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The aging dynamics in thin films of polysmethyl methacrylated sPMMAd have been investigated through
dielectric measurements for different types of aging processes. The dielectric constant was found to decrease
with increasing aging time at an aging temperature in many cases. An increase in the dielectric constant was
also observed in the long-time regionsù11 hd near the glass transition temperature for thin films with thick-
ness less than 26 nm. In the constant-rate mode including a temporary stop at a temperatureTa, the memory of
the aging atTa was found to be kept and then to be recalled during the subsequent heating process. In the
negative-temperature cycling process, a strong rejuvenation effect has been observed after a temperature shift
from the initial temperatureT1 to the second temperatureT2 s=T1+DTd whenDT<−20 K. Furthermore, a full
memory effect has also been observed for the temperature shift fromT2 to T1. This suggests that the aging at
T1 is totally independent of that atT2 for DT<−20 K. As uDTu decreases, the independence of the aging
between the two temperatures was found to be weakened—i.e., the effective time, which is a measure of the
contribution of the aging atT1 to that atT2, is a decreasing function ofuDTu in the negative region ofDT. As
the film thickness decreases from 514 nm to 26 nm, theuDTu dependence of the effective time was found to
become much stronger. The contribution of the aging atT2 to that atT1 disappears more rapidly with increasing
uDTu in thin-film geometry than in the bulk state.
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I. INTRODUCTION

In glassy materials it is well known that a very slow re-
laxation towards an equilibrium state is observed below the
glass transition temperatureTg f1,2g. This slow relaxation is
called aging and is regarded as an important common prop-
erty characteristic of disordered materials such as spin
glassesf3–6g, orientational glassesf7g, supercooled liquids
f8g, relaxor ferroelectricsf9g, and polymer glassesf10,11g.
Investigations of such disordered systems revealed that
memory and rejuvenationeffects are observed during the ag-
ing process. The characteristic behavior of the aging dynam-
ics below Tg is closely related to the nature of the glass
transition. Therefore, it is expected that elucidation of the
aging phenomena can lead to a full understanding of the
mechanism of the glass transition in disordered materials,
which is still a controversial topicf12g.

In polymeric systems, Kovacset al. investigated the
memory effects observed in aging phenomenaf13g. In their
experiments, a volume relaxation was measured on a glassy
state located on a line extrapolated from the equilibrium line
corresponding to a liquid state. Because the glassy state is on
the equilibrium line, it is expected that no further volume
change occurs in this state. However, their results suggest
that the volume relaxation strongly depends on the thermal
history which the polymer had experienced before arriving at
this equilibrium state. In other words, the thermal history can
be memorized within the glassy state of polymers. Recent

experiments by Miyamotoet al. revealed that polymeric ma-
terials can keep not only thermal history but also mechanical
history in their glassy states and the histories can be recalled
upon the glass transition, through measurements of tension in
rubbersf14g.

In spin glasses, interesting studies of aging phenomena
have been done in recent yearsf3–5g. In experiments on the
CdCr1.7In0.3S4 insulating spin glass, a relaxation of the
imaginary part of the magnetic ac susceptibilityx9 was ob-
served in a temperature cycling. First, the sample is cooled
down to a temperatureT1 below Tg and is kept at this tem-
perature for a period oft1. Then the temperature is changed
from T1 to T1+DT sDT,0d and kept fort2, and after that the
temperature is returned toT1. It was observed that upon cool-
ing from T1 to T1+DT, the systemrejuvenatesand returns to
a zero-age structure even after a long stay at the higher tem-
peratureT1. The interesting point is that the system has a
perfect memoryof the past thermal history; i.e., when heated
back toT1, the susceptibilityx9 agrees well with the value
that x9 had reached just at the end of the first stage of the
aging atT1. As for polymeric systems, a similar measure-
ment on the aging dynamics has been done for the dielectric
constant in polysmethyl methacrylated sPMMAd by Bellonet
al. to investigate the memory effects of the aging dynamics.
Although a memory effect similar to that in spin glasses has
been observed also in PMMA in their studiesf10,11g, more
detailed investigations would be required to extract a univer-
sal behavior of the aging dynamics in polymer glasses and to
compare the aging dynamics between polymeric systems and
spin glasses.

It is very natural to believe that the aging dynamics in the
glassy state mentioned above are related to the nature of the
glass transition. Recent investigations of the glass transition
in thin-film geometry show that there is a strong dependence
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of the glass transition temperature and the dynamics on the
film thickness and system sizef15,16,19g. Therefore, it is
expected that the aging dynamics depend on the film thick-
nessf20g, and through such investigations it would be pos-
sible to approach the basic mechanism of the glass transition.
From the technical point of view, thin-film geometry is ideal
for dielectric measurements because the smaller thickness of
the films enhances the resolution of the capacitance measure-
ments. For this reason, precise measurements can be done for
thin-film geometry.

