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TOPICAL REVIEW — Amorphous physics and materials

Universal properties of relaxation and diffusion in condensed matter
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By and large the research communities today are not fully aware of the remarkable universality in the dynamic prop-
erties of many-body relaxation/diffusion processes manifested in experiments and simulations on condensed matter with
diverse chemical compositions and physical structures. I shall demonstrate the universality first from the dynamic processes
in glass-forming systems. This is reinforced by strikingly similar properties of different processes in contrasting interacting
systems all having nothing to do with glass transition. The examples given here include glass-forming systems of diverse
chemical compositions and physical structures, conductivity relaxation of ionic conductors (liquid, glassy, and crystalline),
translation and orientation ordered phase of rigid molecule, and polymer chain dynamics. Universality is also found in the
change of dynamics when dimension is reduced to nanometer size in widely different systems. The remarkable universality
indicates that many-body relaxation/diffusion is governed by fundamental physics to be unveiled. One candidate is clas-
sical chaos on which the coupling model is based, Universal properties predicted by this model are in accord with diverse

experiments and simulations.
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1. Introduction

Condensed matters composed of molecules, atoms, or
ions are densely packed with nontrivial interactions between
these basic structural units. Naturally relaxation and diffusion
of the units are controlled by the interaction, and are neces-
sary a many-body problem. More than a century has passed
since Einstein!!! solved the (one-body) Brownian diffusion
problem,?! and surprisingly has yet to appear is a full solu-
tion of the many-body problem with general acceptance. Per-
haps this is not totally surprising because the interaction po-
tentials are usually anharmonic, and the motion in phase space
is governed by classical chaos, 3= which is hard to deal with
theoretically, and that is even before relaxation and diffusion
have to be dealt with as a problem of irreversible process in
statistical mechanics. Notwithstanding, my very first paper
on the subject published in 1979 did recognize the need to
solve this many-body problem of irreversible processes before
their dynamics can be understood, and made the first attempt
based on semi-classical quantization of classical chaos,[®! and
followed by other treatments of classical chaos.”-'! These at-
tempts summarily referred to these days as the coupling model
(CM) yield predictions of the dynamic properties which are
universal and should be applicable to relaxation and diffusion
processes in various condensed matters. That was more than
thirty years ago, when there was hardly any significant exper-
imental evidence supporting the claim. Notwithstanding, mo-
tivated by this hunch I entered into different fields involving
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widely dissimilar systems to see if the predictions of the CM
apply generally, and to find significant evidences for universal-
ity. The effort over the last three decades has paid off. Solid
and significant experimental evidences gathered in diversely
different systems!!'!! enable me to affirm that the dynamics of
many-body relaxation and diffusion in interacting systems are
universal. This assertion is important not only that it reveals a
general manifestation from nature, but also it implies the exis-
tence of fundamental physics behind it.

I shall demonstrate the universality first from the dynamic
processes in glass-forming systems. This is reinforced by
strikingly similar properties of different processes in contrast-
ing interacting systems all having nothing to do with glass
transition. The examples given here for glassforming systems
have diverse chemical compositions and physical structures,
translation and orientation ordered phase of rigid molecule,
and polymer including chain dynamics. For conductivity
relaxation of ionic conductors, the universal properties are
found in liquid, glassy, and crystalline materials with contrast-

IL12] Readers who are

ing chemical and physical properties.!
working in the fields are already familiar with properties such
as non-exponential time dependence of correlation function
and the length-scale of the heterogeneous dynamics. These
properties are generally found in many-body relaxation and
diffusion of interacting systems, and are parallel consequences
of the many-body nature of the relaxation. However, these
properties alone are not deep enough as evidence for univer-

sality. The properties that I shall use to support universality are
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more sophisticated, fundamental, and quantitative in nature,
far beyond non-exponentiality, dynamic heterogeneity and its
length-scale. A few examples are given in this review. More
can be found in my books, one published 5 years ago!'! and
the other one most recently.['?] The only element that the di-
verse systems considered have in common is anharmonic in-
teraction between the elemental units, which makes the relax-
ation and diffusion a many-body process and the dynamics be-
come universal.

The universal properties are in accord with either the pre-
dictions of the CM or its conceptual basis, and are introduced
naturally in conjunction with the CM in the following sec-
tions. However, the main purpose of this review is to make
the readers aware of the universality of the dynamic properties
of many-body relaxation/diffusion processes in wide variety
of condensed matters with diverse chemical compositions and
physical structures. Therefore coverage of the theoretical ba-
sis and predictions of the CM is minimized here but details can
be found in references.!’~!!]

2. Glass-forming systems

Among interacting systems of present interest, glass-
formers are most abundant and also widely studied in their
many-body relaxation and diffusion properties by experiments
and simulations. Glass-formers can be inorganic, organic,
polymeric, ionic, biomolecular, metallic, colloidal, and even
artificial such as the bead-necklace model for polymer or bi-
nary mixtures of large and small particles, both interacting
with the Lennard—Jones potential. The immense diversity in
chemical bonding, composition, and physical structure makes
glass-formers the best testing ground to find evidence for uni-
versality if it exists at all.

Any property found can be identified with one of
the universal properties associated with many-body relax-
ation/diffusion if any of its surrogate is related to or govern-
ing the property. The surrogate I have chosen is a measure
of the deviation of the correlation function ¢(¢) from the ex-
ponential time dependence. One choice is the parameter n in
the exponent of the Kohlrausch stretched exponential function,
o (t) =exp[—(¢/7)' "], used to fit the correlation function. Al-
ternatively the full-width at half-maximum of the susceptibil-
ity can be used since it is proportional to z. In all examples of
universal properties to be given below and much more in the
books,'12! 1 is involved and instrumental. One of the basic
predictions of the CM is the Kohlrausch (K) stretched expo-
nential correlation function where 7 is called the coupling pa-
rameter. The second basic prediction of the CM given by the

relation’-11]

©(T,PA,...) = [(tc) "t0(T,P,A,...)] /(=) (1)

The equation shows explicitly that n determines the observed
many-body relaxation time 7, and its dependence on tempera-
ture T and pressure P, or any other variable A by raising to the
power 1/(1 —n).

The time 7. in Eq. (1) is the onset time of chaos caused
by the anharmonic interaction, and is also the crossover time
of the correlation function from ¢(z) = exp(—t/1) for one-
body relaxation to ¢ (¢) = exp[—(t/7)'!~"] for many-body re-
laxation. The magnitude of 7. depends on the strength of
interaction. The crossover was found in the structural re-
laxation of polymeric and small molecular glass-formers,!'!]
the conductivity relaxation of ionic conductors, the dynam-
ics of entangled polymer chains in bulk or in semidilute so-
lutions, unentangled polymer chains in highly asymmetric
polymer blends, polymer cluster solutions, and glassy ionic

ILI21 The crossover at 7, is one of universal prop-

conductors. !
erties. The one-body relaxation time 7y (the primitive relax-
ation time of the CM) is directly obtained from the dependence

of the exp(—t/7) correlation function before it crosses over to
¢ (t) = exp[—(t/7)! "] after t.

2.1. Indicator of many-body relaxation: n

Stronger interaction giving rise to larger n in diverse sys-
tems is another universal property, which we elucidate by three
examples. The first is a bead-necklace model of polymer,
where the beads with diameter o fixed at 4.0 A are separated at
distance / and interacting with Lennard—Jones potential. Inter-
bead interaction is increased on decreasing . This trend is re-
flected by the increase of n in the K-function fit to the torsional

autocorrelation function (TACF) obtained by simulations!!3]

in Fig. 1.
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Fig. 1. (color online) TACF from simulations of bead-necklace model
of polymer at 100 K for / = 1.4 A, 1.5 A, and 1.7 A. Solid lines show
fits to the JG B-relaxation and the ¢t-relaxation using two K-functions.
The ratio T4 /Ty increases with decreasing / or increasing inter-bead in-
teraction because o is fixed at 4.0 A. Data in figure are from Ref. [13],
and replotted as a new figure.
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The second example consists of microgel particles that
can be made soft, intermediate, and stiff, and naturally inter-
particle interaction increases in this order. Figure 2(a) shows
B = (1 —n) obtained from fits to correlation obtained by light
scattering experiments.!'*! Again we have n increasing with
increasing inter-particle interaction.
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Fig. 2. (color online) (a) Plot of B = (1 —n) vs. volume fraction §
of stiff (95 nm), intermediate (92 nm and 168 nm), and soft (80 nm)
microgels. (b) logty vs. §/{, for the stiff, intermediate, and soft mi-
crogels, where 7 (&g ) = 100 s. Figures taken from Ref. [14]. Reprinted
by permission from Macmillan Publishers Ltd.

