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Abstract: <span>Amorphous materials (glasses) probably

constitute >90% of the solid matter surrounding usin everyday lifeyet
traditional textbooks of condensed matter physics devote virtually no space to
them.Crudely speaking,the puzzlesin the behavior of glasses can be divided
into three major areas:the glass transition itself,the characteristic long-term
memory effects and the near-equilibrium thermal ,dielectric and transport
properties;this talk focusses entirely on the third area.Over the last 40 years

it has become apparent that the thermal and transport properties are not only
qualitatively universal between glasses with totally different chemistry and
microstructure,but in some cases possess a truly mind-boggling degree of
_quantitative_ universality.In thistalk | will describe the salient

experimental data,review the established ("tunnelling two-level

system") model commonly used to interpret them,and introduce a rather
different scenario (developed in collaboration with D.C.Vural) which holds out
some prospect of explaining the& nbsp;

universalities in a natural way.</span>
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THE CINDERELLA PROBLEM OF
CONDENSED-MATTER PHYSICS
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GLASS

Typical “textbook” phase
diagram (H,0):

SOLID

LIQUID

B
critical
point

VAPOR

Liquid phase:

a)

b)

(Time-averaged) density
spatially uniform

Cannot sustain shear

Crystalline solid:

a)

b)

time-averaged

If we define 7~ density

Pe=Q" J‘d('e"k “(p(r),
then forsome K # 0 Pr #0

Shear modulus nonzero
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General belief: groundstate

a) In thermodynamic limit, GS of any element or
mixture of elements is either a crystalline solid or
(exceptionally: He!) a liquid (1: quasicrystals!)

b) On sufficiently slow cooling at constant P, this GS
will be obtained

But:
a)  What is “sufficiently slow”?
b)  What happens if it is not?

Intuitively, expect fast crystallization for e.g. single
non-gas elements (?: mixtures of rare gases?), much
slower for e.g. large biomolecules.
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If no crystallization...
GLASS

‘“NORMAL”
LIQUID

LSlJPPR( ‘OOLED
P I LIQUID

—

Glass transition (“vitrification”): not a phase transition,
but a dramatic chang],e of kinetic coefficients, e.g. huge

up to 17 orders of nmgmtudo)

“Ty v a matter of convention and somewhat cooling-
ralo-(l[]pomlmll usual convention point at which n -
Pals (1 Pals =1 kg/m-sec: n of H,O at RT ~ 1073
Palls) T, always < T, typically ~ 0.7 TS.

C ]l:IIl(’(‘ in visc ()%lty
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The glass (“amorphous solid”) phase
defining characteristics:

a) pi~1/024(d <o) forallk # Oi.e. no

crystalline order

r :
. (p(r0)p(rt))dt — p; # 0
in general (i.e. not liquid) \-mean density

. =1
However, lim 7 I

Nonzero shear modulus over
“experimental” time scales.

Are glasses just “extremely viscous” liquids?
cf the cathedral-window problem*

*Zanotto and Gupta, Am. ]. Phys. 67, 260 (1999).
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Types of glasses:
« Silicate (SiO,, GeO,)
» Borosilicate (B,0,,...)
+ Lead-crystal (PbO)
« High-polymer
+ Electrolytesolution

May contain electrichnagnetic rlipole moments.
May show f(—*rr()magrwtism/sll')in glass/normal-metallic
(e.g. PACuSi)/even superconductivity (e.g. NbTi)

For nonmagnetic, nonmetallicglasses, 3 main classes of
problem:

) The glass transition
»)  Aging and relaxation effects

.)*  Thermal and ultrasonic (-3.\'[I)lorc-3 region close
(and dielectric) properties to local minimum

]-exp]ore whole phase space
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A “minimal” picture of the thermal and ultrasonic

properties of glasses: the “disordered-harmonic”
model.

|1 VA YA
e ! [ATANA
crystalline solid glass
In each case,

H Do 2m+4> V(1)
=> pll2m+% >, V, sl s,

H 1.J.c. 0
= can be exactly diagonalized:
H= Z ho,a; a,
t
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Consequences:

1

No nonlinear effects (response of SHO's
strictly linear) _—Bose distribution
c (T)= J‘nf' p() % do

\:;-'(m @)
For w—0, only contribution is from long-
wavelenth longitudinal (I) and transverse (t)

modes of elastic continuum = p(w) « ®°
(just as in crystalline case)
Expect also higher-frequency localized modes

