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Universality of the dynamic crossover in glass-forming liquids: A ‘‘magic’’ relaxation time
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Analysis of experimental data on the structural relaxation timeta in various glass formers revealed its
universality at the critical temperatureTc of the mode-coupling theory. In most glass formers studied
ln ta(Tc)52(6.5–7.5). Possible reasons for such a universality are discussed.
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The nature of the glass transition phenomenon still
mains poorly understood. Research in the field of the g
transition for many decades has been concentrated in
temperature range around and below the conventional g
transition temperatureTg @1,2#. The main question asked wa
what kind of transition would occur if the glass-forming sy
tem was cooled extremely slowly.

However, already in the 1960s, a couple of groups p
posed@1,3,4# that something might be happening with th
glass-forming liquids at temperatures much aboveTg . In
1963, Boyer and co-workers proposed the existence o
liquid-liquid transition in polymeric systems atT;1.2 Tg .
They collected a body of experimental evidence@5# ~a por-
tion of which appears to be wrong@6#! and ascribed the
transition to a third order thermodynamic phase transition
1969, Martin Goldstein proposed@3# that a crossover from
liquidlike dynamics to a viscous flow driven by over-barri
relaxation should occur at some temperature much ab
Tg . In other words, Goldstein proposed a dynamic crosso
in glass-forming liquids that, according to his estimates@3#,
should occur when the structural relaxation timet
;1029 s.

Developments of the mode-coupling theory~MCT! of the
glass transition in the mid 1980s@7,8# attracted significant
attention of researchers to the temperature range much a
Tg . The applicability of the MCT approximation to a de
scription of the dynamics of glass-forming systems still
mains a subject of heated debate@9,10#. Regardless of that, i
is the theory responsible for shifting attention from the
gion aroundTg to the temperature range above it. The theo
predicts the existence of a dynamic crossover, i.e., a tra
tion from a liquidlike to a solidlike dynamics on a molecul
level, at some critical temperature,Tc , aboveTg . The theory
relates the transition to a qualitative change in a caging p
nomenon~the motion of a particle in a cage formed by i
neighbors! and provides clear predictions for the dynam
of the glass-forming liquids at temperatures aroundTc . Neu-
tron and light scattering spectroscopy, dielectric relaxat
@8#, time-domain measurements by the optical Kerr eff
@11#, and computer simulations@12–14# were all used for
tests of the MCT predictions. Experiments and simulatio
have been done on many different glass-forming systems
cluding small molecule@15–60#, polymeric @61–68#, ionic
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@69–84#, covalent@85–87#, orientational@88#, and colloidal
systems@89#, as well as water@90# and biopolymers@91#. It
has been found that at high temperatures (T.Tc) the dy-
namics of these widely different systems follow reasona
well the scenario suggested by MCT@7#. However, it fails~at
least in the idealized approximation! to describe the dynam
ics at temperatures belowTc .

Tc has been estimated for large variety of materials. M
importantly, it has been found that many dynamic propert
of glass-forming liquids exhibit qualitative changes at te
peratures aroundTc . Decoupling of thea relaxation ~the
main structural relaxation! and slowb relaxation~a second-
ary relaxation! processes happens for most glass-form
systems atT;Tc , although counterexamples exist@92#. De-
coupling of rotational and translational diffusion also occu
at T;Tc @59#. Analysis of the Debye-Waller factor also dem
onstrates some change atT;Tc @87,93#, although one should
note that this result depends strongly on the data analys
particular derivative analysis of temperature variations of
structural relaxation timeta , proposed by Stickelet al.
@16,94#, clearly demonstrates qualitative changes in the
laxation behavior at some temperatureTb;Tc . Recent
analysis of temperature variations of positron annihilat
data also demonstrate qualitative changes at tempera
aroundTc @95#. It has been also found that temperature var
tions of dielectric relaxation strength change aroundTb @96#.
Thus, at present, there is a long list of evidences that so
qualitative changes occur in dynamics of glass formin
systems in a particular temperature range aboveTg .

The present paper analyzes literature data on
a-relaxation time in different glass-forming systems at t
critical temperature of MCT. We carefully searched the
erature for all papers where estimates of the crossover t
peratureTc ~using MCT approximation! has been done fo
various glass-forming systems. Recently, Beineret al. col-
lected estimates of crossover temperature and a cross
frequency for a large number of glasses. Most estimates h
been done using the temperature of the decoupling ofa and
b processes. Also MCT’sTc and Stickel’sTb were used for
many systems, and the temperature of the rotation
translational diffusion decoupling has been used in a f
cases. We want to stress that the temperature of thea-b
decoupling may depend strongly on an approximation u
for the spectra analysis~see, e.g., Ref.@97#, where two dif-
ferent approximations have been used!. Also, decoupling of
the rotational and translational diffusions does not provid
©2003 The American Physical Society07-1
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TABLE I. The values of glass transition temperatureTg , critical temperatureTc , ratio Tc /Tg , and fragilitym.

