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Glasses and amorphous ma ter ials show , coexistin g with the sound w aves,

a variet y of low energy excitation s: tunneli ng, quasi -l ocal ized vi brations and
relaxation s. T he latter two are observed well into the liqui d state. U sing
molecular dynamics both w ere show n to be centred on more than ten atoms
or molecular units, which form chain- li ke structures. With increasin g fre-

quency the interaction of the quasi- lo cal i zed mo des w ith the sound w aves
and with each other increases, they delocal ize. H ow ever, even at the so-called
b oson peak frequency , w here the sound waves become overdamp ed due to
the interaction, the vibrations can be decomp osed into local and extended

mo des. C losely correlated with the local vibration s are the local relaxations,
w hich can be envisaged as collecti ve j umps of groups of atoms. With rising
temp erature b oth the total j ump length and the numb er of atoms partici-

pating increases. In the melt w hen single j umps are no longer resolved one
still observes a collectiv e motion of chains of atoms.

PAC S numb ers: 61.43.Fs, 61.20.Lc, 81.05.K f

1. I n t rod uct io n

Glassesand amorpho us sol ids are m ateri als wi tho ut long range order of thei r
consti tuents. They have, however, a considerable short range order whi ch decays
on the scale of a few nearest neighb our di stances [1]. There is no uni versal ly agreed
di stincti on between glassesand other am orpho us substances. Som e workers speak
of glassesonl y when the l iquid is quenched beyond i ts melti ng point into the un-
derco oled region, unti l Ùnal ly the tra nsiti on from l iqui d to glass is seen as change
of the volum e expa nsion or as step in the speciÙc heat. The corresp ondi ng glass
tra nsiti on tem perature, T g, is not a well deÙned quanti ty, i t depends on the history
of the glass, especial ly the quench rate. Someti m es the glass tra nsi ti on is deÙned
as the tem perature where the vi scosity grows to ² ( Tg ) = 1013 Poise. The values of
T g obta ined by di ˜erent deÙniti ons vary by a few percent. Apa rt from thi s quench
pro cedure am orpho us m ateri als can be pro duced by various other techni ques such

(83)



84 H .R. Schober

as i rra diati on. One can exp ect m any sim i lari ti es between defect crysta ls and am or-
phous materi als. In the fol lowi ng we wi l l not disti ngui sh between glassesand other
am orpho us m ateri als.

At a Ùrst vi ew glasses behave l ike crysta l l ine sol ids. They can carry sound
wa ves, thei r elasti c constants are simi lar to the ones of thei r crysta l line counter-
parts (a lbeit isotro pic) and the vi brati onal spectra are simi lar. At low tempera-
tures, however, qual i ta ti ve di ˜erences are observed.

At the lowest tem peratures, below ¤ 1 K, the dyna m ics in glasses is dom -
inated by two -level system s [2] whi ch can be described by the tunnel ing m odel
whi ch wa s form ula ted nearl y thi rty years ago [3, 4]. In addi ti on to these tunnel -
ing states, one observes in glasseslocal relaxa ti ons and at f requenci es near 1 T Hz
an excess of vi brati ons over the D ebye value (g iven by the sound waves), the
so-cal led boson peak. T o describe these excess of low energy exci ta ti ons, the tun-
nel ing model was extended to the soft potenti al m odel [5, 6]. From thi s m odel
\ uni versa l" temperature dependencies can be deri ved f or tem peratures of some
10 K. Com pari ng the m odel to experim ent one Ùnds tha t the excess low energy
exci ta ti ons are col lecti ve m oti ons of 10 to 100 ato m s [7, 8].

The m ost popul ar m odel to describe the underco oled l iquid is the m ode
coupl ing theory [9]. In thi s stati stical model a nonl inear memory kernel leads to
a bl ocki ng of modes at T c . It predi cts scal ing rel ati ons and dependencies of the
form (T À Tc )Û for quanti ti es such as the di ˜usi on constant. The tem perature T c i s
norm al ly well above T g. In the so-cal led fragile glasses(m eta l lic glasses,polym ers)
i t is seen in a sharp upturn of the vi scosity in the underco oled liqui d.

At present there is not yet a com mon theory for both the glassy and the
supercooled state. The tra nsiti on from one regim e into the other is probed by ex-
perim ent and increasing ly by computer simul atio ns. The accum ulated data should
help to pro be the l im its of the existi ng theori es and gui de to wards a theo ry bri dg ing
the present gap between glass and l iqui d theo ries.

