 0.41 Å-1 increases slightly after annealing for 10 min, then decreases after annealing for 60 

min but the changes are not consistently outside the experimental uncertainty. The peak at k ~ 

0.45 Å-1 remains nearly constant.  

 

Figure 21. V(k) from as cast, annealed at 573K for 10mins and 60mins Zr50Cu35Al15 BMG 

 

4.4   VRFEM results 

Figure 22(a) shows the change in V(k) (without oxide subtraction) with probe size for the 

as-cast alloy. The magnitude of V for all three peaks gradually decreases as the probe size 

increases. When the probe diameter becomes relatively large (R = 8 nm and 11 nm), V becomes 

small and the variation with k becomes very small, indicating that nanodiffraction and thus the 

sample structure is nearly homogeneous at this length scale. Figure 22(b) shows the pair 
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persistent model fitting results of Ʌ for the three peaks. R = 11 nm is removed from the fitting 

for peaks at k ~ 0.37 Å-1 and k ~ 0.45 Å-1 because variance from real structural information at  

 

Figure 22. (a) VRFEM plots at five resolutions. The peak at k ~ 0.37 Å-1 arises from the 

oxidation layer and the other three peaks due to the BMG. (b) The fitting of the decay length Λ 

for three BMG peaks in (a) using the pair persistent model. 

 

this resolution is very small compared to variance induced by background sources like small 

thickness variations or other TEM sample imperfections and the oxide signal. The Pearson 

correlation R2 for  k ~ 0.37 Å-1 fitting changes from 0.989 to 0.897 if resolution of R = 11 nm is 

included. 

Similar VRFEM experiments and fitting of Ʌ for all three peaks were carried out for 

samples annealed for 10 min and 60 min, shown in Figure 23 and Figure 24 respectively. 
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Compared with the VRFEM results of the as-cast sample at different resolutions, the magnitude 

of the peak at k ~ 0.37 Å-1 becomes larger and the peaks at k ~ 0.41 Å-1 and k ~ 0.45 Å-1 remain 

nearly unchanged.  

 

Figure 23. VRFEM plots at five resolutions for the sample annealed at 0.83Tg for 10 min. 
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Figure 24. VRFEM plots at five resolutions for the sample annealed at 0.83Tg for 60 min. 

 
Table 5. Decay lengths for as-cast and annealed samples. 

Decay length  As-cast Annealed 300 ℃, 10 min Annealed 300 ℃ 60, min 
k=0.45Å

-1 0.59±0.06 nm        0.56±0.06 nm           0.56±0.06 nm 
k=0.41Å

-1 0.86±0.06 nm        0.69±0.05 nm           0.71±0.05 nm 
k=0.37Å

-1 0.51±0.06 nm        0.67±0.05 nm           0.66±0.02 nm 
  

The fitting results of Ʌ for different samples are summarized in Table 5. After structural 

relaxation, the decay length increases for the peak at k ~ 0.37 Å-1, decreases for the peak at k ~ 

0.41 Å-1, and remains unchanged for peak at k ~ 0.45 Å-1. The evolution of Ʌ indicates that 

structural relaxation mainly occurs during heating and/or the early stage of annealing (first 10 

min). The crystal-like regions shrink while the icosahedral-like regions grow with annealing. 
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4.5  HRMC simulation results  

The solid lines in figures 25 (a)-(c) show the final simulated variance, Vs(k) for the three 

samples at the end of the HRMC structure refinement.  All of them are in excellent agreement 

with the corresponding 𝑉𝑉(𝑘𝑘).  Figure 25(d) shows the total simulated x-ray radial distribution 

functions for the three final models.  All three are essentially identical, indicating similar SRO 

structures.  

Figure 26(a) shows that the fraction of crystal-like VP increases with annealing while the 

number of icosahedral-like VP decreases. This indicates that the planar structure in Zr50Cu35Al15 

becomes more crystal-like with annealing at the cost of icosahedral-like local structures. Despite 

the increasing number of crystal-like VP with annealing, the size of the crystal-like region in the 

HRMC simulations does not change significantly. This indicates that the crystal-like region  

 

 

Figure 25. (a)-(c) Simulated Vs(k) for all three sample states shows excellent agreement with 

experimental Ve(k). (d)  g(r) for all sample states. 
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instead becomes more ordered during annealing. Due to the relatively small size of our 

simulation models, it is likely not possible for the crystal-like region to grow to larger sizes while 

correctly reproducing the experimental data and retaining a reasonable energy. 

 

 

Figure 26.  (a) Histograms of the VP categories for the HRMC models. From top to bottom 

within each bar: Al-centered (green), Cu-centered (orange), Zr-centered (gray) VPs. (b) 

Histogram of VP indices for the most common indices in the model. Bottom axis is sorted by VP 

type. 

 

The VRFEM results in Table 5 show that the crystal-like regions shrink while the 

icosahedral-like regions grow with annealing. Since VRFEM is primarily sensitive to the size of 

ordered regions, whereas the VP statistics are also sensitive to the degree or perfection of the 

short-range order. Combined the VRFEM and VP statistics results, after annealing crystal-like 
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cluster becomes smaller by converting atoms near the surface of the planar structure to other 

cluster type and it becomes more ordered by converting atoms on the interior from mixed or 

icosahedral-like to crystal-like. The VRFEM size decreases at the same time the fraction of 

crystal-like VP increases.  

 

4.6  Correlation between MRO and GFA  

Figure 27 compares V(k) for the Zr50Cu35Al15 and Zr50Cu45Al5 BMGs 60 after 300 °C, 60 

min annealing. Although the peak positions are not in exactly the same position, likely due to 

different mean interatomic distances arising from the difference in composition, Zr50Cu45A15 

shows the same low-k shoulder, main peak, high-k shoulder pattern as Zr50Cu35Al15.  The high-k 

shoulder in particular is much lower in Zr50Cu45Al5 than Zr50Cu35Al15 and the low-k shoulder is 

much higher.  The main peak is similar in magnitude.  Given the structure assignments for the  

 

Figure 27.  Zr50Cu35Al15 and Zr50Cu45Al5 V(k) for the 300 °C, 60 min annealed sample. 

 

shoulders above, Figure 27 shows that after structural relaxation, Zr50Cu45Al5 has stronger 

icosahedral-like character and weaker crystal-like character than Zr50Cu35Al15. After annealing, 
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Zr50Cu45Al5 becomes more icosahedral and less crystal-like with increasing and Zr50Cu35Al15 

becomes less icosahedral and more crystal-like.  The fraction of crystal-like VP in Zr50Cu35Al15 

is higher than in Zr50Cu45Al5 after 60 mins annealing, while the fraction of icosahedral-like is 

similar.  Therefore, in Zr50Cu35Al15 crystal-like clusters are more thermally stable and more 

ordered compared with Zr50Cu45Al5, while the icosahedral clusters are either similarly in stability 

or slightly more stable in Zr50Cu45Al5.   

One possible origin for crystal-like order is the fluctuations of embryos leading up to 

nucleation in the cooling liquid. In that case, stronger crystal-like order may indicate that the 

cooling liquid came closer to nucleation and crystallization. Similarly, crystal-like order that is 

more stable against thermal annealing in the glassy state may indicate lower relative free energy 

of the crystal-like structure with respect to the icosahedral-like structure, although it could also 

result from lower atomic mobility. 

  Most structurally-based concepts for increasing GFA focus on increasing the stability of 

the glass structure by efficient short-range packing 53,130 or by increasing icosahedral order 131,132.  

Our results found a better stability of crystal-like structure in the poor glass former, indicating an 

important role for destabilizing crystal-like structures in enhacing glass formation. A lower free 

energy crystal-like state will favor nucleation and growth of the crystal phase, preventing glass 

formation.  GFA criteria based on thermal characteristics like ∆Tx or γ or on phase diagrams like 

searching for deep eutectics implicitly include low stability of the competing crystalline phases.  