In this study, we measured the time evolution of the com-
plex electric capacitance of PMMA films during the aging
process using dielectric relaxation spectroscopy. The purpose
of this study is to investigate the relaxation dynamics of
nonequilibrium states including memory and rejuvenation ef-
fects in polymeric systems and to elucidate the thickness
dependence of the aging dynamics.

This paper consists of six sections. After giving experi-
mental details in Sec. II, the aging dynamics at a given tem-
perature are shown in Sec. III. In Sec. IV, experimental re-
sults on memory and rejuvenation effects are presented for
two different thermal histories. After discussing the experi-
mental results in Sec. V, a summary of this paper is given in
Sec. VI.

II. EXPERIMENT

Polymer samples used in this study are atactic PMMA
purchased from Scientific Polymer Products, Inc. The
weight-averaged molecular weightMw=3.563105 and
Mw/Mn=1.07, whereMn is the number-averaged molecular
weight. The glass transition temperatureTg determined by
differential scanning calorimetrysDSCd is about 380 K for
the bulk samples of PMMA used in this study. The value of
Tg in thin films with d=26 nm is lower by 7 K thanTg in the
bulk samples. Thin films are prepared on aluminum-vacuum-
deposited glass substrate using a spin-coat method from a
toluene solution of PMMA. The thickness of the films is
controlled to be 20–514 nm by changing the concentration
of the solution of PMMA. The thickness is evaluated from
the value of the electric capacitance at 273 K of as-prepared
films before measurements in the same way as in previous
papers f16–18g. After annealing at 343 K, aluminum is
vacuum deposited again to serve as upper electrodes. A cop-
per wire is attached to the end of the electrode with conduct-
ing paste so that the polymer samples can easily be con-
nected with the measurement system. The sample prepared
in the above way is mounted inside a sample cell. The tem-
perature of the sample cell is controlled through a heater
wound around the cell using a temperature controller. The
temperature of the polymer sample is monitored as the tem-
perature measured through a thermocouple put onto the back
side of the glass substrate. Heating above 400 K was done
several times before the measurements so that the contact
between the polymer films and the substrate is stabilized.
The temperature of the sample is stabilized within 2 min
after a temperature jump. The stability of the temperature
control is ±0.1 K.

Dielectric measurements were done by anLCR meter

sHP4284Ad. The frequency range of the applied electric field
was from 20 Hz to 1 MHz. The voltage level was controlled
so that the strength of the applied electric field remains al-
most constant independent of the film thickness. The typical
electric field was 23106 V/m. In our measurements, the
complex electric capacitance of the sample condenserC*sTd
was measured and then converted into the dynamicscom-
plexd dielectric constante*sTd by dividing theC*sTd by the
geometrical capacitanceC0sT0d at a standard temperatureT0.
The value ofC* is given by C* =e*e0S/d and C0=e0S/d,
wheree0 is the permittivity in vacuum,S is the area of the
electrode, andd is the film thickness. For evaluation ofe*

and C0, we use the thicknessd which is determined atT0
=273 K andS=8310−6 mm2. Becausee* andC* are com-
plex numbers, we define the real and imaginary parts as fol-
lows: e* =e8− ie9 andC* =C8− iC9.

III. AGING DYNAMICS

In this section, we show the relaxation behavior during
the isothermal aging process at a given temperatureTa. In
order to remove the thermal history of the sample, the system
is heated up to 403 Ks.Tgd and is kept at 403 K for a
couple of hours. After this procedure the system is cooled
down toTa at the rate of 0.5 K/min and the measurement of
the complex electric capacitance is started. Figure 1sad dis-
plays the time evolution of the imaginary component of the
dynamic dielectric constante9 at various aging temperatures
for thin films with thickness of 20 nm. In Fig. 1sad, it is
found thate9 is a monotonically decreasing function of the
aging timetw. The vertical axis in this figure is the value of
e9 normalized with respect to the initial valuee9s0d. The
origin of the time axis is defined as the time at which the
temperature of the system reachedTa. The decrease in the
dielectric constant corresponds to the smaller response
against an applied external field, and hence this indicates that
the system goes down to a deeper valley of the free energy
via thermal activations within the energy landscape picture
f21,22g. In other words, the system approaches an equilib-
rium state as the timetw elapses at a temperatureTa below
Tg. The aging phenomena can be interpreted as this approach
to the equilibrium state.

