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ex. F. H. Stillinger and T. A. Weber (1995)
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C.7. What is the relation between secondary
relaxation in glasses due to fast-translating
species, on the one hand, and nontranslating
entities ãe.g., side chainsÉon the other?

C.8. Other questions
C.8.1. Can comparisons ofdielectric relaxationof

small dipolar molecules in molecular or
polymer glasses, and of ions in ionic glasses,
throw light on the origin of nonexponential
relaxation in ionic glasses; e.g., does CO in
o-terphenyl!OTP" give a nonexponential re-
laxation like Na! in Na2O¥B2O3?

C.8.2. Can we comparemechanicalrelaxation due
to small atoms in met glasses, small mol-
ecules in polymers, and small ions in ionic
glasses?

C.8.3. What is the relation of the high frequency
constant loss in conducting glasses to the
high frequency loss in dielectric relaxation,
given that the Þrst is a secondary relaxation
and the second one a primary relaxation?

Domain D: Short time dynamics

D.1. Boson peaks in raman and neutron scattering
D.1.1. How good are the data?

D.1.2. Is there a correlation of Boson peaks with
strong/fragile behavior in the longer-time
properties?

D.1.3. Is there a correlation with the structural fea-
tures responsible for the Þrst sharp diffrac-
tion peak!FSDP"?

D.1.4. Do Boson peaks measure cluster dynamics or
cage rattling dynamics?

D.1.5. Are there relaxation dynamics at time earlier
than the Boson peak?

D.2. Extrapolated breaks in the Debye–Waller factor
versus temperature plot—what do they signify?
Are they related to FSDPs?

D.3. What is vibrational localization? What special
dynamical characteristics are associated with
localized modes? And how might it be
related to relaxation? Are there fractal dynamics
in disordered but Euclidean structures?
How helpful are photon echo studies?

D.4. What is the decay time for the FSDP in
relation to the wave vector Q0 , at the peak of the
structure?

D.5. What are the newest, and most important steps
forward?

A. RELAXING GLASSFORMERS IN INTERNAL
EQUILIBRIUM
A.1. The temperature dependence of transport
constants and relaxation times for various types of
perturbations and probes

A.1.1 Relevant measurements
!What are the most appropriate measurements for char-

acterizing the temperature dependence?"
Liquids of all classes, now including even liquid metals,

have been extensively characterized with respect to the tem-
perature dependence of their transport properties and their
relaxation times down to, and often below, theirTg . The
transport properties studied have been mainly viscosity# to
a lesser extent diffusivityD, and also conductivity$, where
appropriate.1

The relaxation times studied have been dielectric%D ,2

longitudinal !1, and sometimes shear mechanical%s
relaxations,3 and !with modeling" nuclear spin lattice corre-
lation %c,n , and electron spin correlation%c,e .4 Recently, en-

FIG. 2. Tg scaled Arrhenius plots for viscosities of different glassforming
liquids showing spread of data between strong and fragile extremes. Predic-
tions of mode coupling theory power law are shown by dashed line for two
cases. Inset shows the pattern of behavior obtained by varying the D param-
eter in the modiÞed VogelÐFulcher equation, Eq.!6".
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粘性（緩和時間）とエントロピーの相関
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Volume 102, Number 2, MarchÐApril 1997
Journal of Research of the National Institute of Standards and Technology

Fig. 4. Test of the Adam-Gibbs equation for the relaxation time of butyronitrile vapor-
deposited samples (from Ref. [34] by permission).

Fig. 5. Test of the Adam-Gibbs equation for viscosity of tri-napthyl benzene at temperatures
aboveTg. Sc has been assessed in two different ways leading to two different plots (see text) , each
of which is seen to be linear over a wide range of the variable (TSc)Ð1(from McGill, Ref. [35] by
permission). (! Sc in the paper of Magill is theSc of this paper.)
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is the frequency with maximum dielectric loss for the corre-
sponding Þtting function being used in Eq.!3". We usef m
instead of the relaxation time, such as#HN and#CC , because
f m does not depend on the choice of Þtting function. There is
a relation f m! 1/2$%#&. The relaxation frequency of the'
process,f m

' , for all the materials follows the VFT manner
described by

log10 f m! A"
B

T" T0
, !4"

where A! log10(1/2$#VFT), B! BVFT/2.303, andT0 is the
VFT temperature.A represents the attempt frequency atT

! (. On the other hand, the relaxation frequency of the)
process,f m

) , for all the materials follows the Arrhenius man-
ner described by

log10 f m! C"
EA

2.303RT
, !5"

whereC! log10(1/2$#A) andEA is the activation energy.C
represents the attempt frequency atT! (.

