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Reexamination of the evolution of the dynamic susceptibility of the glass former glycerol
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The dielectric data of glycerol compiled by Lunkenheimeérl. [Contemp. Phys41, 15 (2000] are reana-
lyzed within a phenomenological approach on the one hand, and within mode coupling {k&Fy, on the
other. We present a complete interpolation of the dielectric data covering 17 decades in frequencies. The
crossover temperature extracted from the phenomenological analysis of the slow response at low temperatures
and defined by the emergence of the excess wing upon cooling agrees well with the critical temperature
extracted from a MCT analysis of the dynamics at high temperatures including data that were not used in the
first MCT analysis of glycerol by Lunkenheimet al. [Phys. Rev. Lett.77, 318 (1996]. The crossover
temperature is found to be,= 288+ 3 K, which is significantly higher than previously reported. Extracting the
nonergodicity parametdr the characteristic anomaly is only found when fl is inspected, sincé is very
close to 1. No difference for the evolution of the dynamic susceptibility is observed for the nonfragile system
glycerol with respect to fragile glass formers provided that the evolution of the dynamics is studied as a
function of the correlation time-, .
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[. INTRODUCTION of particular interest since it is an organic system of interme-
diate degree of fragility. Several MCT studies were pub-
In recent years significant experimental progress has bedished, but concerning the critical temperatrg extracted
made in monitoring the evolution of the molecular dynamicsfrom the data significant disagreement was found. In 1994
in supercooled liquids. For example, the dielectric responsth€ first MCT analysis of light scatterin@.S) as well as of

of polar glass formers can now be measured over 18 decad@gutron scattering\S) data was carried out by Wuttle al.
in frequency (105—10" Hz) [1]. Quasielastic light scatter- 14] and the authors reportdg =225 K, however, no agree-

ing is able to monitor the fast dynamics with high precisionment with viscosity data was obtained. The latter data sup-

1P—10" Hz) [2-5] and neutron scattering experiments PS€ Te=300K as pointed out by Risleret al. [15]. A re-
Ewave compilezd[the]correspondinrgdependengc¢6 %_ To- analysis of the LS data by Franosehal. [16] identified T,

gether with molecular dynamics simulatioig, the applica- in the temperature interval 223-233 K, but the result was not

4 . . fully compelling. In 1996 an analysis of the now accessible
tions of the aforementioned techniques among others ha"i‘ﬁgh frequency dielectridDS) data of glycerol were pre-

demonstrated that mode coupling theéiCT) [9,10] pro- sented by Lunkenheimest al. [17] and they reported .
vides a rather consistent description of the evolution of the~ 565 k In a review paper on testing MCT predictions by
susceptibility at the onset of the glass transition, i.e., at higl\s petry and Wuttks] displayed the nonergodicity param-
temperatures. In addition to the mairprocess, a fast relax- eter for several glass formers though they hesitated to draw
ation process is identified, leading to a two-step decay of theny conclusion in the case of glycerol. However, reinspect-
correlation function. Within MCT the fast process is attrib- jng their plot T,=280 K may be suggested. Finally, an im-
uted to some in-cage motion whereas thprocess describes pulsive stimulated thermal scattering study by Paolucci and
the reorganization of the cage which enables flow. A MCTNelson[18] “rule (s) out the possibility of a marked anomaly
analysis allows for determining a critical temperatdfg  in the temperature region from 228 to 268 K.”

above which the high temperature scenario of(itealized Clearly, these disparate results are very unsatisfying and
theory well accounts for the salient features of the susceptithey may point to a problem for any MCT analysis, namely,
bility [10]. that the theory’s expected range of validity is not well de-

Most systems investigated so far were fragile moleculafined. In other words, the approximations made within the
glass formers, characterized by the absence of strong intetheory are not controlled. On the one hand, the theoretical
molecular interactions. Here, the question arises whethguredictions are expected to hold only close to the critical
MCT may also apply to nonfragile glass formers, i.e., totemperaturél;, on the other, for temperature closeTtgthe
so-called strong systems with more or less strong intermohigh temperature scenario of MCT is expected to be dis-
lecular interactions. Since in such systems the cage effect tsirbed by the emergence of the so-called hopping transport,
expected to play a minor role, one may be reluctant to tesivhich within the extended theory is supposed to provide the
MCT here. However, it turns out that again two-step corre-mechanism to reestablish ergodicity beldw. It is expected
lation functions are observed though quantitative agreemenhat this problem is more severe in nonfragile glass formers
with MCT is less convincingi11-13. The case of glycerol is than in fragile systems. Experimentally, the situation turns

out to be somewhat different. In a series of papers it was
demonstrated that the high temperature scenario of MCT is

* Author to whom correspondence should be addressed. Email adeund to hold even up to the fluid regime close g,
dress: ernst.roessler@uni-bayreuth.de [7,8,19. In turn this provides a large enough temperature
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range from which the critical temperature can be accurately

ey
. : . o b 184 - 413K
determined via extrapolation and allows one to easily iden- '