Our results emphasize the structural results of limiting crystal stability and demonstrate an 

approach to characterizing this contribution to glass stability in amorphous samples, without 

complete crystallization. 
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4.7   Summary 

A combination of FEM experimental data, HRMC structure refinements, and analysis of 

the resulting models shows that in the Zr-Cu-Al alloy system, a poorer glass former, 

Zr50Cu35Al15 has more pronounced and more thermally stable crystal-like MRO than a better 

glass former, Zr50Cu45Al5. The connection between crystal-like medium-range order and glass 

forming ability suggests that destabilizing crystal-like structure is important to improving the 

glass forming ability of BMGs in this system.  We speculate that the crystal-like order could 

arise from the fluctuations leading up to nucleation, suggesting that destabilizing crystal-like 

order could be an aid to increasing GFA in many alloys. 
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Chapter 5.   Ni-Nb structure and processing method 

 

5.1   Introduction  

Ni-base Nb containing amorphous alloys, which reveals high glass forming ability, 

fracture strength and high corrosion resistance 13,133, were found to be formed within a very wide 

composition range of 30 ∼ 60 at.% Nb by rapid solidification 134. Ni60Nb40 was considered to be 

a good glass former in this binary alloy since it can be vitrified up to 2 mm thickness by 

quenching 135. In addition to rapid solidification, it was found that amorphous Ni60Nb40 can also 

be prepared by mechanical alloying (ball milling) from nickel and niobium powders 136. 

However, during ball milling different powder particles may experience different levels of 

deformation, so the inhomogeneity makes it difficult to relate the atomic structure to 

thermodynamic properties.  

Since metallic glass is in non-equilibrium state, structures and properties are highly 

related to the processing history. For example, in amorphous Zr55Al10Cu30Ni5, the mechanically 

alloyed sample exhibits a higher crystallization temperature Tx but a narrower supercooled liquid 

region ΔTx than a quenched glass of the same composition 137. The as-deformed Al92Sm8 alloy is 

not susceptible to primary crystallization and keeps its amorphous structure to significantly 

higher temperature and longer time compared to as-quenched Al92Sm8 
22. However, the structural 

origin of the different crystallization behavior is unclear. We fabricated amorphous Ni60Nb40 by 

cold rolling and by melt spinning. Both as rolled and as spun Ni60Nb40 alloy show an amorphous 

structure by x-ray and electron diffraction, but their crystallization behavior is quite different. 

The as rolled Ni60Nb40 crystallizes at a lower temperature and more crystalline phases were 
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identified after primary crystallization compared to as spun sample. HRTEM identifies 

nanometer-scale residual crystallinity in the as-rolled sample. FEM plus HRMC demonstrates 

that even between the identifiable nanocrystals, more crystal-like and bcc like MRO clusters 

exist in as rolled Ni60Nb40 than as spun Ni60Nb40.  

 

5.2   Experimental and computational details 

For as spun Ni60Nb40 BMG, Ni and Nb of 99.9 at.% purity or higher slugs were designed 

to be Ni60Nb40 in average composition and a mixture of the two elements was arc-melted in a Ti-

gettered, high-purity argon atmosphere to make a master ingot.  The ingot was then remelted and 

injected onto a copper wheel spinning at 55 m/sec tangential wheel speed and 350 μm thick 

ribbons were formed.  For cold rolled sample, Ni and Nb foils of 99.8% purity with 25 µm in 

thickness were cut and weighed to reach Ni60Nb40 in the average composition. Ni and Nb foils 

were stacked alternatively to form arrays as Ni/Nb/Ni/Nb……. After each rolling pass, the 

sample was compressed to half thickness its thickness, and then folded before the next rolling.  

Electron probe microanalysis after rolling confirmed that the Ni concentration was 59.5 ± 0.65 

a.t. % and Nb concentration was 40.5 ± 0.25 a.t. %, which is quite close to the nominal 

composition of Ni60Nb40. 

TEM samples were prepared by two methods: electropolishing and FIB lift out. For 

electropolishing, samples were prepared by a standard twin-jet electro-polisher with electrolyte 

of 10% H2SO4 in methanol 138. The temperature range for electropolishing was between -20 °C 

and -25 °C and samples were electro-polished at 42 V. For FIB, TEM samples were prepared 

using a Zeiss Auriga cross beam FIB system.  TEM samples for as spun Ni60Nb40 were prepared 
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by both electropolishing and FIB. TEM samples for as cold Ni60Nb40 were prepared only by FIB 

due to brittleness.  

X-ray diffraction (XRD) spectra were collected by Bruker D8 Discover diffractometer 

with a Cu-Kα micro x-ray source (λ = 1.541 Å). DSC measurements were conducted at 20 K/min 

heating rate under a flow of purified argon in a TA Instruments Q100. The high-resolution TEM 

(HR-TEM) was performed on a FEI Tecnai-TF30 microscope with field emission gun source, 

operated at 300 kV. FEM experiments were performed on a probe aberration corrected FEI Titan 

at 200 kV. The sample thickness was calculated based on the elastic mean free path and the 

elastic scattering transmittance. The elastic mean free path is ~35 nm for Ni60Nb40 metallic glass 

139. 

HRMC simulations were performed to refine the atomic structure for both as spun and as 

rolled states. The experimental thickness texp calculated from the elastic mean free path and 

elastic electron transmittance was 29±2 nm and the simulation thickness tsim was 2.83 nm, so the 

correction factor β to adjust the variance difference in magnitude between Ve(k) and Vs(k) caused 

by thickness difference between the sample and the simulation model 60,102 is 0.0329. The 

embedded atom model (EAM) potential for Ni-Nb was developed by H. Sheng 140. Two initial 

models with 2.833 nm3 in size were generated for HRMC.  One model was randomly filled with 

Ni and Nb atoms with no chemical or structural order, which we call the random model. The 

other model was filled with two fcc Ni crystals (216 atoms) and two bcc Nb crystals (108 atoms). 

The crystals were created with different orientation and were surrounded by random atoms, 

which we call the crystal-containing model. For both models, the composition is Ni60Nb40 and 

the total number of atoms is 1634. Repeated simulations were performed with random starting 

and crystal-containing structures for as spun and as rolled samples.  
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5.3   Results and discussion  

 

Figure 28. (a) XRD traces from as-rolled Ni60Nb40 alloy with different number of rolling passes. 

(b) XRD traces for as spun and as rolled with 120 passes Ni60Nb40 alloy.   

 

The evolution of XRD with different rolling passes was shown in Figure 28(a). With the 

increasing of rolling passes, the Ni and Nb crystalline structure was destroyed by larger 

mechanical deformation and the Ni and Nb foils were partially mixed to form an amorphous 

material, as demonstrated by the absence of certain diffraction peaks. At 120 rolling passes, one 

broad diffraction pattern at 2θ of 42.5° is observed, indicating that the sample is amorphous, as 

measured by XRD. Figure 28(b) shows very similar XRD traces for as deformed Ni60Nb40 with 

120 rolling passes and as spun amorphous Ni60Nb40 alloy. 
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Figure 29. Two examples of residual bcc Nb crystals in as rolled sample. Nanocrystals with 

different sizes are randomly distributed in an amorphous matrix. The insets are Fourier 

transforms of the corresponding HRTEM images. The spots arise from Bragg diffraction of the 

(110) plane in bcc Nb. 

 

Although the as rolled Ni60Nb40 alloy is “x-ray amorphous”, some nanoscale crystalline 

phases were detected with high resolution transmission electron microscopy (HRTEM). The 

morphology and microstructure of the residual crystals in the amorphous matrix were shown in 

Figure 29. In the inset Fourier transform of the image, the ∣g∣ vector of the bright spot 

superimposed on the amorphous ring in reciprocal space is ~4.205 nm-1, corresponding to ~0.238 

nm plane spacing, which is ascribed to the diffraction from {110} planes of bcc Nb. We 

speculate that some of the bcc Nb crystals survive the intense deformation of rolling due to the 

stronger interatomic bonding of Nb–Nb compared to Ni-Ni 141. The residual Nb crystals are 

randomly distributed and elongated with a heterogeneous size distribution. Additional rolling to 

remove these very small crystals was not successful, as the very brittle rolled material shattered 

into tiny flakes with more than 120 rolling passes. 
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Figure 30. DSC traces of as spun and as rolled Ni60Nb40 metallic glass at a heating rate of 

20 ℃/min.  