The temperature dependence off m
' in various glass form-

ers cannot be described precisely by using only one VFT
function. It has been reported that two VFT functions are
required to describe the temperature dependence off m

' for
some systems*33Ð35+. We have reported that the' process
in sorbitol at temperatures near the glass transition tempera-
ture Tg* , which is the temperature with 0.01 Hz off m

' , can-
not be described using only one VFT function determined
using data at higher temperatures*21+. Especially, in the case
that the relaxation strength of the) process,,-), is rela-
tively large, the behavior of the' and) processes nearTM
cannot be distinguished clearly due to the strong correlation
between the two processes. To discuss the behavior of the
loci for the' process in the Arrhenius diagram is not the aim
of this paper. Therefore, in this work, VFT curves are deter-
mined using data belowTM just to compare the behavior of
the ' processes among the materials.

As shown in Fig. 4!a", the curves of the VFT functions for
all the materials are different corresponding to the difference
of Tg* . Tg* of sorbitol and xylitol are 268 K*21+ and 248 K,
respectively.Tg of sorbitol and xylitol obtained by DSC
measurement are 267 K and 249 K, respectively*30+. Tg* of
the mixture is 258 K, which is intermediate value between
those of sorbitol and xylitol. The fragility indexm was given
to be 101 for sorbitol, 86 for xylitol, and 93 for the mixture,
respectively.

On the other hand, the) processes in sorbitol, xylitol, and
the mixture show the Arrhenius-type temperature depen-

FIG. 1. Dielectric losses of sorbitol!a", sorbitol-xylitol mixture
!b", and xylitol !c" at various temperatures. Solid curves are the
Þtting function described by Eq.!3".

FIG. 2. Dielectric losses of sorbitol at 282 K!solid diamond",
xylitol at 263 K !solid circle", and mixture at 272 K!open triangle".
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Difference and similarity of dielectric relaxation processes among polyols
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Complex permittivity measurements were performed on sorbitol, xylitol, and sorbitol-xylitol mixture in the
supercooled liquid state in an extremely wide frequency range from 10 #Hz to 500 MHz at temperatures near
and above the glass transition temperature. We determined detailed behavior of the relaxation parameters such
as relaxation frequency and broadening against temperature not only for the $ process but also for the %
process above the glass transition temperature, to the best of our knowledge, for the first time. Since super-
cooled liquids are in the quasi-equilibrium state, the behavior of all the relaxation parameters for the %process
can be compared among the polyols as well as those for the $ process. The relaxation frequencies of the $
processes follow the Vogel-Fulcher-Tammann manner and the loci in the Arrhenius diagram are different
corresponding to the difference of the glass transition temperatures. On the other hand, the relaxation frequen-
cies of the % processes, which are often called as the Johari-Goldstein processes, follow the Arrhenius-type
temperature dependence. The relaxation parameters for the % process are quite similar among the polyols at
temperatures below the $% merging temperature, TM . However, they show anomalous behavior near TM ,
which depends on the molecular size of materials. These results suggest that the origin of the % process is
essentially the same among the polyols.

DOI: 10.1103/PhysRevE.68.031501 PACS number!s": 64.70.Pf, 61.25.Em, 77.22.Gm

I. INTRODUCTION

There are two dielectric relaxation processes in many su-
percooled glass formers, i.e., the primary $ relaxation pro-
cess and the secondary % relaxation process. The $ process
shows non-Arrhenius-type temperature dependence de-
scribed by Vogel-Fulcher-Tammann !VFT" function &1–3' ,

() *! ) VFTexp! BVFT

T" T0
", !1"

where () * is the mean relaxation time, ) VFT represents the
relaxation time at T! + , T0 is the VFT temperature where
the mean relaxation time diverges and BVFT is connected to
the strength parameter, which is related to the fragility &39' .
It is considered that the $ process is the structural relaxation
process and closely connected to glass transition phenomena.
Recently, one has been trying to understand the $ process
using a concept of ‘‘cooperative molecular motion’’ and
there are several theories or models &4–10' .
On the other hand, secondary % process !so-called the

Johari-Goldstein process &12'" is observed in many glass
formers at higher-frequency side of the $ process. The %
process obeys the Arrhenius-type temperature dependence
given by

