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Abstract: Physical aging and structural recovery are the processes with which the structure of a
system approaches equilibrium after some perturbation. Various methods exist that initiate
structural recovery, such as changing temperature or applying a strong external static field. This
work is concerned with high alternating electric fields and their suitability to study structural
recovery and aging. The present work demonstrates that rationalizing the nonlinear dielectric
response of a supercooled liquid to high amplitude ac-fields requires multiple fictive temperatures.
This feature is in stark contrast to structural recovery after a temperature down-jump or a
considerable increase in the static electric field, for which a single parameter, fictive temperature
or material time, describes the structural change. In other words, the structural recovery from a
high ac-field does not adhere to time - aging time superposition, which is so characteristic of

genuine aging processes.
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I. INTRODUCTION

The relation that connects physical aging with the primary or a-relaxation (often referred to as
'structural relaxation') is subject to continued interest.!>* The a-relaxation dynamics or its time
constant 7, are usually derived from relaxation experiments in the regime of linear response,* and
thus equivalent to the dynamics of equilibrium fluctuations.’ The classical approach to physical
aging is based on a temperature down-jump from an equilibrium state to a temperature at which
the process of reaching equilibrium is slow compared with the time it takes to realize the
temperature change. Therefore, the aging temperature, Tage, would be below or far below the glass
transition temperature Tg, often hampering a measurement of 7, at Tage for a direct comparison
with the aging dynamics. The progress of physical aging can be monitored via a change in volume,®
enthalpy,’ or susceptibility at a given frequency.® For large excursions from equilibrium, the
subsequent aging will be affected by changes of the relaxation time scale as the system adapts its
structure towards that of the equilibrium state.>!° This process is typically accounted for by models
such as the Tool-Narayanaswamy-Moynihan (TNM)!! or Kovacs-Aklonis-Hutchinson-Ramos
(KAHR)'? formalisms in terms of the concept of fictive temperature, Tric, or material time, &2 As
an approximation, the value of Tt characterizes the structure of a nonequilibrium state via the

temperature that would lead to the same structure if the system was in equilibrium.'#1>

In order to facilitate an unambiguous comparison between equilibrium fluctuations in terms of
7o and the dynamics of physical aging, two objectives may be pursued: (i) Moving Tage to above
Ty so that 7y at Tage can be determined directly; and (i1) using very small perturbations to initiate
aging so that changes of 7, in the course of the aging process remain negligible. We will refer to
such aging processes in the limit of small perturbations as structural recovery, a situation for which
models such as TNM or KAHR need not be invoked. In fact, these models predict that structural
recovery will follow the dynamics characterized by 7 or 'structural relaxation’, a feature that has

not been verified experimentally.'®

The realization of physical aging or structural recovery at 7> T and thus at readily accessible
values of 7, was possible via one of two options: Cryostats that allow for very fast temperature
jumps,!” or perturbing the system with electric fields of sufficiently high magnitude.!®!®! It has
been demonstrated that a large amplitude static (dc) field results in a shift towards increased
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relaxation times, qualitatively analogous to a temperature down-jump. These high dc-field
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experiments have shown that the aging response is up to a factor of about 3 slower than z,, with
the factor 7ge/ 7o, being material specific. These factors are consistent with zage & 7ex, with zex being
the time scale of rate exchange, i.e., the rate of time constant fluctuations in equilibrium.!?*** In
the present study, we investigate whether the application of a high alternating electric field without
dc bias is a suitable alternative to initiate structural recovery or physical aging. Based on results
for propylene carbonate,? it is found that the response of a supercooled liquid to a substantial
amplitude jump of the ac electric field does not resemble the physical aging behavior resulting
from temperature or dc-field changes. In particular, the feature of time - aging time superposition

(TaTS), which is highly characteristic of physical aging, is not reproduced with large alternating
fields.