 

DSC traces for as rolled and as spun Ni60Nb40 alloys were shown in Figure 30. The as spun 

sample shows two-stage crystallization and the onset temperature of primary crystallization is 

638 ℃, but the as-rolled sample only exhibits one exothermic peak from crystallization with an 

onset temperature of 600 ℃. The crystallization products of each primary exothermic reaction 

were identified by Figure 31, in which as rolled and as spun samples were heated to 640 ℃ and 

655 ℃ respectively. For as spun sample a mixture of equilibrium phases, rhombohedral Ni6Nb7 

and orthorhombic Ni3Nb, is identified and no further metastable phases are found. The as rolled 

sample shows more complicated crystallization products. In addition to equilibrium phases 

Ni3Nb and Ni6Nb7, another two non-equilibrium Ni-rich phases Ni7.2Nb6.8 and Ni6.5Nb6.5 are 

present.  
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Figure 31. Crystalline phases determined by XRD after continuous heating up to peak 

temperatures of primary crystallization. As rolled Ni60Nb40 alloy was heated to 640 ℃ and as 

spun Ni60Nb40 was heated to 655 ℃ with a heating rate of 20 ℃/min.  

 

Because Ga+ ion beam during FIB thinning may cause damage to the internal structure of 

sample. FEM experiments were performed to characterize the structures for as spun Ni60Nb40 

prepared through electropolishing and FIB respectively. Figure 32(a) shows the FEM V(k) for 

two samples. For lower k, the FIB sample has a steadily increasing background. This kind of 

signal is also observed in some electropolished samples. The origin is as yet not fully understood, 

but we tentatively attribute it to small angle scattering associated with surface roughness. For 0.4 

< k < 0.5, V agrees within the error bars for the two preparation methods in both peak position 

and V magnitude, indicating same MRO structure. The annular average intensity of the 

nanodiffraction, as shown in Figure 32(b), proves the short range order (SRO) is not influenced 

by sample preparation.  
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Figure 32.  (a) V(k) from as spun Ni60Nb40 thinned by electropolishing and FIB. (b) Annular 

average intensity of nanodiffraction from as spun Ni60Nb40 thinned by electropolishing and FIB. 

 

The nanocrystals can yield high intensity pairs of speckles in the FEM data sets. Because 

these very bright speckles in even one nanodiffraction pattern can dominate the variance signal, 

hiding all the information from amorphous structure, it is necessary to exclude them from the 

variance calculation. Nanodiffraction patterns can be classified in three groups shown in Figure 

33: (a) patterns with strong crystal-like diffraction speckle; (b) intermediate patterns; (c) non-

crystalline patterns. For group (a), there are two symmetric diffraction speckles with much 

higher intensity and sharp edges positioned outside beyond the amorphous rings, which can only 

be caused by ordered structure.  Group (c) shows a typical nanodiffraction pattern from 

amorphous structure. Group (b) is an intermediate state between (a) and (c):  on one hand, there 

is a bright diffraction speckle with regular shape and a weaker diffraction speckle appearing at 

opposite position, as indicated by red arrow in (b); on the other hand, the intensity of the bright 

diffraction speckle is at least one order of magnitude larger than the maximum intensity from 

amorphous like (c). However, because the intensity of diffraction speckles has a Gaussian 

distribution, there is no unique threshold to tell whether a particular speckle is caused by more 
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ordered crystal or more amorphous structure, making it is hard to determine whether an 

intermediate nanodiffraction should be kept or removed from the FEM analysis. 

 

Figure 33. Three groups of nanodiffraction pattern. (a) with strong diffraction speckle from 

crystal. (b) intermediate state between crystal and non-crystalline. (c) non-crystalline  

 

 

Figure 34. The comparison of V(k) from as rolled alloy after removing nanodiffrations arising 

from crystals. (a) with R = 1.3 nm; (b) with R = 2 nm. 

 

Therefore, two FEM data analysis were performed: in the first analysis only 

nanodiffraction patterns like group (c) were included in the variance calculation, and in second 

analysis both groups (b) and group (c) were included. Figure 34 shows the two resulting V(k), 

acquired with R = 1.3 nm in (a) and R = 2 nm in (b). In both cases, the two V(k) traces are within 
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the error bars of one another. However, especially for R = 1.3 nm, the uncertainty for the group 

(b) and (c) data is much higher than the group (c) only data. The uncertainty reported here is the 

standard deviation of the mean of V(k) calculated from typically 10 subsets of nanodiffraction 

patterns. Thus, the higher uncertainty from the group (b) and group (c) analysis is caused by the 

bright crystal-like diffraction speckles in group (b) with higher intensity which deviates far from 

the average intensity of amorphous nanodiffraction. After the removal of group (b), the structure 

becomes more “pure” amorphous and V(k) curve shows lower variability and smaller standard 

deviation of the mean over multiple experiments. V(k) at R = 2 nm, shown in Figure 34(b), 

shows smaller variability than V(k) at R = 1.3 nm, probably because the ordered structures in 

group (b) exist at length sale ~1 nm. If the probe diameter is closer to the size of the ordered 

structures, each nanodiffraction pattern includes less disordered background scattering, 

emphasizing the scattering from the ordered regions and resulting in a larger V and more spread 

in V measured from different regions. As a result, we take the group (c) only analysis as more 

representative of the amorphous structure in between the residual crystals and use it as the basis 

for further analysis. 

Figure 35(a) and (b) show the FEM experimental Ve(k) with probe of 2 nm in diameter 

for both as rolled and as spun samples. In the as rolled alloy, two primary peaks with fairly large 

magnitude are located at k ~ 0.42 Å-1 and 0.51 Å-1. Another weak peak at k ~ 0.46 Å-1, partially 

submerged by other two primary peaks, can also be observed.  In the as spun sample, three 

distinguishable peaks at k ~ 0.43 Å-1, 0.46 Å-1 and 0.51 Å-1 exist. The colored curves in Figure 

35(a) and 35(b) show the HRMC simulated variance Vs(k) calculated from both random model 

and crystal-containing model, which match well with the experimental Ve(k) within the error bars. 

Figure 35(c) shows the comparison of annular average intensity calculated from nanodiffraction 
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for the two samples. The curves shows identical peaks at k ~ 0.46 Å-1, indicating similar SRO in 

two glassy states. Figure 35(d) is the calculated partial pair distribution functions for the two 

models. The indistinguishable curves suggest same SRO structures in the two models. 

 

Figure 35. FEM experimental Ve(k) and the HRMC simulated variance Vs(k) after structure 

refinement for (a) as rolled alloy and (b) as spun alloy. (c) Annular average intensity of 

nanodiffraction in two glassy states. (d) Calculated partial pair distribution functions for the two 

models are indistinguishable, indicating same SRO. 

 

5.4   Discussion 

Based on Figure 35, the magnitude of the V(k) at k ~ 0.46 Å-1 in the as rolled and as spun 

states are comparable, while the magnitude of V(k) at k ~ 0.43 Å-1and 0.51 Å-1 in as spun alloy is 

much smaller than the corresponding peaks in as rolled alloy. V(k) peaks at 0.42 Å-1 and 0.51 Å-1 

can correspond to the bcc Nb {110} and fcc Ni {111} reflections, so they should arise from 



69 
 

nanoscale Nb-like and Ni-like MRO clusters, but the peak at 0.46 Å-1 in as spun sample may 

have a different structural origin. 

 

Figure 36.  Four HRMC models. (a) as spun starting with crystal-containing model. (b) as rolled 

starting with crystal-containing model  (c) as spun starting with random model (d) as rolled 

starting with random model. Green atoms represent Nb and gray atoms represent Ni. Each model 

is a mixed icosahedral glass-like structure and more ordered crystal-like structure. As rolled state 

contains a more ordered region with six-fold symmetry than as spun state. 

 

2D projections of the structural models from HRMC refinement with random and crystal-

containing starting models are shown in Figure 36(a)-(d). The center region of as rolled sample 

shows a more ordered structure than as spun sample. As the red lines indicate, the simulated 

structure for as rolled sample has approximate six-fold symmetry and more Nb atoms (in green) 
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gather in the ordered regions, which is in good agreement with MRO peaks arising from Nb {110} 

reflections in experimental results. The simulation results indicate a more ordered internal 

structure of MRO clusters in as rolled sample, which provides the structural origin of the 

phenomenon that the magnitude of V(k) peaks at 0.42 Å-1 and 0.51 Å-1 from as rolled state is 

much larger than that from as spun state in Figure 35. 

