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Introduction

e Glasses and amorphous materials are structurally disordered.

e Force constant disorder results from structural disorder and internal stresses.
e Nearest neighbour order in general similar to crystal.

e Glassy spectrum at higher frequencies similar to cystalline one.

e Elastic constants similar to crystalline ones, normally somewhat lower.

Glassy properties

e Vibrations, Boson peak, sound wave damping, localization.
e Two-level systems (tunnelling).

e Diffusion mechanism, isotope effect, activation volume, dynamic heterogeneity.
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Specific Heat of Amorphous Silica

two-level systems (tunnelling)

F = A 4+ AO
Ag ~ hwe ™

A =g/h/mEyd

standard tunnelling model

localized motion
N ~ 106
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harmonic vibrations, Boson peak

2
Iinelastic(w) X g(w)/w

dynamical matrix: w?, € o
continuum of modes
e.g. random matrix models

extended modes
N ~ 1072
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Vibrations
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random matrix realisations

o%u(JR™ — R™|)

mn o 2 m n
Dals = orgomy > me(@) e(o)gle(o)] (1)
Z(v) = <3N1_ 5 > S(w— w“)> (2)

dynamical matrix is N X N but has N eigenvalues
—=======>> additional information needed

too weakly restricted random matrix has negative eigenvalues

too strongly restricted random matrix reflects ad-hoc restricti-
ons
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softpotential model

assumption:

e some groups of atoms show a soft local vibration

e their structure does not strongly depend on their vibrational frequency.

V(@) = ¢ [n(z/a)® + Hx/a)® + (2/a)"]

low frequency limit: p(n,t) = pg|n|

——=—=—==—="> universal behavior
meff > 10m

coupling to phonons strong and not proportional to w?

P —-90P~0

note: in fcc, hep fpgrair >> 0 but frerr < O
local stress leads to cancellation of force constants
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Boson Peak and sound waves

e split modes into sound waves and local modes
H = Hgw + Hlm + Hint + Hanh
e interaction between local modes via sound waves

Jex X W
unstable modes

e remove instability by anharmonicity
gex universal shape
4
Jex X W forw — 0
gex X w for w > wpp
tunnelling states

e scatter sound waves on gex
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Weakly Interacting Oscillators |

ki o 1 1 4
Utot(xl,:ljg,...,xs) = szl —5 Z Izjmzajj—l—ZZAzmz, Az' >0
) 1,771 )
k. — 2 _ 2
i = mw; e. g go(w) =3w” w<1
I;; = gijJ/""?j J=A*/p/v
. 3 :
M1 = —kix1 + Z Ijx; — Az} low frequency oscillator
J#1
M;z; = —kjz; + Z Ijjx; — Aj:c?, 7 #£1 high frequency oscillator
(o]
dU,
M1 = —(k1 — k)1 — AlaZ? = ——eﬁ(ml)
dxq
17, 72
k= Z kj = M 2
j#1 “0
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Boson Peak

2
_ Miwr 2 | q 4, 1
Uit = >, —5tx; + 12 Aix; + 3 Zi,jyéi Lijxix;.

interaction ===>> harmonic instability anharmonicity ===2>> stabilisation

—==—=">> universal shape of boson peak
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Gurevich et al., PRB 67, 094203 (2003)
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Boson peak intensity

ki o 1 1 A
Utot = Ez i3 > lijwizj + ZZA”&% > fiwi D Alijwi;
v ,J 71 @ i i,j 71
1O1§_'I""I ! LI LI | ! LA IR
i w2
10°L = N=2197, J=0.1 / N

/

9(w)/w

wc
©p W, (0)
e . I(wpp) < wgp
107"
w

Gurevich et al., PRB 71, 014209 (2005)
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Boson Peak Pressure Experiment

300 "
®  Pressure exert
250 | _ 70 L i Is’;el\s/[slgte release B i
200 F 8 ol - .
|E 5 ~
_ - |
\()/ 150 —é 50 L -
a — theory &
100 | . = @0 31
3 m g-Si0, ] g a0 - @ Po 2.733;1)‘;6 i
50 F P,=0.44 GPa 3 .
: ] 30 [ -
O TR E AR ST NSRS NS SR SR ‘ ‘ ) ) ) ) ) ) ) .
0 10 20 30 40 50 0 5 4 6 8 10
P <G Pa ) Pressure (GPa)
SiO A5253
experiment: Hemley et al. (1997) experiment: Andrikopoulos et al. (2006)
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Boson Peak and sound waves

T-matrix scattering approximation, Z. Phys. B 21, 255 (1975), averaged over Boson Peak excess spectrum

1
mw? — mwo(q)? + B(q, w)

