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Origin of the excess wing and slowd relaxation of glass formers:
A unified picture of local orientational fluctuations
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Here we consider the relation between the excess wing and theSstelaxation, focusing on the degree of
the coupling between cooperative rotational motion associated with creation and annihilation of metastable
islands @ mode and local rotational jump motion in a cagadow 8 mode. For a strongly coupled case the
slow B8 mode appears as the excess wing having the character afrtede, while for a fully decoupled case
as an independent local mode having the Arrhenius temperature dependence. We argue that the degree of the
coupling between the two modes is controlled by the following two factGjsthe relation between the
characteristic size of metastable islands and the cage sizéiatite disparity between the high-temperature
Arrhenius behavior of thee mode and the Arrhenius behavior of the si@amode.
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[. INTRODUCTION where ¢ is the variance. This sloy8 mode continues to
exist belowT,. Johari and Goldsteifi0] proposed that this
Structural relaxation of glass-forming liquids, which is mode may be a universal and intrinsic feature of glass-
known asa relaxation, enormously slows down upon cool- forming liquids at low temperatures, since it is observed
ing while approaching the glass-transition temperaflige  even for rigid molecules having no intramolecular modes.
[1]. This slowing down of thex relaxation is a key feature of  This universality is, however, apparently weakened by the
the liquid-glass transition. There have been a number of afp|lowing fact. There are many glass formers that do not
tempts to explain this slow dynamics theoretically. They  exhibit a well-resolved slowd mode in the dielectric loss
include (a) theories ba_sed on the cooperati_vity of the mmio”spectrume”(v) (v being frequency Their €"(v) usually
[2,3], (b) mode-coupling theory4], (¢) spin-glass theory  gypinits the so-called excess wing on the high-frequency side
[3,5], and (d) theories based on frustratid®,7]. Although ¢ o, relaxation peak, which is described by the high-

these approaches are based on the different physical pictur v~ Bk —ay A
they are sometimes closely related with each other. Exper?féquency power lave” ~ v, where fy(<1) is the so

mentally, on the other hand, Sticket al. [8] demonstrated called Kohlrausch s_tretched exponent. This wing can_Ee rea-
that the temperature dependence of ¢heelaxation timer,, sohnabh(/KvEell deslcr!bef by ahseCﬁnd powltlar dIT\IvaI ' |
changes from Arrhenius-type to Vogel-Fulcher-typeTat, where <Pk Itis ncgwn that the so-called Nagel scal-
which is located near the melting poifit,, and further to  INd leads to a collapse @f'(v) curves for different tempera-
another Vogel-Fulcher-type t;, reflecting the appearance tures and various materials into a smgle_ master ciba. .
of cooperativity upon cooling. In this scenarig, is assumed Although there are some efforts to describe the excess wing
to diverge at the so-called Vogel-Fulcher temperaflge It thgoretlcallly[lél_],.there has so far be.en no consensus on its
is also well established that, in addition to therelaxation, ~Microscopic origin. There are two different basic views on
there exists another slow mode, which is rather universallyhe nature of the excess wing. Dixetal.[13] proposed on
observed in many glass formers near or beTgyand known the basis of the above Nagle scaling that the excess wing is
as the slowB (Johari-Goldsteinmode. This mode appears an intrinsic feature of thex relaxation and thus universal to
around T, and often becomes a distinct mode beldy all the glass formers. Ng@l5], on the other hand, proposed

[1,9-11. The average relaxation time of the slgvmode  ©" the basis of his coupling model that the excess wing is
Teiows Usually obeys the Arrhenius law beloT : just the high-frequency flank of the slgg/peak, whose low-
A frequency part is fully coveretbr hidden by the dominant

a peak.
, (1) According to the above-mentioned difference in the dy-
namic features of the high-frequency side of therelax-
h is th ial f is th ation, glass-forming liquids has often been classified into two
where 7o, IS the preexponential facto Is the average types: typeA materials with the excess wir@.g., glycerol

activation energy of the slow process, andtg is the Bolt- ) .
zmann constant, It is also known that the distribution of the2d tyPeB ones with a distinct slows peak(e.g., toluene

activation energyE of the slow 8 motion is usually very and sorbitol [1,16,17. The validity of such classification is

broad and can be approximated by the symmetric Gauss gigow a matter of gcnve debate. _He_re we summarize recgnt
important experimental contributions concerning this

Ep
Tslowg ™ TogEX kB_T

tribution [12]
problem.
1 1/E—E.\2 (1) Schneideret al.[18] and Ngaiet al.[19] made inter-
S —— i B esting experiments and analyses on typenaterials. They
g(E) ex , 2)
\N2mo 2\ o expected that the sloy® mode should be better resolved at a
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lower temperature because its temperature dependence riste that in this approach both processes are assumed to be
weaker than that of thee mode. Indeed they successfully “statistically independent.” Marguliest al.[28] also studied
observed a well-resolved slo@ peak at a low temperature the merging behavior in sorbitol and maltitol by NMR and
even in typeA materials(glycerol and propylene carbonate discussed the difference in the merging behavior between the
after the long-time annealing of the samples belgw They  two materials on a molecular level. Fujiredal.[29], on the
also found that for these materiatg,,,; obeys the Vogel- other hand, revealed by the careful analysis of dielectric
Fulcher law instead of the Arrhenius one. They concludedpectra of sorbitol and+fluoroaniline in the merging region
that the slowg relaxation and the excess wing should havethat(i) the slowB mode starts to decouple from themode
the same origin. aroundT 4, (ii) its temperature dependence is Vogel-Fulcher-
(2) DoR et al.[20] recently demonstrated by a systematiclike for To>T>Toss, but (iii) below T,,.ss it becomes
study on polyalcohols that the appearance of the spw Arrhenius-like. This sequential change in the temperature de-
mode gradually changes from an excess wing to a propendence should also be explained.