In an equilibrium state, the dielectric constant can be
uniquely specified as functions of temperatureT, pressurep,
and the frequency of the applied electric fieldf for the poly-
mer films with a fixed thickness. For simplicity, we ignore
the effect of the pressure in the discussions below. If the
system is in a nonequilibrium state, it is not easy to specify
the dielectric constant, and the aging phenomena must be
taken into account. The dielectric constant depends on the
thermal history that the sample has experienced. In general,
if the system is aged at a temperatureTa,1 for a period oftw,1,
at Ta,2 for tw,2,. . ., and atTa,n for tw,n, the dielectric losse9 can
be specified by the following description:

e9 = e9„T,v;htw,jsTa,jdj…, s1d

wherev=2pf and
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htw,jsTa,jdj ; htw,1sTa,1d,tw,2sTa,2d, ¯ ,tw,nsTa,ndj.

If the system is aged fortw at just one temperatureTa, the
dielectric loss at the temperatureT is described by

e9 = e9„T,v;twsTad…. s2d

First, the aging dynamics under an isothermal condition at
T=Ta are considered. In principle, the dielectric loss
e9sTa,v ;`d is the value ofe9 in the equilibrium state atTa

and the rest ofe9 can be defined as the aging part
eag9 sTa,v ; twd in the following way:

e9sTa,v,twd = e9sTa,v;`d + eag9 sTa,v;twd. s3d

The symbolsTa andv, here, are dropped for simplicity and
it is assumed that the aging part ofe9 is given by the follow-
ing equation:

eag9 stwd =
Deag9

s1 + tw/t0dn , s4d

whereDeag9 is the relaxation strength towards the equilibrium
value,t0 is the characteristic time of the aging dynamics, and
n is an exponent. Iftw is much larger thant0, eag9 < tw

−n. In this
case, the dielectric losse9 decays according to the power-law
decay in the long-time region. Similar expressions fore8 are
also used in this paper.

The solid curves given in Fig. 1sad were obtained by a
nonlinear least-squares fit of the observed data to the follow-
ing equation derived from Eqs.s3d and s4d:

e9stwd
e9s0d

= 1 −
Deag9

e9s0dF1 −S1 +
tw
t0
D−nG . s5d

Table I displays the fitting parameters obtained by Eq.s5d for
e9 in thin films of PMMA with d=20 nm at various aging
temperatures, where the value ofn is fixed to be the value
obtained for 355.8 K. The relaxation strengthDeag9 was
found to decrease with decreasing aging temperatureTa. Fur-
thermore, the characteristic timet0 of the relaxation ofe9 in
the aging process was found to increase with decreasingTa;
in other words, the aging dynamics become slower with de-
creasingTa. Because the observed data in Fig. 1sad can well
be reproduced using Eq.s4d, it is implied that the relaxation
of e9 at an isothermal condition belowTg obeys the power-
law one for the long-time region in the thin films withd
=20 nm. According to the report in Ref.f10g, the aging be-
havior depends on the frequency of the applied electric field.
As the frequency decreases, the relaxation strength due to
aging increases for the frequency range from
0.2 Hz to 20 Hz. In this study, we have measured the dy-
namic dielectric constant over four decades and could con-
firm the results in Ref.f10g.

As mentioned later, under the present experimental con-
ditions thatTa=336.1–375.4 K andf =20 Hz are located be-
tween thea process andb process in the dispersion map.
BecauseDeag9 decreases with decreasingTa, the relaxation of

FIG. 1. Aging time dependence of the dynamic dielectric con-
stant normalized with the value attw=0 in PMMA thin films with
d=20 nm for various aging temperatures:Ta=375.4 K, 365.6 K,
355.8 K, 346.0 K, and 336.1 K:sad the imaginary component and
sbd the real component. The frequency of the applied electric fieldf
is 20 Hz. The horizontal axis is the natural logarithm oftw. The
solid curves are obtained by fitting the data points with Eq.s5d. The
best-fit parameters for the imaginary parts are listed in Table I.