The third example is the small molecular glassformer,
quinaldine (QN).['] Pure QN has weak intermolecular inter-
action as reflected by its low glass transition temperature T
and the narrow dielectric loss peak fitted by n = 0.28 in Fig. 3.
Interaction of QN is increased by mixing QN with oligomers
of polystyrene with higher T,. There is corresponding increase
of n of the K-function used to fit broader loss peak of QN in
the mixtures. Moreover, n increases with increasing T, of the
PS oligomers.

1.0d 7T sma % QN (100% wi). eq () =028 ]
8 PS370+QN (5% wt.). eq.(1): n=0.53
® PS800+QN (5% wt.). eq.(1): n=0.70
0.8 PS2400+QN (5% wt.). ===eq.(1): n=0.73 i
_ 0.6 g
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Fig. 3. (color online) Normalized dielectric loss vs. frequency for spec-
tra with the same peak frequency of pure quinaldine (QN) (green stars,
T = 186 K) and QN dissolved at 5% concentration in oligostyrene with
M,, = 370 g/mol (black squares, T = 233 K), M,, = 800 g/mol (red
circles, T = 268 K), My, = 2400 g/mol (blue triangles, T = 321 K).
Green, black, red and blue lines are fits by K-functions with n = 0.28,
0.53, 0.70, and 0.73 respectively. Data in figure are from Ref. [15] and
replotted.

2.2. Universal properties originate from n

Thermodynamic variables pressure P and temperature 7'
and their conjugate variables volume V' and entropy S def-
initely influence the structural ¢-relaxation time 7. Con-

ventional theories of glass transition such the free volume

model!'® and the configurational entropy model!'”l put em-
phasis solely on the thermodynamic variables, neglecting the
effects coming from the many-body relaxation. Current theo-
ries including the mode coupling theory!'®!°! and the random
first order transition (RFOT) theory?"! have not dealt with the
many-body relaxation directly either. This is an oversight in
view of the experimental data on many small molecular, poly-
meric, and ionically conducting glassformers, showing that the
frequency dispersion or n not only controls many other proper-
ties, but also is invariant to widely different combinations of P

[11.21-23] Three examples

and T as long as 7 is kept constant.
are given by Figs. 4-6.

The first example is the dielectric loss spectra of 10% QN
in tristyrene obtained at different 7 and P combinations but
for the same T4 = 0.67 s (Fig. 4).>) The spectra superpose
well, and the ¢-loss peaks are well fitted by the K-function
with n = 0.53. Since the density of the system can change a
lot over the various combinations of P and 7T, the invariance
of n is evidence of the contribution of many-body relaxation
in determining not only the frequency dispersion, but also 7y
and its properties. The secondary f-relaxation loss peaks at
higher frequencies also maintain the same peak frequency, al-
beit the intensity changes somewhat. The arrow indicates the
primitive frequency fo = 1/ calculated by use of the CM
Eq. (1) from 74 with t, = 2 ps appropriate for van der Waals
glass-formers!!'!! as in the present case.

02 .. 10% Wt QN/3STyr
L TiK , o
N”CH, 280 1(T)=0.67 s_,.""-
260 v
o _._x:"
% 7 2401 &
P [MPa
20 L——+ [: ] }
0 100 200 300
14=0.67 s Seeve
0.02+ - i
— n=0.53 Jo=f6
107 10° 10° 10* 10°
Frequency/Hz

Fig. 4. (color online) 7—P superposition of loss spectra for 10% QN in
tristyrene at different 7 and P shown in the inset but at same 7, = 0.67 s.
The line is fit by the K-function with n = 0.53. The results demonstrate
the co-invariance of three quantities 7y, n, and 7jg. Reprinted with per-
mission from Ref. [23]. Copyright (2012) American Chemical Society.

The second example is taken from ionic conductiv-
ity relaxation of a room temperature ionic liquid, [Si-
MIm][BF4].1?*] Keeping the conductivity a-relaxation time
Ty, constant in Fig. 5, the electric modulus spectra taken at
two different combinations of P and T show the ¢-relaxation
loss peak superpose well, and are well fitted by the K-function
with n = 0.43.124] Although this ionic liquid is glass-forming
when temperature is lowered, shown here is the ionic conduc-
tivity relaxation, which is decoupled from the structural o-
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relaxation and yet its frequency dispersion is invariant to vari-
ations of P and T if 7 is kept constant.
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Fig. 5. (color online) Normalized M(f) spectra of ionic liquid [Si-
MIm][BF,] at different P and T to show co-invariance of 74, Tg, and
n at constant To. Blue squares and circles (P = 0.1 MPa, T =218 K
and 208 K from right to left). Red diamonds and triangles (T = 253 K,
P =300 MPa and 500 MPa from right to left. Dashed line is fit by
the K-function with n = 0.43. The arrows indicate log of the primitive
frequencies fo = 1/277y, with 7y calculated by Eq. (1). Data are taken
from Ref. [24] and redrawn here.

The 3" example is taken from the bead-necklace model of
polymer, the TACF of which has been shown before in Fig. 1.
Here the parameters are fixed with/ = 1.5 A and 6 /1 =2.7.113
For two different fixed values of 7y, figure 6 shows that the
time dependence of the slower o-relaxation is unchanged on
varying the combinations of P and T.
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Fig. 6. (color online) TACF obtained from simulations of melts with
I=1.5 A (6/1 =2.7) at different temperature and pressure as shown.
Reprinted with permission from Ref. [23].

2.3. The primitive relaxation is fundamental to universal

properties

The many-body relaxation and diffusion with correlation
function described by the K-function are the end product of
the evolution of dynamics with time. Starting initially from
the simplest one-body relaxation/diffusion process, increasing
number of units participate in the relaxation or diffusion pro-
cess with time. From this time evolution of the dynamics from
one-body to many-body, one may expect the existence of con-
nection between the relaxation time 7y of the one-body process
and 7y of the final many-body process. Such a connection is
given by the CM in the form of Eq. (1). This connection be-
tween 7y and 7, is quantitative provided that the values of n

and 7. are known from experiments. For van der Waals molec-
ular and polymeric glassformers, 7. = 1-2 ps. Since #. depends
solely on the interaction and not on the other variables, P, T,
A, .... The connection between the two different dependences
of 79 and 7, on any variable A takes the form

Ta(A) o< [1g(A)] /(7). )

The dependence of 7Ty on A is often simple and known be-
cause of the absence of many-body effects. According to
Eq. (2), the dependence of T4 on A is stronger than 7, and
hence may appear abnormal. An example is the scattering
vector Q-dependence of T, observed by neutron scattering
in polymers, and light scattering in colloidal particles.!!!1?]
While it is well known that 75(Q) e Q=2 and verified by
experiment, the dependences of 7, on Q found is close to
T (Q) o< Q=% (1=7)_ This is an universal property because the
same Q~2/(1=")_dependence of the many-body relaxation time
was found by dynamic light scattering in non-glassforming
systems including semidilute polymer solutions and polymer
cluster solutions.[!!]

Empirically T, is a function of the product variable p? /T,
where p is the density and ¥ a constant with value dependent
on the glass-former.[>2! The CM equations (1) and (2) re-
quire that 7y is also a function of the same thermodynamic
product variable p¥/T. The interesting question is where does
the dependence on p” /T originate, Ty or To? From the chrono-
logical description of the CM, it is clear that the primitive re-
laxation comes first, and hence the dependence on p?/T starts
with its relaxation time 1y. After the onset of chaos and sub-
sequent development of many-body dynamics, T inherits the
dependence on p¥/T. Experimental support of this conclusion
will be given in Subsection 2.3.2. This simple result from the
CM has tremendous impact on how the dependence on tem-
perature and density should be introduced in theory of glass
transition. Theories that introduce the dependence on p?/T
through 7, without tracing its origin to 7y are contradicting
casuality and the simple result from Eq. (1) of the CM.

2.3.1. Support from the JG [-relaxation

The primitive relaxation is the precursor of the many-
body «-relaxation, and it is analogous to the secondary re-
laxation that involves the motion of the entire molecule or
repeat unit in the case of polymers. To distinguish this spe-
cial kind of secondary relaxation from trivial ones that in-
volve only a part of the molecule, we have called them Johari—
Goldstein (JG) B-relaxations.!!!>728] We chose this nomen-
clature for this special kind of secondary relaxations also for
the purpose of honoring our colleagues, Johari and Goldstein
for their discovery more than 4 decades ago that totally rigid
small molecules like chlorobenzene and toluene can have a

[29,30

secondary relaxation, I and of course they belong to the

special class because any motion of totally rigid molecule must
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involve the entire molecule. However, it must be made clear
that the discovery of the special class of secondary relaxations
having strong connections to the ¢-relaxation originates from
Refs. [27] and [28] and is based on the precept of the coupling
model,!'!! and not from either Johari or Goldstein at any time
in the past.