() *! ) Aexp!EA

RT", !2"

where () * is the mean relaxation time, ) A represents the
relaxation time at T! + , and EA is the activation energy. It
has been considered that the %process is connected to local
molecular motions, in contrast with the $ process. It is also
considered that the %process is concerned with the essenti-
ality of amorphous matters, such as the supercooled liquids
and the glassy solids, because the %process is observed not

only in the supercooled liquid state but also in the glassy
state. Although several understandings have been examined
&9–11,13,14' , the mechanism of the % processes is still
unclear.
While these two processes are observed separately at

lower temperatures above the glass transition temperature,
they approach each other with increasing temperature and
merge together at a higher temperature TM . There would be
a kind of strong correlation between the $ and the % pro-
cesses at near the merging temperature TM , which some-
times cannot be determined precisely. It must be very impor-
tant to study the relation between the behavior of the $
process and the appearance of the % process to understand
the glass transition phenomena in detail.
The merging of the $ and % processes is classified into

two scenarios by Donth et al. &15,16' . Scenario I shows a
continuity of the relaxation frequency of the %process below
TM and the relaxation frequency of the process above TM
with a bend in the Arrhenius diagram. The $ process appears
at around TM . The values of the relaxation strength of the $
and %processes have the same order of magnitude. Scenario
II shows a quasicontinuity of the relaxation frequency of the
$ process below TM and the relaxation frequency of the
process above TM in the Arrhenius diagram. The value of the
relaxation strength of the%process is smaller than that of the
$ process.
However, some glass formers do not show the %

process clearly, but an excess wing, which is the high-
frequency wing of the $ process, is observed. It is proposed
that glass formers are divided into two classes: type A with
an excess wing and type B with a % process &17' . Many
glass formers are classified into type B. Glycerol
&CH2OH(CHOH)CH2OH' and propylene carbonate are
well-known glass formers classified into type A &17,19,20' .
Sorbitol &CH2OH(CHOH)4CH2OH' and xylitol

&CH2OH(CHOH)3CH2OH' are typical glass-forming liq-

PHYSICAL REVIEW E 68, 031501 !2003"
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dence and the behavior is quite similar to each other. Figure
3 shows the behavior of the! processes in sorbitol, xylitol,
and the mixture. The temperature dependences off m

! for all
the materials are described well by the solid lines obtained
from Eq."5#. The values of parameterC for all the materials
are roughly 17. The values of the activation energy areEA
! 80 "kJ/mol# for sorbitol, EA! 78 "kJ/mol# for xylitol, and
EA! 79 "kJ/mol# for the mixture.

The values of the activation energy of the! processes in
sorbitol and xylitol are somewhat larger than those reported
in a literature$29%. However, it should be noted that the
values of the activation energy in this literature were ob-
tained from the data belowTg . It is not very strange that
there is difference in the activation energies below and above
Tg . Actually, such a difference in sorbitol has been reported
in Ref. $13%.

As mentioned earlier, only one dielectric relaxation pro-
cess for the& process is observed in the mixture.f m

& , '(&,
and theTg* of the mixture are intermediate value between
those of sorbitol and xylitol. Namely, the mixture behaves

FIG. 3. Arrhenius diagrams of sorbitol"a#, mixture "b#, and
xylitol "c#. Dotted lines representTM of sorbitol "320 K#, mixture
"300 K#, and xylitol "288 K#, respectively."a# Solid and open dia-
monds representf m

& andf m
! for sorbitol,"b# solid and open triangles

representf m
& and f m

! for mixture, and"c# solid and open circles
representf m

& and f m
! for xylitol. Solid curves were obtained from

Eq. "4# "sorbitol: A! 12.7, B! 572 K, andT0! 229 K, xylitol: A
! 12.85, B! 640 K, and T0! 205 K, mixture: A! 12.77, B
! 606 K, andT0! 217 K). Solid lines were obtained from Eq."5#
$sorbitol: C! 17.2 andEA! 80 "kJ/mol#, xylitol: C! 17.12 andEA

! 78 "kJ/mol#, sorbitol-xylitol mixture:C! 17.16 andEA! 79 "kJ/
mol#%. The Þtting uncertainties nearTM are larger than those for
below and aboveTM . The base of the logarithm is 10.

FIG. 4. Dotted lines representTM of sorbitol"320 K# and xylitol
"288 K#, respectively."a# Arrhenius diagram of sorbitol, xylitol, and
mixture. Symbols are the same as those used in Fig. 3."b# Tem-
perature dependences of'(! and )! for sorbitol, xylitol, and the
mixture. Open diamonds, open circles, and open triangles represent
'(! for sorbitol, xylitol, and the mixture, respectively. Solid dia-
monds, solid circles, and solid triangles represent)! for sorbitol,
xylitol, and the mixture, respectively. The base of the logarithm is
10.
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Adam-Gibbs vs “Mosaic picture”
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Figure 10: The static structure factor - The static struc-
ture factor S(q) in a Lennard-Jones liquid at three di! erent
temperatures. The relaxation time ! R increases by almost 4
orders of magnitude, and yet the structure factor shows no
particular change. (Reprinted with permission from [8]).

on than what is shown in Fig.10. We conclude that it is
impossible to use the structure factor, or any other stan-
dard structural quantity, to understand whether or not
the sample is close to the glass transition.