TABLE I. Fitting parameters obtained by fitting the observed values ofe9 with Eq. s5d for thin films of
PMMA with d=20 nm. The frequency of applied electric field is 20 Hz. The exponentn is fixed to be 0.309,
which is obtained by fitting the data at 355.8 K

Ta sKd Deag9 /e9s0d s310−2d t0 smind e9s0d Deag9

375.4 9.286±0.007 21.8±0.1 0.1147 0.01065

365.6 5.486±0.007 18.6±0.2 0.1302 0.00714

355.8 3.081±0.041 26.4±0.9 0.1601 0.00493

346.0 1.989±0.006 52.3±0.7 0.2016 0.00401

336.1 1.357±0.007 35.3±0.9 0.2495 0.00339
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e9 due to the aging may be associated with thea process.
Figure 1sbd displays thetw dependence of the real part of

the complex dielectric constante8 normalized with respect to
the initial value at various aging temperaturesTa. In this
figure, it is found thate8 decreases with increasingtw in a
similar way toe9 for Ta’s less than 365.6 K. However, there
is a surprising difference betweene8 and e9 for Ta=375 K:
e8 decreases withtw up to tw<11 h and then begins to in-
crease withtw. This increase ine8 in the long-time region
was not observed for lower values ofTa. A similar increase
in e8 was observed also ford=26 nm. On the contrary, for
thicker films sd=78, 514 nmd, no such increase ine8 was
observed in the present measurements.

We here move to the results for the thin films with various
film thickness to see the thickness dependence of the aging
dynamics. Figure 2 displays the time variation of the dielec-
tric loss e9 at Ta=375 K for the thin films with thickness
between 20 nm and 514 nm. Because the horizontal axis in
Fig. 2 is on a logarithmic scale, any straight line indicates the
existence of a logarithmic decay of the dielectric loss. For
d=20 nm and 26 nm, we can see that there is a slight devia-
tion from the straight line in the short- and long-time regions.
This is consistent with the result that the time variation ine9
obeys Eq.s5d for d=20 nm, as shown in Fig. 1sad. For d
=78 nm and 514 nm, on the other hand,e9 decreases linearly
with ln tw for the region oftw.20 min. Within the present
time window there is no tendency to saturate to a constant
value. In this case, fortw.20 min, the relaxation ofe9 due
to aging obeys a logarithmic law. This logarithmic decay law
was observed also in the measurements done by Bellonet al.
f10g. Although it is impossible to judge whether the logarith-
mic decay is valid also outside the time window, there may
be a qualitative difference between the decay law for the thin
films and that for the thicker films.

In Sec. III, we have observed that there is the decrease
in e8 and e9 with increasing tw at various values of
Tas=336.1–375.4 Kd, except under the condition thattw
.11 h,dø26 nm, andTa=374 K, where the increase ine8

with tw was observed. In the discussion section, the physical
origin of the time variation ofe8 ande9 will be discussed.

IV. MEMORY AND REJUVENATION EFFECTS

In Sec. IV we show the memory and rejuvenation effects
observed during the aging process and discuss the detailed
properties including the thickness dependence. For this pur-
pose, we adopt two modes of thermal history:sid Constant-
rate modesCR moded. After the thermal equilibration at
403 K, the sample is cooled at a rate of 0.5 K/min down to
a temperatureTa and then is isothermally annealedsagedd at
Ta for 10 h. The sample is then cooled down to room tem-
perature at 0.5 K/min. Finally, the sample is heated again
from room temperature to 403 K at 0.5 K/min.sii d
Temperature-cycling modesTC moded. The sample is cooled
at a rate of 0.5 K/min from 403 K down to a temperatureT1
and is aged atT1 for a period oft1. Then, the temperature is
rapidly changed fromT1 to T2 sT2;T1+DTd and is kept at
T2 for t2. Finally, the temperature is changed back fromT2 to
T1 and is kept atT1 for t3. In this section, we show the data
for t1=t2=5 h. Both modes were originally developed in
order to investigate relaxation behavior in aging phenomena
in spin glassesf3–5g.

A. Constant-rate mode

As is well known, there are two typical molecular motions
in PMMA, which are usually called thea process andb
processf23g. The a process is strongly related to the glass
transition, while theb process is due to the local motion of
polymer chains. In the case of PMMA, the dielectric relax-
ation strength of theb process is larger than that of thea
process due to the existence of polar bulky side groups. Both
the dielectric constant and loss have a strong temperature
dependence due to thea and b processes. For example,e9
exhibits two distinct loss peaks in a temperature domain at a
given frequency: one is at about 310 K due to theb process
and the other is at about 400 K due to thea process forf
=20 Hz andd=20 nmssee the inset of Fig. 6.d

For this CR mode, we measured both the dielectric con-
stante8 and the dielectric losse9. If the range oftw is re-
stricted totw,10 h, there is no qualitative difference in the
aging dynamics betweene8 and e9. In the case ofd
=514 nm, the errors attached to the value ofe9 are larger
than those ofe8 because of the resolution of theLCR meter.
For this reason, we show here the results ofe8, which can be
described ase8(T,v ; twsTad) according to our notation. In
addition to thee8, we prepare a reference curve,e8sT,v ;0d,
for both the heating and cooling processes at the same rate
s0.5 K/mind without any temporary stop during the cooling
process. We refer to the curve aseref8 f;e8sT,v ;0dg.