Tg Tc Tc /Tg m @106# 2 ln tc

Small molecules
Propylen glycol 167 251@15# 1.50 52 7.5@16,17#
Propylen carbonate 158 176@18#, 187 @19,20#, 196 @21# 1.11–1.24 104 5.2–7.7@16,20,22#
Orthoterphenyl~OTP! 243 285@23#, 290 @24#, 293 @25# 1.17–1.19 81 7–7.8@16#

Salol 218 256@26#, 263 @27#, 266 @28#,
275 @29#

1.17–1.26 73 6.6–8.1@16#

Glycerol 186 225@30#, 223–233@31#, 262 @32#,
288 @33#, 300 @34#

1.18–1.61 53 4.4–9@16,35–38#

Sorbitol 264 309@39# 1.17 93 6.5@40,41#
Toluene 118 143@42#, 153 @43,44# 1.21–1.30 107 7–8@45#

m-fluoroaniline 173 212@46# 1.22 109@47# 7.3 @46#, 7.8 @40,47,48#
picoline 133 162@49# 1.22 7.5@49#

n-butylbenzene 128 150@50#, 160 @18# 1.17–1.25 6–7.2@18#

m-tricresyl phosphate 210 260@51# 1.24 63 7@16#

dibuthylphthalate 170 227@52# 1.34 69 6.8@53#

isopropylenbenzene 125 150@54# 1.20 5.8@55#

2,4,6-trimethylheptane 125 150@56# 1.20 6.3@56#

aab-tris-naphtylbenzene
~TNB!

345 407@57#, 410 @58#, 415 @59# 1.18–1.19 86@60# 6.6–7@60#

Polymers
PB 180 216@61,62# 1.20 59@63# 7.1 @61#

PPG 200 250@64# 1.25 117 7.1@64,65#
PIB 200 270@66# 1.35 46 6.5@67#

PS 370 420@66# 1.14 139 6@68#

Ionic systems
@Ca(NO3)2#0.4@KNO3#0.6

~CKN!
333 368@69–71#, 375 @72,73#, 378 @74–76#,

388 @77#
1.10–1.14 93 6.3–7.5@78,79#

@Ca(NO3)2#0.4@RbNO3#0.6

~CRN!
333 365@73#, 378 @80# 1.10–1.13 97@79# 6.6–7.5@79#

ZnCl2 375 563@81# 1.50 30 7.9@81#

Na05Li05PO3 515 620@82# 1.20 6.5@82#

LiCl/H2O, 13 m % 135 164@83# 1.21 67@84# 6 @84#

Covalent systems
B2O3 526 800@85#, 800–900@86# 1.52–1.71 32 6.2–6.7@87#

Orientationally
disordered crystals

(NPA0.7NPG0.3) @88# 156 227 1.45 30 6
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very accurate estimate of the crossover temperature and
depend on the guest molecule used in some of these m
surements. That is the main reason why here we choos
focus on a better defined temperature obtained using
MCT analysis (Tc). Table I presents values ofTg , Tc , and
the structural relaxation timeta at Tc (tc). The data are
collected for 26 different systems that we were able to find
the literature. These include molecular and polymeric gl
formers, covalent, hydrogen-bonded, ionic, van der Wa
and orientationally disordered systems. For many syst
Table I includes data from various methods and groups. O
glycerol data show significant scattering of estimates ofTc
andtc . We think that the lowest estimates ofTc obtained in
Refs. @30,31# are not correct due to wrong light scatterin
data used~this problem of the light scattering has been d
cussed in Refs.@98–100# and new light scattering spectra o
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glycerol @101# differ strongly from the data presented
Refs.@30,31#!, and also the data from Ref.@34# overestimate
Tc due to very limited frequency range analyzed. Data
other systems have much smaller scattering~Table I!.