The weak modiÞcation of the structure factor with
temperature also implies that any lengthscale that can be
reasonably extracted fromS(q) or g(r ) shows a depress-
ingly weak dependence onT near the glass transition
[45, 46, 47, 48]. This is surprising. The common wisdom
is that the presence of a sharply increasing (or diverging)
relaxation time should be associated to a sharply increas-
ing (or diverging) correlation length. The wisdom comes
mainly form the theory of critical phenomena [50], and
the argument is basically that a large relaxation time de-
rives from the need to rearrange larger and larger corre-
lated regions. Even though common indeed, such wisdom
deserve some carefulness anyway. First, we cannot stress
too much the (obvious) fact that in a system with a Þnite
number of degrees of freedom, the relaxation time must
be equally Þnite. A real divergence can only occur in
the thermodynamic limit and only in presence of a phase
transition. Still, the time can be very large, typically be-
cause of the presence of large energy or free energy bar-
riers to relaxation. In general, a barrier could arise from
an external potential, and in this case there is no need to
invoke the existence a large length scale. However, in all
interesting systems barriers almost invariably arise from
the internal interaction among the degrees of freedom. In
this case, increasing barriers (and thus increasing relax-
ation times), are indeed due to the increasing number of
degrees of freedom that must be rearranged together to
relax the system. Hence: large time, large length.

This argument makes sense, but of course in order to

detect a sharply growing correlation length, we need to
identify a suitable correlation function. This is the cru-
cial point: in very viscous liquids and glasses we are com-
pletely lost when it comes to identify the correct order
parameter. Structural correlation functions are not up to
the job and fail to provide any exciting characterization
of the viscous and glassy phase. This is unfortunately
true for all other standard static correlation functions.

The reason for this can be either because we are using
the wrong correlation function, or simply because there
is no sharply growing lengthscale (the common wisdom
could be wrong!). In fact, we will see at the end of these
notes that the Þrst hypothesis is the correct one. For now,
we simply note that the standard structural observables
are not good enough to say something about the deeply
supercooled phase. Structure remains qualitatively the
same going through the glass transition. Supercooled
liquids and glasses are structurally unexciting.

E. Equilibrium fingerprint of glassiness: two steps
relaxation

The failure of a standard static approach to Þnd a sig-
nature of the glass transition is, in fact, not surprising.
The very deÞnition of the glass transition is purely dy-
namic in nature, and therefore if something new happens
close to Tg, the dynamics, rather than the static struc-
ture, should detect it. In particular, the viscosity, which
marks the onset of glassiness, is the integral over time
of a dynamic correlation functions, namely the shear re-
laxation function, see equation (11). The same is true
for the di! usion coe" cient, related to the time integral
of the velocity-velocity correlation function (18). An in-
tegral wraps up an entire function into a single number,
thus loosing a lot of information. Hence, it seems a good
idea to check the dynamic correlation functions, rather
than their integrals, to see whether they show some qual-
itative signature of Tg.

Let us consider, in full generality, the dynamic corre-
lation function,

C(t1, t2) =
1
N

N!

k=1

! ! k (t1)! k (t2)" , (54)

where ! k (t) is a generic quantity relative to particle k,
observed at time t. If the system is at equilibrium, then
time translation invariance (TTI) holds, and the corre-
lation function only depends on the di! erence of times,
t = t2 # t1, so that C(t1, t2) = C(t), and we can write,

C(t) =
1
N

N!

k=1

! ! k (t)! k (0)" . (55)

In liquids, a typical choice for ! k (t) is the Fourier trans-
form of the density ßuctuations of a tagged particle k,
"#k (q, t) = exp[ # iq ár k (t)], at Þxed momentum q. In
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$ 6: 2 �ˆ �Š�� �è :�y a) �a �¬ �k �÷ �. �p
�w�× �~ �¤ �� �„ �Z �� 
: Fs(q, t) �w�Ì �� t
�‘ �� 
Q (�þ 
: �x 
i �$ �Ï �� �¼�  S(q) �w
�H 1 �Ð�” �« �w�þ 
: q = 7.25) (2 
R
ü
Lennard-Jonnes�{ �  �%�w
ü �  �ˆ �—�¶
(MD) �³ �Û�á �è �” �³ �ã �ï W. Kob and
H. C. Andersen (1995) [8] �‘ �“ �8 �L )
�y b) �¤ �� �„ �Z �� 
: F (k, t) �t �m�M
�o �w MCT �M�� �Ü (�¯ �é �  �Å
ü �„ �%)
�w
: �‹ �r (�v �Z 	- 
Y (2007) [9] �‘ �“
�8 �L ) �y MCT �Ÿ�„ �: �t �0 �b �” �‘ �m
! = 10! n (n = 1, 2, 3, . . .) �p �w�� �è
�� 
: �› �Ó�é �¿ �Ä�` �o �M�” �{