nounced peak from glyceron{=57) to thretol (n=79), In this paper, we propose a simple physical scenario that
xylitol (m=94), and sorbitol in=128). Herem is the so- at least qualitatively accounts for all the above experimental
called fragility (or steepnegsndex defined a$§21,22 facts in a coherent manner. We argue that the physical origins

of the excess wing and slo@ mode are essentially the same
1 dlog;eX(T) 3 and the apparent difference comes from the difference in the
N T_g d(1/T) - ’ ) degree_ of the_ decoupling of the slqwmode_ from thex one,
g which is mainly controlled bya) the fragility and(b) the
disparity between the high-temperature Arrhenius behavior

more fragile the liquid is. They concluded that their observa0f the « relaxation and the Arrhenius behavior of the sléw
tion strongly supports the assumption that the excess wing i&'0d€. Thus, we propose that the difference between Aype
the high-frequency flank of the sloy relaxation. Further- and typeB materials stems solely from this difference in the
more, they found from nuclear magnetic resonatiépir) ~ degree of the decoupling between the two modes.
experiments that the sloy motion is slower and its vibra-
tion amplitude is smaller for glycerol than for sorbitol. Il. MICROSCOPIC ORIGIN OF THE SLOW g MODE
(3) From a systematic study of oligomers with different
lengths, Mattssoet al.[23] concluded that the difference in ~ Despite the long history of research, there has been no
type A andB stems from the difference i, at the merging agreement on the microscopic origin of the sl@vmode
temperature. With a decreasep at the merging tempera- [30]. However, the most plausible interpretation may be the
ture, the behavior of a system changes from te typeB. small-amplitude rotational jump motions of molecules
(4) Casalini and Rolanf24] recently reported the lack of [1,9,31,32. This interpretation is strongly supported by re-
correlation between the relaxation and the excess wing and cent multidimensional NMR studid$3].
suggested that the two phenomena are distinct.
(5) Hensel-Bielowka and Paluch25] investigated'the A. Assignment of the slowg mode
pressure dependence of the excess wing of fypeaterials ] ] . o
and the slow3 mode of typeB ones. They found that the We.draw the foIIov_vmg simple p|ctur-e_based on this inter-
effects of temperature and pressure on the excess wing relgletation. Upon cooling, the cooperativity sets in beldy
tive to thea process is equivalent, while the effect of pres-[34]- This leads to the gradual change in the temperature

sure on the slowd relaxation is considerably weaker than dependence of, from Arrhenius-type to Vogel-Fulcher-type
that on thea relaxation. They concluded that this supports (€€ Sec. lll Aand Il B for the detailsBelow this tempera-
the validity of the above classification into typeand B tUre, there is a cooperative rearranging region, which we call
materials and that the origin of the excess wing is different Metastable islands’(see Sec. IllA and Refl35] for the
from that of the slows relaxation. details of our model The average lifetime of metastable
Some of these results apparently look contradictory witHslands is, thusr, . This island continues to exist for a time

each other and thus there has so far been no consensus @#ation of~ 7, . For densely packed metastable islands, the
this problem even on a qualitative level. rotational motion of a molecule is sterically or energetically

Finally we mention recent works on the merging behaviorlindered by the surrounding molecules. Thus, the thermal
of the @ and the slow3 mode. Ganezet al.[26] studied the activation overcoming this barrier is necessary for the rota-
merging behavior of several tyg polymers. They demon- fuo.nal jump motion. During the Ilfetlmg of a me;astable sol-
strated that the merging behavior can be well explained b like island, thus, each molecule in it can neither transla-

Williams-Watts approach27] using the following rotational tonally escape from its local environmefftage”), which
relaxation function: is composed of the neighboring molecules, nor make a full

rotation due to the topological constraints; it can make only
d()= b (D[ f,+(1—F)Pp()], (4) rotational jump motion in its cage. This small-amplitude ori-
entational fluctuation mode should be the sl@vmode.
where ¢,(t) and ¢4(t) correspond to the normalized relax- More specifically, it is multistate rotational jumping motion
ation function of thea and slowp processes, respectively, overcoming the average barrier heigh with the attempt
and 1-f, represents the fraction of slog relaxation. We  frequency of~1/7o, [see Eq.(1)]. After some rotational

whereXis 7, or 7 (viscosity. Note that the largem is, the
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jumps, a molecule can escape from its cage and make fudan make only small-amplitude rotational vibration, while
rotation upon the reorganization of the metastable islandghose in loose cages can make rather large-amplitude one
These two modes start to decouple arodnd(the onset of before the reorganization of the cages. In this sense, our pic-
cooperativity, reflecting the appearance of long-lived meta-ture should be placed between the two extrerfresnoge-
stable islands. Note that aboWg all molecules can easily neous and heterogeneous limitsvhich were recently dis-
escape from its cage and make full rotation simply by overcussed in depth by Johdi1]. In our model, the degree of
coming an energy barrieE, and thus there is no sloy@  the dynamic heterogeneity of the mode, which is charac-
mode. We call this temperature region abdvethe single- terized by By, is one of the major factors controlling the
mode Arrhenius regime. Thus, it is natural to consider thabroadness of the distribution af;,.s. Thus, we propose
the existence of metastable islands is prerequisite for ththat the broadness of the distribution @fj,,z, which is
emergence of the sloy8 mode[1]. It is the existence of characterized by [see Eq.2)], should increase with a de-
metastable islands that provides a situation that the lifetimerease inBx ; namely,o is larger for more fragile liquids and

of rotational jump sites is longer than the sl@welaxation  also for a lower temperature. The latter is consistent with the

time 7giowg - experimental result$see, e.g., Ref[29]). The validity of
these predictions should be checked more carefully in the
B. Specific features of slowB relaxation future.