(=]

tify first deviations from the scaling laws indicating the 1
breakdown of the(idealized MCT description atT<T,. "
Most of the cited analyses of glycerol were carried out in a
rather small temperature range which actually may be too
small. As a consequence, it may happen that the results of
these analyses depend on the temperature interval investi- 0.1F
gated. glycerol NN

Below the dynamic crossover &t , the evolution of the @) . '
susceptibility is not adequately described by the theory and 0.01 ¢
one has to resort to phenomenological approaches. Analyz- 10° 10° 10" 10' 10° 10° 10" 10° 10" 10°
ing the dielectric loss of several glass formers including v[Hz]
glycerol by applying a distribution of correlation times de-
rived from an extension of a generalized gamma distribution :
first introduced by Kudliket al. [20], Blochowiczet al.[21] ™ f'ﬁ\;('”
report that, independent of the degree of fragility, the evolu- 100 N/ \,i
tion of the dynamic susceptibility including therelaxation w® | AN
peak together with its high frequency excess wing exhibits a =~ 102 TN 3(\
high degree of universality provided that the parameters of *,
the excess wing are plotted as a function of the correlation i o,
time 7, rather than as a function of temperature as is usually 10°F  glycerol
done. Within this analysis it can be shown that the excess
wing appears first at lgg(7,/s)=—8 upon cooling and that wt ®
the temperature at which this happens correlates well with et sl st
the critical temperatur@, of MCT. This phenomenological 10" 100 100 10" 10° 100 10" 10
analysis provides clear evidence that a high and low tem- v[Hz]
perature scenario holds for the evolution of the susceptibility, B A s B B B A A A A it B s i A
and it was concluded that the breakdown of the high tem- . g 184- 413K
perature scenario of MCT coincides with the appearance of " Lo §%‘m
the excess wing. For glyceral(log;q7,=—8)=270K is ' ' M Ty
found, thus challenging most MCT analyses on glycerol pub- . . .
lished so far. Although the nature of the excess wing is not 10f %N 3
well understood, it seems to be some kind of a secondary "o, \.\'«’\".,"x, “aa
relaxation process and cannot be identified with a contribu- “W
tion from hopping transpoift22,23.

In this contribution we reanalyze the dielectric data com- (c) glycerol
piled by Lunkenheimeet al.[1] (cf. Fig. 1), which currently 1 Lot it v ond st oimt ssmd sond sonsomd s s s o
provide the most complete dielectric dataset reported for a 10° 10 10" 10" 10° 10° 107 10" 10"
glass former. By applying the extension of the gamma distri- ) _ - _V[HZ] _
bution[20,21] for describing the slow response at low tem- FIG. 1_‘ Dielectric permittivity of glycerol as compiled by
peratures on the one hand, and analyzing the dynamics ‘Lirnkenhelmerejt al. [1] for various tempgratures. The temperature
high temperatures as proposed by MCT, on the other, we wi each curve is, from left to rightin kelvin), 184, 195, 204, 213,

: : . . 23, 234, 253, 263, 273, 289, 295, 303, 323, 333, 363, 382, 403,

demonstrate thdt) a complete interpolation of the dielectric

. : L . d 413.(a) | i te” included fit(solid line) b -
data covering about 17 decades in frequencies is obtalnegﬂl (&) Imaginary parts”(v), included fit(solid ling) by ap

d (i) th d f h h ing the GGE distribution of correlation times, E®), for inter-
and (ii) the crossover temperature extracted from the p e|E>o|ating the slow response 1 GHz) atT<273 K. (b) Imaginary

nomenological analysis agrees well with that obtained from,, . scajed by the static permittivity,, included is complete inter-
the MCT analysis. For the purpose of the latter analysis Weygjation of the relaxational contribution by applying E€L0)
included high temperature dafta] that were not used in the (gashed ling and by applying in addition the constraint, E§)
first MCT analysis of the dielectric respongg7]. In this  (solid line), data for highest temperatures not fitted, cf. Fig(d.

work, Lunkenheimeret al. analyzed directly thes(w) data  Real part:’ () as compiled by Lunkenheimet al.[1], no data for
whereas we use normalized data for which the static permit403 K; note double logarithmic scale.

tivity has been scaled out. Since glycerol is a nonfragile glass

former, the effect of the temperature dependence of the static

susceptibility is quite strong and significantly changes the Il. THEORETICAL BACKGROUND
results of any line-shape analys(si) Finally, we will show
that no difference is found for the nonfragile glass former
glycerol with respect to a fragile glass former, e.g., propylene We first summarize the asymptotic scaling predictions of
carbonate. the idealized MCT[9,10]. Due to the interplay of fast dy-
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A. MCT predictions
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namics anda-process a minimum is found in the suscepti- contribution including both peak and excess wing. The dis-
bility in the gigahertz regime, which 8t>T. is interpolated tribution is an extension of a generalized gamma distribution

by (GGE) [25] and is given by
"n_n. b / yamceT a B
X Xl Ber( i) GocelIn r>=NGGE<a,ﬁ,v>eX‘{_ g(l> (l>
+aycr( v/ vmin) ~PVCT]/ (aycr+ buct), 1) 0 0
AR
where v, and ., are the frequency and the amplitude of X|1+ T_o> } ®)