$ 7: 
¢ �� �ê �„ 
Q�� �� �t �q �• �” 2 �ˆ �Š
�� �è :�y a) �a �¬ �k �÷ �. (�Ñ�» �ç �Ž �´ �Ò
�½�ç DBP) �w�· �� �„ 
Q�p �w	* �þ 
: �‘
�� 
Q�{ (Maggi et . al. (2008) [10] �‘ �“
�8 �L ) �y Tm = 238 K�z MCT �t �‘ �”

�¢ �Y�Å) �8 �  �9 �S�x Tc ! 226 K [11]�{
b) �¯ �é �  �Å
ü �„ �%(�¤ �Ú�ç �´ �ã �ï ) �w
�· �� �„ 
Q�p (Eq. (16) �› �€ 	° ) �w	* �þ

: �‘ �� 
Q (Mason et . al (1997) [12]
�‘ �“ �8 �L ) �y 	N�à �x �0 
: �p �K�” �\ �q
�t �« �™�{ MCT �t �‘ �” �¢ �Y�Å) �8 �  �µ
�S�x " c ! 0.58�{


$ 8: �ä �—�¶ �” �w	ü �” 
ã �M: �x �¬ �`
�o �^ 
R�` �h �¨ �å �µ (�Ä�ç �¤ �ï ) �› 	¢ �9
�` �s �U�’ �� �� �` �h 
z �ä (
( �� ) (Ya-
mamuro et . al. (1998) [13] �‘ �“ �8
�L ) 
z �± �w�h �Š�t �A	¥ �= �^ �d �h 	Ô�ù
�w�Ã�” �» �‹ �Ô�^ �• �o �M�” �{ (�� �� ) b)
p= 3 �• �� �� �É	Ô�µ �Ð�ï �¬ �å �µ �Û�� �p
�w�ä �� �ç 	Ý�6 �p �w
z �ä (A. Crisant i
and H. -J. Sommers (1992) [14] �‘ �“
�8 �L )

�q �w�' 
Ý�U�K�” �{ �b �s �˜ �j �z �‘ �“ �ô �9 �� �p �x �z MCT �w�G	\ �b �” �Ÿ�„ �$ �s �¼�  �Æ�Û�¿ �« �µ �z �ÿ �9 �� �p �x �z
MCT �p �x �G	\ �p �V�s �M�ä �Æ
Q�� �w�¼�  �Æ�Û�¿ �« �µ �U�� �è �› 	� �‹ �b �” �q �M�O�‹ �w�p �K�” [17,18]�{ �f �w�‘
�O�s �« �é �µ �¦ �” �Ì �” �9 �S�w�� �O�× �. �x MCT �Ž 
² �T �’ 
* �� �^ �• �o �M�h [19]�{

2.4 
¢ �� �ê �„ 
Q�� �� �• �Ó�å �Ä�” �Þ�´ �á �å �µ

�A	¥ �p �x �f �• �g �• �w
ü �  �x �‡ �˜ �“ �w
ü �  �t �“ �‡ �• �o �^ �’ �• �h �� �ç �• �” �› �¤ 	ú �q �` �o �ä 	ü �ˆ �` �o �M�” �{
�­ �” �´ �Ï �� �U�� �v �w�Ì �� �q �x �M�Q�z �� �O�` �o �M�” �q �M�O�\ �q �x �z �a �¬ �k �÷ �. �x �÷ �. �p �K�“ �s �U�’ �z �Ï ��
�� �è �Ì �� #! �‘ �“ �‹ �y �M�Ì �� �µ �­ �” �ç �p �x �®�{ �. �$ �¯ �t 	ü �” 
ã �O�\ �q �› �Ô�&�b �” �{ �î �M�z 
$ 7 �t �K�” �‘
�O�s 
¢ �� �ê �„ 
Q (
¢ �� �è �¦ �é �´ �” ) �w�� �� �› �æ�O�q �z �a �¬ �k �÷ �. �x �—�¶ �$ �t �‡ �^ �t �{ �. �q �÷ �. �w�† �M�w

Q�¨ �z �b �s �˜ �j �„ 
Q�q �ê 
Q�› �� �d �Ë�l �o �M�” �\ �q �U�Ì �’ �T �t �s �” �{ 
¢ �� �ê �„ 
Q�t 	Ä�` �X�x �‡ �h �™�p (3.3

