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Excess Wings in Broadband Dielectric Spectroscopy

S. Candelaresi* and R. Hilfer"
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Insitut fiir Computerphysik, Universitdt Stuttgart, 70569 Stuttgart, Germany

Abstract. Analysis of excess wings in broadband dielectric spectroscopy data of glass forming materials provides evidence
for anomalous time evolutions and fractional semigroups. Solutions of fractional evolution equations in frequency space are
used to fit dielectric spectroscopy data of glass forming materials with a range between 4 and 10 decades in frequency.
It is shown that with only three parameters (two relaxation times plus one exponent) excellent fits can be obtained for 5-
methyl-2-hexanol and for methyl-m-toluate over up to 7 decades. The traditional Havriliak-Negami fit with three parameters
(two exponents and one relaxation time) fits only 4-5 decades. Using a second exponent, as in Havriliak-Negami fits,
the a-peak and the excess wing can be modeled perfectly with our theory for up to 10 decades for all materials at all
temperatures considered here. Traditionally this can only be accomplished by combining two Havriliak-Negami functions
with 7 parameters. The temperature dependent relaxation times are fitted with the Vogel-Tammann-Fulcher relation which
provides the corresponding Vogel-Fulcher temperatures. The relaxation times turn out to obey almost perfectly the Vogel-
Tammann-Fulcher law. Computable expressions of time dependent relaxation functions are also reported.

Keywords: time evolution, anomalous dynamics, fractional derivatives,glass transition, excess wing, dielectric spectroscopy
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INTRODUCTION

Many physical properties of glass forming liquids (e.g. their viscosity) vary dramatically (often over 15 or more
decades) within a narrow temperature interval around the glass transition [1]. The change of physical properties during
the glass transition has not yet been fully understood and remains a subject of intense investigations [2, 3,4, 5, 6,7, 8,
9,10, 11, 12].

In this work we study the glass transition by investigating the dielectric susceptibility. The dielectric susceptibility
quantifies the response of permanent and induced dipoles to an applied frequency dependent electric field. The
dielectric loss (resp. imaginary part of the complex dielectric susceptibility) typically shows a temperature dependent
maximum, the a-peak, at low frequencies. It is followed at higher frequencies by a so-called excess wing [13]. This
excess wing has not yet been understood nor has it been described by any model with less than 4 fit parameters [13].
Existing theories, such as the mode coupling theory (see [14, 15] and references therein), do not allow to fit the excess
wing. Traditional phenomenological fits of the excess wing employ a superposition of two Havriliak-Negami functions
[16, 5, 13], and they need 7 fit parameters to fit a range of 10 decades.

The aim of this work is to provide analytical expressions for excess wings with only three and four parameters. The
formulae are obtained from the previously introduced method of fractional time evolution [17, 18, 19], and applied to
experimental data exhibiting a clear excess wing over a frequency range as broad as possible. The fit functions need
only three parameters (one exponent and two relaxation times in model A) or four parameters (two exponents and
two relaxation times for model B). This is a significant improvement compared to six parameters for the superposition
of the Havriliak-Negami and Cole-Cole expression presently used [19, 20]. We study the glass forming materials
5-methyl-2-hexanol [6], glycerol [8] and methyl-m-toluate [12].

CLASSICAL RELAXATION MODELS

The Debye relaxation model describes the electric relaxation of dipoles after switching an applied electric field [21].
The normalized relaxation function f(z), which corresponds to the polarization, obeys the Debye law

d
(fdt + 1) ) = o, (1)
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TABLE 1. List of traditional fit functions for dielec-
tric spectroscopy data of glass forming materials.

functional number of
form 7 (u) parameters

Cole-Cole 1/(1+ (ut)®) 2
Cole-Davidson 1/(14ur)® 2
Havriliak-Negami ~ 1/(1+ (u7)%)? 3

with the relaxation time 7 and initial condition f(0) = 1. The response function, i.e. the dynamical dielectric suscep-
tibility, y is related to the relaxation function via [17]

x(0) =S 50) @

In the following discussions we focus on Laplace transformed quantities. We use the Laplace transformation of f(z)

ZUOY) = [ e ar, ®
where u = iv and V is the frequency. Rewriting equation (2) in frequency space and using f(0) = 1 leads to

xw) = Z{x)}u)

= 1-uZ{f(t)}u)
1

= 4
T Tut’ 4)

the well known Debye susceptibility. In experiments one measures not the normalized quantity ¥ (u), but instead
&(u) = (80— €)% () + &, (5)

where € and €. are the dynamical susceptibilities at low, respectively high frequencies.