In many papers one can find a claim that usuallyTc
;1.2Tg . Analysis of the data presented in Table I clea
shows that this is not a general case:Tc scatters from
;1.14Tg in the case of CKN up to;1.6Tg in the case of
B2O3. It has been already noticed in Refs.@51,102# ~see,
also, Refs.@103,104#! that the ratioTc/Tg correlates with the
fragility of glass-forming systems: the higher the fragilit
the lower the value ofTc /Tg . Fragility is a characteristic of
glass-forming systems based on temperature variation of
structural relaxation timeta . Systems with slow variations
in ta with T/Tg are called ‘‘strong,’’ while those with steepe
variations inta are called ‘‘fragile’’ @103#.
7-2
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UNIVERSALITY OF THE DYNAMIC CROSSOVER IN . . . PHYSICAL REVIEW E67, 031507 ~2003!
The most interesting and unexpected result presente
Table I is the universal value ofta at Tc : It appears that for
all systems presented in Table I,2 ln@ta(Tc)#;761. Analysis
of the data presented by Beineret al. @105# shows that most
of their data also points to values in the same range,2 ln tc
56–8. In particular, a majority of the points in Fig. 2 of th
paper are concentrated in this region. However, a few str
deviations are obvious. The crossover temperature obta
by different means is expected to be close to the crit
temperatureTc of the MCT, but there are clear exception
This is especially related to thea-b-splitting region and
characteristic relaxation time at this pointtab . For example,
in polymers with long side chainstab depends on the lengt
of the side chains, and increases up totab;0.1 s in poly
(n-hexyl methacrylate!. This unusual value fortab might
suggest that in the particular case of these polymers the
served decoupling of two relaxations is not related to
glass transition, but rather to a particular relaxation of
long side chains.

The observed universality oftc ~Table I! is surprising
because the relaxation time in glass-forming liquids var
betweenta;10212 s andta;103 s. Why do the values o
ta(Tc) appear to lie in such a narrow universal time interv
in different systems, including polymeric and molecular li
uids? We want to note that in 1997 Roessleret al. proposed
a universal scaling of viscosity betweenTg andTx for vari-
ous molecular glass-forming systems@107#. Tx for all sys-
tems analyzed in Ref.@107# appears to be;Tc . This univer-
sal scaling suggests that the viscosity of low-weig
molecular systems has a universal value atTc . These data
support our observation of universality ofta at Tc . The
observed universality agrees with the idea put forward
Goldstein that at some particular relaxation time a crosso
from liquidlike to a solidlike dynamics should occur. He pr
dicted2 ln tc59 ~Ref. @3#!, a value that deviates by roughl
two orders of magnitude from the value found here.

How can one explain this ‘‘magic’’ relaxation time tha
marks a crossover in dynamics of glass-forming liquids fr
liquidlike to solidlike? There is no theory currently that pr
dicts this universality. The traditional approximation for tem
perature variations ofta is the Vogel-Fulcher-Tamman equa
tion @108–110#:

t5Aexp@DT0 /~T2T0!#. ~1!

Here A;10216 s, D is related to fragility of the system
and T0 is a temperature belowTg . Since ta(Tg);102 s,
from Eq. ~1! it follows that DT0518(Tg2T0)ln 10. Using
this relationship, one can rewrite Eq.~1! at Tc as

tc5A expF18~Tg2T0!ln 10

Tc2T0
G510216118(Tg2T0)/(Tc2T0).

~2!

Thus, universality ofta thought of in this way suggest
universality of (Tg2T0)/(Tc2T0). Indeed, it was found in a
few papers that (Tc2T0)/(Tc2Tg);2 @104,111#. This ob-
servation leads to the relationship (Tg2T0)/(Tc2T0);1/2
and gives an estimate
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tc;1027 s,

i.e., the value found in our analysis. We should stress that
quantitative coincidence is rather fortunate, because our
timate @Eq. ~2!# is very rough and an average value of t
ratio (Tc2T0)/(Tc2Tg) for various systems was found t
be;1.7 @111#. Nevertheless, this simple consideration bas
on an empirical relationship amongTc , Tg , and T0 gives
strong support to the contention that a ‘‘magic’’ relaxatio
time exists atTc . This consideration, however, does not e
plain the observed universality.

Another idea may be related to an analysis of a proces
which a particle~an atom! escapes from a cage formed by i
neighbors. The time of escape is directly related to the str
tural relaxation timeta . The probability of a particle to es
cape from the cage depends on the motion of its neighb
At high enough temperatures, all particles are moving w
large mean square amplituder. As a result, on a time scale o
ta , a particle can always find an open space and move
tween its neighbors, i.e., to find a ‘‘doorway’’ and esca
from the cage. This escape can be considered as a si
jump over a rather small, temperature independent, ene
barrier,E. The mean square amplitude of atomic motion d
creases with decreasing temperature, lowering the proba
ity of a particle finding the doorway. At some temperaturer
becomes so small that the particle cannot escape with
pushing its neighbors out of the way. In order to do that,
particle needs a higher energy to overcome the repuls
forces. This leads to an effective increase in the bar
height for the relaxation. This simplified picture with
‘‘doorway’’ was analyzed in Ref.@112#. It suggests that tem
perature variations ofta will be nearly of an Arrhenius form
at high temperatures and will vary much steeper belowTc .