…) �^ �æ�b �” �w�p �\ �\ �p �x �G�n �T �ˆ �w�› �Ã�› 	º �p �` �‘ �O�{ �� �� �M�O�x �z �%�t 	� �M�³ �ž �ê �ˆ �› 	* �þ 
: $ �w
�¦ �v �p �» �Z�z � �t �q �` �o 
C
\ �b �” �³ �ž � �—�› �� �� �b �” �q �M�O�‹ �w�p �K�” �{ 
$ 7 �t �x �· �� �„ 
Q�p (storage
modulus) �q �z �y �• �” �z 
• �ˆ �t �0 �` �o �• 
ì �w�—�• �w�s �M� �t 
R
ü �› �Ô�` �o �M�” �{ (Eq. (16) �€ 	° ) �Ì �’ �T �s
�› �Ã�q �` �o �z �¤ �� �$ �s 	ü �ˆ 
: �– �¬ �t �� �q 
æ(plateau) �U�K�” �{ �\ �• �x �\ �w�Ì �� �µ �­ �” �ç �p �a �¬ �k �÷ �. �U
�� �v �w�ö 
Q�p (shear modulus) �› �Ë�m�„ 
Q�. �q �` �o 	ü �” 
ã �O�\ �q �› �™�¯ �b �” �{ �\ �w�� �q 
æ�w�ô �^ �p �> �‡
�” �®�î �®�$ �s �ö 
Q�p �¯ �› �Ó�å �Ä�” �Þ�´ �á �å �µ (plateau modulus) �q �z �| �z �Ž �< �\ �• �› öµ �q �G�b �\ �q �t �b

�w�� �É	Ô�g �æ�t �s �l �o �M�” �¬ 	Â�U�‡ �i �s �M�{ (�µ �Ð�ï �¬ �å �µ �w�� �É	Ô�g �æ�x �f �O�s �l �o �M�” �q �§ �X	ô �a �’ �• �o �M�” �{ ) �y �ô �Í �i
�Ã�v �p �k �µ �t 
R�q �b �” �a �¬ �k �÷ �. �~ �¨ �å �µ �w�g �æ�w�k �µ �s 	� �� �V�t �‘ �” �‹ 	Z �x �z �g �æ�q �` �o �x 	O�A�p �z �µ �¯ 
� �M�] �J �p �K�” �{

�• �s �X�s �l �h �w�i �{ �f �\ �p �¬ �k �� �S úT �› �‘ �“ �—�X�b �” �q �z �¨ �å �µ �= �x �‹ �O	—�` �ÿ �9 �p �I �\ �” �{ �¬ �k �� �S
úT �x �î �g �è �w�Ì �� �µ �­ �” �ç �z �m�‡ �“ 
� �� �w�Ì �� �µ �­ �” �ç �p �> �‡ �l �o �M�” �˜ �Z �p �z Tg �x 
ˆ �0 �$ �s �™�¯ �› �Ë

�m�9 �S�p �x �s �M�{ �` �h �U�l �o �z Tg �T �’ TK �‡ �p �x �z �r �O�s �l �o �M�” �w�T �‡ �i �Š�p �w�q �\ �– �x �? �‹ �˜ �T �l
�o �M�s �M�à �� �p �K�” �{ �\ �w�a �¬ �k �÷ �. �w�å �  �ï 	Í �p �Œ�’ �• �o �M�” 	O�A�s �®�“ �` �” �‚ �¯ �q �` �o �Þ�” �Å�A�ù
�g �æ(MCT: mode coupling theory) �w�ˆ �$ (�Y�Å) �Ÿ�„ �9 �S Tc �U�K�” �{ �f �w�™�¯ �x �Ž �< �p 
† �Ì �` �‘ �O�{

2.2 �­ �” �´ �Ï �� �q 2 �ˆ �Š�� �è

�y
�a �¬ �k �÷ �. 	Ý�6 �p �x �z �{ �  (
ü �  ) �U�‡ �˜ �“ �w�{ �  �t 	� �“ �“ �‡ �• �o �× �� �s �á �ˆ �› 
Í �• �^ �• �o �M�” �{ �\ �w

�“ �M�� �ˆ �w�Ï �� �x �z �ô �9 �w�÷ �. �t �x �s �M�‹ �w�p �z�®�­ �” �´ �Ï �� �¯ �q �z �y �• �” �{ 
$ 5 �t �K�” �‘ �O�t �z �¯ �é
�  �Å�• �� �. �p �î �í �� �p �w�{ �  �w�á �ˆ �› �å 
{ �b �” �q �î �M�t �_ �” �\ �q �U�p �V�” �{