 

Figure 37.  Histograms of the VP categories for the HRMC models for as spun and as rolled 

alloys. (a) Icosahedral-like cluster; (b) crystal-like cluster; (c) bcc-like cluster. Ni-centered (red); 

Nb-centered (green). Less icosahedral-like clusters and more bcc-like clusters are shown in as 

rolled alloy.   

 

The Voronoi polyhedra (VP) statistics from both the crystal-containing and random 

model for as spun and as rolled samples are shown in Figure 37. The uncertainty is calculated 

from the standard deviation of the mean of repeated simulations with same model but different 

initial random numbers. Less icosahedral-like and more crystal-like VP cluster are found in as 

rolled state compared to as spun state. Additionally, there are more bcc-like clusters with 

Voronoi indices <0, 6, 0, 8>, especially with Nb centers, in as rolled model, resulting from the 

bcc Nb-like MRO identified in FEM measurement. For all of the simulations, with different 
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input model (random model and crystal-containing model), the final atomic structures are quite 

similar and VP cluster statistics is almost identical. Table 6 shows the number of various VP 

clusters calculated from two initial models for HRMC for both as rolled and as spun alloy. This 

agreement provides a solid evidence to show that the simulation results are independent of the 

initial model for HRMC simulation. 

Table 6. The statistics of VP cluster from HRMC simulation with two different starting models. 

 As spun  As rolled  

Cluster type Random model Paracrystalline 
model  

Random model Paracrystalline 
model  

Ico-like (#) 569 571 495 510 

Crystal-like (#) 201 185 214 200 

Bcc-like (#) 22 22 42 43 

 

Although as rolled Ni60Nb40 alloy was vitrified with large mechanical deformation, it 

retains the memory of its original crystalline structure at several length scales. It contains 

identifiable nanocrystals in HRTEM, but it also contains more bcc-like and crystal-like clusters 

in the nanometer to sub-nanometer length scale probed by FEM. The correlation between 

ordered crystalline and crystal-like structures and lower crystallization temperature suggests that 

the ordered clusters serve as heterogeneous nucleation sites, resulting in a lower crystallization 

temperature. Furthermore, both the nanocrystals and crystal-like MRO are Nb rich, so a Ni-rich 

environment surrounding the bcc Nb could promote the observed formation of Ni-rich 

metastable phases in addition to equilibrium phase during crystallization. In comparison, more 

icosahedral-like and less crystal-like MRO in the as spun metallic glass is correlated to higher Tx 

and a more stable glass. We observed a similar correlation between more icosahedral-like and 

less crystal-like MRO in as-spun Zr-Cu-Al metallic glasses with varying composition 142. 
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Although in the current results on Ni60Nb40, deformation-induced amorphization yielded lower 

glass stability, the same may not be true in other systems, as suggested by our previous work in 

Al92Sm8 22,143. 

 

5.5   Summary 

We have synthesized amorphous Ni60Nb40 by cold rolling and by melt spinning. The 

atomic structure of as spun and as rolled Ni60Nb40 metallic glass was investigated through the 

combination of FEM experiment and HRMC simulation. The two samples have indistinguishable 

SRO, but quite different MRO. Compared with as spun sample, less icosahedral-like and more 

bcc Nb-like Voronoi polyhedra exist in as rolled Ni60Nb40, and they cluster to make bcc-like 

MRO. Residual bcc Nb nanocrystals are also present in as rolled sample. The more internally 

ordered structure in as rolled sample is inherited from the original bcc Nb foil. The structure of 

the amorphous alloy influences both the crystallization temperature and crystal products: the as-

rolled sample has a significantly lower Tx and produces metastable Ni-rich phases on 

crystallization, which we attribute to heterogeneous nucleation on ordered clusters and 

nanocrystals, and related composition inhomogeneity in the amorphous state. Similar final 

structures were obtained from both random model and crystal-containing starting structures in 

HRMC, indicating the structure refinement in HRMC simulation is independent on the input 

model. 
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Chapter 6.   ECM method development 

 

We determined the experimental requirements, like the time resolution and total time 

series length, required for ECM experiments to obtain reliable g2(t). Based on the requirement, 

we applied ECM technique to the measurement of the relaxation time and stretching exponent β 

in Pd40Ni40P20 bulk metallic glass and Pt57.5Cu14.7Ni5.3P22.5 metallic glass nanorods. We report 

first results from ECM experiments using a fast direct electron detection camera to improve the 

time resolution. We also developed DF-FEM to overcome the drift problem and capture the 

spatial information of relaxation time compared with STEM-FEM.  

 

6.1   Materials preparation  

Pd40Ni40P20 is a good metallic glass former. The glass transition temperature Tg is 300˚C 

and crystallization temperature Tx is 374 ˚C. The metallic glass ingot with 1 mm diameter was 

synthesized by injection casting. The details for fabrication are well described in Li’s paper 144. 

Transmission electron microscopy (TEM) specimen was prepared by Zeiss Auriga cross beam 

Focused Ion Beam system. The heating chip with sample was mounted to a DENSsolutions 

single-tilt heating holder 98 and was plasma cleaned at 20 psi Ar + O2 mixture for ~ 30 s. 

For Pt57.5Cu14.7Ni5.3P22.5 glassy nanorods, the Tg is 230 ˚C and Tx is 258 ˚C.  Its nanorods 

with diameter ~35 nm were synthesized by the nanomoulding method [nature, nat comm] and 

were attached on the Pt-based bulk MG plate. Firstly, in order to minimize the residual salts and 

anodized aluminium oxide during fabrication, we rinsed MG plate with distilled water and 
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isopropyl alcohol, and repeated this process for more than three times. Then nanorods were put 

in methanol and released by sonication for 15~20mins.  A micro pipet (1.5 ~1.8 micro liters) was 

used to drop methanol containing nanorods onto the DENSchip window and some nanorods 

were attached on the SiNx membrane of chip window after the evaporation of methanol. We 

repeated the drop process several times according to the density of nanorods in methanol. To 

remove the severer contamination induced by methonal, before ECM measurements, sample 

holder with DENSchip was plasma cleaned at 20 psi Ar + O2 mixture for 12 ~ 15 mins. 

 

6.2   Experimental details 

For ECM experiments, in-situ heating was performed in an FEI Titan with Cs aberration 

corrector at 200 kV in energy filtered “microprobe” STEM (μP-EFSTEM) mode. A camera 

length of 512mm was used and the semi-convergence angle was adjusted to obtain probe with 

3.5 nm diameter. A Gatan BF_DF detector mounted on the 2.5mm GIF entrance aperture was 

inserted to collect images and GIF energy filtering was used with a slit width of 10eV to remove 

the inelastically scattered electrons. For Pd40Ni40P20 sample, 256 by 256 pixel nanodiffraction 

pattern time series were acquired with Gatan US1000 CCD binning of 8. At temperature 328 °C 

and 332 °C, the time per frame was 0.27 s including 0.2 s exposure time and 0.07 s readout time. 

At temperature 336 °C, 340 °C, 344 °C, 348 °C and 352 °C, the time per frame was 0.17 s 

including 0.1 s exposure time and 0.07 s readout time. For Pt57.5Cu14.7Ni5.3P22.5 nanorods, data 

series were recorded by a Gatan K2 direct electron detection camera with binning of 1 and the 

time per frame is 2.5 ms. Each time series of nanodiffraction pattern contains 48000 frames and 

the trajectory length is 2 mins. Because one data series was so tremendous, each frame was 

cropped and binned to 8 to speed up the analysis process. For both Pd40Ni40P20 BMG and 
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Pt57.5Cu14.7Ni5.3P22.5 nanorods, samples were heated to above Tg from room temperature with 

20 °C/min and nanodiffraction patterns were recorded during heating process. The temperature 

stability was ± 0.03 °C and temperature accuracy is ~2% during heating.   