the minimum. The exponents,ct and byt determine the
low-frequency behavior of the fast dynamics and the high-Wi,[h the normalizing factor
frequency part of the-process, respectively. They are deter-

mined by a single parameter, namely, the exponent parameter

\, thus are not independent. The temperature dependence ofNeee(@,/3,7)

vmin» Xmin» @nd the time scale,, are expected to be given by B\# (B a| (=Bl )71

g ol
X’r%inocglfz, Vmink e YMCT 1 ocgTMET T>T, (2) @ @ B a
with s =T—T,. The exponenty,cr is related to the expo- 9iven by the conditiony”..Ggge(In ndIn 7=1.
nentsaycr andbycr Via yyer= 1/(2a) + 1/(2b). The mean time constant reads
From xmin(T), vmin(T), @and7,(T) the critical temperature

T. should follow; the latter terminates the temperature inter- Bs+1 y—pl & =Ple [y+1

val of the high temperature scenario of MCT. Beldwthe a Va T Ta to B I Ta

fast relaxation spectrum is expected to change its shape. A (7)= TO(E) B o\ (7 Pla

crossover from a power law with an exponegjct at high = +0-7ﬁ(_) r(Z)

frequencies to a white noise spectrua«1) at low frequen- B @

cies is expected. As a consequence of the appearance of this @

“knee” a decrease of the fast dynamics relaxation strength is
forecast upon cooling. This constitutes the anomaly of thdn addition to parametera and 8 specifying the manifesta-
nonergodicity parametet a generalized Debye-Waller fac- tion of the a-relaxation peak, two additional parameters
tor, which defines the relaxation strength of the slow dynamand y appear, which define the onset of the wing and its
ics (a-process A characteristic temperature dependence igexponent, respectively. Thus, in this phenomenological ap-
predicted proach it is assumed that the wing contribution formally may
be treated as a part of therelaxation spectrum. We empha-
f(T)y=f., T>T.; f(T)=f.+hs¥ T<T., () size that the width parametets and 8 can assume values
0<a, B<w, andyis not to be confused with,ct.
In the Appendix we further discuss the role of the two

whereh is some constant angé=T.— T. Here, for the analy- A R
¢ y parametersae and B, which in the GGE distribution are

sis of the DS data, thg dependence df has been dropped.

Above T, the parametef remains temperature independent,needed to model the_ relaxation around_ the maximum. In
whereas below, it quickly rises. We note that the knee has short, 3 controls the widths of the relaxation peak, wheraas

not been observed so far in molecular glass formers and tI‘FéxeS details of the peak, in part|c_ular, at low frequencies
clear identification of the anomaly of the nonergodicity pa-<”ma><' It turns out[21] that for a given glass formex can
rameter is a matter of debdt24]. It has been suggestgd,5] be kept constant for all temperatures whechanges with
that it may appear advantageous to actually determine thigmperature in a characterlstlc_ wa;e_e below.' - .
quantity 1—f which presents the fraction that decays due to From Eq.(5) the complex dielectric permittivity(w) is
processes faster than theprocess and is given by the inte- calculated as

gral over the susceptibility of the fast relaxatigfy,(v),

- - sa(‘“)_S“:ASQJ CoeeliN) 1707
1—focf X;'asl(y)dlnvzf X'wdinv. (@ -

v>1l7,

dinz, (8

whereAeg , is the relaxation strength of the-process.

As demonstrated by Adichtchest al. [5] and by Blo-
chowiczet al. [21], in the case of glycerol, 2-picoline, and

Glycerol is a typeA glass former exhibiting no discern- propylene carbonate the parameterand y evolve in a very
ible secondary relaxation peak in the dielectric spectra. Fosimilar manner provided that they are plotted as a function of
such systems Kudliket al. [20] (for details, see also 7, (cf. also Fig. 4. Moreover, it has been shown that the
Blochowiczet al. [21]) have proposed a distribution of cor- excess contribution appears only gt>10 8 s and that at
relation times which excellently interpolates theelaxation  high temperatures the susceptibility is well described by a

B. Phenomenological description of the susceptibility
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Cole Davidson(CD) function [26], i.e., by a simple peak T 7 7

function. It turns out that the GGE distribution provides an 80_' ‘-’ i
excellent fit of a CD susceptibility withy=8cp, when a o °, -
constrainto(«a,B,y) =0, is introduced in such a way that €& | . glycerol ]
the absolute short time asymptote of the GGE and the CD 60 . ]
distribution become identical. Explicitly, one fin{i21] 50'_ a ]
[ . j
40+ LR 4
UC(“!B! 7) a0 & ] ]
B\P  am o\ Ve UB~7) i e o,
2 o5 roo o
| e sin(my) \B 9 200 240 280 320 360 400
- T(Bla) - @ T{K]
Irrespective of the particular shape of thepeak itself, the FIG. 2. Temperature dependence of the static permittizity