$ 5: �ž 	¯ �: �f 
• �¸ �p �
 �Q�’ �• �h �a �¬ �k �÷ �. 	Ý�6 �t �K
�” �¯ �é �  �Å
ü �„ �%�p �w�{ �  �w�á �ˆ (E. Weeks and D.
Weitz (2002) [5] �‘ �“ �8 �L ) �y �. 
u 
ü �p ! = 0.52 (�¯ �é
�  �Å�A	¥ �• �w
ì �8 �  �µ �S ! m = 0.42 �‘ �“ �‹ �ô �µ �S�� �z
�¨ �å �µ �8 �  �µ �S ! g ! 0.58 �‘ �“ �‹ �ÿ �µ �S�� �t �M�” �{ )�z
�¯ �é �  �Å�{ �  �w�{ �� �x a = 1.18µ m�{ 10 
ü �� (�\ �w�µ
�S�p �w�Ï �� �� �è �Ì �� " ! �w�� �S) �p �w�! �• �U
ì �0 �$ �t
�G�V�M�{ �  �› �Ì �” �M	í �p 
¯ �Ô�` �o �M�” �{ �ü �¹ �x 0.2µm
�Ž 	Í �! �• �` �h �{ �  �t �m�M�o �z �f �w�! �• �w�M�² �› 
¯ �˜ �b
�o �• �Õ�« �Ä�ç �› 2 �Í �i �Ø�t �ù �è �` �h �‹ �w�{ �) �` �� �ˆ 
$
�x �z �K�” �{ �  �w�J 
{ (120 
ü �� )�{ �­ �” �´ �º �w�á �ˆ �t �C
�Q�z �­ �” �´ �w
Ê�ˆ �8 �Q�t �‘ �” �G�! �• �U 1 �s �_ �’ �• �” �{
�¦ �v �w�³ �ž �p �3 �b �l �h �� �. �p �‹ �‰�7 �s �á �ˆ �w�Š
Ú�Ï ��
�U�
 �� �^ �• �o �M�” [6]�{

�­ �” �´ �Ï �� �w�� �O�x �z �Ú�« �é �s �ˆ �$ �
 �� �” �t �› �Ã
�$ �s �®2 �ˆ �Š�� �è �¯ �q �` �o 
¯ �• �” �{ �„ �Z �î �g �z 
: �‹
�³ �Û�á �è �” �³ �ã �ï �p �` �y �` �y �Ð�‚ �’ �• �” 
ú �g �” �q �`
�o �¤ �� �„ �Z �� 
: F (q, t) �• �× �~ �¤ �� �„ �Z �� 
: Fs(q, t)
�U�K�” �{ �\ �• �’ �x 2 �m�w�Ì �� �p �w�{ �  �w
� �• �w
ì
�� �› �_ �” �Ì �� 
ì �� �� 
: �p �z

F (q, t) =
1
N

N!

i ,j = 1

exp(iq á(r i (t) " r j (0)))

Fs(q, t) =
1
N

N!

j = 1

exp(iq á(r j (t) " r j (0))) (1)

�w�‘ �O�t �� �[ �^ �• �” �{ �\ �\ �p r i (s) = (xi (s), yi (s), zi (s))
�x �Ì �� s �p �w�{ �  �w�• �” �2 
ª �p �K�” �{


$ 6 �› �_ �” �q �z �� �q 
æ(plateau) �U�q �• �” �\ �q �U
�« �è �^ �• �” �{ �\ �• �x �{ �  �w
� �” �U�Ì �� �$ �t �Z �A�b
�” �\ �q �› 
¯ �˜ �` �z �� �q 
æ�w�ô �^ �x �µ �Ð�ï �¬ �å �µ �p
�� �Š�^ �• �h Edwards-Anderson(EA) �Ÿ	‚ �Í �å �Ý�”
�» qEA [7] �t 
ì �p �b �” �{ �\ �w�� �q 
æ�t �Ö�l �o �æ�X��
�è �› �Õ�” �» (#) �� �è �z �� �q 
æ�› 
H�Z �o 0 �‡ �p �X�j �o
�æ�X�a �� �› �ž �ç �Ñ�• ($) �� �è �q �z �• �{ # �� �è �p �x �z
�{ �  �x �­ �” �´ �º �p �á �ˆ �` �o �M�” �{ �f �w�á �ˆ �t �‘ �l �o
�Ì �� 
ì �� �x �K�” �� �S�n 
0 �b �” �U�z �­ �” �´ �U�H�• �s �M�v �“ �z 0 �‡ �p �x �n 
0 �` �s �M�{ �` �T �` �­ �” �´ �x �� �v �w
	# �Ë�p �H�u �` �z 	ý �h �s �­ �” �´ �U�^ �“ �Ú�^ �• �” �{ �\ �w�a �� �U $ �� �è �p �z �f �w�� �è �Ì �� " ! �x �Ï �� �� �è �Ì ��
�q �‹ �z �y �• �” �{