 

6.3   Data record length 

The length of time series is one significant factor that limits the application of the ECM 

technique. In order to extract τ, the time series of nanodiffraction patterns should be much longer 

than relaxation time to ensure that the diffracted intensity has no correlation and the time 

autocorrelation function g2(t) becomes 1. Figure 38 shows the requirement of data length to 

obtain reliable relaxation time τ. The results from both bulk Pd40Ni40P20 at 332 °C and 

Pt57.5Cu14.7Ni5.3P22.5 nanowire at 250 °C indicate that τ does not change with trajectory length 

within the error when the time series is longer than 40τ. However, for bulk Pd40Ni40P20, the 

calculated τ becomes 23% shorter with the data length of 20τ and 41% shorter with 10τ. A more 

dramatic decrease can be observed in Pt57.5Cu14.7Ni5.3P22.5 nanowire when the data length 

decreases to 20τ and 10τ. This observation is consistent with other similar convergence tests for 

time autocorrelation functions calculated from time series 145.  When the time series is too short, 

g2(t) fails to reach a limiting value of 1 by the maximum t.  Thus, failure of g2(t) to converge to 1 

is a practical indication of a time series that is too short. 
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Figure 38.  The effect of the length of time series on the structural relaxation time τ for both 

Pd40Ni40P20 BMG and Pt57.5Cu14.7Ni5.3P22.5 nanowire.  

 

6.4   Sampling requirements 

A short time per frame is another requirement needed to be satisfied in ECM experiment. 

Figure 39 shows t measured on Pt57.5Cu14.7Ni5.3P22.5 nanowire at 250 °C using the CCD camera 

as a function of time per frame. All measurements have identical length of the time series (300s).  

With time per frame > 0.1t, the discrepancy from true relaxation time and the strong dependence 

of t on the time per frame prove that the number of nanodiffraction patterns is insufficient to 

capture one relaxation time unit.  Therefore, we conclude that the time per frame must be less 

than 0.1t to guarantee sufficient sampling to obtain unreliable results.  If t is shorter than 1 s, 

such as in the high temperature regime of Pt57.5Cu14.7Ni5.3P22.5 nanowire, the conventional slow 

CCD camera cannot be used and a fast direct electron detector is necessary.   
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Figure 39.  The influence of time per frame on structural relaxation time τ measured from 

Pt57.5Cu14.7Ni5.3P22.5 nanowire at 250 ˚C.   

 

6.5   Application of ECM in STEM mode  

 

Figure 40. (a) A typical nano beam electron diffraction pattern of Pt57.5Cu14.7Ni5.3P22.5 nanowire 

at 250 °C recorded by K2 detector with speed of 2.5 ms per frame.  (b) The normalized time 

autocorrelation function g2(t) and the fitting curve based on Equation (2). 
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Figure 40(a) shows an example of single nanodiffraction pattern from a 

Pt57.5Cu14.7Ni5.3P22.5 nanorod at 250 °C acquired on the K2-IS camera after cropping and binning.  

Figure 40(b) is the normalized, resampled g2(t) extracted from the time series of nanodiffraction 

patterns like Figure 40(a).  Although only a few e- are recorded per frame, the aggregate statistics 

from the series of 48,000 frames are low noise and an excellent fit. 

 

Figure 41.  (a) Structural relaxation time τ and (b) stretching exponent β in the supercooled liquid 

region of Pd40Ni40P20 BMG.  

 

Figure 41(a) and (b) shows the structural relaxation time τ and stretching exponent β in 

the supercooled liquid region of Pd40Ni40P20 BMG. The time autocorrelation function g2(t) is 

derived from k ~ 0.45 Å-1. τ shows a continous decreasing with temperature increasing from 

328 °C to 348 °C (Tg + 28 °C to Tg + 48 °C), then it shows an obvious increase as the 

temperature approaches crystallization temperature Tx. Due to the damage induced during sample 

preparation by FIB, some pre-existing ordered structures start to grow into nuclei and crystal 

when temperature is below Tx. From temperature 328 °C to 340 °C, the structural relaxation time 
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τ is very close to the results obtained from modulated differential scanning calorimetry (MDSC) 

by Wilde 81, which shows τ is ~ 7 s at 340 °C. The stretching exponent β, an indicater of spatical 

heterogeniety of relaxation dymamics, is typically smaller than 1 in metallic glass systems. 

Figure 41(b) shows that the β is quite scattered with no obvious tendency with temperature 

change. The β averaged from the whole measured temperature region is around 0.44, which is 

comparable to other measurements 146,147.   

 

Figure 42.  (a) Structural relaxation time t and (b) stretching exponent β in the supercooled 

liquid region of Pt57.5Cu14.7Ni5.3P22.5 nanowire.  The error is the standard deviation of the mean 

from three different measurements.  

 

Figure 42(a) shows the change of structural relaxation time τ with temperature for the 

supercooled Pt57.5Cu14.7Ni5.3P22.5 nanowire. The time series of nanodiffraction pattern was 

collected near the nanowire surfaces and the autocorrelation function was calculated from k ~ 

0.44 Å-1. τ decreases with temperature increasing from 242 °C to 258 °C (Tg + 12 °C to Tg 

+28 °C). Since no report is available for bulk Pt57.5Cu14.7Ni5.3P22.5, there is no direct comparison 
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between nanowire and bulk at the same composition. However, compared with the typical τ 

measured from bulk materials, nanowire shows a much smaller structural relaxation time. The 

stretching exponent β in Figure 42(b) shows a decreasing tendency when heating to higher 

temperatures in the supercooled liquid, indicating a wider distribution of relaxation time and 

more spatial heterogeneity of atomic dynamics when temperature approaching Tg.  

 

6.6   STEM-ECM and DF-ECM 

 The measurements by ECM are comparable with results from those macroscopic 

techniques at the deeply supercooled liquid region, but show huge discrepancy at low 

temperatures for bulk Pd40Ni40P20 (not shown in Figure 41). When the temperature is 

approaching Tg, the structural relaxation time is at the scale of several hundreds of seconds 

81,148,149. For ECM measurement, the trajectory length is required to go up to hours to get 

converged data at low temperatures. However, in STEM-ECM mode longer measurement time 

can induce more electron beam damage and larger sample drift, which should be rigidly 

controlled, at least smaller than spatial resolution; otherwise, the lifetime of speckle is 

contributed more by drift induced relaxation, not structural rearrangements. Sample drift in this 

measurement was ~0.1 nm/min and the entire drift for the longest time series (800 s) is ~1.5 nm, 

which is in tolerance with 3.5 nm spatial resolution.  

In order to overcome the limitation of STEM-ECM, we performed the ECM experiment 

by tilted dark field (DF) illumination in TEM mode. In both STEM and TEM modes, ECM 

calculates g2 based on equation 32.                    
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where N is the total number of frames in the diffraction time series, and p is the frame / time 

index.  In DF mode, I is the DF image intensity in real space. Each diffracted speckle can cover 

several pixels and g2(t) can be calculated from each speckle. In STEM-ECM, I is the diffracted 

intensity in a nanodiffraction pattern. g2(t) was calculated for every pixel (kx, ky) in the diffraction 

pattern, then averaged over the ring of pixels at constant 𝑘𝑘 = �𝑘𝑘𝑒𝑒2 + 𝑘𝑘𝑦𝑦2.   

Compared with DF-ECM, it is much easier for STEM-ECM to adjust the probe size 

accordingly by changing the probe size electronically. In DF-ECM, the change of probe size can 

be realized by changing objective aperture, but the size and number of apertures is always 

limited.  However, because ECM requires sample and instrument maintain stability over long 

experiments, it is a challenge for measurement at low temperatures at which the required time 

series length would be hours to get reliable results.  Over such long times, the speckle lifetime 

will be dominated by drift of the sample, not intrinsic structural changes. In STEM-ECM, since 

the collection data is nanodiffraction pattern in reciprocal space, the image drift correction could 

not be realized. However, it is possible to align the image in DF-ECM mode, providing the 

possibility of the measurement for very slow dynamics. 
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Chapter 7.   Application of DF-ECM to Pt-based nanowires 

 

7.1   Experimental details of DF-ECM 

A schematic drawing to illustrate the setup of the dark field ECM experiment is shown in 

Figure 43(a). A tilted dark field illumination was formed on a FEI Titan with probe aberration 

corrector at 200 kV. An objective aperture of 10 μm in diameter or 2.83 mrad of half angle was 

inserted, giving rise to speckles in the image ~0.7 nm in diameter, calculated from the Rayleigh 

criterion and confirmed by imaging. The speckle size sets the spatial resolution of the ECM 

experiment. 256 by 256 pixel images were acquired with the magnification adjusted to yield a 

typical pixel size of 0.25 nm, so each speckles covers ~3 pixels. 