The JG B-relaxation appears at shorter times or higher
frequencies than the ¢-relaxation in Figs. 1-6. Several prop-
erties of the JG B-relaxation time Ty are in accord with T,
in support of the approximate equality Tjg ~ 7p. Firstly, in
Figs. 3—5 where all vertical arrows drawn indicate either 7y (or
fo=1/2n1) calculated by Eq. (1) from the known values of
Ty, 1, and ., there is good agreement between the observed
7i6 (or fig) and the calculated 7o (or fp). Secondly, the ob-
served increasing separation of 7, from Tjg on increasing n
and shown in Figs. 1 and 3 is in accord the same trend pre-
dicted by Eq. (1) on the separation between 7y, and 7y. Thirdly,
figures 4-6 demonstrate the co-invariance of three quantities
Tas 1, and Tjg to widely different combinations of 7 and P,
which is the same as the co-invariance predicted for 7y, n, and
7o by Eq. (1). All are universal properties because they are
found generally in many glass-formers,[!1-2!]

Like the primitive relaxation of the CM, the JG -
relaxation is the origin or the precursor of the a-relaxation,
and hence the latter would not exist without the former tak-
ing place at earlier time. For this reason, the JG f-relaxation
is present in all glass-formers, although it may be difficult to
be resolved and unambiguously detected by experiment and
simulations. The difficulty is because the JG B-relaxation is
more local, and its relaxation strength is smaller than or in
some cases even negligible compared with that of the many-
body a-relaxation. The JG f-relaxation’s connections to the
a-relaxation indicate its fundamental importance. It is a mis-
take to ignore the JG B-relaxation in considering any property
of the ¢t-relaxation, and in constructing a theory of glass tran-
sition. Unfortunately, this malpractice continues to the present
time despite the volume of experimental evidences showing
that its role cannot be neglected.

Notwithstanding the difficulty caused by its small
relaxation strength, the JG p-relaxation was found in
many small molecular, polymeric, inorganic,!!!27-2831]
plastic crystalline,®>33] polymer blends,** and metallic

glasses, 337381 as well as in room temperature ionic liquids, >4

[40,41

amorphous pharmaceuticals, ! carbohydrates, %4 aqueous

4446 The ubiquitous

mixtures,*>* and hydrated proteins.
JG B-relaxation is another one of the universal properties of

glass-forming substances and systems.

2.3.2. 74 and 1) are different function of the same
variable p?/T

To accentuate this universal property of strong connec-
tion between Ty, n, and Tjg, once more, we show in Fig. 7

that 7 and 75 of DGEBA (diglycidyl ether of bisphenol-A)
with M,, =380 g/mol are simultaneously functions of the same
thermodynamic scaling variable, p¥/T, with y = 3.5. There is
also good agreement between Tjg and 7y calculated at several
state points by Eq. (1) with (1 —n) = 0.52 obtained by fitting

the a-relaxation by the K-function. 7!
2 T T T T
m o, P=0.1MPa [¥
01 3 4
O 1, P=400MPa %
~ 24 & 1, T=283K / y=3.5 4
2] .
= 1, T=293K /5 o 9
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4 5 6 ( 8 9 10
103 p7/T

Fig. 7. (color online) log of 7, and 756 of DGEBA obtained isobarically
as function of T and isothermally as function of P plotted together vs.
p”/T. Black asterisks: values of log (7o) at several state points calcu-
lated by Eq. (1) with (1 —n) = 0.52 obtained by fitting the o-relaxation
by the K-function. Reproduced from Ref. [47] by permission.

Molecular dynamics simulations of binary Lennard—
Jones liquids were performed!*¥! with the exponent of the at-
tractive part of the potential fixed at the value of 6 and the ex-
ponent p of the repulsive part varied over the values of 8, 12,
24, and 36. The diffusion coefficients for the simulated lig-
uids in normal and moderately supercooled states are a unique
function of the variable p?/T. The value of ¥ turns out to
be determined by the steepness of the repulsive part of U(r)
in the region bounded by rc and ry /5, where r¢ is the closest
approach distance between the larger particles and ry; is the
separation distance between the larger particles correspond-
ing to the half-height of the pair distribution functions, g(r).
Within the range r < r <y, the distance is smaller than the
average separation between the larger particles of the binary
L-J liquids. At such short distances, where 7y is determined
mainly albeit not totally by the repulsive part of U(r), it is the
primitive relaxation or the local JG f-relaxation that is more
directly related to the repulsive part of U(r) than the cooper-
ative o-relaxation, which involves more particles and longer
length scale. Thus, this is evidence that the dependence on
p”/T of dynamic quantity related to structural relaxation orig-
inates from the JG -relaxation or the primitive relaxation of
the CM. "] This original dependence of 7y (or 7p) on p?/Tor
T~'V~=Y, where V is the specific volume, is passed onto Ty of
the structural o-relaxation and magnified in 7, at later time
through action of the many-body dynamics. Additional confir-
mation can be found from recent papers.[*’! The results show
the fundamental role of the primitive or JG B-relaxation, and
also the importance of recognizing that many-body relaxation
has its own separate effect on 7, and glass transition, distin-
guishable from the effect due to the change of temperature and
pressure. Theories of glass transition that are based solely on
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the o-relaxation and consider only changes of density and en-
tropy cannot be correct because of the neglect of the primitive
or JG B-relaxation and failure in incorporating many-body na-
ture of the structural o-relaxation and the effects it has on 7.

3. The universal primitive relaxation

The primitive relaxation could be overlooked or viewed
by some workers as merely a construct of the CM and has
no real manifestation in experiment. This wrong impres-
sion can still hold despite the generally good correspondence
between the calculated primitive relaxation time 7p and the
experimentally observed Tjg.[!121-24:27:28.31=34.38-41] Notwith-
standing, experiments can be carried out to directly observe
the primitive relaxation by reducing the many-body relaxation
to one-body relaxation when n — 0. One can check if the
observed relaxation time is the same or nearly the same as
7o ~ Tjg as predicted by Eq. (1) of the CM. The experiments
I have in mind are on glassformers with dimension or dimen-
sions reduced in size down to nanometer length scale. The
small size of the sample practically makes many-body process
with larger length scale impossible, particularly at and near
the surface and interface, resulting in the observation of the

primitive relaxation.

T T T T T
ol ©® 1.5 nm thin PMPS film (experimental)
0 1.5 nm thin PMPS film (predicted)
. 7o(T)
- o g 7
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T . 04)/‘/
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- . 1
- L S -
s ® *, g
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bulk relaxation rate's
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(1000/ Temperature) /K1

Fig. 8. (color online) Plot of log 7, of PMPS observed in bulk (closed
triangles) and in 1.5 nm thin films (closed circles). Open squares indi-
cate the values of log,,(7o) calculated by Eq. (1) with (1 —n) = 0.52
obtained by fitting the o-relaxation of bulk PMPS by the K-function.

One example is the ultrathin films of poly (methylphenyl-
siloxane) (PMPS) with thickness of = 1.5 nm confined within
the galleys of nanocomposites.*”! Figure 8 shows the 7, of
poly(methylphenylsiloxane) (PMPS) observed in the bulk and

in 1.5 nm thin films. There is about 6 orders of magnitude re-
duction of 7, in the thin film compared with the bulk at the
lowest temperature above T, of bulk PMPS shown in the fig-
ure. There is good agreement between Ty observed in the thin
film and the values of log,,(7) calculated by Eq. (1) with
(1 —n) = 0.52 obtained by fitting the o-relaxation of bulk
PMPS by the K-function.’%=? The results from this exper-
iment clearly demonstrate that the primitive relaxation can be
observed directly after suppressing many-body aspects of the
relaxation and when n — 0.

The same effect was obtained by confining ortho-
terphenyl (OTP)133>#1 and poly(dimethylsiloxane) (PDMS) in

[53:56] Negative pressure could be present

silanized glass pores.
in the case of OTP as pointed out in Ref. [53], making the con-
fined OTP less dense and weakening the interaction strength as
well. This situation acts in concert with the finite size effect
to lead to n — 0.4 In both OTPP*Y and PDMS,P?! it was
found that 7, — 7p. The results of nano-confined PDMS are
presented in Fig. 9, where fy = (1/2774) can be seen to ap-

proach fy = (1/277y) as the pore size becomes smaller.