In thi s contri buti on we wi l l revi ew com puter sim ulati ons m ainly in the glass.
The emphasis wi l l be on col lective e˜ects.

2 . Si mu l ati on m odel s

Our m olecular dyna m ics simul atio ns are done f or system s of 500 to 10000
ato m s wi th periodi c boundary condi ti ons. The equati ons of moti on are integrated
by the vel ocit y Verl et algori thm wi th a ti m e step of order fs. W e use cool ing rates
of Ñ 1 0 1 1 K / s and aging ti m es of order ns. For the model system s of soft spheres
and Lenna rd{ Jones atom s these values corresp ond to a conversi on to Ar. Zero
externa l pressure was exerted on al l but the soft sphere system s where the volume
wa s kept constant. D etai ls of the simula ti ons can be found in the ref erences given
further down.

T o check the m ateri al dependence of the results i t is necessary to sim ulate a
vari ety of di ˜erent materi als. In our group we use m odel system s (soft spheres and
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Lenna rd{ Jones, both m onoato mic and binary) and m odels of the binary m etal l ic
glass CuZr and of Se.

The soft spheres (SSG) are described by a purel y repul sive potenti al

V ( R ) = ¯ ( ¥ =R )n + V cu t ; (1)

where n = 6 or n = 1 2 and V c ut i s a smal l correcti on to give a smooth cuto ˜.
As a simpl e m odel potenti al whi ch al lows for zero externa l pressure we use

a Lennard{ Jones potenti al

V ( R ) = ¯
È

( ¥ =R ) 1 2
À ( ¥ =R ) 6

Ê
+ V c ut : (2)

W e use thi s potenti al both for m onoato mic and binary system s. In the latter the
parameters are ta ken from Ko b and Andersen [10].

As a typi cal exam ple of a binary meta ll ic glass we chose Cu 3 3 Zr6 7 . The
intera cti on is described by a m odi Ùed embedded ato m potenti al , for deta i ls see
[11]. The resul ts do not stro ngly depend on the choice of intera cti on. As far as
data are availabl e there is a good agreement wi th the simi lar Ni Zr system modelled
wi th a to ta l ly di ˜erent intera cti on [12].

As an exam ple of a good monoato mi c glass form er we sim ulate selenium . Se
has a coordi nati on num ber near 2. The am orpho us structure consists of internetted
ri ngs and chains. W e describe i t by a potenti al of the Sti l linger{ W eber typ e. In
thi s potenti al the covalent bonds are described by an addi ti onal three- body term
V 3

À
j R 1

À R 2
j ; j R 1

À R 3
j ; cosÈ 2 1 3

Â
, where È 2 1 3 i s the apex angle [13].

The exam ples presented in the f ollowing wi l l be ta ken from sim ulati ons of
these di ˜erent m ateri als. We wi l l emphasize the qual i tati veaspects whi ch are equal
for al l these system s.

3. Vi b r at io ns in t he glass

The vi brati ons in a glass at low tem peratures can be most easily studi ed in
the harm oni c appro xi mati on. As exam ple we quench sam ples of up to 5488 ato ms
of a SSG wi th n = 6 (Eq. (1)) to T = 0 K. The ato mic conÙgura ti on wi l l then
correspond to a m ini mum of the potenti al energy and we can expand the energy in
term s of the di splacements f rom thi s m inimum energy. The quadrati c term deÙnes
a dyna m ical m atri x

D
i j

˜ Ù
=

1
p

m i m j

@2 E po t ( f R g )

@R i ; ˜ @R j ;Ù

: (3)

Here we denote by i; j the ato m s and by ˜ ; Ù the Cartesi an coordi nates. D iago-
nal izati on gives, in harm onic approxi matio n, the frequenci es of the eigenm odes of
vi bra ti on and thei r eigenvectors, i .e. thei r spati al structure. Fi gure 1 shows for the
SSG the spectrum of al l m odes as well as the D ebye spectrum , calcul ated f rom
the elasti c constants. The area between the two curves corresp onds to the excess
in low frequency m odes, typi cal of the glassy structure. In a pl ot of Z ( ¡ ) = ¡ 2 one
Ùnds a m axi mum around ¡ = 0 : 1 , the boson peak.
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Fig. 1. C onÙgurational l y averaged vibration al density of states of the soft sphere glass

(solid line) w ith n = 6 and Debye spectrum (dashed line) [14].