The Debye model is not able to describe the experimental data well, because experimental relaxation peaks are
broader and asymmetric. For this reason other fitting functions were proposed such as the Cole-Cole [22], Cole-
Davidson [23] and Havriliak-Negami [16] expressions. Their normalized forms have typically 2 or 3 parameters (see
table 1) and they were introduced purely phenomenologically to fit the data. This can be considered as a drawback.
These functions with three parameters are able to fit the data over a range of at most 5 decades (Havriliak-Negami).
To fit a broader frequency range several functions are commonly added. A combination of one Havriliak-Negami
expression plus one Cole-Cole form results in 6 fit parameters.

FRACTIONAL RELAXATION MODELS

In this work we use a generalized form of the Debye relaxation model from eq. (1). It is based on the theory of
fractional time evolutions for macroscopic states of many body systems first proposed in equation (5.5) in [24] and
subsequently elaborated in [25, 26, 27, 28, 29, 30, 17, 31, 32, 33, 34]. As discussed in [30, 17] composite fractional
time evolutions are expected near the glass transition. Such time evolutions give rise to generalized Debye laws of the
form of model A:

(tD+5¥D%+1) f(t) =0 (6)

or model B:
(uD+1"D% + °D® + 1) f(1) =0, (7

where the parameters obey 0 < &, a1, < 1, o1 > o and the relaxation times 71, 7> > 0 are positive. Here the symbols
7D+ T¥DY, respectively 7jD + 7' D* + 7,2D® are the infinitesimal generators of composite fractional semigroups
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Simultaneous fits of real and imaginary part with model A (left figure) and model B (right figure) for 5-methyl-2-

hexanol at 155.4 K. Both models show an excellent fitting capability. The data are from [6].
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FIGURE 2. Simultaneous fits of real and imaginary part with model A (left figure) and model B (right figure) for methyl-m-
toluate at 179.2K. Model A can fit the data over the whole spectral range of 7 decades, which is more than with Havriliak-Negami
which uses the same number of fit parameters. With this data we obtain the broadest fit with model A. The data are from [12].

with D% being a generalized fractional Riemann-Liouville derivative of order o and almost any type [29, 35]. If DY
represents a classical fractional Riemann-Liouville derivative of order v then its definition reads (with v € R™)

DYf(t) = DMIf() (8)
- Lo / (t=&)* (&) dg, ©)
R
u+v=rJv], >0,
where [v] is the smallest integer greater or equal v, I' the gamma function and DIV! = d/V1 /d[V1,
The Laplace transform of the fractional Riemann-Liouville derivative is [36]
LDV () Hu) = uL{f(t)}u)
[v]
=Y DV )] (10)
k=1 =0
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FIGURE 3. Simultaneous fits of real and imaginary part with model A (left figure) and model B (right figure) for glycerol at
185 K. While model A is not able to fit the data well, model B still gives an excellent fit over 10 decades. The data are from [8].

With these definitions the Laplace transformation of equations (6) and (7) gives with relation (2) the normalized
dielectric susceptibilities of model A

. 1+ t5u®
_ 11
) = T an
and model B “ o “ o
N 14+ 7, u™ +152u®
8(u) = y 2 (12)

Tlqu‘L'lalual +T§2ua2+1'

These results apply also for other types of generalized Riemann-Liouville fractional derivatives introduced in [30, 17].
The functions from equations (11) and (12) are used to fit the dielectric spectroscopy data of 5-methyl-2-hexanol,
glycerol and methyl-m-toluate. Real and imaginary part are fitted simultaneously with the parameters «a, o, 0y, T;
and 1.
Additionally we fit the temperature dependent relaxation times 7, and 7, with the Vogel-Tammann-Fulcher function

DTvr
T = TpeXp TfiI'VF ,

where T is the absolute temperature, Tp a material parameter, D the fragility and Tyr the Vogel-Fulcher temperature.
The fit parameters are 7y, D and TvyF.