In approximation that under both
compressional and shear stress &y, «|R’ - R?|,

(Lord Rayleigh 18867)

. 1 Y
pIEd]Ct(;/(:_J_;'
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Of these predictions, (4 ) seems consistent both
with intermediate-temperature behaviour of
specific heat (“boson peak” in ¢ -¢ Peby¢) and with
inelastic neutron scattering. Also (5) verified
within <10%. However:

(2) + (3) — in limit T'— o, ¢, < T3 (Debye law)

Not true! (Pohl, 1970): for almost all amorphous

solids below ~1 K,
c,(T) < T"** o ~ 0.2-0.3

(1: could almost certainly fit equally well to ¢ (T)
< T'In(T,/T))

= extra low-energy DOF’s besides long-
wavelength phonons ““degreesof freedom
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Universality of thermal conductivity:

1

o1l “platean”

l=150A

104

103 4

1074

107} Y 10 103
o-

“1 )t'|JyL‘" T

x
Plot of th VS. ’I"/F)gl()()ks even more universal”, in
particular both low-T and high-T data collapse on to
single curve.
It seems certain that at least for T'< 1 K thermal transport
is entirely or mainly by phonons*. If so, data indicate that
phonon eilltrasoun(l) mean free path for hw ~ kgT' is

= 150 A, or equivalently () ~3x107".
This is consistent with c]uoct measurements of ultrasound
absorption and velocity.

*Anderson and Freeman, Phys. Rev. B 34, 5684 (1986).
#Zaitlin and Anderson, Phys. Rev. B 12, 4475 (1975).
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TUNNELLING 2-LEVEL SYSTEM
(TTLS) MODEL

In “site’ ba51s 2.S Hamiltonian is | \ JSo

Whal is DOQ of 21.S? p(F)= J‘dﬁ'j(l;\ P(e,AN) J(ﬁ' — \/z:" +A® )
\.density of states
so need P(g,A).

Ansatz:
a) P(g,A) :ﬂf)()(/\) (i.e. no correlation between € and A)
b) f(f‘) = const. /-WI(B experiment - [m(b/h

¢) Since A ~ w pr-l 1fwc assume p(A) = const. (big
if!), then q(/\)

p(E)- J‘dFJ‘d\D([—‘ \[F + A? ) const. (standard notation:

pP(E)—> P)

per unit volume A/ 2034 5 1/
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If so, then ¢ (1) = '[Of dEp(E)sech® E/2T o« T

approximately as experiment.

ULTRASOUND ATTENUATION AND VELOCITY™

Generally speaking, in “canonical” (energy)

basis, TLS couple to strain field through both
o.and &, = absorption of ultrasound
(phonons) and spontaneous phonon
emission (relaxation), with some “typical”

relaxation time t. (= f{E), hence f{T))

*1. Jackle, Z. Phys. A 257, 212 (1972)
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2 major regimes, distinguished by value of wt:

A. “Resonance” regime (mr S>> l) (o, (‘nup]ing}\\
Absorption of US by direct excitation of TLS:
= at T'= 0, Q" (w) independent of w and

mean-square coupling to strain
i o,

2 ZNhf -
pe

v-
/

given by o'(0)= »

At finite T, need to consider both absorption
and stimulated emission: Q"‘(m_'f}) = Q) tanh /2T
—1_ L

f g \Fermi function

Velocity shift follows from KK relation:

An e O (' T . Ya —
Ac J- QO '(»'.T)tanhe' /27 :Q,Tj?ln( ] )
0 4 l[ J

@ — @

C o
(usually most accurate way of measuring ()

o)
Q
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In addition, TTLS model makes confident qualitative
predictions on a variety of nonlinear phenomena
(saturation, echoes, hole-burning...). All seen
experimentally! (And can be fitted quantitativelywith
appropriate choice of fitting factors.)

So...what could possible be wrong with TTLS?
In most [? assy systems, no microscopic picture of
nature of TLS. (Exception: KBr (CN), )
No explanation of higher-T'phenomena, e.g. plateau
in k.
(In simplest form) no account of inter-TLS
interaction.

Cannot explain universality of O, Lxu:pt by
extraordinary coincidence:

77°P | in TLS model, 4 independent quantities
each fluctuating by ~ 5-10

p(.‘
(3+2) x 104 for (essentially) all known glasses.
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