The eigenmodes at the boson peak frequency have a com pl icated structure.
Thi s has to be expected, since low frequency vi bra ti ons are resonant m odes and not
pro per local ized modes.Lo cal ized m odes are observed at the high frequency end of
the spectrum . The low frequency m odes can, however, be decomposed into sound
wa ves and local vi brati ons [14]. The latter are in ful l accord wi th the predi cti ons
of the soft potenti al m odel [7]. The intera cti on wi th the local vi brati ons causes an
attenua ti on of the sound wa ves. W i th increasing frequency the Io˜e{ R egel l im it
is reached, the phonon mean free path drops to the wavelength. The increasing
intera cti on between the modes leads to a level repul sion and Z ¡ / ¡ . In the
Z ( ¡ ) = ¡ 2 representa ti on the intensi ty drops causing the boson peak maxi mum.

The cores of the deconvo luted soft local ized m odes form chain- l ikestructures
wi th side branchi ng and have a di mension ¤ 1 : 5 . The m odes are centred at irreg-
ul ari ti es of the glassstructure . The Ùrst neighb our shell is reduced in numb er but
compressed, i .e. the m odes are not connected wi th holes in the glass.

The soft quasi-local vi brati ons originate in the f rustra ti on inherent to the
di sorder. For a simpl e one-ato mic densely packed structure one can envi sage the
frustra ti on stemm ing from the di ˜erence of the global ly m ost dense structure (f cc
or hcp) and the local ly most dense icosahedra l structure. The latter structure is
not space Ùll ing. The resul ti ng structura l com promise wi l l lead to som e ato m s or
groups of ato m s being squeezed into positi ons belonging to neither structure.

W e il lustra te thi s for an exam ple of a quasi-local ized soft m ode. The ato ms
are shi fted along the di recti on of the 3 N -dim ensional, norm al ized eigenvector, e,
accordi ng to

R n
( x ) = R n

0 + x en ; (4)

where R n
0 i s the equi l ibri um positi on of ato m n [15]. For simpl icity we have not

norm al ized the am pl i tude x to an e˜ecti ve atom ic am pl itude as is usual ly done
in the soft potenti al model. In Fi g. 2 the average potenti al energy per ato m,
h U ( x ) i to t (sol id l ine), is shown as a functi on of the di splacement along a sing le
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Fig. 2. Average potential energy of atoms in a single soft mode w ith frequency

¡ = 0: 0 98 5, particip atio n ratio p = 0: 23 . Solid line: h U ( x , potential energy averaged

over atoms in the system. Dashed line: , the p otential energy , aver-

aged over 61 atoms of the core of the mode. Dotted line: least squares Ùt of the partial p o-

tential energy by a soft potential p olynomi al [15] .

soft eigenmode. Thi s is one of the soft potenti als whi ch are described by the soft
potenti al m odel [16, 17]. By the dashed l ine the avera ge potenti al energy of the 61
ato m s whi ch are m ost acti ve in the given m ode, are shown. Ato m s are
considered as acti ve in a given m ode i f thei r ampl itude, , is at least 30% of the
m axi m al ato m ic am pl itude in the m ode. The potenti al energy of the core
ato m s is indeed doubl e-well shaped wi th m inim a at 1 3, whi ch corresponds
to maxi m al di splacements of indivi dual atom s by from the
equi l ibri um conÙgurati on. Thi s m axi mal ato m ic di splacement is of the order of the
one observed in local low tem perature relaxa ti ons [18]. The ato ms are stabi l ized in
thei r minimum positi on by the embedding into the glassy matri x. Thi s situa ti on
is very sim ilar to wha t one observes for self- intersti ti al ato m s in fcc m etals [19].

Simi lar low frequency modes have been observed in simul atio ns of SiO [20],
Se [21], B O [22], in Ni { Zr [23] and Pd{ Si [24], in am orpho us ice [25] and in
am orpho us and quasi-crysta l l ine Al { Zn{ Mg [26].

In addi ti on to these periodic exci ta ti ons, aperiodic therm al ly acti vated re-
laxa ti ons of the structure occur. In the soft potenti al m odel the local relaxa ti ons
(at low tem peratures) are strongly correl ated wi th the local soft vi bra ti ons. Exp er-
im enta lly thi s is supp orted by the simi lari t y of the structure factors of both typ es
of exci ta ti ons [27]. At low tem peratures these local relaxa ti ons can be envi saged
as a change of conÙgurati on by therm al ly acti vated hoppi ng of a group of ato m s.
These conÙgura ti ons are conÙned to some area of conÙgura ti on space separated
from the rest by hi gher barri ers. W i th ri sing tem perature higher barri ers can be
overcome unti l Ùnally di ˜usi on becomes possible. From di ˜usi on m easurements in
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m etal l ic glassese˜ecti ve m assesof m ore tha n ten have been deduced f or the group
of ato ms parti cipati ng in the jum p pro cesses[28].