Figure 3 shows an example of the temperature depen-
dence of the real part of the complex electric capacitance
e8C0 observed by the CR mode withTa=374.2 K for films
with d=514 nm. The reference curveseref8 C0 for the cooling
process and the subsequent heating process are given by the
solid and dotted curves, respectively. The curve oferef8 during
the cooling process is slightly different from that during the

FIG. 2. Aging time dependence of the dielectric loss as a func-
tion of film thickness for PMMA thin films:d=20 nm, 26 nm,
78 nm, and 514 nm,Ta=375 K andf =20 Hz. A deviation from the
straight line implies that the logarithmic decay does not hold in the
long-time region ford=20 nm and 26 nm.
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heating process. The data points denoted by circles stand for
e8C0 observed during the cooling process, while those de-
noted by triangles do fore8C0 observed during the heating
process.

Figure 4 displays the temperature change ine8−eref8 —i.e.,
the difference betweene8 anderef8 obtained by the CR mode
with various aging temperaturesTa for d=514 nm. Here, we
useeref8 of the coolingsheatingd process fore8 of the cooling
sheatingd process. In Fig. 4, it is found that, as the sample is
cooled down from 403 K toTas=374.2 Kd, e8 is almost equal
to eref8 and the differencee8−eref8 remains zero. The difference
then begins to deviate from 0 to a negative value and the
deviation becomes larger monotonically with increasing ag-
ing time sat least up totw,10 hd during the subsequent iso-
thermal aging atTa. This indicates thate8 decreases with

aging time atTa. As the temperature decreases fromTa to
room temperature after the isothermal aging, the difference
e8−eref8 decreases with decreasing temperature and becomes
almost zero at room temperature. Just after the temperature
reaches 293 K, the heating process at the rate of 0.5 K/min
starts. As the temperature increases, the differencee8−eref8
begins to deviate from 0 to a negative value almost along the
same way as observed during the preceding cooling process.
The difference betweene8 and eref8 exhibits a maximum at
around Ta+10 K and then decreases to 0 with increasing
temperature.

This behavior observed by the CR mode can be inter-
preted as follows: the thermal history that the sample is aged
at Ta for 10 h is memorized atTa during the cooling process.
As the temperature decreases fromTa to room temperature,
the sample begins to rejuvenate and is back to almost a stan-
dard age at room temperature. During the subsequent heating
process, the sample becomes older almost according to the
curve along which the sample experienced rejuvenation dur-
ing the preceding cooling process after a temporary stop at
Ta. This result implies that not only the aging process atTa
near Tg but also the subsequent cooling process can be
memorized and the whole thermal history can be read out
during the heating process. A similar temperature change in
e8−eref8 has already been observed in PMMA films of thick-
ness of 0.3 mmf10g.

To investigate the thickness dependence of this aging be-
havior, we show the results for various film thicknesses,d
=26, 78, and 514 nm. In Fig. 5, it is found that the strength
of aging for 10 h at 374 K decreases with decreasing film
thickness. Furthermore, during the subsequent cooling pro-
cess, the difference betweene8 anderef8 approaches zero more
quickly in the thin films than in the thicker films. In other
words, the thin films are found to age more slowly, but to
rejuvenate more quickly.

B. Temperature cycling with negativeDT

In this subsection, we show the results obtained by the TC
mode. In this mode, the sample is aged at two different tem-
peraturesT1 andT2, and hencee9 is described as the quantity
e9sT,v ; tw1,tw2d, where tw1 and tw2 are the aging times at
temperaturesT1 and T2, respectively. Here, the total aging
time tw is given by tw= tw1+ tw2. Using this expression, the
dielectric losse9 observed by the TC mode can be described
in the following way:

e9 = 5e9sT1,v;tw,0d, 0 , tw , t1,

e9sT2,v;t1,tw − t1d, t1 , tw , t1 + t2,

e9sT1,v;tw − t2,t2d, tw . t1 + t2.
6 s6d

For example, for a value oftwst1, tw,t1+t2d, the notation
e9sT2,v ;t1,tw−t1d corresponds to the imaginary part of the
dielectric constant observed by frequencyf =v /2p at T2 af-
ter the aging atT1 for t1 and atT2 for tw−t1. In this case,
the reference curveeref9 can also be defined aseref9
=e9sT,v ;0 ,0d.