1. Nonuniversal features
I1l. SIMPLE MODEL OF DECOUPLING OF THE SLOW

In relation to the above microscopic origin, it is worth B MODE FROM a ONE
noting that the strength of the slog/mode relative to thex _ _
mode largely differs from material to material. Bt al. Stickel et al. [8] clearly demonstrated that, changes its

[20] recently proposed that the amplitude of the rotationatemperature dependence from Arrhenius to Vogel-Fulcher-

jump motion, which is characterized by the body angfé  type aroundr,. Here we present a possible scenario of such

of the motion, determines the dielectric strength of the slowa change in the temperature dependence,of

B mode. The decrease in the dielectric relaxation strength of

the slow3 mode upon cooling can be explained by the de- A Two-order-parameter model of liquid-glass transition

crease ofo() with a decrease iff. The material specific

features of the relative strength of the sl@xmode can also o " .

be naturally explained by the scenario that the strength of thE0del of liquid-glass transitiof85,39,4Q. In our view, most
iquids intrinsically have short-range bond order, which is

slow B relaxation peak in dielectric spectra depends u ori ) X :
A P P b P avored by symmetry-selective parts of interactions: Locally

6Q). Thus, if 5Q is very small, the dielectric intensity of the o .
slow 8 mode should be very weak and may not be observeoLavored structures are created and annihilated randomly in
oth space and time in a sea of normal-liquid structures. We

which was indeed confirmed for glycerol by Bet al.[20]. - o ) :
This material specific feature afQ may be the origin of argue that a liquid-glass transition, which occurs in a meta-
stable liquid branch, is caused by energetic frustrations hid-

nonuniversal amplitude of a slo@ mode[36]. ) ! . . ; .
In relation to tf?e above. we nge that gmgm can be one den in the interaction potential. We express this frustration

of the causes for fragile typA materials. Strictly speaking, ?gryggzlIiggti”;)%egagnsh%er?\rlgﬁgeIggg;jr?)?ggrigg)?ﬁ:gioonr%?”ng
h fragile t materials shoul treat ratel - .

such fragile typeA materials should be treated separa eylocally favored structurgsWhen these two types of ordering

from strong typeA materials since the physical origin may . ) : . ;
be different between them. We expect that there should be fgvor different symmetr.|es, which are 'not compatlble W't.h
each other, the frustration leads to spin-glass-like behavior.

difference in the temperature dependencegf,,; between This is the basic physical picture of our model of liquid-glass

fcrﬁ?lig 3?;;3&2% tt%%?‘nn;ifglr?rlr? éﬁltl:l]lgug: e'tt(;n g]yebvse(gfglm_transition. There is also_ a p_ossibility t.hat thg local symmetry
tensity of the slows peak. favorgd by bond ordering is .c.ompatlble with the crystallo.—
graphic symmetry of the equilibrium crystal. Such a case is
discussed in Ref41].
2. Dynamic heterogeneity of the slo process According to this model, there exist two key temperatures
Our picture is consistent with the recent experimental®/€vant to glass transitiofe) a transition from the ordinary-
findings [33,37 suggesting that essentially all molecules liquid to the Griffiths-phase-like state aroufid,, which is
contribute to the slows motion. At the same time, however, characterized by the appearance of metastable solidlike is-
the amplitude of the slow3 motion should be larger for lands and the rgsulting appearance of t_hg cqoperative nature
looser metastable islands. The size and density distributiofif the a relaxation, andb) another transition into the spin-
of metastable island&lynamic heterogeneityshould lead to ~ 9lass-like state and the resulting divergence of ¢heelax-
heterogeneity in the tightness of cageot distinct as “is-  ation time atT,. TF is a density-orderingmelting point of
lands of mobility” [10]), which should cause the dynamic the corresponding hypothetical pure system that is free from
heterogeneity of the sloy mode. According to our picture, disorder effects of short-range bond ordering. It may be lo-
the lifetime of the slowB heterogeneity should be of the cated near the melting point of the real systém, Above
order of that of metastable islands, which is consistent Tp,, the only global state of a system is a liquid state. Be-
with the recent NMR finding38]. Molecules in tight cages tweenTy, and Ty, the system has the complex free-energy

We recently proposed a two-order-paramet@OP)