 

Figure 43. Tilted dark-field electron correlation microscopy (a) Schematic of the experiment. 

Tilted illumination shifts the transmitted beam off the optic axis of a microscope. A small, on-

axis objective aperture selects one speckle in the diffraction pattern, forming a real-space image. 
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Structural rearrangements cause fluctuations in the intensity of the image speckles. A time series 

of ~4000 dark field images is recorded and then aligned to correct drift of the sample. (b) The 

time autocorrelation function g2(t) is calculated from the intensity time series at every pixel, then 

fit to the KWW equation to extract the relaxation time τ and stretching parameter β. The figure 

shows a typical g2(t) which is well converged. This calculation is repeated for every pixel in the 

image. 

 

In situ heating was done using a DENSsolutions SH30 single-tilt heating holder, which 

can provide temperature stability of 0.1 K and temperature accuracy of 2%. The temperature 

range for this measurement is from glass transition temperature Tg to Tg + 16 K, or 507 K to 523 

K. Nanowires start to crystalize from the free surface when temperature increased to 527 K. The 

sample was equilibrated at temperature before data collection. At temperatures of 515 K, 511 K 

and 507 K, the sample was heated to target temperature at a rate of 20 K/min, and then held for 

30-60 mins before image time series acquisition. At 523 K and 519 K, in order to avoid 

crystallization, the sample was first heated to 508 K at rate of 20 K/min and held for 30-60 mins, 

then heated to target temperature at the same heating rate and held isothermally for 2 min before 

data collection. An Orius 2.6k x 4k fast CCD with 1 ms readout time was used to record the time 

series of images. The interval between frames was set as a function of temperature to ~0.005τmed, 

where τmed was acquired with a time interval short enough not to influence the results 150. The 

total time for the time series was set to ~20τmed, to provide a balance between a time series that is 

too long, which may average together short and long relaxation process over temporally 

fluctuating dynamics, yielding artificial spatial homogeneity in the relaxation time 151, and a time 
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series that is too short, which yields autocorrelation functions that are not well converged 152,153. 

20τmed can be thousands of seconds near Tg,  

Drift correction can be realized through rigid image alignment with single pixel precision 

using the convolution-based alignment in DigitalMicrograph software. The intensity of the pixels 

fluctuates, but the outline of the nanowire is stationary. Drift correction enables acquisition and 

analysis of long data series at low temperatures. Figure 43(b) shows an example of the 

normalized, resampled g2(t) calculated from the intensity fluctuations of one pixel inside a 

nanowire at 523 K. It shows good convergence to zero at long times and follows the KWW 

stretched exponential behavior.  

 

7.2   Dynamics heterogeneity 

 

Figure 44. Spatial maps of structural relaxation time on the nanowire in the supercooled liquid 

regime. (a) T = 523 K, (b) T = 519 K, (c) T = 515 K, (d) T = 511 K, (e) T = 507 K. There is a 

region ~1 nm thick with ~20 times shorter relaxation time near the surface of every wire. (f) The 

mean structural relaxation time for the nanowire interior (bulk) and the near-surface layer. The 
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error bars are the standard deviation of the mean of four measurements on different nanowires. 

Fitting to the Arrhenius form yields activation energies of 3.7 ± 0.3 eV for the bulk and 1.7 ± 0.3 

eV for the near-surface. 

 

By calculating the relaxation time pixel by pixel, we can get the spatial mapping of 

relaxation time over whole nanowire. Figure 44(a)-(e) shows the representative spatial mappings 

when sample was heated to supercooled liquid regime at (a) T = 523 K, (b) T = 519 K, (c) T = 

515 K, (d) T = 511 K, (e) T = 509 K. The mappings provide direct evidence of nanoscale 

spatially heterogeneous dynamics in the supercooled liquid. At higher temperature, t varies by 

an order of magnitude from place to place, with an apparently random distribution of domains ~1 

nm in diameter. As the temperature approaches Tg, the t distribution becomes wider, covering 

two orders of magnitude near Tg. The domains with similar t also appear to grow in size. The 

average t(T) derived from central portion of the images, shown in Figure 44(f), is in reasonable 

agreement with bulk measurements on the same alloy. τ extracted from the bulk increases from 

~20 s to ~350 s when the temperature is cooled from Tg + 16 K to Tg, which is consistent with 

data reported for supercooled metallic glass forming liquids 146,154,155. t(T) follows the Arrhenius 

law over the limited temperature range accessible in ECM, with an activation energy of 3.7 ± 0.3 

eV, in good agreement with typical values for bulk metallic glass alloys 156,157, and the viscosity 

estimated from the Debye-Stokes Einstein equation is in reasonable agreement with estimates in 

the literature for the same alloy 158. 

At all temperatures, the histogram of relaxation times is well described by a log-normal 

distribution, characteristic of a random, non-negative process as shown in Figure 45(a). The τ 

histogram P(t) is well fit by a log-normal distribution, 
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where τmed is the median of relaxation time and σ controls the width of the distribution. Random, 

non-negative processes often follow a log-normal distribution, and similar distributions have 

been obtained from tracer molecule rotational diffusion measurements in ortho-terphenyl 159. 

With decreasing temperature, the full width at half maximum (FWHM) of the histograms 

increases, as shown as Figure 45(b). This increase in the spread of relaxation times is consistent 

with an increase in spatially heterogeneous dynamics as the temperature approaches Tg. Figure 

45(c) shows the β histograms as a function of temperature. With only a few exceptions, β is 

between 0 and 1, so we do not observe β > 1 as reported in XPCS experiments on metallic 

glasses 149. The exceptions are in some cases poor fits to the KWW form, either due to noise or 

due to extremely slow dynamics resulting in poorly convergence g2(t). With decreasing 

temperature, the β distribution shifts to smaller and smaller values. Small β is also associated 

with heterogeneous dynamics. 

 

Figure 45. (a) The distributions of relaxation time normalized by the median values in log scale 

at all five temperatures. The solid lines are the fit. (b) The full width of half maximum acquired 

from the fit in (a). (c) Distributions of β shift to lower value with decreasing temperature. 



87 
 

In the column approximation, each pixel in Figure 46 arises from a cylinder of material 

with a diameter of 0.7 nm, extending through the thickness of the sample. The profiles of t as a 

function of position in from the edge of the nanowire are shown in Figure 46. There is a 

systematic variation in t for small thicknesses, but we can identify a region in the center of each 

nanowire where the thickness effects are negligible.  

 

Figure 46. Profiles through the τ maps. Near the free surface, the relaxation time remains almost 

constant and is about 20 times smaller than in the center of the nanowire.  

  

7.3   Thickness dependence  

Experimentally, the diameter of the nanowire has limited effect on the results over the 

experimentally relevant range. Figure 47 shows the measured relaxation time in the center of 

nanowires of thickness ranging from 28 to 60 nm. Within the uncertainty of measurement, there 

is no significant change in the relaxation time for thicknesses between 28 and 45 nm. When 

thickness increases to 60 nm, the relaxation time becomes shrinks by up to 30%.  
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Figure 47. Average relaxation time from inner bulk of nanowire as a function of diameter of 

nanowire. The uncertainty is calculated by the standard deviation of the mean from five different 

measurements. 