CH, —
84 HO‘_SI_():'»H
[T . ‘ CHy
5 So—>[y when
1 n—0
0 \ °
T 4 e, 7 /o
o2 % ~. oo
% 24 = Bulk .y e,
9 e 200nm a *
7.5nm N
0 ¢ 50nm p|®
]
-2+ Bulkf,, n = 0.48

45 50 55 60 65 70 75

(1000/T) /K~

Fig. 9. (color online) Dielectric ¢-loss peak frequency of bulk and
nano-confined PDMS vs. 1000/T. fy = (1/2%7) at one temperature
is calculated by Eq. (1) with n = 0.48 obtained from fit to loss spec-
tra of bulk PDMS by the K-function. Data digitized from Ref. [55] to
construct the new figure.

Without using artificial walls to confine, self nano-
confinement of alkyl chains occurs naturally in nano-domains
formed as a result of nanophase separation of incompatible
main and side-chain parts in higher members of poly(n-alkyl
methacrylates) (PnAMA). Alkyl groups in the side chains of
the polymer aggregate in the melt and form self-assembled
alkyl nanodomains.?>’8 A polyethylene-like glass transition
called apg occurs within the alkyl nanodomains, and the
associated Ty is shown in Fig. 10. The size of the nan-
odomains decreases with the number, C, of alkyl carbon
atoms per side chain of PnAMA, from 2 nm for C = 10
in poly(n-decylmethacrylate) to 1 nm for C = 4 in poly(n-
butylmethacrylate). The 7, of C = 10 nanodomains has the
Vogel-Fulcher T-dependence like in bulk glass-formers. In
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contrast, T, in C = 4 nanodomains becomes much shorter and
assumes the Arrhenius 7-dependence. It is likely that n — 0 in
the smallest C = 4 nano-domain, and 7, becomes the same as
Tp. If so, T4 of C = 4 nanodomains also could be the same as
the JG f-relaxation time 7jg of C = 10 nanodomains. This ex-
pectation was verified in experiment by rapid quenching of the
C = 10 sample.!>! The procedure enabled the JG B-relaxation
to be resolved, and its 7jg is nearly the same as 7y of C =4
nanodomains shown in Fig. 10.

7 T T T
6L PnAMA |
a,,. process
5¢ ]
T: al JG of C10?
B 3l
£
3 2l
©0
o
2 4l
ol
-1 1 1 1 M L Nal
30 35 40 45 50 55 60 65

(1000/T) /K~

Fig. 10. (color online) Arrhenius plot for 7c pg of opg processes in
higher Pt AMA with C = 4 (triangles), C = 7 (diamonds), and C = 10
(circles). Dielectric (full symbols), shear (open symbols), and heat ca-
pacity (@) are shown. The lines are VF fits for C =7 and C = 10,
and Arrhenius fit for C = 4. The inset depicts nanophase separation in
PnAMA.

Recently, Zhu et al.'%" used the method of surface grating
decay and successfully measured the surface diffusion on an
organic glass-former, indomethacin (IMC), for the first time.
They found that surface diffusion coefficient Dg is about 10°
times larger than bulk Dy at temperatures around 7. This
large difference between Dg and Dy is brought out in Fig. 11
where log(1/Ds) and log(1/Dy) have been shifted by —17.5
to bring log(1/Dy) to coincide with log 7, of bulk IMC near
its T, determined by dielectric relaxation and also by DSC.
The value of n = 0.41 of bulk IMC was obtained by fitting di-
electric relaxation spectra by the K-function.[®!l The primitive
7o calculated by Eq. (1) from 7, of bulk IMC is also shown
Fig. 11. Assuming n — 0 at the free surface, the relaxation
time 7,(T) at the surface becomes identical to the primitive
relaxation time 7o(7"). It can be seen that the calculated Ty
and hence the predicted 7;(7") are shorter than the bulk 7, also
by about six orders of magnitude in a range of temperature
near and below the bulk 7, in accord with the difference be-
tween Dg and Dy. The primitive 7o(7') used to estimate 7,(7')
is calculated from the bulk 74(7'), and hence is for the bulk
only. At the surface with free space available, 79(7) can be
shorter than the calculated bulk value. This effect at the sur-
face can increase the ratios 7o (7 )/ 75 (T, ) and Dy (Ty)/Ds(Ty).
On the other hand, there is decoupling of Dy (T) from 7/n
less than two orders of magnitude at 7 = T,, which causes

a reduction of the enhancement in Dy (T;)/Ds(T;,) estimated
by 7o (Ty)/7s(Ty). The balance of two opposing effects has to
be taken into consideration in conjunction with the estimate
Ta(Ty)/7s(Ty) in determining the actual enhancement of mo-
bility at the surface.

T T T T T

2 9 -logD, (surface) shifted by -17.5

© -logD, (bulk) shifted by -17.5
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O OH
|
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~
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Z of o ¢ R
5 o °
= o [
5] i 5.74 decades
% ¢
= o d
£ -2t ! .
= Py K
E; e
2 $ %
‘ *
4t 5 .
s o f
Kd
L
A
5 ," 1 L ) s ! L L
28 32
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Fig. 11. (color online) a-relaxation time 74, (red filled circles together
with the VFT fit (dashed purple line)). The purple asterisks on top are
T from DSC measurements. The first asterisk on the upper left corre-
sponds to Ty =200 s at 315 K. The rest of the asterisks represents 7 in
the glassy state. Lower part: the red open circles together with the red
dashed line are the calculated primitive relaxation time 7y from 7. The
purple asterisks at the bottom are the 7y calculated from 7, obtained
by DSC. The vertical line indicates (log T, —logTp) = 5.74 decades at
T, = 315 K. The open and closed blue diamonds are log(1/Dy) and
log(1/Ds) data shifted downward by 17.5 decades to place log(1/Dy)
at approximately the same locations as log 7. Note that the same shift
superpose log(1/Ds) to log 7p.

Another van der Waals glass-former ortho-terphenyl
(OTP) has a larger value of n = 0.50.1°21 The same
operation leads to the prediction of a larger value of
log[t¢(T;)/s(Ty)] = 7.2, which approximately matches the
observed value of log[D, (T;)/Ds(T;)) in surface grating decay

621 If the same experiment was done on another

experiment. !
van der Waals glass-former without complication of hydrogen
bonds and value of n smaller than IMC, smaller 74 (7;)/7s(Ty)
and Dy(T,)/Ds(T,) than observed in IMC are predicted. A
candidate for such future experiment is propylene carbonate
with smaller value of n = 0.27.5!]

Metallic alloys have chemical and physical structures so
different from molecular glass-formers and yet their structural
o-relaxation, the JG B-relaxation, and the caged dynamics of
metallic glasses are remarkably similar in properties. Thus
it is consequential to study the surface mobility of metallic

glasses and compare the results with molecular glass-formers
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like IMC and OTP. Indeed measurements of surface diffusion
of the canonical metallic glass, Pd4oCu3zgNijgP»g, were carried
out by the surface grating method to make direct comparison
with the molecular glass-formers.[®3] The coupling parameter
n of Pd4oCuzgNijoPsg is 0.46, obtained from the fit to the shear
loss modulus data by the Kohrausch function with stretch ex-
ponent Bx = (1 —n) = 0.54. The f, ~ 0.2 ps for metallic sys-

[64.65] s shorter than 1-2 ps

tems deduced from simulations
for soft molecular glass-formers and polymers. This differ-
ence is reasonable in view of the stronger interaction of metal
atoms compared with van der Waals interaction in soft matter,
as exemplified by the much higher shear modulus of metal-
lic glasses than molecular glasses. Again with the choice of
To(Ty) = 103 s, and the values of 7, ~ 0.2 ps and n = 0.46,
the CM gives log[tq (T )/ 7 (T;)] = 7.2,1°1 which is about one
order of magnitude smaller than the experimental value of
log[Dy(Tg) /Ds(Ty)].

Measurements of Ag radiotracer diffusion in shear bands

167 have found

of deformed bulk metallic glass, Pd4gNisoP2q,
a colossal enhancement of diffusion coefficient by more than
eight orders of magnitude than in undeformed Pd4gNisgP2g.
Suggestion was made by Bokeloh et al.l®”! that enhanced
diffusion occurs in high-mobility pathways originating from
some excess free volume distribution inside the shear bands.
The use of the CM together with the values of #. ~ 0.2 ps and
n = 0.50 known from mechanical measurements allow quanti-
tative calculation of the maximum of the enhancement of dif-
fusivity, again from 74(7T)/7o(T), possible in high-mobility
pathways of the shear bands.[%®) Within the range of eight to
ten orders of magnitude, the calculated maximum enhance-
ment is capable to account for the experimental observation.