021502-3



HAJIME TANAKA PHYSICAL REVIEW E 69, 021502 (2004

landscape characteristic of the Griffiths-phase-like state, anghasize that is a measure of the typical size of the coop-
metastable solidlike islands coexist and fluctuate dynamieratively rearranging region and is not associated with any
cally. Below T},, thus, thea relaxation time is the lifetime static spatial heterogeneity. Thus, it cannot be detected in the
of metastable islands. The driving force of the formation ofstatic density correlation function. To express such a gradual
metastable islands is entropic, which is characteristic of thérossover from the noncooperative to the cooperative regime
so-called “random first order” transitiofi3]. This entropic  around T, and the resulting Arrhenius-to-Vogel-Fulcher
driving force decreases upon cooling and hypothetically dis€oSsover “analytically,” we introduce the following cross-
appears aff,, which leads to the divergence of, while over function, although it is artificial rather than physical:
approachingT,. In our model,T4 is defined as a tempera-
ture, below which metastable islands whose characteristic f(T)= ,
lifetime is longer than the observation time are percolated. exg y(T—Te)]+1
In the mean-field dynamic theory, a glassy freezing occurs _ ) _
for all T<T,=T?* and a system may exhibit a Griffiths-like whereT¢ is the middle tgmperaturg .of the crossover region
singularity, which leads to the critical-like divergence of [Tc~(Ta+Tg)/2] and y is the positive constant that con-

at T, (similarly to the behavior near the mode-couplifig trols the sharpness of the transitionf¢f) from 0 to 1 upon

: . i ; cooling. The largety is, the sharper the transition isylis a
predicted by the schematic mode-coupling thefery. For a measure of the width of the crossover region, which is char-

system of finite-range mteractl_ons, however, fluctuatlon _ef- cterized by the temperature distance betwgrand T,
fects smear out such a singularity. Thus, long-time dynamic amely,To—T
LA B-

processegcooperativity associated with metastable islands Above T, r, is determined by the barrier to overcome

grzgugggcr?gggib%?eunﬂg :g)sc?nnc?r?(lemsgi[42].o de to the upon the translation and rotation of a molecule; as in usual
’ 9 gm equilibrium liquids, the only constraint to the translational

risgl'Ct?? rdCJtat|tha:1 Jumf mlotlgnl of mEI_T_SUIeS N Met&- 3ng rotational motion of molecules stems from the interac-
stable islands, which exist only below, (=Tr). tions between molecules. Abovi,, thus, 7, should obey
the Arrhenius law as

©)

B. What determines the degree of the decoupling?

(6)

It is natural to consider that the relation between the _ E.
relaxation time and the sloy® one is a key to understanding Ta™ T0a€X K '
the origin of the slowB mode and resolving the controversy
associated with typé and typeB glass formers. We propose wherer,, is the preexponential factor arf, is the average
that the degree of the decoupling of the two modes bd@lgw activation energy of ther process. Belowl,, on the other
depends solely upon the ratiq, / 7g s - hand, the cooperative rearranging motion is required for both

According to the above TOP model of liquid-glass transi-translational and rotational motion of molecules in addition
tion [35], there may be two important temperatuis and  to the breakup of bonds. Thus, the characteristic tirpe
T, (see Ref.[35] for the definition of the lattgr which,  should be given by the product of the Arrhenius law and the
correspond td , andTg, respectively, in the terminology of Vogel-Fulcher-type temperature dependence. We propose
Stickel et al.[8]. Hereafter we us@, and Ty to avoid con-  that the effective barrier dominating the structural relaxation
fusion. Thus, we interprel, as the temperature characteriz- E, should be given bya E,=E, aboveT, and (b) E,
ing a gradual onset of cooperativity, below which the systen=E,+BT/(T—T,) below Tg. We assume that the
have a complex free-energy landscape. The temperature régradual” transition between the above two cases can be
gion betweernT, and Tg can be regarded as the crossoverexpressed by using the smooth crossover function given by
region|[35]. Eq. (5). Thus, the temperature dependence pfhould obey

the following modified Vogel-FulchefVF) law [35]:
1. Onset of cooperativity: Temperature dependencerqf

Here we focus our attention on the fact that cooperativity . ex;{ E) ex;{ Bf(T) } @)
of molecular motion should appear beldy upon cooling. @ 0 kg T ke(T—To)

For critical phenomena, the characteristic size of order-

parameter fluctuationscontinuously diverges while ap- This modified VF law can naturally describe the crossover
proaching the critical point. Contrary to this, the cooperativ-from the Arrhenius to the Vogel-Fulcher behavior between
ity plays an important role only below,; that is, the T, andTg and also the divergence of, at T,. The fitting of
characteristic coherence lendibr, the characteristic size of the traditional VF law to experimental data in a low-
metastable islandst exceeds the molecular sizeonly be-  temperature range often produces an unrealistic attempt fre-
low T, for liquid-glass transition. Abov&,, the only length  quency 7, (see, e.g., Ref[43]). This problem can be
scale of the system is the molecular s&€eThus, we cannot avoided by using Eq(7).

describe ¢ as é=a[(T—Ty)/To] * (u being exponent Here we show an example of the fitting in Fig. 1. The
aboveT,; instead, we need to pay special attention to theresult is quite satisfactory. The Arrhenius-to-Vogel-Fulcher
onset temperature around which cooperativity starts to plagrossover is naturally expressed by Eg). The results for

an important role in the structural relaxation. Here we em-~arious glass-forming liquids will be shown elsewhere.
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Decoupled Regime