2.3 �Þ�” �Å�A�ù �g �æ: ( �Y�Å) �Ÿ�„ �9 �S Tc

�Þ�” �Å�A�ù �g �æ (MCT) �x �a �¬ �k �÷ �. �t �S�Z �” �\ �w 2 �ˆ �Š�� �è �› �
 �Q�” �\ �q �t 
R�­ �` �h 	s �Š�o �w
• �¹
�$ �s �g �æ�p �K�” [9,15](
$ 6 b))�{ MCT �p �x �z 	Í �G�w�× �~ �¤ �� �„ �Z �� 
: Fs(q, t) �• �¤ �� �„ �Z �� 
: F (q, t) �w
�‘ �O�s �Ì �� 
ì �� �� 
: �w�Ì �� 
C�2 �› �× �~ �Á�• �£ �t �� �Š�” MCT �M�� �Ü�q �z �y �• �” 
• 
u 
ü �M�� �Ü�› �K�” 	� �w
�Ù�Å�w�‹ �q �p �‹ �V�z �\ �• �› �r 
s �b �” �{ MCT �w	O�A�s �< �A�x �K�” �9 �S Tc �t �² �T �l �o �� �è �Ì �� " ! �U�Ÿ�„
�9 �S�‡ �p �wÓ�‘ �mÓ%= |T/ Tc " 1| �w�Õ�©	Ð�p 
C�„ �` �z �¤ �ç �° �” �Å
Q�U
� �• �” �ˆ �$ �8 �  �U�K�” �z �q �M�O�\
�q �p �K�” �{ �™	\ �b �” �‘ �O�t �z �\ �• �x MCT �U�Š�í �$ �t �� �É	Ô�g �æ�p �K�” �\ �q �t �‘ �l �o �M�o �z �î �M�t �x �z

� �w�8 �  �x �f �\ �t �x �s �M�{ 3�` �T �` �\ �w Tc �U�z �� �è �w�; �Ï �U
~ �“ �8 �˜ �” �« �é �µ �¦ �” �Ì -�9 �S�q �s �l �o �M�”

3�h �i �` �z �q �O�w
ª 	j �$ �s MCT �x �z �‡ �i �f �w�‡ �‡ �p �x �ô �Í �i �Ã�v �p �k �µ �t �s �” �‘ �O�s 
� �w�™�¯ �p �w�� �É	Ô�g �æ�t �x �s �l �o
�M�s �M [16]�{ �™	\ �w�« �é �” �ï �÷ �. �æ�t �m�M�o �‹ �z�®�K�” 	� �w�� �É	Ô�Ù�Å�¯ �p �K�” �Ž 	Í �t �z �Á�v �G�Í �i �p �k �µ �t �s �” 
� �w�™�¯ �p

�����è

�����è

�×�~�¤���„�Z��
:

���ˆ�Š���è

�­�”�´�º�w�¼� �Æ�Û�¿�«�µ
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Ê�ˆ�8�Q�£

��「構造緩和時間」は温度の低下とともに急激に増大

�¬�k

t

0.8 0.6
0.55 0.5

0.475

1.0
2.0

3.0
4.0

�Þ�”�Å�A�ù�g�æ�	�.�$�5�
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qEA = lim
t !"

1
N

N!

i =1

!Si (0)Si (t)"

�t�“�æ�$�t
‡	×�t�Ù�M�‚

W. Gotze et. al. 1980s
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Lecture 2 : �«�é�”�ï�÷�.�æ�•�,�Š�$�s�ž� �Ã�Ÿ�ž

 Random Energy Model (REM)
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A = !�÷�.

a = 1 , 2, . . . , m
xa

i i = 1, 2, . . . , N

A < !�{�.

�3�����.�P�O�B�T�T�P�O�
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T
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f
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fsp(T,m)m

�Ï���¤�ï�Ä�é�Ð�” (complexity)

Zm =
!

!

e! Nm " f ! =
"

dfe! N (m " f ! ! ( f,T ))�«�é�”�ï�%�w
ü
���
:

	j�†��	Ý�6�t�m�M�o�w�è

�«�é�”�ï�÷�.�æ  (�,�Š�$�s�ž� �Ã�Ÿ�ž )

A = lim
! ! 0

lim
N !"

! (xa
i " xb

i )2#

H =
m!

a=1

H [{ xa
i } ] +

!
4

!

i

!

a,b
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i )2#
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Edwards-Anderson (1975), Sherrington-Kirkpatrick(1975),  Parisi (1979), Sompolinski-Zippelius (1982).

Random First Order Transition (RFOT)�g�æ:    Kirkpatrick,  Thirumalai,  Wolynes 1980Õs                                                                                         
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✦ Franz-Parisi �Ù�Â�ï�³�ß�ç  (1995)
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