The cause of the fast surface diffusion is the nearly van-
ishing of intermolecular coupling of relaxation and diffusion,
i,e, n — 0, at the surface. Thus, surface diffusion experiment
is another way to reveal the primitive diffusion of IMC, OTP,
and Pd49Cus3gNijgP;g, and show that it is real and an universal
feature of the dynamics.

4. Universal properties in non-glassforming sys-
tems

To heighten the awareness of the reader that universal
properties of many-body relaxation and diffusion are man-
ifested in all interacting systems and not just glassformers,
some examples are given in this section. More can be found
in Ref. [11]. T shall continue on the themes of the previous
sections on crossover at 7 and the quantitative connections be-
tween the many-body 7, and the primitive 7y, as well as the

revelation of 7¢ by nano-confinement.

4.1. Yttria stabilized zirconia

The first example is taken from oxygen ion conductivity
relaxation in yttria stabilized zirconia (YSZ), ZrO,:x%Y,03,
with its structure depicted in Fig. 12.

O vacancy
1: first neighbor
2: second neighbor

Fig. 12. (color online) Structure of YSZ.

One of the universal properties exhibited by YSZ with
x ranging from 8§ to 10 is the crossover from primitive oxy-
gen ion conductivity relaxation to many-body conductivity re-
laxation at ¢, =~ 1-2 ps. This is evidenced in Fig. 13 by the
change of the activation energy of d.c. conductivity o from
E,=0.49eVto E; =1.16 eV at the level of o corresponding
to conductivity relaxation time (calculated from the Maxell re-
lation) of about 1 to 2 ps as indicated in the figure. E, and E}
are also respectively the activation energies of the primitive
conductivity relaxation time 7y and the many-body conductiv-
ity relaxation time 7*. The relation,

Ef=(1

a

—n)E,, 3

is a corollary of Eq. (1). It is verified (see Fig. 13) since
n = 0.57 is known already from the fit of the electric modu-

lus spectra by the K-function.[%”]
— 0 T T T T T T T T
Ips [ \ Yttria stabilized Zirconia |
2} b TR,
:\\ -3 " 'S Tee 1
E ot Y E,=049
2 4L [E=amE] ‘s Vv ]
% -5f 1
& 7l 0.50 eV= ]
-6 (1-n)x1.16 / .
7L | where n=0.57 E*=1.16 |
eV

1 L 1 1 L
06 08 10 12 14 16 18 20
(1000/T) /K~

Fig. 13. (color online) Change of activation energy of conductivity ¢
from E, = 0.49 eV to E; = 1.16 eV when the relaxation time crosses
t. = 1 to 2 ps. The arrow indicates the level of o where the relaxation
time is 1 ps.

Conductivity in thin films of YSZ on MgO substrate has

(701 On reducing the film thickness, figure 14

been measured.
shows ¢ increases and its activation energy decreases. The ef-
fect is caused by the much higher conductivity of the surface

making more important contribution in thinner films. 7%
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Fig. 14. (color online) 7-dependence of the electrical conductivity de-
termined for epitaxial YSZ thin films on MgO as substrate with differ-
ent thicknesses. The red vertical arrow indicates the roughly 2 orders
of magnitude change at the same value of the reciprocal temperature as
in Fig. 15. Data points digitized from Ref. [70] and plotted in this new
figure.

The data of ¢ in YSZ film 15 nm thick are converted to
conductivity relaxation time 7* (15 nm) by the Maxwell re-
lation and compared with the many-body conductivity relax-
ation time 7" of bulk YSZ in Fig. 14. Also plotted in the fig-
ure is the primitive 7y calculated from 7* with n = 0.57 and
t. = 2 ps. It can be seen by inspection that 7* (15 nm) is nearly
the same as the calculated 7y, showing once more that 7y can
be directly observed via the surface conductivity contribution
due to vanishing of inter-ionic coupling and n — 0.[6%]

Another universal property of many-body relaxation and
diffusion can be elucidated by the experimental data shown
in Fig. 15.1°1 At lower temperatures before the crossover,
the temperature dependence of 7* of bulk YSZ is Arrhenius
and given by 7% = 15 exp(E;} /kT), where T, is the prefac-
tor and E} = 1.16 eV. The intercept of the Arrhenius fits to
T*(T) with the y-axis at infinite temperature gives the pref-

_ 1016‘44

actor T, s, which is much shorter than the oxygen

vibrational time given by the reciprocal of the angular fre-
quency @, corresponding to the narrow band at 690 cm™!
of the hyper-Raman spectra shown in the inset. On the other
hand, the intercept of the Arrhenius 7-dependence of 7y(T)
with the y-axis yields the prefactor 7. in good agreement with
the oxygen vibrational time.[*3]

According to Eq. (1), from the experimental Arrhenius
T-dependence of ¥, it follows that the T-dependence of Ty is
also Arrhenius. When written in the form 7p = T exp(Ea/kT),

the primitive prefactor 7., is related to many-body 7% by
T = [(te) "]/, )

which is a result in parallel with E} = (1 —n)E, and considered
before in Fig. 13. The 7., calculated from 7} with ¢, = 2 ps and
1 ps agrees with @y, from hyper-Raman experiment. The suc-
cess of relating the anomalous E; and 7 to one-body E, and
T by Egs. (3) and (4) via the same 7 is another proof of the
ability of the CM to account for many-body relaxation.

2 T T T ) T
L Conductivity relaxation data o__
[ xmol%(Y,05) * x=0.8 (sIngle crystal) ]
I O x=9.05 © x=0.8 (500-800 nm)
21 E
4} ]
- T' —
B E,’=1.16 eV, To
-6 . Em0.50 eV, -]
2 -
\l; o
20
'9 -
tc
-18 L 1 1 1 1 L 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0

1000/T

Fig. 15. (color online) Arrhenius plots of various relaxation time of
oxygen ions in bulk YSZ and thin films of YSZ. The data of the con-
ductivity relaxation times, T*(T), of 15 nm YSZ thin film deposited on
MgO in Fig. 14 are shown by closed purple squares. The length of the
red arrow of about 2 decades has the same length and located at the
same temperature as the one in Fig. 14. The conductivity relaxation
time 7*(T) was obtained in bulk YSZ samples. The thicker solid lines
are Arrhenius fits to the data of 7*. The thinner broken and dotted lines
are the 7o(7T) calculated from ©*(T) with 7z = 2 ps and 1 ps, respec-
tively. The intercepts of the Arrhenius fits to 7*(7') with the y-axis at
infinite temperature give the prefactors 7% = 10'9%* 5. The intercept of
the Arrhenius 7-dependence of 7y(T) yields the prefactor Tp.. in good
agreement with the reciprocal of the angular frequency corresponding
to the narrow band at 690 cm™! of the hyper-Raman spectra shown in
the inset.

Many more successful applications of the CM to explain
the ion dynamics in other ionic conductors can be found in the

two book.11-12]

4.2. Monoclinic phase II of 2-adamantanone

The anomalous activation energy barrier E; and the pref-
actor 77, are universal properties of many-body relaxation and
diffusion processes that have Arrhenius temperature depen-
dence. An example of these universal properties from a strik-
ingly different system than YSZ is given here to dramatize
the universality. The substance is 2-adamantanone (CjoH40),
or 2A=0 for short, and it is composed of simple rigid pseu-
doglobular molecules. >3] We are interested in its monoclinic
phase II below about 180 K. As shown in Fig. 16, the structure
is ordered both in translation and in orientation, and far differ-
ent from the amorphous structure of conventional glassform-
ers in either the liquid or the glassy state. There is however the
existence of a statistical intrinsic disorder concerning the site
occupancy of the oxygen atom. As illustrated by the picture in
Fig. 16(a), the oxygen atom can occupy three possible sites!?3!
with temperature-independent fractional occupancies of 25%
(O1 and 02) and 50% (O3).
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Fig. 16. (color online) (a) 2-adamantanone phase II with oxygen atoms (red) within their three occupational sites of the (001) crystallographic
phase of OO. Red labeled atoms correspond to the oxygen atoms within their three sites of fractional occupancies 0.25 (O1), 0.25 (02), and
0.50 (O3). Panel (c) shows the presence of the a-relaxation and -relaxation in the isothermal spectra. Panel (b) presents the exponent of the

K-function for different temperatures. Data from Ref. [33], and redrawn.
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Fig. 17. (color online) Relaxation time as a function of reciprocal of
temperature for the different relaxation processes in the orientation or-
dered phase II. o-relaxation time from Refs. [24] and [25] is repre-
sented by red and green inverted triangles, respectively. f-relaxation
time is shown as blue-white inverted triangles. Lines are linear regres-
sions to data. Gray asterisks are the predicted 7y from Eq. (1). Data
from Ref. [33] and are replotted.