1,

- or

R.=&,/a T,

v
R i
C Single-Mode Regime Coupled Regime }ntermea'l}te
1 — i strong
*
R.=&/a=1
Non-cooperative Regime Cooperative Regime
-13 1 1 ]
250 300 350 400 450 Tg/Ty 1
T (K) Ty /T
FIG. 1. Fitting of our modified Vogel-Fulcher law to the tem- FIG. 2. Temperature dependencepf= £/a. ¢ starts to increase

perature dependence of the viscosity data of bis-methyl-methoxyenly below T, asé~a[(T—To)/(Ta—To)1~ 22 It increases more
phenyl-cyclohexanéBMMPC). Data are taken from Reff43]. The rapidly belowT, upon cooling for a more fragile liquid since the
solid line is the fitted theoretical cursee Eq.(7)]. The dashed distance betweeil, and T, is closer. The crossover temperature
line is the extrapolation of the high-temperature Arrhenius behaviofT s is defined as a temperature at whi€tbecomes larger than
expressed by, = 70,expE,/ksT). The fitting parameters are deter- &, . Note thatT,,ss may have a distribution, reflecting the distri-
mined as follows:ry,=10"12s, T,=211 K, Tc=312 K, E,/kg  bution of £ (or 7,) (see also Fig. ¥

=3300 K, B/kg=1280 K, andy=0.044. We note that the value of

Tow IS COMparable to that of,; (see Table)l We also note that particle) below T, (see Ref[35] for the details: é=a for
Tg=261 K andT,=346 K for BMMPC. T>Ta, while é=al(T—To)/(Ta—To)] 23 [3] for T<T,.

_ _ Thus, we can conclude that,/ 7w iS controlled by the
2. Physical factors controlling the decoupling of the two modes following two factors:

Now we consider what determineg/ 7545, Which con-

trols the degree of the decoupling of the two modes below Re=¢/a, (10

T,. From Eqgs.(1) and(7), we obtain the following expres- . E_E

sion for 7,/ 75 oy below T, [44]: R=—% F{ @ P (11)
TOE kBT

a Toa F{Ea_EB} [{ Bf(T)
=—=eX ex
Tslowg  T0op KgT Kg(T—Top)

In the case of typé\ material, it is difficult to estimater,

. (8) Here we note that in most cas& is a dominant factor
determining the degree of the decoupling of individual cages
from metastable islands becau’gdiverges with approach-

andE 4 experimentally since the sloy mode is not decou- ing To. R, can, on the other hand, be the origin of nonuni-

pled from thea mode and thus it cannot be observed as aryersal behavior. The increase &fwith decreas_lngT should

independent mode. Here, however, we consider the hyp(pe steeper for more fragile liquids since the distance between

thetical intrinsic slow8 mode, whose temperature depen- the onset of cooperativity , and the diverging temperature

dence is of Arrhenius type. This is the slggmode that 10+ Ta~ To, iS smaller; in other words,— T, is negatively

should be observed if only ther mode is frozen and Correlated with the fragility indexn [35,40. Thus, R in-

switched off(fully decoupled limit. Such a condition might Ccréases more rapidly for more fragile liquitee Fig. 2 On

be satisfied at very low temperatures. the other hangl& is determined by local dynamics and thus
According to the random first-order transition scenario ofMaterial specific.

glass transitior}3], the cooperative activation energyF is

determined by the dynamic coherence lengthia the fol- C. Decoupling between thea and the slow 8 mode
lowing scaling relation: Here we consider how the two physical factors controlling
AF~egd ) the decoupling behavioR. andR,, affect the appearance of

the slowB mode.

where e=(T—T,)/Ty and d is the spatial dimension. The
scaling relation for the size of metastable islands,
~e * (u=2/d), yields the Vogel-Fulcher-like activation First we consider the case where the degree of the decou-
energyAF«1/(T—T,) [3]. Thus, we can map the time scale pling is primarily controlled byR. (see Fig. 2 Before start-
associated with cooperativity onto the dynamic coherencéng discussion, we define two threshold values; dbr con-
length £. The change of dynamics arourig, can be ex- venience:é, is the threshold value of, above which the
pressed by the change in the temperature dependericetof slow 8 mode can exist but it appears as the excess wing due
starts to increase frora (a being the size of molecule or to its strong coupling to ther mode. &;, is, on the other

1. Roles of R on the decoupling behavior
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hand, the threshold value éf above which the sloy8 mode (a)
can exist as a distinct independent mode. Here it should be
noted that no sharp changes would not occur at these values.

(i) For the case of~a, there is no cooperativity and thus Liross
there is no separation between the two modes. This results in N
the absence of the sloy@ mode. This is the case of S

(i) Below T, but nearT,, R, is only slightly larger than ° &

1 (see Fig. 2 More precisely,¢ is larger thané;,, but
smaller thang,. For this case, the slo@ mode can exist, "‘V'og:\,_Fulcher_like
but it is not decoupled from the one because of the small / o e
frequency separation between them. This leads to the strong Regime
overlap of the dielectric spectra of the two modes. In this

case, molecules fully rotate after oscillating only a few to T./T 1
several times in the cage, which itself is dynamically fluctu- g

ating with the rate ofx relaxation. Thus, the sloy@ mode,

which is strongly modulated by the mode, should possess (b) Arrhenins-like
the nature of ther mode. Thusyzyowg Should have the tem-
perature dependence of Vogel-Fulcher type, reflecting the co- 5
operative nature. It should also be sensitive to pressure, re-

flecting the nature of thee mode. INQ 7./

(iii) For the case oR.>1 (or, £> &), the local environ- = T ',"'z;,ow
ment of a moleculécage is well defined and continues to %D A
exist for a time much longer than,,,s and thus the slovs — # \ ogel-Fulcher-Jike