 

t is thickness independent in this range because only the small portion of each cylinder of 

the sample that contains atoms arranged to scatter into the ~1 speckle that passes through the 

objective aperture contribute to the image at any one time. Most of the atoms either do not have 

constructive interference of their scattering or scatter in a different direction into a different 

speckle. We estimate that the number of ordered clusters scattering through the aperture from 

one column is between 1 and 2 for this range of thickness. Within the column approximation, 

each speckle in the image is determined by the atoms in a tube with diameter set by the 

resolution (0.7 nm for these experiments) and running through the sample thickness. That 

column contains ~1050 atoms, but they only contribute to the speckle intensity if they are 

arranged and oriented so as to create diffraction through the objective aperture superimposed on 

the diffraction pattern. We can estimate the likelihood of such as event by approximating the 

column as being comprised of randomly oriented, nanocrystalline clusters, following the model 

developed by Stratton and Voyles 160. If the clusters are randomly oriented, only clusters which 
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satisfy a Bragg condition at the particular k selected by the objective aperture contribute to the 

speckle intensity in the dark field image. We define A as the fraction of clusters oriented such 

that there is strong diffraction. For a dark-field image,160 

 ( / 2)
4
MA ϕ θ
π

∆
=  (34) 

in which φ =  𝑑𝑑𝑜𝑜𝑜𝑜𝑜𝑜 𝜋𝜋𝑑𝑑𝑑𝑑𝑠𝑠𝑑𝑑𝑑𝑑⁄ , 𝑑𝑑𝑜𝑜𝑜𝑜𝑜𝑜 = 2.51 nm-1 is the diameter of objective aperture in reciprocal 

space, and 𝑑𝑑𝑑𝑑𝑠𝑠𝑑𝑑𝑑𝑑  = 9.43 nm-1 is the distance of the aperture from the direct beam of the 

diffraction pattern. (φ is 2𝜋𝜋 for hollow cone dark field.) Δθ is acceptance angle around the exact 

Bragg condition which will still result in strong diffraction. For small clusters, Δθ is dominated 

by shape broadening of the reciprocal lattice spots, so ∆𝜃𝜃 =  𝑑𝑑𝑎𝑎𝑡𝑡𝑜𝑜𝑠𝑠𝑠𝑠𝑎𝑎 𝑑𝑑⁄ , in which 𝑑𝑑𝑎𝑎𝑡𝑡𝑜𝑜𝑠𝑠𝑠𝑠𝑎𝑎  is the 

average atomic distance 0.21 nm, and d is the diameter the cluster. M is the multiplicity of a 

family of planes in the crystal. We d = 1 nm as an upper bound and M =12 as a typical value for 

low-index planes in metallic crystals. 

Under these assumptions, the fraction of randomly oriented clusters contributing to the 

intensity of a speckle is ~5%. Essentially, while there are many clusters in real space, their 

scattering is well-separated in reciprocal space, so we measure only on a small fraction of them 

at any given time. If the entire column volume is occupied by clusters, there are ~40 clusters in 

each column, and around 2 of them contribute to each speckle in the image. However, in the 

liquid it seems likely that the density of regions with sufficient order to create diffraction is less 

than 100%, so we estimate that the number of clusters per speckle is 1-2 for most speckles most 

of the time. Similar arguments for smaller clusters and higher spatial resolution yield a similar 

contribution of ~1 cluster in Ångstrom beam electron diffraction experiments 161. They also 

underlie the interpretation of XPCS data in terms of localized scattering from ordered regions in 
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polymeric and colloidal liquids (e.g. 162). 

The shape of the nanowire does have an effect on the results. Figure 48 shows the profile 

of the relaxation time and projected wire thickness for a nanowire measured at 523 K and a 

nanowire measured at 519 K. The thickness was measured using the log-ratio method applied to 

elastic scattering and an elastic mean free path of 25 nm 139. At both temperatures, the relaxation 

time increases in the nanowire edge, following the thickness, until it reaches a plateau in the 

center of the wire. These results show that the there is a thickness dependence to the data for 

smaller thicknesses than shown in Figure 44. Whether this is an artifact of the ECM experiments 

or intrinsic to the dynamics in a constrained system will be the subject of future research. At 

523K, the plateau of constant relaxation time is ~30 nm wide, but at 519 K, the plateau is only 20 

nm wide. This suggests that thickness effects become stronger at lower temperature, possibly as 

the dynamics become more spatially heterogeneous. In all cases, mean relaxation times and four 

point correlation functions described as “bulk” were taken within the plateau region at the center 

of the nanowire. 

 

Figure 48. The thickness dependence of relaxation time from round nanowires at temperature (a) 

523 K (b) 519 K. 
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7.4   Fast dynamics at near free surface  

The other striking feature in Figure 44 is a near-surface layer with much faster dynamics 

than present in the bulk. The width of the near-surface layer is ~1 nm, as shown in Figure 46, and 

t varies from a few seconds at high temperature to ~20 s near Tg. Surface diffusion in solids is 

often faster than bulk diffusion, both for crystals 163 and for glasses 164,165, and similar 

observations have been made in liquids 166. However, the near-surface layer observed here 

involves ~1014 atoms, of which only ~200 are in the first atomic layer in contact with vacuum, 

so it is unlikely that surface diffusion dominates. the activation energy for the near surface layer 

shown in Figure 44(f) is 1.7 ± 0.3 eV, consistent with the prediction from the random first order  

theory (RFOT) that the free energy barrier for activated motion near a free surface should be half 

that of the bulk 167. A similar highly mobile but significantly thicker surface layer has been 

proposed as an explanation for the suppression of Tg in very thin polymer films. 

The data in Figure 49 show that this observation is not an artifact of the small projected 

thickness at the edge of the nanowires. As shown in the SEM image in Figure 49(a), some of the 

nanowires on the substrate have a rectangular, rather than cylindrical cross section. Figure 49(b) 

shows a typical dark field image from an ECM data series obtained from such a wire at 519 K, 

and Figure 49(c) shows the relaxation time map derived from the entire data series. Figure 49(d) 

shows a thickness and relaxation time profile across part of the wire.  

The fast near surface layer is preserved around the edges of the wire, even when the 

edges are very close in thickness to the center of the wire. Thus, it is an intrinsic phenomenon, 

not a geometric artifact. The dynamics inside the nanowire also are consistent with 

measurements on round wires, showing similar spatially heterogeneous dynamics and the same 

mean relaxation time within experimental uncertainty. 



92 
 

 

Figure 49. (a) SEM image of nanowires attached to the substrate, viewed from the top down.  (b) 

A single frame dark field image taken from the ECM data series for a rectangular nanowire at T 

= 519 K.  (c) The spatial map of relaxation time from the same data. (d) A profile of relaxation 

time and thickness across the wire. 

 

7.5   Size of heterogeneity  

Quantitative characterization of spatially heterogeneous dynamics in simulations has 

been accomplished using four-point correlation functions 168–170.  We have calculated a similar 

two-time, two-position correlation function to derive a characteristic dynamic correlation length 

ξ as a function of the characteristic time ν 

                       𝑔𝑔4�𝛥𝛥𝑡𝑡,  𝛥𝛥𝑟𝑟� =
∑ 𝐼𝐼(𝑡𝑡,𝑒𝑒)𝐼𝐼(𝑡𝑡+𝛥𝛥𝑡𝑡,𝑒𝑒)𝐼𝐼�𝑡𝑡, 𝑒𝑒+𝛥𝛥𝑒𝑒�𝐼𝐼(𝑡𝑡+𝛥𝛥𝑡𝑡,𝑒𝑒+𝛥𝛥𝑒𝑒)𝑡𝑡, 𝑟𝑟  

∑ 𝐼𝐼(𝑡𝑡,𝑒𝑒)𝑡𝑡, 𝑟𝑟 ∑ 𝐼𝐼(𝑡𝑡+𝛥𝛥𝑡𝑡,𝑒𝑒)𝑡𝑡, 𝑟𝑟 ∑ 𝐼𝐼(𝑡𝑡, 𝑒𝑒+𝛥𝛥𝑒𝑒)𝑡𝑡, 𝑟𝑟 ∑ 𝐼𝐼(𝑡𝑡+𝛥𝛥𝑡𝑡, 𝑒𝑒+𝛥𝛥𝑒𝑒)𝑡𝑡, 𝑟𝑟  
                (35) 

in which I is the intensity of position r⃗ in the image, t is the time of a frame in the diffraction 

time series, and I(r+Δr) is the average intensity from all the pixels a distance Δr from position r⃗. 
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In simulation, functions like g4 are calculated for the same particle(s) as a function of time, 

which we cannot do in experiments. However, ensemble averaging over many positions and long 

times converges to the same shape of function, as is well known for g2(t), the self-intermediate 

scattering function (in simulations)171 and the intermediate scattering function (in experiments)172. 