(13)

RESULTS

Model A fits for 5-methyl-2-hexanol are shown in Fig. 1 and for methyl-m-toluate Fig. 2. Note that in our notation
e = & —ie”. Model A fits the data remarkably well for five, respectively seven orders of magnitude, where both the
a-peak and the excess wing can be fitted simultaneously with only three parameters. Model A is better suited than the
Havriliak-Negami model which only fits reasonably well for up to four orders of magnitudes for these materials. This
improvement is due to the positive curvature of the function in (11) at frequencies above the a-peak. Sometimes this
curvature poses also the main difficulty when fitting with model A. An example is glycerol as seen in the left part of
Fig. 3. While it is easy to fit closely the the a-peak it is more difficult to simultaneously fit the excess wing.

Model B can fit the data much better than model A, because it contains one more parameter. Nevertheless, it is
remarkable that it can fit a range of up to 10 orders of magnitude with little deviation from the data points. We believe
that this model can be used to fit over some more orders of magnitude, but at this time there is no experimental data
available which covers a broader range.
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TABLE 2. List of the fit parameters Ty, D and 7 for various materials.

material model TvEl Vi D D T01 T2
5-methyl-2-hexanol A 892K 921K 255 221 3.53x1071Bs 7% 10745
5-methyl-2-hexanol B 883K 101.6K 263 153 521x1071Bs 577x1072s
methyl-m-toluate A 712K 712K 932 932 435x10728s  1.54x 10725
methyl-m-toluate B 672K  85.6K 1022 53.6 9.0x107 %8s 1.13x10%s
glycerol A 127.8K  1315K 17.1 149 3.7x107 s 323 x 10745
glycerol B 1527K  137.8K 668 119 29x10710s 2.15x107 135
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FIGURE 4. Temperature dependence of the fitting parameters 7, (crosses), T, (stars) and ¢ for 5S-methyl-2-hexanol for model A
(left two panels). Temperature dependence of the fitting parameters 7| (crosses), T, (stars), o (crosses) and o (stars) for model B
(right two panels). The solid lines are Vogel-Tammann-Fulcher fits (see eq. (13)) whose parameters are listed in Table 2.

TEMPERATURE DEPENDENCE OF THE PARAMETERS

Because the data have been fitted at different temperatures we are able to observe the temperature dependence of the
fitting parameters. For 7; and 7, we perform Vogel-Tammann-Fulcher fits provided by equation (13). From the fits we
obtain the Vogel-Fulcher temperatures Typ; and Ty as well as the fragility parameters D and D; for the relaxation
times 71 and 7, for model A and model B (see Table 2).

For all fits we see a temperature dependence of the relaxation times 7; and 7, (Fig. 4 - Fig. 6) that follows the Vogel-
Tammann-Fulcher fitting function remarkably well. The relaxation times also show a clear downward trend as the
temperature increases, which confirms that 7, 7| and 7, are physically meaningful and can be interpreted as relaxation
times even tough they appear with a non-integer power in equations (11) and (12).

The parameters o, o and o also show a temperature dependence. In the case of 5-methyl-2-hexanol (Fig. 4) there
is an increase of o with temperature until a plateau near o = 1 is reached. This effect comes from the decreasing slope
of the excess wing with increasing temperature. In the fitting function of model A this behavior can be achieved by
increasing . For the same material there is an apparent increase of o between 154K (6.49K~!) and 287K (3.48K~1)
which has the same origin as the increase in & in model A. By increasing o the excess wing becomes less steep. The
plateau at 190K (5.26 K~ ') and above comes from the fact that the fits at those temperatures are done mainly for the
a-peak, because the excess wing is not visible.

For methyl-m-toluate and glycerol there is also a clear temperature dependence of ¢, ¢ and o (Fig. 5 and
Fig. 6). The trend is however reversed in comparison to 5-methyl-2-hexanol. This comes from the increasing slope
of the excess wing with increasing temperature. This behavior can be achieved in the fit functions by decreasing «,
respectively .