mode is fully decoupled from the mode. In this case, the
temperature dependence o,z should be of Arrhenius Teross
type and its pressure dependence should be weak, reflecting Coupled
its intrinsically local nature. For fragile liquids, this situation Regiwe
can be realized for deep supercooling. The crossover from
regime (ii) to (iii) takes place at the crossover temperature 1o /T
Teross, Whereé~ & (see Fig. 2 Note that this crossover 8

temperature of the slovs mOde’Tcr‘)?S’ is _different from FIG. 3. Relation betweem, and 7o, for a fragile liquid (a)
thgt of thea mode,Tg . Usually, TerossiS Iocated_belovVI'B. . and a rather strong liquitb) in the so-called Angell plot. For case
This crossover phenomenon reasonably expla}ms the Merging) the slows mode is decoupled from the mode at a tempera-
behavior ofa and slowB modes observed by @Gwezetal. e, ., which is not so far below , . For caseb), on the other
[26], Margulieset al. [28], and Fujimaet al. [29] (see Fig.  hand, the decoupling occurs only at very low temperatures: The
3). slow B mode modulated by the mode, which has the Vogel-

(iv) For rather strong liquids, the slo@ mode cannot be  Fulcher-like temperature dependence, covers the wide temperature
fully decoupled from thex one even for deep supercooling region betwee, andT,,.ss. FOr a very strong liquid, decoupling
since¢ does not increase so mu@hamely,é< &) (see Fig.  would never be observed. The distance betw@gpss and T
2). This is simply because the singular point, the Vogel-should increase with a decrease in the fragilége Fig. 2 Finally,
Fulcher temperatur@&,, is located far belowl, for a strong ~ We stress that both, and Tslows have wide distributions, although
liquid [35]. The slow 8 mode should, thus, possess thethey are represented by thin lines.
a-mode naturgsee also casér)]. For a very strong liquid,
however, it would not be observed as a separate mode due tal bifurcation of the slow3 mode from thew mode atT,.
the very small time separation between the two modes anbote that this particular relation leads to the Nagle scaling,
should be observed as the excess wisee Fig. 8)], pro-  which was demonstrated by Nddi9]. However, further the-
vided R~ 1. Finally, we note that our model naturally pre- oretical studies are necessary to elucidate the temperature
dicts thatthe excess wing should disappear aboyg don-  dependence ofy,,,; for the strongly coupled case.
sistently with the experimental resy#5]. In the above discussion, we neglect the effects of the

(v) When the slowB and a modes are strongly coupled broad distributions ofr, and 7,,s. The broadness of the
with each other as in casé@g) and(iv), we expect thatg o,  relaxation time distributions and its relation to a possible
is related tor,: A possible relation may bgl5,19 coexistence of the excess wing and the s|@wnode[17]

will be discussed in Sec. Il E.

Tslowg™ TiK . (12 ) )
2. Roles of R on the decoupling behavior

SinceBy should be equal to 1 abovg, (note that there is no Next we consider the case tHat plays an important role
cooperativity aboved ), the above relation gives us a natu- in the decoupling behavioR, is determined by local dynam-
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TABLE |. Relation between the fragility and the slg8vcharacteristics. All the data are taken from Ref.
[1]. Here we list only low molecular-weight molecular liquids. BMMPC: bis-methyl-methoxy-phenyl-
cyclohexane; BMPC: bis-methoxy-phenyl-cyclohexane; ODE: (d¢fahydro-4,7-metano-5H-indene-5-
ylideng-bisphenol-dimethylether (£H,30,); CDE: cresol-phthalate-dimethylether; PDE: phenyl-phthalate-
dimethylether; FDE: flourene-9,9-bisphenol-dimethylether.

Name of glass former m 10910 [(271/ 7o)/ (rad/s)] Ez (kJ/mo) type
1-butyl bromide 44 A
Propylene glycol 48 A
Glycerol 49 A
Isobutyl bromide 49 A
2-butyl bromide 52 A
3-bromopentane 56 14.8 23.1 B
BMMPC 59 A
BMPC? 63 14.0 50.1 B
m-tricrestyl phosphate 63 A
Propyl benzene 70 A
ODE 71 A
Ortho-terphenyl 74 16.0 48.9 B
CDE 75 A
PDE 78 13.2 17.4 B
FDE 84 10.4 4.7 B
Salol 89 A
Propylene carbonate 91 A
Methyltetrahydrofurane 93 A
Benzoin isobutylether 94 16.3 55 B
Triphenyl phosphite 97 A
Toluene 98 16.1 25.3 B
Cresyl glycidyl ether 135 13.2 18.4 B
Butyl benzene 172 A
Isopropyl benzene 189 15.0 25.9 B

#The secondary mode listed in this table may not be the sfowode, but the rotational mode of the
methoxyphenol moietfG. Meier, B. Gerhartz, D. Boese, and E. W. Fischer, J. Chem. Fds3050
(1991)].