Figure 50(a) shows a typical four point correlation g4(Δt, Δr) calculated from the inner 

bulk of nanowire at 507 K and normalized to vary between zero at large Δt and Δr and one at Δt 

= Δr = 0. To extract a characteristic length ξ and characteristic time scale ν, we consider the (Δt, 

Δr) contour at normalized g4(Δt, Δr) = 0.5. Figure 50(b) shows a contour plot of the same data in 

Figure 50(a), and Figure 50(c) shows the 0.5 contour. The contour in Figure 50(c) is fit to the 

sum of a decaying exponential and a linear background, as shown in the figure. ξ and ν are 

determined by the width of exponential part, as shown in Figure 50(d), resulting in this case in ξ 

~1.44 nm and ν ~14 s. The correlation length ξ is twice the characteristic length ε in the figure, to make 

 

Figure 49. The normalized four-point space time intensity correlation function at 507 K. (a) An 

image plot of g4(Δt, Δr), and (b) a contour plot of the same data. (c) The exponential and linear 

fit for the (Δt, Δr) contour at g4(Δt, Δr) = 0.5. (d) The characteristic length ε and a characteristic 

time ν determined from the width of exponential fitting curve. 
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it represent the diameter of the regions in the image, not the radius. The linear background is an 

artifact of the geometry of the data, in which we have data in two dimensions x, and y in the 

image, but not in z along the beam direction. In addition, ν derived in this method is not the same 

as t derived from g2(t), as the ∆r = 0 limit of g4(Δt, Δr) as defined in the main text is not 

equivalent to g2(t). 

 

Figure 50. Characteristic length and time scale for heterogeneous dynamics. (a) An example 

g4(Δt, Δr) at 523 K. (b) The correlation length ξ as a function of temperature. (c) ξ vs. ln(ν), 

which is a straight line in the Adam-Gibbs theory 173. (d) A log-log plot of ξ vs ν, which is a 

straight line in the inhomogeneous mode coupling theory 174. (e) A semi-log plot of ν vs  ξ/kBT, 

which is a straight line in the random first-order transition theory 175.  
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Figure 51(a) shows an example g4(∆t, ∆r) at 523 K. We extract ξ and ν from the decay of 

g4 as described in Figure 50. ξ(T) increases from ~0.95 nm at 523 K to ~1.5 nm at 507 K, as 

shown in Figure 51(b), consistent with previous theoretical and experimental estimates 176,177. 

Various microscopic models of dynamics in the supercooled liquid and the glass transition 

predict different behavior for ξ(ν). Figure 51(c) shows the linear fit between ln(ν) with ξ, 

predicted by the Adam-Gibbs theory of cooperatively rearranging regions 173. The data follow 

the prediction well, except for the data nearest to Tg (longest ξ and ν). The inhomogeneous mode 

coupling theory (IMCT) 174 predicts a power-law relationship. Figure 51(d) shows a log-log plot 

of ξ(ν), which is also a good fit at high T but deviates close to Tg. The random first order 

transition (RFOT) theory 178 predicts τ ~ exp(k(ξ/kBT)n). Figure 51(e) shows ln(ν)as a function of  

ξ/kBT. A line fits over the entire data range. Reduced c2 is similar for the fits to all the models, 

due to the additional free parameter in the RFOT. However, n = 0.8 ± 0.065 from Figure 51(e) is 

in good agreement with n ~0.7 predicted by simulations 179, so we believe our data are in the best 

agreement with ROFT out of the models tested. This support for ROFT is distinct from previous 

work in that it probes in experiments, directly at the nanometer scale, the length scale associated 

with the divergently slow dynamics that lie at the heart of the glass transition. 

 

7.6   Temporal evolution of SHD 

ECM experiment was performed on a nanowire at 519 K with trajectory length of 2000 s 

and time interval of 0.25 s, ~ 40τmed. Figure 52(a) and (b) show two spatial maps of relaxation 

time extracted from the first 20τmed and second 20τmed of the full data length respectively, and 

Figure 52(c) shows a line profile across the nanowire. The pattern of domains is not the same in 
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the first half and second half of the data series, but the mean relaxation times are the same and 

the line profiles are similar. The average relaxation time from the inner bulk is 46.5 s from the 

first half of the series, 45 s from the second half, and 49.5 s from the correlation function 

calculated from the entire time series. This difference is within the ±6 s uncertainty calculated 

standard deviation of the mean from several similar measurements. This comparison 

demonstrates within a trajectory length of 20τmed that there is no detectable change in the average 

relaxation time but the spatial heterogeneous domain in the liquid state dynamics change with 

time.  

 

Figure 51. Spatial map of relaxation time analyzed from (a) first 1000 s (b) second 1000 s at 519 

K. The time per frame is 0.25 s. (c) The average relaxation time from free surface to inner bulk 

from first half of the data, the second half of the data and the full length of the data. 
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In order to provide a more detailed observation how spatial heterogeneous domains 

evolve with time. We recorded a very long data series with total data length of ~80τmed was 

recorded with time per frame of 0.1 s at 523 K. We calculated the spatial map of t from subsets 

of the time series ~20τmed long, as a function of the starting time of the subset. Video 2 is the 

resulting “sliding window” movie of t as a function of time and space. Wide field single 

molecule imaging measurements on tracer molecules in supercooled glycerol determined a 

persistence time for domains with relaxation time t of ~50t 180. More quantitative analysis will 

be the subject of future work, but the movie shows that the domains with different dynamics 

fluctuate over time both in position on the wire and in relaxation time.  
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Chapter 8.   Conclusions  

 

We investigated the MRO structure in metallic glass systems with the combination of 

fluctuation electron microscopy (FEM) and hybrid reverse Monte Carlo (HRMC) modeling. In 

Zr-Cu-Al metallic glass systems, we found two nanoscale structure types, one icosahedral and 

the other more crystal-like. Compared with Zr50Cu45Al5, in Zr50Cu35Al15, the poorer glass former, 

the crystal-like structure is more stable under annealing below the glass transition temperature, 

Tg. The results from variable resolution fluctuation microscopy and HRMC modeling suggest 

that achieving better glass forming ability in this alloy system may depend more on destabilizing 

crystal-like structures than enhancing non-crystalline structures. We vitrified Ni60Nb40 alloy by 

cold rolling and quenching. As-rolled Ni60Nb40 has a lower crystallization onset temperature and 

one-stage crystallization compared to the two-stage crystallization for quenched Ni60Nb40. The 

results show that cold rolled Ni60Nb40 contains fewer icosahedral-like Voronoi clusters and more 

crystal-like and bcc-like Voronoi clusters inherited from the bcc Nb. The crystal-like and bcc-

like MRO clusters may be the structural origin for lower crystallization temperature in the cold 

rolled glass. Meanwhile, I measured the elastic and inelastic mean free paths of Ni60Nb40, 

Pd82Si18 and Ni80P20 metallic alloys by focused ion beam prepared thin samples with measured 

thickness gradients, and I developed a model for EMFP based on a parametrized version of the 

Wentzel atom scattering cross section. The model can be used to predict the EMFPs of most 

metallic glasses and some other classes of amorphous material reliable with effective atomic 

numbers inside the range of data.  
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Secondly, we proposed to measure the structural dynamics of supercooled metallic 

glasses with electron correlation microscopy (ECM) technique at the nanometer scale. ECM was 

developed as a way to measure structural relaxation times of liquids with nanometer-scale spatial 

resolution using the coherent electron scattering equivalent of photon correlation spectroscopy. 

We studied the experimental requirements of ECM, like time resolution and trajectory length, to 

obtain reliable results. We developed ECM experiment in both STEM and DF mode. Compared 

with STEM-ECM, DF-ECM can overcome the drift problem and capture the spatial information. 

We investigated the structural dynamics of supercooled Pt-based nanowire at nanometer scale 

using DF-ECM. The results provided direct experimental evidence of spatially heterogeneous 

dynamics. With four point space-time correlation function, the dynamics is characterized by a 

growing correlation length of heterogeneity as the liquids cools toward the glass transition. We 

also used a four-point time-time correlation function to study the temporal evolution of the 

heterogeneous domain of dynamics. The nanowires also exhibit a near-surface layer ~1 nm thick 

with substantially faster dynamics than the bulk. The near surface layer provides an effective 

mechanism for surface crystallization of liquids by homogeneous nucleation. 
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