1 L L I

The statistical disorder due to the fractional occupancy
of the oxygen atom enables the use of dielectric relaxation
to study the dynamics of 2A=0. The isothermal dielectric
loss spectra in Fig. 16(a) show the presence of a primary
a-relaxation with a considerable strength, as well as a re-
solved B-relaxation, which has all the properties of the JG -
relaxation, including the motion of the entire 2A=0 molecule
because of the rigid C=0 group attached to the adamantine
skeleton.[33! Figure 16(b) shows the stretch exponent, 1 — n,
of the K-functions that fit the o-loss peak. It is a function of
temperature. It decreases on cooling and assumes the value
of 0.46 on approaching the lower temperature at which the
a-relaxation time 7y reaches long time of 100 s as shown
in Fig. 17. The temperature dependence of 7, is Arrhenius
and given by 74 = 75 exp(E; /kT), where E = 5746 K and

0172 5. Presented in the same

the prefactor 7 is about 1
figure is the JG PB-relaxation time Tjg determined from the
spectra at lower temperatures. The temperature dependence
is also Arrhenius and given by Tjg = T.exp(E,/kT), where
E, = 2744 K, and 7., is about 107142 s, According to Eq. (3),

the ratio E,/E; is equal to (1 —n), from which we have the

value of 0.48. This is close to the value of 0.46 for (1 —n)
determined by the fit to the loss peak at lower temperatures by
the K-function (see Fig. 16(c)). Using the same value of 0.48
for (1 —n), and substituting .. = 10742 s and 7. = 2 ps into
Eq. (4), we obtain the value of 1071%9 s for 7,
107172 s obtained for the prefactor of 7,. Moreover, 7y has

close to the

been calculated by Eq. (1) from the experimental values of 7y
and (1 —n) over a range of temperature. The results are shown
by asterisks in Fig. 17.

The properties of the many-body molecular relaxation in
2A=0 are analogous to those of the many-body ionic conduc-
tivity relaxation in YSZ, although the two systems have noth-
ing in common except for the presence of interaction between
the relaxing units. Thus, the universal properties of many-
body relaxation common to both systems are engendered by
interaction. The physics that gives rise to them has to be fun-
damental in order that it is applicable to the diverse processes

and substances or systems.

4.3. Polymer viscoelasticity

It is worthwhile to briefly mention the application of
the CM to polymer viscoelastic properties in the past three
decades.!!!"71-961 Tn particular, the applications have explained
the thermo-rheological complexity of the viscoelastic spectra
of amorphous polymers caused by the segmental o-relaxation,
the sub-Rouse (sR) modes, the Rouse modes, and the termi-
nal relaxation (if the polymer is entangled) all having differ-
ent coupling parameters but the primitive relaxation time of
all of them, 740, Tsro, and Trg, share the same primitive fric-
tion coefficient §y(7).l">7881-9] The coupling parameter n
of the segmental ¢-relaxation is larger than ngr of the sub-
Rouse modes, and nr of the Rouse modes is zero. Applying
the CM Eq. (1) to each of the three viscoelastic mechanisms
with the same §y(7T') factor in Tg0, Tsro, and Tro, but differ-
ent coupling parameters, the thermos-rheological complexity
of polymers is explained.

The recent work[**l extends the previous one to include
different dependences of {, on pressure P, and the product

018105-10



Chin. Phys. B Vol. 26, No. 1 (2017) 018105

variable TV?. Again by means of the CM Eq. (1), the re-
sults explain the piezo-rheological complexity, and the TV?-
rheological complexity of polymers. The viscoelastic anoma-
lies observed experimentally are fundamental and deserve at-
tention from the polymer physics community. Some authors
rationalized the thermorheological complexity of polymers by
the spatially heterogeneous segmental o-relaxation.®”-?8) This
rationalization is invalid as demonstrated later on in Subsec-
tion 5.2 and in Ref. [99]. So far, only the CM can rationalize
the origin of these complexities and explain some of the data
quantitatively.[*¥

This CM explanation of bulk viscoelastic property was
extended to freestanding polymer thin films to address
the changes observed on decreasing the film thickness by
McKenna and coworkers.!!%%1°1] Due to the presence of the
two surfaces, the finite size effect, and the induced orientation
of the entangled chains altogether reduce the coupling param-
eters ny and ngr of the segmental ¢-relaxation and the sub-
Rouse modes, and via the CM Eq. (1) results in the shifts of
Tq and Tgg to shorter time in the thin film. However, the shift
of 74 is much larger than 7,r and this explains the apparent
reduction of the plateau compliance in the experimental mea-
surement of compliance.!!%%191] The effects become larger on
decreasing film thickness 4, and in polymer with larger n.
These predictions were verified by experiments performed on
polymers with different values of nq.H0!

Another application of the CM made on polymer chain
dynamics found by simulations and dielectric experiment per-
formed on binary polymer blends with the two components

).11021 The molec-

having large difference in mobility (or 7
ular weights M of both are below the entanglement molecu-
lar weight M., and hence the chains are not entangled. Be-
fore blending the two components together, the chains dynam-
ics obey the Rouse model, with exp(—7/1R) for the correla-
tion function and 7g having the M?-dependence. However
in the blend, the chain normal mode of the fast component
has its correlation function changed to exp[—(¢/7)' "], with
7 having the M?/(!=")_dependence. This interesting M2/ (1)~
dependence follows from the CM Eq. (1) after taking into con-
sideration of the M?-dependence of the primitive relaxation
time 7 appearing on the right-hand-side.** Also observed is
(1 —n) decreasing on decreasing T. This trend is due to in-
creasing disparity in mobility of the two components at lower
temperatures, which causes increasing constraint imposed on
the chains of the faster component by the slower component,
and larger chain coupling parameter n. At the lowest T stud-
ied, 2/(1—n) ~ 3.6, and T o< M6, These results are examples
of universal properties manifested in the dynamics of polymer
chains, which also is consistent with the CM Eq. (1) when
applied to this case.l?”) The M%/(1=")_dependence of the re-
laxation time of the unentangled chains in polymer blends re-

sembles the M>*-dependence of the terminal relaxation time
of entangled polymer chain in high molecular weight polymer.
The latter also had been explained by the CM together with the

117681871 This analogy is unsurpris-

temperature dependence. |
ing because determined by inter-chain interaction, entangled
polymer dynamics is just another case of many-body relax-

ation of interacting system.

5. Breakdown of Stokes—Einstein relation and
related phenomena

Measurements of dynamics in glass-forming liquids indi-
cate that the shear viscosity 7], the rotational correlation time
7., and the self-diffusion coefficient D all slow down dramati-

[103-1091 However, the prod-

cally with decreasing temperature.
ucts D) and D1, are not constant but increase as the temper-
ature is lowered toward 7; as seen in 1,3-bis-(1-naphthyl)-
5-(2-naphthyl)benzene (TNB), OTP, IMC, and other glass-
Hence the Stokes—Finstein (SE) and the Debye—

Stokes—Einstein (DSE) relations are no longer valid. One ex-

formers.

