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Introduction

Physical properties change 

gradually on lowering the 

temperature

Cross-over depends on 

cooling/heating rate

i.e. properties depend on thermal 

history

Glasses are in a frozen in 

metastable state

►susceptible to crystallisation
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Tg determined by state of the experimental technique

The glass transition temperature Tg
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N. Mattern et al 
APL  2003

Below Tg: harmonic change, described by Debye behavior
At Tg: Transition to lower Debye-temperature 

+ structural changes

Structure by X-rays temperature dependence
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Differential Scanning Calorimetry (DSC) 
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Differential Scanning Calorimetry

Tg
Tonsetx Tonsetm TL

Tm

Tx

Supercooled liquid region:

ΔT=Tonsetx-Tg

Glass forming ability (GFA)

ΔT
Trg=Tg/Tm

and many others

inflexion
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Glass transition

Dynamics in disordered solids
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β-process (MCT)
α-process

• microscopic process: rather 
harmonic in most glasses

τ

• cage (β)- process: intermediate 
times

glass transition Tc: α and 
β process merge

α- process: long range diffusion, 
very strong T-dependence, 
stretched exponential
fq exp(-(t/τ)β)
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Glass transition

Density correlation function on ps time-scale
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Density correlation functions and MCT

( ) ( ) ( ) ( ) 2* 0/0 qqqq tt ρρρφ =

( ) ( ) ( ) ( ) 022 =′′′−Ω+Ω+ ∫ tdtttmtt qqqqqq φφφ &&&

Equation of motion for density correlators including „memory term“

( ) ( ) βττ )/exp(..../ Kq
b

qqq tfthftF −≈+−= α-relaxation

( ) ( ) ....../0 ++= a
qqq tthftF β-relaxation (cage process)

Ergodicity - non-ergodicity transition at Tc

Power laws for correlation functions near Tc

Order parameter is the ergodicity parameter fq

TTf cq −≈ Square-root singularity



Hermann Franz | X-ray research course | February  2010  | Page 10

Density correlation functions and MCT

TTf cq −≈ Square-root singularity

Tc describes a transition temperature which 

in contrast to Tg does not depend on 

experimental parameters.

The glass transition is an ergodic - non 

ergodic cross over

In most systems Tc is 20% higher than Tg, 

i.e. the transition is in the “liquid” region
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The glass transition temperature Tg and Tc

strong

fragile
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MCT results for correlation functions at the glass transition



Hermann Franz | X-ray research course | February  2010  | Page 13

1.0E+00

1.0E+02

1.0E+04

1.0E+06

1.0E+08

-10 190 390 590
time [ns]

1.0E+00

1.0E+02

1.0E+04

1.0E+06

1.0E+08

-10 190 390 590
time [ns]

50 ps pulse,
tuned to the 
transition 
energy
ΔΕ ≈ meV

Transmitted pulse, plus 
resonantly scattered radiation

�ΔΕ ≈ 10 neV
• Orders of magnitude weaker

G

E
57Fe

Nuclear Resonant Scattering

gate

E = 14412.497 eV, 
ΔE = 4.7 neV
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SRPAC

NRS set-up
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Phys.Bl. Götze

Artikel von H. Cummins

Neutron scattering

Light scattering

….

Quasielastic nuclear resonant forward scattering
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Butyl phthalate / ferrocene

Exact treatment of QNFS: I. Sergueev, HF,.. PRB 2003
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Non ergodicity parameter
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Square-root behaviour as predicted by mode-coupling theory
Stretching exponent β = 0.48, independent of T
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Relaxation rates

T. Asthalter, I.Sergueev, HF, et al EPJ B (2001)
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Confinement

Is there a diverging length scale for the glass transition?  
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Matrix: porous silicon, structure size 5 nm.

ΔTc = 11 K
G. Wellenreuther, HF, (2003)

bulk

confined

QNFS observes only the glass no signal from the matrix !
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MD-Simulation of confined dynamics 

Scheidler, Kob.. EPL 52, (2000)
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Time-domain interferometry

A.Q.R. Baron, HF et al. PRL (1996)

HF et al,  Hyperfine Interaction (2000)
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Bulk Metallic Glasses

Courtesy of prof. A. Inoue
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Structure vs. macroscopic properties

Understanding relation between
the structure and macroscopic
properties is important for
improving performance of 
existing and crucial for designing
novel materials
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Applications

Transformers

low thermal losses

Light weight compounds in space crafts

high specific strength

Surface coating

very hard thin films
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Structure determination of amorphous materials

Neutron diffraction
+ sensitive to different isotopes
+ ASF do not depend on Q
+ probes magnetic state of matter
- large sample volumes
- relatively slow, not suitable for in-situ studies

X-ray diffraction using high energy photons
+ high penetration depths (mm-cm)
+ relatively fast, suitable for in-situ studies
- less sensitive to elements
- ASF depend on Q