ics and can thus be material specific. For example, specifitype A. Thus, this can be regarded as an example of the
interactions may affect significantly the activation enelfgy ~ above-described effects & on the decoupling behavior.
and thusrge,s. The molecular size may also affect the  We also note that a similar behavior was observed in a
value of 794 [23]. If R, is small due to these reasons, it is series of neat polyalcohol0]. For these polyalcohols, it
possible that even for fragile liquids, oz is too slow to be  was revealed that the less fragile liquid has the smaller
decoupled from ther mode and thus strongly modulated by 7o,/ 7oz (or smallerR;) and the smalles(). It may be worth
it. Thus, the situation similar to the above cdsg can be studying the microscopic origins of this correlation among
realized for liquids ofR;<1, irrespective of the fragility. the fragility R, and 6Q) for these materials.
Thus, even fragile liquids may belong to type A. In this case,
the slowB mode is hidden by ther one. For example, this
may be the case of polypropylene carbonate in Table I. Simi-
larly, if R>1, even a strong liquid can have a distinct slow
B mode. We note that studies on a more microscopic level When the degree of the decoupling is primarily controlled
are necessary for revealing what physical factors determinby R., there should be a simple correlation between the
R, . fragility and the decoupling behavior. If we neglect the ef-
Here we mention faat3) in the Introduction in relation to  fects of R;, our model suggests that strong liquids should
the roles ofR,. Mattssonet al. [23] demonstrated that the belong to typeA, while fragile ones to typd3 [36]. This is
difference in typeA andB stems from the difference in, at  consistent with the known difference in the fragility between
the merging temperature, from their systematic experimentalype A andB materiald 46]. For example, Ngai reported that
study of oligomers with different lengths. The larger molecu-there is no slowB mode for rather strong glass formers,
lar size leads to the longet,;. Their result indicates that whosepBg at T is greater than 0.7. As can be seen in Table
with the decrease iR, the system changes from tyfeto |, there is indeed a clear tendency that typenaterials are

D. Correlation between the fragility
and the decoupling behavior
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less fragile than typ8 ones: Stronger liquids whose fragility (a) - +
index m is smaller than 70—80 belong to tygematerials. St %
Here it should be noted that this threshold valuerofmay

not have a significant meaning since the estimatiommof
usually contains a large error and there are exceptions fo
this correlation(see below.

We note that the effects d&? may explain why there are 5 p
many exceptions for the above correlati@ee Table )l A 4 4
system with smalR; may belong to typeA (fragile typeA
materia) even though its fragility is high. The opposite case (©) £ £ (@) A VA
(strong typeB materia) may also be possible for lard®, th th e o
namely, ifE; is considerably lower thak,, . It is also pos-
sible in principle if7q4 is shorter tharry,, , but this would be
unlikely. In usual cases whek;~E,,, strong liquids should
belong to typeA. Our picture tells us that for smakR,
(namely, foré< &) the slows mode is modulated by the a £ a £
mode due to their strong coupling. These considerations leaa
us to a conclusion that there should not exist strong pe  F|G. 4. Schematic figures showing how the distribution of the
materials. Thus, we speculate that the secondary process Otharacteristic size of metastable islagdshanges with temperature
served in strong typ& materials is not the sloy8 mode in T, (a) AboveT,, (b) just belowT,, (c) in the merging region, and
the strict sense but another local mode, as in the case @ff) below T,,.s. For case(c), the excess wing and the slo@
BMPC([30] (see the caption of Tablg.[This point should be mode can coexistsee Fig. 5.
checked carefully in the future.

Finally, we note that smalbQ) can also be the origin of
fragile type A material, as pointed out in Sec. 11 B 1.

b _
N

v
v

v
v

expected that characteristic size of metastable islgnus

creases with the waiting timg,, which leads to the increase

in 7, (or &) with t,,. According to our mode(see Fig. 4,

this means that the sloy mode becomes more decoupled
Next we briefly consider the problem of the coexistencefrom thea mode witht,,, which should lead t¢a) the trans-

of the excess wing and the slog/ peak, which is observed formation of the slows mode from excess-wing-like to

for a few glass-forming liquids. This is sometimes regardeobeak”ke andb) the larger frequency separation between the

as the evidence supporting that the excess wing is indepelyo modes. This is consistent with what was observed ex-
dent of the slows mode[17]. The most natural explanation gerimentally[lB].

can be given by assuming the existence of two local mode
For example, one of them is the slo& mode, while the
other may be the intramolecular local mode such as methyl
rotation. Although we believe that this simple explanation Here we stress that our model can explain all the experi-
may account for most cases, we note that in our scenario thmental facts(1)—(5) reviewed in the introduction, some of
coexistence is possible for a certain situatieae Fig. 4c)] which apparently look contradictory with each other, in a
even for the case that there exists only a single stopro-  coherent manner. In our picture the excess wing and the slow
cess. The wide distribution @f can lead to the situation that 8 mode share the common microscopic origin and the dif-
the slowB mode in smaller metastable islands with shorter

T, is strongly coupled with thee mode, while that in larger A
ones is decoupled from it. According to the definitions of

&1, we can draw the following picture. Molecules belonging s

E. Possible coexistence of the excess wing and the siBwmode

G. Comparison of our model with experimental facts

apparent excess win,
to metastable islands, whose characteristic gigatisfies the \% PP ¢
condition &;,<é<é&;,, contribute to the excess wing that g )
possesses the-mode-like character, while those belonging - b coupled mgl.on\l';:.,_{
to metastable islands, whose characteristic §igatisfies the slow /3 peak
condition £> ¢}, contribute to the slow3 peak. We note = >
that the character should changentinuouslyfrom excess- logml/

wing-like to slow3-peak-like with an increase in the degree

of the decoupling. Figure 4 schematically shows how the FIG. 5. A simple explanation for the coexistence of the excess
distribution of ¢ changes with temperature. This coexistencewing and the slowg peak. There may exist a considerable fre-
of the excess wing and the slog mode, which is possible guency region where these two modes are strongly coupled and the

for Fig. 4(c), is schematically shown in Fig. 5. slow B8 mode possesses the characteraofnode. Note that for
larger (more densemetastable islands of the longer lifetime the

slow 8 mode can be decoupled from themode, while for smaller
(less denseones of the shorter lifetime it is strongly modulated by

It was shown by Schneidet al.[18] that aging belowT or coupled with thew mode. The former appears as the slgw
makes the slows peak more distinct. During the aging, it is peak, while the latter appears as the excess wing.