FIG. 3. Temperature dependence of the real part of the complex
electric capacitancee8C0 observed by the CR mode withTa

=374.2 K for PMMA films withd=514 nm. The frequency of the
applied electric fieldf is 20 Hz. The symbolss andn stand for the
cooling and heating processes of the CR mode, respectively. The
solid curve s2d and dotted curves¯d are for the reference data
observed during the cooling and heating processes without any tem-
porary stop atTa.

FIG. 4. Temperature dependence of the difference betweene8
anderef8 observed by CR mode with three different aging tempera-
turesTa=374.2 K, 364.5 K, and 354.5 K for PMMA films withd
=514 nm. The frequency of the applied electric fieldf is 20 Hz.
The heating and cooling rates were 0.5 K/min and the aging times
at Ta were 10 h. Open and solid symbols display the data observed
during the cooling and heating processes, respectively.
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Figure 6 displays a typical behavior ofe9 and eref9 of the
TC mode for PMMA thin films with d=20 nm and f
=20 Hz. In the inset, the temperature dependence oferef9 at
20 Hz is shown for the temperature range from
290 K to 403 K during the cooling processssee the dotted
curved. The two distinct loss peaks, thea process andb
process, are observed. As the sample is cooled from 403 K to
T1s=375.3 Kd at the rate of 0.5 K/min according to the pro-
cedure of the TC mode, the dielectric losse9 moves along the
reference curveeref9 and then deviates from the reference

curve to a lower value upon the beginning of the aging atT1
ssee the solid curved. The main part of Fig. 6 shows this
behavior in the temperature range from 350 K to 380 K. As
the temperature decreases fromT1 to T2 s=355.8 Kd by DT
=−19.5 K after the aging atT1 for a period oft1, the dielec-
tric loss e9 immediately returns to a value on the reference
curve atT2. As the temperature is kept atT2, e9 deviates from
the value on the reference curve. While the temperature is
changed fromT2 to T1 and is kept atT1 after the aging atT2
for a period of t2, e9 goes back to a value atT1, which
deviates from the reference curve, and thene9 decreases with
time during the aging process atT1.

To elucidate the aging dynamics at a temperature in the
TC mode more in detail, it is useful to investigate the differ-
ence betweene9 anderef9 as we have already done in the CR
mode. In this case, the reference valueseref9 sTj ,vd at Tj s j
=1,2d are subtracted from the observed dielectric lossese9 at
Tj, respectively. Here, we definee9−eref9 ;e9sT,v ; tw1,tw2d
−eref9 sT,v ;0 ,0d, wheretw= tw1+ tw2. For the TC mode,

e9 − eref9 ; e9sT,v;tw1,tw2d − eref9 sT,v;0,0d = 5e9sT1,v;tw,0d − eref9 sT1,v;0,0d, 0 , tw , t1,

e9sT2,v;t1,tw − t1d − eref9 sT2,v;0,0d, t1 , tw , t1 + t2,

e9sT1,v;tw − t2,t2d − eref9 sT1,v;0,0d, tw . t1 + t2.
6 s7d

Figure 7 displays the time dependence ofe9−eref9 for the
thin films with d=20 nm, T1=375.3 K, T2=355.8 K, and
DT=−19.5 K. The origin of the timestw=0d is defined as the
time when the temperature reachesT1 after the cooling from
403 K saboveTgd. The value ofe9−eref9 is found to decrease
with increasingtw and to change immediately to 0 when the

temperature is lowered fromT1 to T2 at tw=t1. This indicates
that the decrease in temperature fromT1 to T2 causes the
polymer sample torejuvenate. As the aging time elapses at
T2 after the temperature shift,e9−eref9 is found to exhibit a
relaxation just like a new relaxation process starts attw=t1.
The dotted curve in Fig. 7sad which starts attw=t1 is the

FIG. 5. Difference betweene8 anderef8 as functions of tempera-
ture observed by the CR mode for PMMA thin films withd
=26 nm, 78 nm, and 514 nm. The upper figure displays the results
for the cooling process and the lower one those for the subsequent
heating process. Dielectric measurements were done forf =20 Hz.
The isothermal aging was done atTa=374 K during the cooling
process.