constrainto,, assures that no wing is presentsif{ ). Thus, (solid squares for comparison the data reported by Lunkenheimer
although the distribution function GGE afr,<1 is still  etal.[1] are shown(open circles
described by two power-law contributions with exponegts
and vy, the resulting susceptibility function is a simple peak Ill. RESULTS
function being very close to a CD susceptibility. Note that a
fit of a CD susceptibility by the GGE distribution always
leads toy=Bcp, hence applying the constraint only one Figure 1a) presents the imaginary past’(v) and Fig.
parameter, namely3 has to be optimized. Qualitatively, for 1(c) presents the real past (v) of glycerol as a function of
the typical values of the parametesisand 8 found in the  frequency as compiled by Lunkenheiregral.[1]. About 18
type-A systems, the onset parametereaches values of 1-2, decades in frequency are covered. As is clearly seen from the
i.e., the onset of the excess wing shifts very close to the peattata, the amplitude of tha-relaxation peak decreases with
frequency 1/(2r7,) and as consequence the susceptibilityincreasing temperature. This is a consequence of the tem-
becomes a simple peak function without an excess wingperature dependence of the static dielectric constant
Simultaneously, the paramet@ibecomes>1[21]. Conclud- =Ae+e... The relaxation strengthe includes all contribu-
ing, instead of a free fit of the data, the constraint, &), tions from intermolecular dynamics, namely, that of e
can be applied to guarantee that the GGE is well reproducingrocess and fast dynamics as well as that of the boson peak
a simple peak susceptibility. We shall call this limit the CD and the microscopic peak;. comprises all process at optical
limit of the GGE distribution. As the line-shape analysis frequencies. The quantity; may be extracted from the pla-
shows, beyond this limitnot applying the constraipng pro-  teau ofe’(v) at lowest frequenciegf. Fig. 1(c)]. Figure 2
nounced excess wing is characterized by an onset parametisplays the results. For comparison, the corresponding re-
o>1 and a parametg®<<1. sults reported by Lunkenheimet al.[1] are included show-

In order to account also for the fast dynamics we includeing a good agreement. Inspecting the real pefitFig. 1(c)]
in the phenomenological approach a power-law contributionit is found thatA e > ¢, holds for all temperatures. Therefore,
explicitly for obtaining a normalized susceptibility we take

A. Phenomenological analysis

x"(v)=e"(v)les (12)

X" (v)=Axged v)+Bra (10
and only this quantity can be compared against theory. Note
The MCT scenario can easily be implemented in the phethat the static quantity contains no direct information on
nomenological approach by assuming thataycr andy  the dynamics. Thus, from analyzing its temperature depen-
=bycr holds in addition to applying the constraint E§).  dence, no conclusion can be drawn in a strict sense concern-
Within this approach the 4 f [cf. Eq.(4)] is defined by ing a dynamic crossover as may be is suggested by Lunken-
heimer[27] and by Schohals[28]. Figure 1b) presents such
scaled data. Within the experimental noise theelaxation

B f " VC,,ad Inv peak is constant in amplitude essentially for all temperatures.
—o Starting with the line-shape analysis, in Figajlwe dem-
1-f= In vg ' (11) onstrate that the slow responsel GHz) at low temperature
wAI2+ BJ ) ¥Inv (T<289 K) including thea-relaxation peak and excess wing

is well described by the phenomenological approach,
namely, by the GGE distribution, E¢5). The parameters of
where for an experimental analysis the cutoff frequengy the fits are displayed as a function of temperature in Fig. 3.
has to be properly choseA.andB are some weighting fac- The onset parameterand the exponeng [cf. Figs. 3a) and
tors that may depend on temperature. 3(b)], both characterizing the excess wing, as well as the
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FIG. 3. Fit parameters of the GGE distribution as well as the parameters of the fast dynamics contribution obtained from interpolating the
dielectric spectra of glycerol in Figs(d), 1(b), and 5 as a function of temperature(a) Onset parameter of the excess wingb) exponent
v of the excess wing and exponembf the fast dynamics contributioric) width paramete; (d) amplitude of thea-processA and fast
dynamics contributiorB; at high temperatures the Cole-Davidd@D), respectively, MCT limit is indicated.

parameterg [cf. Fig. 3(c)], determining together withw  independent value for each glass former. Its value can reli-
(which for glycerol can be set te= 10 for all temperaturgs  ably be found from fitting the spectra complied aroung

the width of the a-relaxation peak, are found to be very We find «=10, 20, 5 for glycerol, propylene carbonate, and
similar to those reported by Blochowiez al.[21] who per-  picoline, respectively.