S(q,w) x SG(q,w) < 3

FX: shift
0 width
(g, w) = / g (ws)ts(q, ) duss
S

[(alol]s)|”
m (w? — w? — 2wsys(w))

ts(Qa w) ~

(q51]s)|* < ¢*, ¢*

vs(w) ox w, w3

wo(q), wgp plus 2 or more parameters
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Boson Peak and sound waves,glycerol

glycerol

FWHM [meV]

10

glycerol

fit to G. Monaco and V. M. Giordano, PNAS 106, 3659 (2009).
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Two Level Systems

Ag ~ Wexp (—S/h)
0 0

' S = / |p|da;:2/\/2M [Uog(z) + V]da

2 4
Ueff(x) =kx +X

2 4
Ueﬁ(x) =—-fx +kx +Xx

V(x)

standard tunnelling model recovered (+log corrections)
consistent set of parameters for TLS and BP

nprg ~ 1077

52
pv
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Computer Simulation: Vibration

V(r) = 1/r% 4 cutoff correction

3.0 | | | | | | |
A 150 —
I
2.5 - Iy -
/ : —_~~
II : mbg
2.0 [ -
— /o 100
B /o 3
N 1.5 / : - ~—
/ : ™
/I : E‘W
/
1.0 // ! - \D 50 -
JSN :
0.5 — / ; L
% :
e |
0.0 T T T 7 0

©
=}

0.5 1.0 1.5 2.0 0
v(m 02/5)1/2

HRS + Oligschleger, PRB 53, 11469
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Computer Simulation: Vibration |l
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Computer Simulation: Vibration IlI
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Classification of Structures ?

Voronoi-Delaunay tesselation; e.g. tetrahedricity
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Jumps and Diffusion

total displacement diffusion coefficient

2 T: 1 n n
R(t) = \/Zn: (R"(t)—R"(0)) D = lim — ([R"(t) — R"(0)])
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Oligschleger + HRS, PRB 59, 811 (1999) Faupel et al., Rev. Mod. Phys. 75, 237 (2003)
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Quasi-Localized Vibrations and Jumps

O
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Cooperative Jumps

glass
e
Soft sphere glass, T' = 0.157},
Schober et al. (1993)
melt

as B
&./)"&'L. .

binary Lennard-Jones
Donati et al. (1998)
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Dimension

> AR ()" (RE — RGM) (R — RG™M)
> AR ()] |

where we take the exponents © = 2 and p = 4, and

RCM _ > |AR™(5)[F R"
> IAR(G)H

Gaﬁ(j) —

eigenvalues: pi(j, 1) and average gyration radius

Reyr(j, p) = \/% Z pi(d, 1).

d(o,4)

Al i) = > p' (4, 1) / max p'(j, 1)
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Dynamic Heterogeneity

aa(t) = . —1
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Isotope Effect
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Pressure Dependence

MCT
Vaet ~ —kT [21nD yMCT e (2D v 0T
act ~ op | act Op (T'—T¢) Op
crystal e I
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V. ~ 8Em—|—Ef % 0'8k .d* large: small= 80:20
act ~ 8p % o p=0
) T g 06~ ool\\\.. experiment L ]
Vact = €2 vacancy diffusio n E % .
Vet ~ 0 interstitial diffusion M 8 g
% 0.2 T, .
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fauid o1 DYICT
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VFT
DVFT _ pVFT —F Jk(T—Tp) 4 T

T—Te) ap - cusp

ac T—T, D
(T=To) T H. R. Schober, Phys. Rev. Lett. 88, 145901 (2002)
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Atomic Jump Length in Cus3Zrg; |
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Atomic Jump Length in Cus3Zrg; |

£ > 0.06 nm
£ > 0.10 nm
¢ > 0.15 nm
£ > 0.20 nm
£ > 0.25 nm

: 2
mean square displacement (nm )

time (ns)
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Paircorrelation: self-hole

T = 1200 K filling of self-hole with time
T = 2000, .... 700 K
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Diffusion in the binary Lennard-Jones system

Ty ~ 0.35¢/k

m\ ™ T 1.2
- ~ A A .
oF S AAA A MCT fit:
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E 10 F A te “o
: e A ‘o +<
8 E A b Q
= +F B -
o 10°F a ': 9 ° 1.0
- & Schober, PCCP 6, 3654 (2004)
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Ageing

binary Lennard-Jones system, quench from T, to =~ 0.97,
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Ageing ||
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Summary

e diffusion in the glass and undercooled melt is highly collective
e pressure derivative follows mode coupling theory

e no preferred jump length

e smooth transition jump — flow

e dynamic heterogeneity

e different aging of density and dynamics

e correlation quasi local vibrations — jumps
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