F. Effects of aging on the slowg mode
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ference between them arises from the degree of the couplingnly when the two modes are strongly coupled. We also note
between thexr and the slowB mode. Thus, our model is that our model seems to be more consistent with the fact that
consistent with fact¢1) [18,19 and (2) [20] (see also the Eg is often different fromE, . Since our model is qualitative
above discussion about the aging effec@®ur model is also  and experimental data that can be used to check the validity
consistent with fact3) [23], as explained in Sec. IIIC2. In of the models are rather limited, however, further careful
our picture, these two modes are essentially distinct from thetudies are necessary to clarify what is the physical mecha-
a mode: Both modes primarily stem from the sl@wmode, nism governing the behavior of the slggvmode.

although the excess wing possesses some character af the

mode, reflecting the coupling of the slog/ mode to thea IV. SUMMARY

one. Thus, our model is also consistent with f&tt [24]. ) ) o )

The difference in the pressure dependence between the ex- I this paper, we discuss the origin of the excess wing and
cess wing and the sloy model[fact (5)] [25] can also be the slow g relaxgtlon of glass formers and tht_e relation be-
naturally explained by our modéee Sec. 11l C L Note that tween them,_ which hav_e been a matter of active debate. We
in our model the excess wing possesses the character of tRECPOSe a simple physical scenario that can at least qualita-
a mode due to the strong couplirigr mixing) between the tively account for the recent experimental findings, which

« and the slows modes, while the sloy8 mode decoupled apparently look contradictory with each other, in a coherent
from the @ mode is of intrinsically local nature and its pres- manner. We argue that whether liquid has the excess wing or

sure dependence should be weak. The fact that the glow the slows mode is primarily determined by the degree of the

mode in typeB material is insensitive to pressui25] seems coupling between the cooperative translational and rotational
to be more consistent with our model rather than the modelg10tion associated with creation and annihilation of meta-
based on the idea of islands of mobility. Finally, we point outStaPle islands4¢ mode and the local rotational jump motion

that our model can naturally explain the mergifay bifur- N @ cage(slow 8 mode. Furthermore, we propose that the
cation behavior of thea and the slow3 mode[26,28,29 relation between the characteristic size of metastable islands
[see also Fig. @], as discussed in Sec. Il C 1. and the cage size is one of the major factors controlling the

degree of the coupling between the two modes. For example,
this naturally explains why the sloy® mode is usually ob-
served only for rather fragile liquids. We also discuss the
Finally it may be worth comparing the present model with physical origin that leads to the violation of this correlation
Ngai's model[19] since both are based on a picture of cou-between the fragility and the degree of the decoupling. Fi-
pling between modes. Ngait al. [19] ascribed the slow3  nally, our model suggests that the slg8vmode, which is
mode to a primitive (unconstrained relaxation process, constrained rotational jump motion in a cage, is a generic
which is devoid of intermolecular coupling, and thus to theand intrinsic featurd¢10] of supercooled liquidbelow T,p,)
motion of molecules in the boundary regions between coopand glassybelow Tg) states of moleculer particles with
erative rearranging regions, following the Johari’'s idea ofanisotropy.
islands of mobility[10,31. On the other hand, we ascribe it We hope that our simple model would contribute to our
to the constrained rotational jump motion inside a cage in ainderstanding of the nature of the excess wing and the slow
metastable island. Thus, it exists only beldly in our g mode, which has been discussed over many years. Since
model, differently from the Ngai's model, in which the our discussion is qualitative and speculative in nature, how-
primitive mode continues to exist far abo¥g . Our model  ever, further quantitative studies are highly desirable.
suggests that a majority of molecules take part in the ow  Note added in prootVery recently, Minogruchet al.[47]
process, which looks consistent with the recent experimentakeported the detailed study on dielectric relaxation of polyols
finding [33,37. In our model, the slow3 mode can be a (sorbitol and xylitol and their mixtur@ésand concluded that
local mode independent of themode in the fully decoupled the origin of the slowg process is essentially the same
regime. This results in the existenceTf,ss[see Fig. 8],  among the polyols. This is consistant with our proposal.
which separates the coupled and decoupled regimes. Such
crossover behavior at;,,s5[26,28,29 and the complete de-
coupling of the slowB mode from thex one, which results ACKNOWLEDGMENTS
in the Arrhenius temperature dependence of the sfw  The author thanks T. Fujima, H. Frusawa, and K. Ito for
mode, seem to be difficult to be explained by Ngai's model,providing valuable information on their experiments. This
which predictsrg)oys> riK. At the same time, however, we work was partly supported by a Grant-in-Aid for Scientific
speculate that this relation derived by Ngai, which naturallyResearch from the Ministry of Education, Culture, Sports,
explains the Nagel scaling, might even hold in our case, buBcience and Technology, Japan.
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