formed an analysis of a dataset extending only up to 1 GHz. Since at high temperatures the exponenstrongly in-
The exponenty becomes lower, the lower the temperaturecreasesg becomes close to 1 angl becomes larger than 1
and o strongly increases with decreasing temperature. Thigcf. Fig. 3c)], a clear indication is given that the CD limit is
means that the excess wing becomes more and more preeached(cf. Sec. Il B. In other words, aff>289K or 7,
nounced upon cooling, in the sense that it gets flatter and the 2 10" ° the excess wing has disappeared, and one finds
wing onset is shifted to higher frequencies with respect to thggp= v when a CD function is chosen to interpolate the high
a peak. Parametgs shows a trend to increase with tempera-temperature susceptibility. Therefore, we apply for higher
ture, in particular, it becomes larger than 1 at the highestemperaturesT> 289 K) the GGE distribution together with
temperatures. Blochowiczt al. [21] also reported the GGE the constraint, Eq(9), which, as discussed, provides an in-
parameters of the glass formers propylene carbonate artdrpolation of a simple peak susceptibility, which is very
2-picoline, which may be compared to those of glycerol ifclose to a CD function. The result of this fitting procedure is
the parameters are plotted as a function ofdeg. Thisis  shown in Fig. 5 where we display the normalized high tem-
done in Fig. 4. Although the degree of fragility is quite dif- perature data of glycerol. Here, we included a power-law
ferent within this group of materials, a very similar behavior contribution with a temperature independent exponant

is found foro and y, and also forg at low temperatures. In =0.337 (cf. the MCT analysis belowin order to account
first approximation logyo linearly increases with log7,,  properly for the fast dynamics contribution up to, say, 200
i.e., with the state of supercooling, wheregsonlinearly = GHz. It turns out that the data are compatible with keeping
decreases reaching values of about 0.15 at highegg1pg y=0.68 (= Bcp) as well asg independent of temperature
that is, at lowest temperatures. The actual difference amongf. Fig. 3. Clearly, also this phenomenological fit yields a
the three glass formers present in the spectra is reflected ondatisfying interpolation of the data demonstrating that above
by the width parametex, which may be set to a temperature 289 K the different subspectra are virtually not changing in
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10 T T
® | i
ety o’
10°F % propylene carbonate (ref. 21) o0 3 ™~
c + 2-picoline (ref. 21) « *ff R)
10°F e 1
&t 0.1
10'F 5 timit ﬁn:'f'" 3
10°k . 289 - 413K
Y @ 001} glycerol
12 10 8 -6 -4 2 0 2 4 B L
10914, ) 10 10° 10° 10° 10" 10"
v[Hz]
08 ——F———F———T———— 1T
__“f: - ®  glycerol (this work) FIG. 5. Normalized imaginary part of the complex permittivity
o6l 3 : g’rﬁey:‘;'ngec';;gnate et 21) at high temperaturesT 289, 295, 303, 323, 333, 363, 382, 403,
& + 2-picoline (ref 21) and 413 K; interpolation of bothw-process and fast dynamics con-
Y :n;‘,‘ tribution by the GGE distribution with applying the constraint, Eq.
04} ”uatnw . (10), and y=0.68(solid lineg together with a power-law contribu-
=2 tion with a=0.337 accounting for the fast dynamics contribution.
+ et For comparison MCT interpolation of the minimum withyct
0.2r ﬂ*ﬂt«;ﬂ o =0.68 andaycr=0.337(dashed lingsis shown at 403 and 413 K
© ] a fit by a Cole-Davidson susceptibility is shown.
0.0 S S S N
12 10 8 6 -4 2 0 2 4 6
log,(z, /s) isfying interpolation is obtained covering 17 decades in fre-
quency. The temperature dependence of the GGE parameter,
L L B B as well as the parameters of the fast dynamics contribution,
CD limit o et o i.e., the exponena and the corresponding weighting factors
B 2o % propylene carbonate (ref. 21) A andB [cf. Eq. (10)], are included in Fig. 3. At high tem-
op x T Zeoinelel.2n peratures T>289 K) the exponenty anda are essentially
- X temperature independent, whereas at low temperatures they
®g X show a marked temperature dependence. Exponeig
r G, ] found to be the same as that obtained from the sole analysis
AT R0t of the slow dynamics shown in Fig(d), demonstrating that
this exponent can be also reliably determined from the data
() without accounting for the fast dynamics contribution. Be-
0 0 % 6 4 2 o 3 4 s low 289 K, the exponera of the fast dynamics contribution
log (z, /s) shows a trend to increase. The weighting fa&as virtually

constant whereaB, reflecting the fast dynamics contribu-
tion, decreases strongly below about 320 K. Again, we note
that the present dielectric data of glycerol do not allow for an
unambiguous determination of the exponant

Regarding the evolution of the susceptibility the phenom-
enological approach provides clear evidence for a high tem-
perature regime and a low temperature regime with a cross-
over temperaturd, =290 K. Whereas at high temperatures
shape any longer. Here, we want to note that the data are>T, a simple peak susceptibility with constant relaxation
characterized by very different point densities in the fre-strength(reflected byA=const) describes the-process to-
guency intervals covered by different techniques. Also, thegether with a temperature independent fast dynamics contri-
scatter is quite large at high frequencies. Therefore, the fitbution (reflected byB=const) with a constant exponeata
show small systematic deviations from the data in somenew spectral feature appears at low temperatur@s (
cases, and our analysis can only demonstrate that the data ar@90 K), namely, the excess wing. In addition, the weight
compatible with the MCT predictions. of the fast dynamics contribution becomes strongly tempera-

In Fig. 1(b) fits of the full dataset are shown including the ture dependenificf. parameteB(T)]. In Fig. 3 the two re-
constrained fits above 289 K as well as those below by apgimes are marked and, as we will demonstrate next, the high
plying free fits with the GGE distribution together with a temperature scenario is also well described by mode cou-
power-law contribution for the fast dynamics. Clearly a sat-pling theory.