FIG. 6. Temperature dependence of the dielectric loss observed
by the TC mode with T1=375.3 K and T2=355.8 K sDT=
−19.5 Kd for PMMA thin films with d=20 nm and the frequency of
the applied electric fieldf =20 Hz. The dotted curve displays the
temperature dependence ofe9 obtained during the cooling process
with the rate of 0.5 K/min without any isothermal aging. The over-
all behavior ofe9 for temperature range from 310 K to 403 K is
shown in the inset.
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relaxation curve ofe9−eref9 observed atT2 after the tempera-
ture change directly from 403 K toT2. The origin of the time
axis is shifted from 0 totw=t1 for the dotted curve in Fig.
7sad. The observed data fort1, tw,t1+t2 are located ex-
actly upon this dotted curve. Attw=t1+t2, the system is
heated up toT1, and then the temperature of the system is
kept atT1. On this stage,e9−eref9 is found to go back to the
value whiche9−eref9 had reached attw=t1 and to begin to
decrease as if there were no temperature change during the
aging process atT1.

In Fig. 7sbd is shown the time evolution ofe9−eref9 after
removing the data betweent1 and t1+t2 and shifting the
data for tw.t1+t2 in the negative direction along the time
axis by t2. We can consider the horizontal axis as the total
time which the system spent atT1. In this figure, we can see
that e9−eref9 decreases monotonically with the aging time
without any discontinuous change except for a short region
just aftertw=t1. The curve obtained in the above way agrees
very well with that obtained by keeping the system atT1

without any temperature change, e9sT1,v ; tw,0d
−eref9 sT1,v ;0 ,0d swe call this curvethe standard relaxation
curved. This implies that polymer glasses can remember the
state attw=t1 of the relaxation towards the equilibrium state
and recall the memory attw=t1+t2. We call this behavior a
complete memory effect. This was a result obtained forDT
=−19.5 K.

We show here the aging behavior for various values ofDT
for PMMA thin films with d=26 nm. Figures 8sad–8sdd show
e9−eref9 as a function of the aging timetw for various values
of from DT=−19.6 K to −4.8 K andT1=374.2 K. Figures
8sed–8shd are obtained from Figs. 8sad–8sdd according to the
following procedure: the data points fortw=t1,t1+t2 are
removed and the ones fortw.t1+t2 are shifted by an
amount ofDt in the negative direction along thetw axis so
that the data can be overlapped with the standard relaxation
curve for aging atT1 in the most reasonable way. Here, an
effective timeteff is defined as the timet2−Dt. The effective
time can be considered as a measure of the contributions of
the aging atT2 to that atT1. If teff is zero, the aging atT2 has
no contributions to that atT1, while if teff is equal tot2, the
aging at T2 has full contributions to that atT1. In Figs.
8sad–8sdd, it is found that the value ofe9−eref9 is reinitialized
at tw=t1 for from DT=−19.6 K to −9.9 K. However, the
reinitialization attw=t1 is not complete forDT=−4.8 K.

As shown in Figs. 8sed–8shd, teff=0 for from DT
=−19.6 K to −9.9 K andteff<200 min for DT=−4.8 K.
This indicates that foruDTuù9.9 K there is a complete
memory effect and the aging atT2 gives no contributions to
that atT1; in other words, the aging atT1 is independent of
that atT2. On the contrary, forDT=−4.8 K, the aging atT2 is
no longer independent of that atT1, but gives some contri-
butions to that atT1. As a result,teff has a positive finite
value. It should be noted here that, although the above result
is obtained fore9, almost similar results are obtained also for
e8.

Next, we show the result obtained for PMMA films with
d=514 nm, which is much larger thand=26 nm. As an ex-
ample, the observed results ofe8 for f =100 Hz are shown in
Fig. 9. It is found from Figs. 9sed–9shd that for DT=
−19.7 K, teff is zero; that is, the aging dynamics atT1 is
totally independent of that atT2. However, asuDTu decreases,
teff increases monotonically. ForDT=−4.7 K, teff<t2. This
means that the aging atT2 has almost full contributions to
that atT1. On the basis of these results, it can be expected
that the contributions of the aging atT2 to that atT1 change
continuously with decreasinguDTu. A similar continuous
change inteff with respect touDTu has also been observed in
some examples of spin glassesf24,25g. Comparing Fig. 8
with Fig. 9, it is found that thinner PMMA films are more
sensitive to the change inuDTu than thicker PMMA films.