REPRESENTATION OF THE SOLUTIONS AS FUNCTIONS OF TIME

In [20] we obtained the analytical solution of a fractional differential equation of rational order, which we use to
analyze our fitting results for model A and model B. For a general solution of equations (11) and (12) with arbitrary
real o; see [35]. The restriction to rational ¢ is not a drawback, because we can approximate o and o by a rational
value on a grid between 0 and 1. This number of grid points is chosen to be 20, which keeps computation times
reasonably limited as the computing time increases quadratically with the lowest common denominator of ¢ with 1.
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FIGURE 5. Temperature dependence of the fitting parameters 7| (crosses), 7, (stars) and ¢« for methyl-m-toluate for model A
(left two panels). Temperature dependence of the fitting parameters 7; (crosses), T, (stars), o (crosses) and o (stars) for model B
(right two panels). The solid lines are Vogel-Tammann-Fulcher fits (see eq. (13)) whose parameters are listed in Table 2.
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FIGURE 6. Temperature dependence of the fitting parameters 7, (crosses), Tp (stars) and o for glycerol for model A (left two
panels). Temperature dependence of the fitting parameters 7; (crosses), 7, (stars), o (crosses) and @ (stars) for model B (right
two panels). The solid lines are Vogel-Tammann-Fulcher fits (see eq. (13)) whose parameters are listed in Table 2.

The solution for f(¢) for model B is a sum of Mittag-Leffler type functions:
N N-1 Nk
=Y B Y S (kN ), (14)
j=1 k=0
where N is the smallest number for which both a;N and o N are integers. The coefficients c; are the zeros of the
characteristic polynomial
NN N 41 =0, (15)

the function E (v,a;r) is defined as [36]

)k
(v,a;t) =1t" Z v+k+1) (16)

The coefficients B; are the solutions of the linear system of equations

N
k)zlc}(Bk:O, 0<i<N—oyN—1 (17)
N
Y (el VTN B =0, N-auN<i<N—opN-1 (18)
k=1
N
Y (ch 4Tl VN g NNy 0 N—apN<i<N-2. (19)
k=1

This solution is only valid if all the roots c; of the characteristic polynomial in (15) are distinct, which is checked in
the computations. Because the linear system of equations (17)-(19) is underdetermined we choose one fundamental
solution for {B;} and a multiplication factor for f(¢) such that f(0) =
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FIGURE 7. The solutions of the fractional initial value problems (6) and (7) with £(0) = 1 using the fit parameters for model A
and model B for glycerol at 195K.

The analytical solutions are plotted for glycerol at 195K (Fig. 7). The fitting values for 7 for model A are 71 =4.9915s
and 7» = 1.089s. Both values lie in the time interval where the relaxation occurs, which confirms the interpretation of
these fitting parameters as relaxation times. For model B the fitted times are 7 = 9.729s and 7, = 0.92s. So 7, marks
the onset of the relaxation and 7; the end.

We note that the fractional derivatives appearing in the initial value problem (7) can be generalized to fractional
derivatives of arbitrary type 3 introduced in [29] and defined as

DVBf(r) = 1(1*B)(M*V)DMIB((VW*\’)]C(Z), 0<B<I. (20)

For the case § = 1 it reduces to the Riemann-Liouville fractional derivative, while for § = 0 to the Liouville-Caputo-
type derivative [33]. Because

DYPE (u,a:t) =DYE (u,a;t), 0<B,y<l, u>-1, v>0, 21

the solution of our initial value problem does not change by replacing the Riemann-Liouville fractional derivatives
with these generalized Riemann-Liouville fractional derivatives of type 3.

CONCLUSIONS

Two fractional relaxation models (model A and model B) were shown to fit broad band dielectric spectroscopy data
for various glass forming materials. For 5-methyl-2-hexanol and methyl-m-toluate the 3-parameter model A can fit
data over a range of 6 and 7 orders of magnitude. Generally we observed good fits over a range of at least 5 orders
of magnitude for model A and 10 orders of magnitude for model B. Conventional fitting formulae (such as Havriliak-
Negami and Cole-Cole) require 6 parameters in contrast to 3 for model A resp. 4 for model B. In summary, this
work has given closed form analytical expressions for excess wings containing only three (or four) parameters, that
are derived from the previously introduced method of composite fractional time evolutions [17, 18] and are directly
applicable to experiment.
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