FIG. 4. Fit parameters of the susceptibility of theprocess as a
function of logg 7, ; included are the corresponding data for glyc-
erol, propylene carbonate, and 2-picoline taken from R&f]; the
Cole-Davidson(CD), respectively, MCT limits are indicateda)
Wing parametew; (b) wing exponenty; (c) width parametes.
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B. Mode coupling theory analysis

In the second approach we analyze the evolution of the
susceptibility as described by the high temperature scenari
of the MCT. The theory provides an interpolation of the
minimum according to Eq(l). Regarding this minimum, a
sum of the constrained GGE susceptibiliyr a CD func-
tion) and a power-law accounting for the fast dynamics is
mathematically equivalent to Eq(l) provided that y
=bycr anda=ay,cr are chosen. Actually, for the phenom-
enological fit shown in Fig. 5 we have already incorporated
the MCT relation betweety anda derived from an exponent
parametei =0.677[9]. Consequently, the phenomenologi-
cal fit (solid line and the MCT interpolation by Eq.)
(dashed ling of the susceptibility minimum are indistin-

e
x
-
(=]
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guishable as is demonstrated in Fig. 5. The phenomenolog
cal approach covers the complete relaxational spectre
whereas MCT provides a generic interpolation of the mini-
mum, only. Thus, the high temperature regime is describec
within the phenomenological approach by exponents that ar
compatible with MCT. 8.0x10*
Having obtained the minimum parametey4;, and v,
by the MCT interpolation, one is able to test the scaling laws
of MCT, Eq. (2). Figure 6 presents the results for the linear-

izing relationships gmi)*(T), vrz:}“rfCT(T) and r;”’MCT(T) as
well as»~Y"meT(T) as functions of temperatufef. Eq.(2)].
Here, 7, is obtained from the phenomenological fit and the
viscosity 7 is taken from the literaturg29]. Consistently, a
critical temperaturel .=288+3 K can be extracted by ex-
trapolating the high temperature dagg,(T), vmin(T), and
7,(T), only. The viscosity data extrapolate to a somewhat
higher value ofT., a phenomenon indicating thgtand 7,,
may exhibit a slightly different temperature dependence a
high temperatures. We emphasize that first deviations from
the scaling laws appear at somewhat higher temperature than FIG. 6. (a) and(b) Testing the scaling laws of MCT, E(); the
T.. Once again we note that in the previous MCT analysidinearized scaling law amplitudéSLA) are plotted; in(a) the two
by Lunkenheimeret al. [17] the analysis was restricted to _poin_ts at highest temperatures were obtained from the master curve
temperatured <333 K. Also, their parametdsy,c;=0.63is " Fig- 7.
somewhat different from that obtained within the present
analysis bycr=0.68). Only by including the high tempera- ture scenario of MCT, and thus allows to identify unambigu-
ture data and a normalized susceptibility can a consisterdgusly the critical temperature.
critical temperature be extracted from all the observables, Finally, having achieved a complete interpolation of the
and, consequently, the critical temperature is found to bausceptibility data we can proceed to checking another MCT
significantly higher with respect to the analysis of Lunken-prediction, namely, the anomaly of the nonergodicity param-
heimeret al. reportingT.=262 K. eter f, by applying Eq.(11). For the cutoff frequency we
Another way of demonstrating the validity of the MCT introduce v.=200 GHz, which ensures that essentially no
predictions is to rescale the datd(v) by xmin and vy, in - spectral contribution of the boson peak is included in the
such a way as to obtain a master curve for the susceptibilitintegral. Of course, this limit is somewhat arbitrary, but a
minimum. This is demonstrated in Fig. 7. Here we presenthange fromv.=200 tor,=400 GHz leads to an increase of
the data above the critical temperatufe=288 K (solid  1—f by a factor of roughly 2, i.e., only 23% at high tem-
pointg as well as below(crosses Clearly, all data above peraturegasa=0.3). Figure 8 displaysf as a function of
T.=288 K can be collapsed onto a master curve for the entemperature. Below about 8K a significant drop of +f is
velope which is well interpolated by the MCT formula with observed. This is nothing else than the expected anomaly,
byer=0.68 andaycr=0.337 as is also revealed by the mini- and the data in Fig. 8 can be fitted with the square root
mum interpolation in Fig. 5, whereas below 288 K deviationsbehavior of MCT, Eq.(3), yielding a critical temperature
show up, namely, the minimum becomes broader and.=300 K, which is somewhat higher than that extracted
broader, the lower the temperature. This feature reflects thigom the scaling lawscf. Fig. 6). We note that the absolute
appearance of the excess wing bel®w In other words, the value of 1-f is quite small; the largest value found at high
emergence of the excess wing terminates the high temperéemperatures is 4 f=0.017.
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FIG. 7. Rescaled minimum of the susceptibility obtained by FIG. 8. Nonergodicity parameter-if 55, cf. Eq.(11), as a func-
scaling the original datfcf. Fig. 1) by ymin and vy, respec- tion of temperature, solid line, square root law of MCT; dashed line,
tively; solid circles, data above 289 K; crosses, data below 289 KQUide for the eye.
dashed line, interpolation by the MCT master curve, @g].