Il. MODEL CONSIDERATIONS

The model outlined below has been employed successfully for describing the nonlinear
dielectric response of supercooled liquids to a large amplitude ac electric field with no dc-bias,
E(t) = E, sin(wgt), with step-like changes of the peak amplitude Eo.2>? This includes the more
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complex field protocols employed in dielectric hole burning experiments,
demonstrating the heterogeneous nature of structural relaxation.***3! Accordingly, the model
assumes heterogeneous dynamics, i.e., a set of N mutually independent modes 'i' with time
constants 7, such that the linear response permittivity, £*(w) = &'(w) — ie"(w), can be

approximated via

N
Ag;
@) =+ ) (1)
’ + lwT;
=1
with the amplitudes A& chosen to match the experimental loss profile. The main effect of the high
field is to increase the fictive temperatures 7i of the individual modes, thereby leading to reduced
values of the 7's. The dielectric properties are obtained from the field E(#) and the resulting mode-

specific displacement Di(t),
dD;(t) B e E(t)Ag; D;(t)
dt 7,(t) (1)’
with initial conditions E(t <0) =0, D;(t<0)=0, and T;(t <0)=T. To match the

2)

experimental conditions of a 10 um sample thickness combined with the electrodes acting as heat

reservoirs, the real temperature 7 is held constant.



For each mode, the rate of energy absorption from the field is given by the power density pi
via
pi = &Efe" (w)w/2 = jE)T;(t)/ (0de)) 3)
where j; = dD;/dt is the current density and & is the permittivity of vacuum. The modification
of the fictive temperature is given by a gain term, p;/pAC, ; and a loss term (T;(t) — T) /7;(¢) that
mimics heat flow to the phonon reservoir, where pACypi is the volumetric heat capacity of mode '1'.

The values of Ti are thus determined by

ari(t) _ jfOu®) T -T

= 4
dt g0leipAC, ; T;(t) @

and the time constants adjust to 7i according to dInt; = E4d(1/kgT;). Solving the above
differential equations for sufficiently small time steps while obtaining the total current density
from j(t) = j..(t) + X;j; (t) facilitates the determination of tan § = & /¢’ from the phase angles
¢ of the field and current density as tan(rr/ 2— ¢+ o j) for each period of duration 2n/w. It
should be noted that this calculation recovers the experimental loss profile &"(w) with high fidelity,

provided Ep is kept sufficiently small.
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Fig. 1. Symbols represent the dielectric loss profile, £"(w), of propylene carbonate measured
at T = 166 K, taken from Ref. 25. The line is a fit according to Eq. (5) with the parameters
given in the legend. The arrow indicates the frequency w at which the high-field experiments
are performed. The triangles identify the positions of integer values of logio(z/s), with 7 =
1/Q2mnv).



lll. RESULTS AND DISCUSSION

The present analysis of high ac-field effects relies on a previous measurement involving
propylene carbonate (PC) at 7= 166 K.>>*¢ The dielectric loss profile of PC at 7= 166 K is shown
in Fig. 1, together with a double Havriliak-Negami (HN) fit using

Agg Aeg,
[1+ (iwty)*]n * [1+ (iwty)%2]r2’
with the parameters given in the legend of Fig. 1. The second and smaller HN peak is added to

e (w) =¢,+

&)

account for the secondary relaxation that leads to deviation from the high frequency power law for

v> 2 kHz.
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Fig. 2. (a) Time dependent variation of the peak field amplitude Ey of the sinusoidal field with
frequency w = 1 kHz. (b)Time resolved non-linear dielectric effect for propylene carbonate at
T = 166 K, shown in terms of the relative change of the loss tangent, Aln(tano), with time.
Experimental results are displayed as symbols for the 60 periods following the transition from
low (Eo = 31.1 kV cm™) to high (Eo = 156 kV cm™) field at ¢ = 0 and the 20 periods following
the transition to the low field at # = 60 ms. The solid line represents the model calculation
following Eq. (1) through Eq. (4) as described in the text. The dashed lines indicate the
behavior expected if aging followed the relaxation dynamics, determined via Eq. (6).

The result of switching from a low to a high field amplitude is depicted in Fig. 2b. It shows a
gradual rise of tand at w = 1 kHz due to the peak field amplitude being increased by a factor of 5
at t = 0, followed by a return toward the low field value after the field is reduced again at = 60
ms, see Fig. 2a for the field amplitude pattern. Note that the changes observed for the
experimentally more robust quantity tano are dominated by those of &", while ¢’ is practically

constant. The important feature of this graph is the model calculation along Eq. (1) through Eq.



(4) represented as solid line, and how well it matches the experimental finding with practically no

adjustable parameter. For details see the original discussion of this experiment and modeling.?