T o study relaxati ons we heat the glassesfrom T = 0 K to the desired tem per-
ature where they are kept appro xi m atel y for 0.5 ns. Af ter an ini ti al equi libra ti on
ti m e of ¤ 5 0 ps at each temperature we m oni to r the to ta l displacement Â R f rom
the starti ng conÙgura ti on [29]

Â R ( t ) =

s X

n

[R n
( t ) À R n

(0 ) ] 2 ; (5)

where R n ( t ) i s the positi on vecto r of parti cle n at ti m e t and R n (0 ) i s the
one at the starti ng or reference conÙgurati on. Â R ( t ) oscil lates due to the vi -
bra ti ons and changes due to relaxati ons, i .e. due to the tra nsiti ons from one
local energy m ini mum to another. An exam ple is shown in Fi g. 3 for the SSG
at tw o tem peratures. At T = 0 : 0 2 T g the glass clearl y jum ps between three con-
Ùgurati ons. Let us denote the conÙgurati ons A; B ; C . The jum p sequence is
B ! C ! B ! C ! A ! C ! A . By quenchi ng to T = 0 K we Ùnd the potenti al
energy di ˜erences Â E B

À Â E A = 1 : 7 4 È 1 0 À 3 ¯ and Â E C
À Â E A = 1 : 8 1 È 1 0 À 3 ¯ .

These energy di ˜erences are of the order of the tem perature. The corresp ond-
ing spati al distances between the conÙgurati ons, Eq. (5), are Â R A À B = 1 : 6 3 ¥ ,
Â R A À C = 0 : 9 6 ¥ , and Â R B À C = 1 : 0 ¥ , i .e. they are of the order of the nearest
neighbour di stance R N N = 1:1¥ . The m axi mal distance an indi vi dual ato m tra v-
els in these jum ps is only 0 : 3 ¥ , about a quarter of R N N . Such relaxati ons can be
observed experim enta lly e.g. as tel egraph noise in the electri c resisti vi ty of point
conta cts [30]. Increasing the tem perature by a factor of four the avera ge di splace-
m ent in the ini ti al conÙgura ti on doubl es as expected for a vi brati onal mean square
di splacement. The jum ps seen at the lower tem perature can no longer be resolved
and new jum ps over larger di stances are observed.

Al l observed relaxa ti ons are col lecti ve jum ps local ized to 10 or m ore ato ms
form ing twi sted chain-l ik e structures wi th some side branchi ng [18]. An exampl e
of such a structure is shown in Fi g. 4 [31]. The chain structure is a consequence
of the dom inance of the nearest neighb our bond in close packed structures. A low
tem perature rel axati on is only possibl e i f these bonds are not strongly compressed.
W e observe simi lar structures in am orpho us Se [29, 30] and CuZr [11, 32].

In m ateri als wi th a di ˜erent inherent structure these relaxati ons wi l l be
di ˜erent. In SiO2 we woul d expect them to be col lecti ve twi sts of tetra hedra as
has been postul ated for the soft vi brati ons [33]. The ori gin wi l l be, however, the
sam e as for the soft vi brati ons, nam ely local stresses leadi ng to a softness in one
di recti on of the m ulti dim ensional conÙgurati on space.

W hen the tem perature is increased, the jum p wi dth increases.Thi s is plausi -
bl e consideri ng tha t the relevant barri ers wi l l becom e higher. At the same ti m ealso
the num ber of ato m s parti cipati ng in a single jum p increases, the j um ps become
m ore col lecti ve [34].
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Fig. 3. Total displ acement relative to a local minimum conÙguration as function of

time for one sample of the glass of Fig. 1 w ith N = 5488 at tw o temp eratures. Please

note the di˜erent scales for Â R [18] .

Fig. 4. C ollectiv e j ump in the glass of Fig. 1 at T = 0 : 15 T g . The initial p osition s of

the atoms are show n by the dark spheres and the Ùnal ones by the shaded spheres.

T he bonds connect nearest neighb ours. Shown are all atoms with more than 40% of the

maximal atomic displacemen t [31] .