gests T,=280 K [6] and that Resler et al. reported T,
=300 K from an analysis of the viscosif§5]. Applying the

The evolution of the relaxational contribution in the di- so-called Stickel plot, Lunkenheimet al. [17] found that
electric susceptibility of glycerol has been successfully interthe Vogel-Fulcher-Tammann equation holds well only below
polated covering 17 decades in frequency. Following the285 K.
lines given by Adichtchewet al. [5] and Blochowiczet al. In addition to extractingl'; from the scaling analysis,.
[21], we have analyzed the low frequency response at lovgan equally well be identified by the anomaly of the noner-
temperatures(including the a-process and excess wing godicity parametef, respectively, - f. Evaluating the cor-
within a phenomenological approach, on the one hand, antesponding integrals over the susceptibility by using the fit
the high temperature data within MCT, on the other. In thecurves obtained within the phenomenological approach, 1
phenomenological approach the crossover temperdiuis ~ —f(T) is easily determined. In good agreement the square
defined by the disappearance of the excess wing and reactoot behavior of MCT is rediscovered. The absolute value of
ing the CD limit when heating what can clearly be identified1—f is very small, i.e., +f=<0.02 is observed. Thus, ex-
in the temperature dependence of the parameters of the aperimentally, it does not make much sense in most cases to
plied extended generalized gamf@GE) distribution. Inthe  determine the anomaly by extractifi¢T) since the latter is
frame work of MCT the crossover is given by the result ofclose to 1. This may have important consequences since
the scaling analysis. Within the experimental error bothsmall values of - f(T) may also show up in an analysis of
crossover temperature$,(andT;) agree, and =288 K is  depolarized LS spectid]. Assuming in first approximation
extracted from a MCT analysis. The present MCT analysighat LS describes the reorientational correlation function of
uses all available high temperature dafa<(413 K) while  the second Legendre polynomial and dielectric spectroscopy
Lunkenheimeret al. restricted their analysis to temperaturesthe corresponding function of the first Legendre polynomial
T<333K [17]. Also, dielectric spectra normalized by the and the fast motion can be described by a spatially highly
static permittivity are analyzed. As a consequence of bothrestricted reorientation within, e.g., a cone model, Blochow-
the critical temperature extracted shifted to higher temperaicz et al. showed that + f s=3(1—fpg) [31] (cf. also Ref.
tures by roughly 30 K as compared to 262 K in the previoud30] for a similar discussion Thus, even for LS experiments
analysis, and consistent results are achieved from all scalinigymight be difficult to identify the anomaly of the nonergod-
observables. As in the case of tolugdé and picoline[5], icity parameter inf g(T). In the case of NS, +f may be-
for reasons not completely understood, the asymptotic lawsome larger{1,6]. Within molecular mode coupling theory
of MCT describe the dynamics even up to highest temperat—f.(q=0)=0.02 has been reported, which is very close to
tures also in the case of glycerol. Only by including that datathe value observed experimentdlB2]. In the corresponding
a safe foundation for extracting the critical temperature issimulations it is indeed found that-1f s> 3(1—fpg) [33].
guaranteed. This is particularly crucial for nonfragile organic  Concerning the evolution of the susceptibility, our analy-
glass formers for which the high temperature scenario osis clearly discriminates between a high temperature regime
MCT may be observed only well above the room temperaand a low temperature regime. The first is well described by
ture. Thus, it may be possible that discrepancies in determirMCT with an a-process and fast dynamics contribution be-
ing T found also for other systems disappear when the MCTing essentially unchanged in spectral shape and amplitude
analysis is extended to highest temperatures including eveand onlyr, changing, whereas the second, the low tempera-
temperatures above the melting point. We note that reinspecture scenario, is characterized by the emergence of the excess
ing the data of the neutron scattering study of glycerol sugwing. The appearance of the excess wing marks the sole