The Fig. 2 also includes as dashed lines the structural recovery that would be expected if it
followed the dielectric relaxation dynamics in the limit of linear response. To determine these
curves, the prominent loss peak of Eq. (5) has been translated into the equivalent time domain
representation, i.e., a stretched exponential of the form £(t) = €., + Ae X exp[—(t/ Teww)? ] The
relations used,’? Brww = (@unvun)®E® and log(teww) = log(tyy) — 2.5 exp(—3.5Bxww )
have been derived from fitting HN spectra with the Fourier transform of KWW decays*} and by
moment analysis of the HN and KWW distributions,** and lead to the parameters kww = 8.43 ms
and £ = 0.69. Because the nonlinear dielectric effect of Fig. 2 is quadratic in Eo, the field induced

structural recovery based upon a stretched exponential is expected to follow

tand o (1 — exp[—(t/rm,|,w)[”])2 ,and (6a)

tand « (exp[—(t/rKWW)ﬁ])z, (6b)
for the rise and decay, respectively.?? Already from this graph it becomes obvious that adjusting
xww in Eq. (6) will not make the dashed curves in Fig. 2b coincide with the experimental
structural recovery result, because the rise is too slow and the decay too fast. By contrast,
analogous experiments based on high dc-fields reveal that equilibrium relaxation and structural

recovery dynamics are very similar, and for some materials practically identical.'**?

Because the model outlined above reproduces the time dependent shift of relaxation time
constants and the concomitant change of tan¢ at a fixed frequency so well, it can be used to reveal
the origin of the marked difference between structural recovery initiated by a large ac field and the
equilibrium relaxation dynamics at the same temperature. Fig. 3 shows the time dependent fictive
temperatures for various relaxation modes with logio(7/s) between —1 and -5, with this range of
7 being identified relative to the loss profile in Fig. 1. These 7i(¢, z1) curves approach limiting values
given by

2 2.2
eoEgde Wy T

T;(t >0) =T+ X ,
i ) 2pAC, 1+ wit?

(7)

with o = 2nw. This relation emerges directly from Eq. (3) and Eq. (4) in the steady state limit,

and the magnitude of 7i is a matter of the balance of the rates of energy influx by absoption from
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the field and energy loss to the phonon bath, resulting in a strong dependence on the value of .
Clearly, each mode approaches its final fictive temperature, 7i(f — 0), on a time scale given by 7

itself, which is the hallmark of heterogeneous dynamics.

Fig. 3. Model calculation of the mode specific fictive temperatures, Ti(,7), as a function of
time ¢ and time constant 7. The calculation is based on the same parameters that lead to the
solid line in Fig. 2. The integer values of logio( z/s) between —5 and —1 are indicated as triangles
in Fig. 1 in order to clarify the present range of logio(7/s) relative to the loss profile &"(v).

What remains obscured in Fig. 3 is the extent to which a 7i(¢) curve for a given = affects the
dielectric loss & or equivalently tan¢ at the measurement frequency w, 1 kHz in the present case.
In order to judge how the Ti(f) curve of mode 'i' affects the value of &"(w), Fig. 4 depicts the
product of (Ttic — T) and the loss &"(w) of mode '1' at the frequency w. Note that the dielectric loss
of mode 'i' is a Debye type profile given by &;" (w) = Ag; w?t? /(1 + w?t?). The curves in Fig. 4
are similar to those of Fig. 3, but now weighted by how much influence a Ti() curve has on the
experimentally relevant quantity £”(w) or tan& w). This leads to a bimodal profile of the effective
change at w as a function of logio(z/s). These results reveal that the field induced modification of
£""(w) is dominated by two time constant bands, one near logio( z/s) = —3.4 and one near logio(z/s)
= —2.0, with the former resulting from the position of test frequency w = 1 kHz and the latter from
that of vinax = 16 Hz, the peak frequency of the low field dielectric loss profile. This bimodal feature

explains why the relative change of tano in Fig. 2 displays a very fast component (practically
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instantaneous at the time resolution of one period with duration 1/w), followed by a slow approach

to equilibrium whose time scale is relatively close to that of the a-relaxation.

Fig. 4. Model calculation of the mode specific fictive temperatures, Ti(t,7), multiplied by the
loss of mode 'i" at the test frequency w = 1 kHz, &"(w). The calculation is based on the same
parameters that lead to the solid line in Fig. 2. The integer values of logio( z/s) between —5 and
—1 are indicated as triangles in Fig. 1 in order to clarify the present range of logio(#/s) relative
to the loss profile £"(v).