Extended X-ray Absorption Spectroscopy
+ highly sensitive to elements
+ reveals local atomic configuration
+ relatively fast, suitable for in-situ studies
- restricted sample size, geometry
- rather difficult to quantitatively analyze data 

on amorphous samples

However, none of these techniques gives a 
complete 3D image of amorphous structure 
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Reverse Monte Carlo modeling

Courtesy of Dr. K. Saksl

Acceptance of the move:
First the experiment-model difference is 
calculated

If ψ2
n+1 < ψ2

n the move is always accepted.
If ψ2

n+1 > ψ2
n the move is accepted with the 
probability exp[-(ψ2

n+1 - ψ2
n)/2]

[ ]∑
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RMC

1

2
exp2 1 ζζ

δ
ψ

Move:
One particle is moved randomly taking into 
account applied constraints.

Settling:
Everything is repeated until 
ψ2 begins to oscillate around 
a constant value. 

are combined in total structure factor
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Diffraction:
The partial gij(r) functions are calculated from the atomic 
coordinates and transformed to reciprocal space:

EXAFS:
The model of EXAFS signal χi(k), at 
the absorption edge of i-type atoms 
can be calculated from the gij:
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while γij is the atomic pair backscattering signal
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XRD

ND
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Systems

> Historically first alloy AuSi (1960) cooling with 106 K/s
> 1969 PdCuSi – only 103 K/s needed 
> First commercial amorphous alloy, Vitreloy 1 (41.2% Zr, 13.8% Ti, 12.5% 

Cu, 10% Ni, 22.5% Be)
> Families of alloys

Pd based: PdCuNiP
Zr based: ZrNi, ZrTiCuNiBe (v4), ZrAlNiCuAg, ZrPd, ZrAlCu, ZrAlCuNiFe
La based
Fe based: FePCAlBGa
Cu based: CuZr, CuTiZr
Al based: AlLaNi
Ni based: NiZr, NiNbY

and many more
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Systems
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Favorable conditions for glass formation

Couple of empirical rules in literature

However up to now still empirical (trail and error) development

• Three or more alloy components

• Very different atomic radii

• Negative heat of mixing

• Low eutectic

• Competing crystalline phases

> There is no microscopic theory describing
the formation of BMG
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Magnetic properties
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High strength
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Sample preparation  - melt spinning

Rather wide spread

Cooling rate up to 105 K/s

Production of large quantities

However only thin films (couple of 10 μm)
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Sample preparation  - splat cooling

Rather wide spread

Cooling rate up to 106 K/s

Production of small quantities

Only thin disks (couple of 10 μm)

Laser

Furnace

Anvils
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[1] - rear yoke, [2] - front yoke, [3] - clamping, 
[4] - leading screws, [5] -load cell, [6] - motor, 
[7] - displacement gauge

In-situ tensile experiments

Tensile/compression module

Zr64.13Cu15.75Ni10.12Al10

Y. H. Liu, G. Wang, R. J. Wang, D. Q. 
Zhao, M. X. Pan, and W. H. Wang,
Science 315, 1385 2007.
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BW5 is dedicated to X-ray scattering experiments 
using high-energy photons (60 - 150 keV). 

The large penetration depth at these energies of 
typically sereral mm to cm allows the 
investigation of bulk materials and complex 
sample environments. 

The experimental station is equipped with a triple 
axis diffractometer and an image plate camera. 

Parameters:

- wavelength λ = 0.12398 Å (100 keV)
- crossection of collimated beam 1mm2

- exposure time 10 s
- XRD in transmission mode
- 2D ma345 image plate detector used in  
symetric mode

BW5 @DORIS III

In-situ tensile experiments using high-energy XRD
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In-situ tensile experiments

F

Courtesy J. Bednarcik
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H. F. Poulsen et al., Nat. Mater. 4 33-35 (2005)

Determination of deformation state by XRD
The symmetric circular diffraction pattern is characterized with
respect to the polar coordinates (s, η). By dividing the η-range of 0 to 
2π into 36 segments, one obtains symmetrized intensity distributions 

with i = 1…18, where the wave-vector 
transfer Q = Q(s) is defined by 

in which λ denotes the wavelength, D
refers to the sample-to-detector distance 
and s represents the distance from the 
origin of the polar coordinate system.

The relative change of the position of the 
principal peak upon applying an external 
stress defines the strain 
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Determination of tensor components
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Stress-strain curves

La based metallic glass

Only elastic strain !!!

Catastrophic failure !!!!

Crystalline metal

X.D. Wang et al 2009
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Plastic deformation at high temperature

J. Bednarcik et al 2010
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Summary

> Nuclear resonant scattering opens a time window to study 
the glass transition at the timescale of the α-relaxation 
around the critical point

> Confined systems can be selectively studied without 
background from the martix

> Bulk metallic glasses may be used as a simple model 
system to study glass-physics

> In addition they show some interesting mechanical 
properties

> Detailed structure studies may help to understand the 
process of glass formation