IV. DISCUSSION AND CONCLUSION
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FIG. 9. Susceptibility modeled by the GGE distribution setting ~ FIG. 10. Susceptibility modeled by the GGE distribution setting
o=0, i.e., no excess wing is present; the parametés low but  o=0; the parametes is high but constant ang is varied; curves
constant angs is varied; curves shifted vertically for clarity. The shifted vertically for clarity. The curves can be interpolated by a
curves can be interpolated by a KWW susceptibilplid line). Cole-Davidson susceptibilitgsolid line)

change of the dynamic susceptibility while cooling a type- (depending on the relaxation strength of {Berocess but
glass former and also marks the breakdown of the high temgtjj| poth the excess wing as well as tfeprocess contribu-
perature scenario of MCT. However, concerning the anomalyjop, jtself happen to merge with the-process at the critical

of the nonergodicity parameter-if, this MCT feature is  temperaturd21]. Concluding, we say that although clarify-
observed belowl, thus indicating that at least this MCT jng the physical nature of the slow response of a glass former
prediction remains valid also &t<T.. Also, belowT. the  with an emergence of the excess wing is still a future task to
exponenta of th_e fast dyr_1am|cs contribution shows a trendpe solved, the proposed approach yields a complete interpo-
to increase, which tentatively may be interpreted as a crossation of the susceptibility spectra of tygeglass formers,
over to a white noise spectruib,6l—a feature also pre- provides a clear cut identification of the spectral changes
dicted by MCT though only at frequencies below the gccurring while supercooling, and reproduces the MCT sce-
“knee,” which actually is not found. nario at high temperatures, i.e., allows for determining un-

Comparing different glass formers such as glycerol, proambiguously the critical temperatufle also in the case of
pylene carbonate, and 2-picoline, it appears that the crosgpnfragile systems.

over is always found in the range 19< 7,<10 & s. In the
case of glycerolr,(T.)=2x10"°s is observed, and the
critical temperaturél .=288 K is actually very close to the
melting pointT,,=290 K. In other words, in the nonfragile We thank P. Lunkenheimer for providing us with the per-
glass former glycerol the dynamics slows sufficiently downmittivity data of glycerol and also for clarifying discussions
already above the melting point. Thus, one may say that it isnd A. Brodin for critically reading the manuscript. The ad-
not the degree of supercooling but rather a sufficiently highvice of R. Schilling is appreciated.
viscosity that marks the dynamic crossover.

As discussed the excess wing is hardly to be taken as a APPENDIX
part of a continuing T<T,.) a-process but rather as a special
secondary relaxation procels22,23. This process manifests The GGE distribution applied in the present contribution
itself in a very similar way in all type\ glass formers when describes the shape of therelaxation peak by two param-
the line-shape parameters are plotted as functions of the tingiers, namelyy and S, and the excess wing hy andvy. The
constantr,, . No significant difference is found between the significance of the latter parameters is straightforward: Pa-
fragile system propylene carbonate and glycerol exhibitingametero is a measure of the onset of the excess winigh
an intermediate degree of fragility and both systems followrespect tor,) and parametey represents the corresponding
the MCT predictions at high temperatures. The only impor-power-law exponent. In the case of parameteend g, the
tant difference found for the spectral shape of the susceptsituation is less obvious, and in what follows we want to
bility refers to the shape of the-relaxation peak itself. The demonstrate its respective role. We note that a detailed dis-
width parameterr is temperature independent but different cussion of the GGE function is also found in REZ1]. In
for the various systems. In other words, only the slowesprder to concentrate on describing theelaxation peak it-
dynamics exhibit nonuniversal features. Future experimentself we seto=0, thus, a distribution without excess wing
on other typeA glass formers, which essentially have to contribution is considered. In this case the GGE distribution
cover all experimentally accessible frequencies, will reveatransforms into a generalized gamma distributiG®) [21],
whether this statement survives progress. First analysis @fnd the role of parametersand 8 can easily be singled out.
typeB glass formers indicates that some universality is lost In Fig. 9 the susceptibility applying the GG distribution is
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plotted for a constant but low parameter0.1 and varying are rather fitted by a Cole-Davidson susceptibiligolid

B values. For all curvess fixes the limiting high frequency line). In other words, a lowr allows an increasingg param-
power law provided thaB=<1, for >1 the corresponding eter to produce a KWW character whereas with a higta
power-law exponent is always 1 and the susceptibility be-CD type of susceptibility is reproduced.

comes close to a Debye curve. In the lingit-o the GG Of course, both parametets and 8 may be somehow
distribution becomes & function. In Fig. 10 we display the correlated in a fitting procedure. Also we note that the power
susceptibility for a constant but high=20 and varying8 law defined by paramete? is actually not seen if an excess
values. Againg fixes the power-law exponent f@#<1. The  wing is present, but stilB fixes the width of thex-peak. As
difference of the two sets of curves is given by the change ofmentioned in the text, a reliable estimatefs found if a

the susceptibility at frequencies lower than the maximuniree fit with the GGE distribution is performed for a dataset
frequency wheng is systematically increased. Whereas inclose toT,. Here, the excess wing is most pronounced and
Fig. 10 the low frequency power law extends essentially upseparate from the-relaxation peak. It turned out that fixing
to susceptibility peak, this is not the case in Fig. 9. In thea in this way, it can be kept constant for all temperatures,
latter case the crossover from the low frequency power lavand the particular value af distinguishes the different glass
to the peak sets in a much lower frequencies, and thesiermers. As the effect ofa on the manifestation of the
curves may be interpolated by a Kchlrausch-Williams-Wattse-relaxation peak saturates at high valuesaoft may be
(KWW) function (solid lineg, whereas in Fig. 10 the curves advisable to take ratherd/as a convenient width parameter.
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