In accord wi th the soft potenti al m odel , the local relaxati ons are strongly
correl ated wi th the soft vi brati ons [29, 18]. There is also a stro ng correl ati on be-
tween subsequent jum ps. If one marks the ato m s whi ch have jum ped duri ng a
ti m e interv al thi s latter correl ati on leads to an increase in ti me in the num ber of
\ m ovabl e ato m s". Thi s e˜ect is kno wn as dyna m ic hetero geneity . W e i l lustra te i t
in Fi g. 5 where we show the mobi le ato m s at T ¤ : T after som e ns (i n Ar
uni ts). The e˜ect is general , the size of the region at a given ti m eand tem perature
wi l l depend on the parti cul ars of the intera to mic intera cti on. The dyna m ic het-
erogeneity is largest at low tem peratures and rapidl y decreasesin the underco oled
l iqui d. In a glass at low enough temperatures it persists \ for ever" . At higher
tem peratures al l ato m s wi l l move eventua l ly, and homogeneity is restored f or long
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Fig. 5. Initial positio ns in a sample of the glasses of Fig. 1 of atoms displace d

by more than 0.3 of the average nearest neighb our distance during a time interv al

Â t = 3600( m ¥
2

= ¯ )
1 = 2 at T ¤ . T he total displac ement is approximately 8 nearest

neighb our distances [18].

ti m es.
The correlati on between subsequent jum ps is seen also in burst of acti vi ty .

A spati al region of the glass can be inacti ve for a long ti m e. But one jum p can
tri gger a num ber of correl ated jum ps before the glass settl es again into a m ore
inacti ve period [35].

Co mputer simul ati ons in the l iqui d state, especial ly wi th respect to MCT,
have been discussed in num erous papers and revi ews, see e.g. [10, 12, 36]. For
sim ple system s the predi cti ons of MCT are at least semiquantita ti vely repro duced
in these calcula ti ons.

Fig. 6. A toms in a melt of C u Zr at K with the largest displaceme nts

b etw een time averaged conÙguration s separated by 6.5 ps. Shown are C u (light spheres)

and Zr (dark spheres) atoms displaced by more than 1.6 ¡A and 1.45 ¡A , resp ectively [34] .
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In the l iquid state i t is no longer possible to separate single jum ps. T o obta in
inf orm ati on on the ato mic structure of the moti on one can study the di ˜erence
between structures som e ps apart. T o rem ove the e˜ects of vi brati ons these con-
Ùgurati ons have to be averaged over a typi cal vi bra ti onal period. Fi gure 6 shows
an exam ple for underco oled l iquid Cu 3 3 Zr 6 7 . There are two stri ki ng e˜ects . Fi rst,
cl earl y the smaller Cu ato m s are m uch m ore m obi le. Second, we observe stri ng- l ike
structures sim i lar to the ones shown for the am orpho us materi als, Fi gs. 3 and 4.
These structures indi cate a high degree of collecti vi ty in the m oti on also in the un-
derco oled l iquid. They have been studi ed extensi vely for a bi nary Lennard{ Jones
system by D onati et al . [37]. These autho rs report a m ark ed increase in col lec-
ti vi ty when the liqui d is quenched to T c . These m obi le stri ngs again wi l l lead to
a dyna mic heterogenei ty . Exp erimenta l ly col lective moti on has also been deduced
from the vanishing isoto pe e˜ect in di ˜usi on [38]. In the simul ati on one observes
a decreasing isoto pe e˜ect when one cools to wards Tg [39].

6 . Su m m ar y

In summ ary, the sim ulati ons have shown tha t the addi ti onal vi bra ti onal
m odes observed in glassesat low frequenci es are due to quasi-local ized vi brati ons.
These intera ct wi th the sound wa ves and wi th each other. Thi s leads to a stro ng
m ixi ng of the m odes, a delocal izati on. The computer simulati on supp orts the de-
scripti on in term s of the soft potenti al m odel . The m odes are typi cal ly centred
on around 20 ato m s. The local ized vi brati ons are related to i rregulari ti es of the
glass structure, causing som e frustra ti on. The m odes stri pped of thei r intera cti on
tend to low di mensional , chain- l ik e structures . Cl osely related to the soft local ized
vi bra ti ons are local relaxati ons whi ch can be understo od as a collecti ve hopping of
ato m s. In the inv estigated systems these groups of ato ms form again low dim en-
sional structures , typi cal ly chains wi th some side branches.

W ith increasing frequency the intera cti on between the local ized low fre-
quency vi brati ons increa ses leading to a increased delocal izati on of the modes.
Simi larl y the numb er of ato m s parti cipati ng in the hoppi ng m oti on increaseswi th
tem perature. There is a strong correl ati on between hoppi ng and local vi bra ti ons
and a long-l ived correl ati on between subsequent hops.
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