planation offered is based upon the spatially heterogeneous
dynamics in supercooled liquids.!'%3-1%] The regions of dif-
fering dynamics give rise to the Kohlrausch relaxation func-
tion in ensemble averaging measurements. The decoupling
between self-diffusion and rotation occurs because D and 7.
are averages over different moments of the distribution of re-
laxation time, with D o (1/7) emphasizing fast dynamics,
while 7, o< () is determined predominantly by the slowest
molecules. In order for this explanation to be consistent with
the observed monotonic increases of the products D7) and D7,
as the temperature is lowered toward Ty, the breadth of the re-
laxation time distribution has to increase (or the Kohlrausch
exponent, 1 — n, has to decrease) correspondingly. However,
Richert and coworkers!!!%!11] have recently reported that the
dielectric spectra of TNB and OTP have a temperature inde-
pendent width (e.g., 1 —ng is constant equal to 0.50) from
345 K to 417 K in the case of TNB. The T, of TNB is 342 K.
Photon correlation spectroscopic!!!?l and NMR '3 measure-
ments all indicate a temperature-independent distribution of
relaxation time up to about 10% above T,. Thus, these data
of TNB as well as similar results found in o-terphenyl and su-

crose benzoate!!14

| have invalidated the popular explanation
that was believed true for more than 2 decades. In a recent re-
view on supercooled liquids and glasses, ! the authors have
made clear that this explanation contradicts experiments and
simulations, and is defunct. Does this situation mean that now
there is no explanation of the breakdown of SE and DSE rela-
tions? The answer is no. Actually an alternative explanation
was given in 1999 by the coupling model,!!!>!16] which has
been eclipsed by the spatially heterogeneous dynamics expla-
nation and is still not mentioned in the review!”®! after con-

ceding that the latter is inconsistent with experiments. Possi-

018105-11



Chin. Phys. B Vol. 26, No. 1 (2017) 018105

bly this is due to a misunderstanding or mistake made in an-

[117] that relaxation in the CM is a homogeneous

other review
process. Although it was made amply clear in the 1999 CM
papers[195:106] that relaxation is dynamically heterogeneous.
In the explanation given by the CM, 131161 it ig pointed
out that the breakdown of the SE and DSE relations in glass-
forming liquids is special cases of a more general phenomenon
in many-body relaxation and diffusion that different dynamic
observables  weigh the slowing down in many-body relax-
ation differently. In the CM, this corresponds to different
having different coupling parameters ny (i.e., degrees of in-
termolecular cooperativity), which enter into the stretch expo-

nents of their correlation functions, [115-116,118-120]

((0)pa(2)) / (1*(0)) = expl—(t/Tu)" ). ©)

Applying Egs. (1) and (2) or (3) to each observable u, we
can immediately see that the observable having a larger ny
will bestow a stronger temperature dependence for its re-
laxation time gy, This is because in the CM, the prim-
itive relaxation time of all the observables, 7y, uninflu-
enced by many-body relaxation dynamics, should have one
and the same temperature dependence. Although the value
of ny for viscosity is known from fits to shear compliance
measurement! %7181 or light scattering data (n = 0.45),[11?]
nq for dielectric relaxation! 101111 and NMRU'13! s 0.50, np
for self diffusion is not yet available from experiment. Never-
theless, theoretical arguments have been given before to show
that ny, is larger than np,[113) and the explanation of the break-
down of the SE and DSE relations follows from the CM by
this relation.

This CM explanation holds independent of whether ngy
and ny are temperature dependent or independent. We demon-
strate this for TNB by taking ng = 0.50 of shear creep compli-
ance (and viscosity 1) or dielectric relaxation to be tempera-
ture independent from below 7, =342 K to 417 K as found for
dielectric relaxation by Richert et al. The recoverable shear
creep compliance, J;(¢), data near and above T, of TNB in
Refs. [107] and [108] have been fitted by the function

Jr(t):JgJF(Je*Jg){l*eXP[*(I/Tan)l_nn”a (6)

where J; and J. are the glassy and the steady state compli-
ances, respectively, and ny is also close to 0.50. In Fig. 18,
the data of 7/n(T) have been shifted by a constant so that
the value is 10° s at T, of TNB, and represent the shear
compliance retardation time Ty (7). The self-diffusion con-
stant D(T) data from three sources!!%*107:121] are also shifted
by a constant to overlap with the shifted data of T/n(T)

(108,109 and represent the self-diffusion

at high temperatures,
time Tp (7). These operations are similar to the other ways

done by others!'%! reproduced in the inset.

With these values of 74y (T) and . known to be equal
to about 2 ps, equation (1) is used to calculate the primitive
relaxation time 7o, (7). We assume that the primitive self-
diffusion relaxation time Top is the same as 7oy, and calculate
Tap(T') by using a np to have a smaller value than n; = 0.50 as

(1151 In Fig. 18, we present

suggested by the CM explanation.
the results of 7o, (7) calculated with the temperature indepen-
dent ny = 0.50. Based on Ty, and assuming Top = Toy, the
values of Top(T) are calculated by Eq. (1) now with con-
stant np = 0.40 and again #. = 2 ps. The calculated 7p(7T)
are in good agreement with the experimental values, and the
CM can successfully explain the breakdown of the SE rela-
tion in the case when ny or ng is constant and independent

[110-114] The CM explanation remains valid in

of temperature.
view of the finding of the temperature-independent distribu-

tion of relaxation time as found in TNB, OTP, and IMC.

10 | | I 1 I 1 5 |o OIC)D Q
o . b1
| i [e] * AN” -
—~ 8r 7 o° * AAﬂ’
Q 9 o° A A
E 6 | 1o0° % Al -
+ H A
i O )
5 o °
2 AL g g
@ P i Typ A
¥ { b
& 2F 25& L4 =
N K
zor 8% .
o I )
™ K
I 2F e -
[ s TM*C e e R
-4 L i 1 . o 1

] 1 1
340 360 380 400 420 440 460
Temperature/K

Fig. 18. (color online) The CM explanation of the breakdown of the SE
relation of TNB by comparing the temperature dependence of Top(7)
with that of 7/n. For details see text. The shear viscosity data are
taken from the works of Plazek and Magill.!'®®! For comparison, the
actual values of 7' /7 have been shifted vertically (shown by closed cir-
cles) to represent Tqn(T) and such that its value at 7, is about 107 s.
The inset is taken from Ref. [106] and reproduced by permission.

5.1. Support of the CM explanation from molecular dy-
namics simulations

Chakrabarti and Bagchi (CB)!'??! performed molecular
dynamics simulation of an equimolar mixture of Gay—Berne
ellipsoids of revolution and Lennard—Jones spheres along an
isochore at a series of temperatures down to the deeply super-
cooled state. For this system with orientational degrees of free-
dom, CB obtained for the ellipsoids of revolution the self in-
termediate scattering function Fy(kmax,?), and the first and the
second rank single particle orientational time correlation func-
tions, Cy(7) and C»(¢), involving respectively the first order and
the second order Legendre polynomials. All three functions
have time dependences well described by the Kohlrausch func-
tions at all temperatures. The Kohlrausch correlation time and
exponent are designated by tp(7) and Bp(T) = (1 —np(T))
for Fy(kmax, 1); T1(T) and B1(T) = (1 —n(T)) for Ci(t);
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and 7(T) and Bo(T) = (1 —np(T)) for Cy(¢). The values
of np(T), ni(T), and ny(T) are reproduced in Fig. 19. It
can be seen from the figure that all of them are very close
to zero at high temperatures and increase as temperature falls.
At high temperatures, 0.7 < T < 2.0, np(T) and np(T) are
both smaller and nearly the same, and the product D(T)1,(T)
is nearly independent of temperature as predicted by the DSE
relation. However, as temperature is falling below 7 = 0.7,
np(T) and na(T) increase rapidly and np (7') becomes increas-
ingly less than n5 (7). Simultaneously, the product D(T) 1, (T)
increases rapidly from its nearly constant value at high tem-
perature by a factor of about 2 from 7' = 0.7 downto T = 0.5
(see Fig. 3 of CB), i.e., [DT(T = 0.5)/(D%)nighr] = 2. It
is helpful to point out here in the CM (Eq. (4)) that the ra-
tio T (T)/tp(T) or the product D(T)7,(T) depends not only
on the difference n,(T') — np(T), but also on the magnitude of
na(T) or np(T). Even for the same np (T) —np(T), D(T) 12 (T)
increases with increasing ny(T) or np(7T), and explains the
data of CB. Therefore, the molecular dynamics simulation data
of CB verify that the breakdown of the DSE relation is asso-
ciated with np(7) becoming smaller than n,(7'), and support
the CM explanation. [!1¢]

Compared with D(T)7,(T), D(T)t;(T) shows much
weaker temperature dependence. This observed behavior of
D(T)7(T) with temperature poses difficulty to the explana-
tion for the decoupling between rotational and translational
diffusions in terms of dynamical heterogeneity.!93-190] More-
over, rough estimates of data in Figs. 2(a) and (3) of CB give
[D7i (T = 0.5) /(D7 )nignht) ~ 0.7, which indicates the break-
down of the SE and DSE relations exhibited by D(T')7(T) in
opposite direction of D(T)7,(T). However, these behaviors
of D(T)7(T) are consistent with the CM because n|(T) <
np(T) (see Fig. 19).