The universality ofta at Tc in this picture can be con
nected to another universal parameter—the Lindemann r
@113,114#. According to the Lindemann criterion of melting
the mean square atomic displacement,r, has a universal
value in units of interatomic distance,a, at the melting point
in a crystal, r;(0.12–0.15)a. In supercooled liquids, the
critical temperatureTc may play a role of the melting tem
perature@7#, because a liquid is frozen to a solid at this po
within the framework of the idealized MCT. Indeed, it ha
been shown recently that in hard sphere systems at the
cal temperature,r 50.15d, whered is the diameter of the
sphere@115#. Also, computer simulations for binary Lennard
Jones~LJ! system@116# predict r /a50.14 atTc , in good
agreement with the Lindemann ratio. Thus, we assume
at T5Tc , r 5ba where parameterb has a value that is clos
to the Lindemann ratiobL50.13–0.16 for many glass form
ers. It is clear that this assumption cannot be applied to
glass formers withTc.Tm , such as silica: in these cases t
value ofr (Tc) should be higher than that expected from t
Lindemann ratio. Actually,r (Tc)/a50.22–0.24 was found
for silica in computer simulations@13#. It is interesting that
according to Ref.@117#, this amplitude of the mean-squar
displacement corresponds to a vanishing of the shear m
ules in a LJ crystal, or to the so-called Born criterion
melting.
7-3
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We use the following simple model to connect the Lind
mann criterion with the relaxation time at the critical tem
perature. We assume that near and aboveTc collective effects
became unimportant for thea relaxation and the latter can b
described by an activation process in which a single a
jumps over a barrier of heightE in a harmonic potential well.
Thus, at the critical temperature the relaxation time may
approximated by an activation exponential with some acti
tion energyE, i.e.,tc5t0 exp(E/Tc). Assuming that the typi-
cal jump length is of the order of the interatomic distan
one has the following connection between the activation
ergy and the interatomic distance

k~pa/2!2/2;E, ~3!

wherek is a force constant andp ;1 is the numerical coef-
ficient that characterizes the typical length of the atomic d
placement in this process. When a particle is trapped
cage, at a given temperatureT the average value of the mea
square displacement amplitudeu2 in this harmonic potentia
is connected with temperature by the equation

ku2/2;T/2. ~4!

From Eq.~4! taken atT5Tc ~whereu25b2a2) and Eq.~3! it
follows that

E

Tc
5

3p2

8b2
, ~5!

and hence

tc5t0 exp~3p2/8b2!. ~6!

With b equal to the typical Lindemann value,b
;0.13–0.15, one hasE/Tc;(17222)p2, or

ln tc5 ln t01~7 – 9!p2. ~7!

If one assumes thatt0 is a characteristic vibration time,t0
;10213 s, then the value ofp.0.9 will lead to the observed
a,

ys
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universal value2 ln tc56–8. This shows that if the Linde
mann criterion is fulfilled at the critical temperature, the r
laxation timetc is fixed with the same degree of universali
as the Lindemann ratio. Some small additional scatter
may come fromt0 values and the specific local structure
the glass former. Let us note that the expression fort(T) in
this model can be written in the form

t~T!5t0 exp@u0
2/u2~T!#, ~8!

whereu0 is the jump length. Recently, such an expression
the relaxation time was confirmed in a computer simulat
study of a glass-forming polymer melt@118#. Equation~8! is
also similar to the expression proposed by Buchenau
Zorn in Ref.@119#, where instead ofu2, a difference between
u2 and the value of the mean square displacements in
respective crystal has been used. The expression that w
using is in agreement with the Vogel-Fulcher law. Indeed,
experimental data on many glass formers show that aT
.Tg , u2(T).(T2T0)/kL , wherekL characterizes the slop
of the u2(T) dependence forT@Tg , and T0 is a constant,
close to the Vogel-Fulcher temperature,T0,Tg . Although
this model is simple enough, it can shed some light on
origin of the universality oftc in various glass formers, a
least in the cases of high and intermediate fragility.

Our analysis demonstrates that the structural relaxa
time ta at Tc appears to be the same in most systems,
cluding those that are covalent and hydrogen bonded, io
molecular, and polymeric. In other words, there is a ‘‘mag
relaxation time’’ at which the dynamics of most glas
forming systems change qualitatively. Some ideas that m
explain this universalta have been presented. The questi
remains open if this universality can be explained by so
universal properties of the free energy landscapes of g
formers.
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