As mentioned already, the model employed here is based on heterogeneous dynamics, implying
that different modes can be associated with different fictive temperatures, as obvious in Fig. 3. By
contrast, it is well established by experimental evidence that structural recovery and physical aging
can be rationalized via a single fictive temperature.!>1® This situation is illustrated in Fig. 5, where
fast and slow modes all follow a common pattern with respect to time. It is exactly this scenario
of homogeneous structural recovery that leads to the feature of TaTS, equivalent to the loss profile

shifting as a whole,* instead of fast modes approaching equilibrium faster than slow ones.®!6-3¢

Recently, Moch et al. have performed a high ac-field experiment analogous to the one
discussed in this study, but on propylene glycol (PG) at 7= 163.8 K using a frequency of w = 0.1
Hz.3" Their £"(f) result is shown in Fig. 6 and follows the pattern predicted by the present model,
even quantitatively if it is recognized that the time scale of the nonlinear response stops

accelerating with increasing distance between w and vmax.!®? Unlike the case of Fig. 3, the
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situation of w >> vimax associated with the data of Fig. 6 leads to the expectation that the present
model will match only after adjusting the time scale. Such a calculation based on the model of Eq.
(1) to Eq. (4) is included as solid line in Fig. 6, and agrees well with the data for PG (the spikes at
times ¢ = 0 and 12,200 s are real and originate from the polarization adjusting only slowly to the

abrupt change in field amplitude). In the work by Moch et al.,”’

the PG data have been analyzed
by fitting the slow components of the rise and decay, i.e., without the 'instantaneous' contribution
that originates from modes with 7z =~ 1/(2mtw). According to Fig. 4, such an analysis focuses on the
Ttic(f) band around 7 = 7max, and is thus expected by the present model to yield a time dependence
similar to that of the primary dielectric relaxation, as has been found for PG.37 Nevertheless, such
a measurement does not represent structural recovery as observed by a temperature decrease or a

dc-field increase,because the nonlinear ac-field experiment involves more than a single fictive

temperature.

Fig. 5. Calculation of mode specific fictive temperatures, 7i(t,7), assuming that all modes
follow the a-relaxation dynamics according to Eq. (6) and independent of 7. The calculation
is based on the same parameters that lead to the dashed lines in Fig. 2. The integer values of
logio(/s) between —5 and —1 are indicated as triangles in Fig. 1 in order to clarify the present
range of logio(7/s) relative to the loss profile (V).

From the present study, it has to be concluded that the process of a liquid approaching
equilibrium with a large amplitude ac-field is very different from physical aging and structural

recovery as we know it. The interesting question is: why can distinct modes modify their time



constants 7 independently when absorbing energy from an external field, while they follow a
common fictive temperature when subject to a decrease of the temperature or an increase of the
static electric field? Two possible explanations come to mind: (i) shifting modes toward higher
frequencies (as with structural recovery from an ac-field) differs qualitatively from the classical
case of shifting modes toward lower frequencies (as with dc-fields and temperature down-jumps);
(ii) another feature that distinguishes the ac-field effect from others is that only a subset of modes
are involved in the nonlinear response, as specified by the power spectrum of the high field. At

this point, a solution to this conundrum does not appear to exist.
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Fig. 6. Time resolved non-linear dielectric effect for propylene glycol at 7= 163.8 K, reported
by Moch et al., Ref. 37. The results are shown as symbols in terms of the relative change of
the dielectric loss versus time. The high amplitude ac field has been applied for times 0 <t <
12,200 s. The solid line represents the model calculation following Eq. (1) through Eq. (4) as
described in the text, using ann = 0.98, i~ = 0.70, and an = 300 s.

IV. SUMMARY AND CONCLUSIONS

This work employed existing nonlinear dielectric results based on high amplitude sinusoidal
fields with no dc-bias to answer whether the field induced shifts of time constants resemble the
typical features of physical aging and structural recovery. The time resolved changes of &"(w)
resulting from an ac-field amplitude increase can be explained entirely by increases in fictive
temperatures and the concomitant reduction of time constant values, as demonstrated by the model
that quantifies the effects of energy absorption from the electric field. However, this nonlinear

effect is shown to be incompatible with the time - aging time superposition that is so characteristic
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of structural recovery and aging processes. In other words, the response to a high ac-field cannot
be rationalized by a single fictive temperature, but rather requires a set of mode specific fictive
temperatures. As a consequence, high ac-fields are not recommended for studying structural
recovery and physical aging.
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