CB found that the ratio 7;(7)/72(T) has a value close to
3 at high temperatures when both n;(T") and n(T') are small
as expected for the ratio of the first to second rank rotational
correlation time of the Debye model involving small steps
in orientational motion. The ratio starts to decrease mono-
tonically at 7 ~ 1.0 until it reaches a value nearly unity at
low temperatures of 7 ~ 0.5. Values of 7(T)/1(T) larger
than 3 were observed in molecular dynamics simulations of a
model polymer.[!'>3] The deviation is in opposite direction to
that found by CB in their system, but interestingly the n;(7')
is larger than n,(T). For example, in one polymer chain of
length 500 at 300 K, B; = (1 —n;) =0.399 and 7 = 94.7 ps,
while 8, = (1 —ny) = 0.498 and 7, = 9.79 ps. The result that
71/ T2 is more than three times larger than 3 is explained by
the CM by the fact that n(T) is larger than ny(T).1"") The
CM can also explain the result when 7; /7, is less than 3 in the
system simulated by CB because here 7| is smaller than n, at
lower temperatures. The CM predicts for two observables

and Uy, if ny; is larger than ny, then the temperature depen-
dence of the relaxation time of p; will be stronger than that of
1. Experimental data that support this prediction are given in
Refs. [115], [116], and [120].
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Fig. 19. (color online) The values of np(T'), ny(T), and ny(T) obtained
from the simulation results of Chakarbarty and Bagchi Ref. [122] re-
plotted as a function of temperature.

5.2. Limit of applicability of dynamic heterogeneity to ex-
plain other properties

In a perspective on supercooled liquids and glasses, the

authors 8]

stressed that spatially heterogeneous dynamics, or
dynamic heterogeneity, is a general feature of supercooled lig-
uids. This is an inarguable fact supported by experimental ev-
idences and computer simulations. However, it fails to explain
another property of supercooled liquids, namely, the break-
down of the SE and DSE relations. The failure is because dy-
namic heterogeneity is one of the several notable parallel con-
sequences of the many-body relaxation, and it is unsurprising
that one consequence may not be able to explain another one.

Another example of the limit of applicability of dynamic
heterogeneity is the failure to explain thermo-rheological com-
plexity of polymers. Such attempt was made by the authors
of Ref. [97], who indeed ascribed the different temperature-
dependences of the segmental and chain motions (a property
observed in many polymers!'?3)) to the effect of dynamic het-
erogeneities on the former being averaged out over the longer
length and time scales of the latter. This was reiterated by
the authors of the perspective!*®! in making the statement: “In
polymer melts, spatially heterogeneous dynamics leads to the
failure of the ‘single time scale’ picture in an additional man-
ner, with the temperature dependence of segmental and large

scale chain motions being dissimilar for fragile systems.'>”
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Reference [155] cited in this statement is Ref. [97] here. How-
ever, as pointed out as a comment!'>*! on Ref. [97], this expla-
nation does not account for the related decoupling of the self-
diffusion constant and viscosity of entangled polymers. Fur-
thermore, the apparent activation energy for self-diffusion in
some polymers with low Ty is significantly smaller than for the

viscosity, 6]

similar to the difference in temperature depen-
dence of the segmental and chain dynamics. The self-diffusion
constant and the viscosity of entangled polymers both involve
global motions; i.e., they entail length scales large compared
to the dynamic heterogeneities. Thus, spatially heterogeneous
dynamics cannot be the primary origin of the differences in
temperature dependences for polymers. Distinct averaging
over the length and time scales cannot underlie differences be-

tween properties that both involve chain relaxation.

5.3. Support of the CM explanation from ionic conductors

Ion conductivity relaxation data measured by electrical
conductivity relaxation (ECR) experiment can be compared
with ion diffusion data measured by nuclear spin-lattice re-
laxation (SLR). Combined studies of ion dynamics using
ECR and SLR were first reported at almost the same time

in Li chloroborate glasses!!2>126]

by Tatsumisago et al
and by Kanert and coworkers in heavy metal flurozirconate
glasses,['27-12%1 and found large difference between the ECR
and SLR results. At some temperatures, the NSR correla-
tion time of the mobile ion, 7, is several orders of magnitude
longer than the ECR time, 75, while the thermal activation
energy of 7, Ej, is significantly larger than Es of 7.

Since the two techniques are monitoring motion of the
ions, it is puzzling that there is such a pronounced difference
between SLR and ECR in their relaxation times and activa-
tion energies. Similar differences were subsequently observed
in other superionic glasses including (Li>S)o.56(SiS2)0.44, 2"
x(LizS)+(1 —x)GeSy,"* 1 and x(LizS)+(1 —x)B2S3,1*? and
in crystalline Naf-Al,03,[133] confirming that the effect can

be considered as a general property of ionic conductors. The
computer experiments by Monte Carlo simulation of ionic mo-
tion in disordered lattices, taking into account the Coulomb

1341 found the same dif-

interactions between the mobile ions, !
ference between SLR and ECR as in real experiments. The
data of (Li25)0_56(Si52>0‘44 are shown in Fig. 20.

The longer 7, than 75 and larger Eg than Es found in
ionic conductors are rightfully the analogues of the breakdown
of SE and DSE relations in supercooled liquids, but there is
no dynamic heterogeneity in these glassy ionic conductors to
speak about and use to explain the differences. The explana-
tion comes from the CM described as follows.

It is found in experiments that both the ECR and NSR
correlation functions depart from a pure exponential behavior
and have the Kohlrausch forms and Arrhenius 7-dependences
for their relaxation times

o (1) =exp[—(1/75)' "], ©)

where Tg = Tg 0 €Xp(Eg /kT), and

¢s(t) = exp[—(1/7)" 7], 8)

where T, = T; o exp(Es/kT). The parameters ng, Eg, ng, and
E of the ionic conductors are presented in Table 1. As already
mentioned, the relations Ts > 75 and Eg > E5 were reported in
experimental studies and simulations. Moreover, it was found
that ng > ng.

These differences found experimentally between SLR
and ECR have been explained and rationalized within the
CM.[135-1401 Erom experiments of the glassy ionic conductors,
the relation ng > ns leads to the stronger temperature depen-
dence of 7, than 74 or the relation Eg > E is explained by the
CM Egq. (1). Moreover, a quantitative test is afforded by com-
paring the products (1 —ng)Es with (1 —ng)Es. They should
be equal according to the CM, and indeed this is the case (see
Table 1).

Table 1. The activation energy Es and coupling parameters ng for SLR, and the corresponding quantities, Es, and ngs for ECR for

three different glassy ionic conductors.

Tonic conductor Dynamic variable U Puv=01-ny) Ej/K (1—ny)Ej /K
(Li2S)0.56(SiS2)0.44 spin (SLR) 0.35 5845 2046
(Li2S)0.56(SiS2)0.44 o (ECR) 0.52 3911 2034
(Li25)0.45(GeSZ)0_55 Spil’l (SLR) 0.34 5750 1950
(Li2S)0.45(GeS2 )0 55 o (ECR) 0.44 4730 2080

(LiCl).6(Li20)0.7(B203) spin (SLR) 0.35 7400 2590
(LiCl),6(Li20)97(B203) o (ECR) 0.50 5500 2750
ZBLAN® spin (SLR) 0.30 13346 3830
ZBLAN® o (ECR) 0.44 9284 4085

2)27.4 ZrF, 27.4 HfF, 19.8 BaF, 3 LaF, 3.2 A1F3, 20 NaF (in mol%)

018105-14



Chin. Phys. B Vol. 26, No. 1 (2017) 018105

log(7"/s)

1 1
2.0 3.0 4.0 50 6.0 7.0
(1000/T) /K1

Fig. 20. (color online) Arrhenius plots of the correlation time 7, de-
duced from 7Li NMR spin-lattice relaxation measurement and Ty from
electrical conductivity measurement for (LizS)o.56(SiS2)0.44-

6. Conclusion and perspectives

The main purpose of writing this review is to let more re-
searchers in condensed matter physics and chemistry as wells
as in materials sciences to be aware of the existence of univer-
sal properties in relaxation and diffusion in substances, mate-
rials, and systems of diverse physical and chemical structures.
The examples chosen in this review are sufficient to support
the universality. There are many more but they cannot be men-
tioned here in order to make the size of this review reasonable.
There is no doubt that the universality has been firmly estab-
lished by experiments and simulations, and it should be recog-
nized as an important discovery.

The universal properties originate from the many-body
nature of the irreversible processes in interacting systems,
which are governed by some fundamental physics likely re-
lated to classical chaos because of the potential of interac-
tion is usually anharmonic. Recognition of the universality
not only benefits progress of research in many different fields,
but also makes clear that it is an important and unsolved prob-
lem in statistical mechanics of complex interacting systems.
Although neither it is a rigorous nor complete solution of re-
laxation and diffusion of many-body interacting systems, the
coupling model has been proven successful to explain many
of the universal properties, and to solve problems in various
disciplines. It can be used as a stepping stone for others in
constructing a rigorous and fundamental theory to solve the
fundamental problem once and for all.
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