To measure the contributions of the aging atT2 to that at
T1, we evaluate the ratioteff /t2 as functions ofDT under
various conditions. In the case ofd=514 nm, we use the
values ofe8 for f =100 Hz and 20 Hz and those ofe9 for f
=100 Hz, while in the case ofd=26 nm, we use the values
of e8 for f =20 Hz and those ofe9 for f =20 Hz. Figure 10
displays that the effective timeteff normalized witht2 is a
decreasing function ofuDTu and decays to zero asuDTu

FIG. 7. sad Difference betweene9 and eref9 observed by the TC
mode with T1=375.3 K and T2=355.8 K sDT=−19.5 Kd for
PMMA thin films with d=20 nm. sbd The differencee9−eref9 ob-
tained by shifting the data points in the third stage in the negative
direction of the time axis byt2 after removing the data points in the
second stage. Aging times at the first and second stages aret1=t2

=5 h. The horizontal axis ofsbd is the total aging time atT1. The
solid s—d and dotted curvess¯d are standard relaxation ones ob-
tained by isothermal aging atT1=375.3 K andT2=355.8 K, respec-
tively. It should be noted that the time origin of the dotted curve for
T2 is shifted fromtw=0 to tw=t1.
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increases. The decaying rate ofteff /t2 with respect touDTu is
larger for d=26 nm than ford=514 nm. Therefore, we can
say that the independence of the aging dynamics between
two different temperatures is accomplished faster in thinner
films with increasinguDTu.

It is interesting to compare theDT dependence ofteff with
that estimated through a thermal activation processf26g. If it

is assumed that the aging involves a thermally activated
jump over a free energy barrierDU, the corresponding timet
at temperatureT characteristic of the jump motion over the
barrier is given bytsTd=t0 expsDU /kBTd, wheret0 is a mi-
croscopic time scale andkB is the Boltzmann constant. Here,
we consider the aging atT2 for a period oft2. In this case,
we can say that the aging process proceeds by a reduced time

FIG. 8. Difference betweene9 and eref9 observed by the TC mode for PMMA thin films withd=26 nm andf =20 Hz. The aging
temperature of the first stageT1 is fixed to be 374.2 K andT2 s;T1+DTd is changed:DT=−4.8 K sdd,shd, −9.9 K scd,sgd, −15.0 K sb,d,sfd,
and −19.6 Ksad,sed. Aging times aret1=t2=5 h. In sed–shd, the data points of the second stages are removed and those of the third stage are
shifted by an amount of time in the negative direction of the time axis so that the data points of the third stages can be overlapped with the
standard relaxation curve most reasonably. The effective timeteff is evaluated as the difference between the time at the end of the first stage
and the time at the beginning of the initial time of the third stage after the above data fitting process. The difference in length between the
arrow of t2 in sad and the arrow ofteff in shd shows how the aging atT2 affects the aging atT1.
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t̃ f;t2/tsT2dg. If the reduced timet̃ of a state is the same as
that of another state, we can consider that both the states are
the same. Because the aging process atT2 for a period oft2
corresponds to that atT1 for a period ofteff, we obtain the
relationteff /tsT1d=t2/tsT2d. If the energy barrierDU is in-
dependent of T, we obtain the relation ftsT1d /t0gT1

=ftsT2d /t0gT2 for the thermal activation process. Combining
the above two equations, we obtain the relation for the tem-
perature shift fromT2 s=T1+DTd to T1:

teff

t2
= S tsT2d

t0
DDT/T1

. s8d

Because the determination ofteff is accompanied with the
relatively large uncertainty, it is difficult to judge whether
Eq. s8d can reproduce the observed data in Fig. 10. Never-
theless, from the qualitative comparison of the observed re-
sults with Eq.s8d, it is found that the microscopic timet0

FIG. 9. Difference betweene8 anderef8 observed by the TC mode for PMMA films withd=514 nm andf =100 Hz. The aging temperature
of the first stageT1 is fixed to be 374.7 K andT2 s;T1+DTd is changed:DT=−4.7 K sdd,shd, −9.9 K scd,sgd, −14.5 K sbd,sfd, and −19.7 K
sad,sed. Aging times aret1=t2=5 h. In the right figures,teff is the same as defined in Fig. 8.
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associated with the aging is smaller in thin-film geometry
than in the bulk films.

V. DISCUSSIONS

A. Physical origin of the tw dependence ofe8 and e9

As shown in Sec. III, we have observed the interesting
behavior of the aging dynamics. In this section we discuss
the physical origin of thetw dependence ofe8 and e9 ob-
served in the present measurements. The dynamic dielectric
constante*sTd is obtained by dividing the complex electric
capacitanceC*sTd at the temperatureT by the geometrical
capacitanceC0sT0d evaluated atT0=273 K.

The evaluation ofe* in this paper is based on the assump-
tion that theT and tw dependence ofC0 can be neglected
compared with that of theintrinsic dielectric constant. This
assumption may not be valid in some cases. TheT depen-
dence ofC0 can be neglected as long as the value normalized
with that attw=0 is used for a given temperature. However,
the tw dependence ofC0 cannot be neglected for the follow-
ing two reasons. First, it is well known that the physical
aging of polymers increases the density with aging time. This
is called densification, which leads to a decrease in film
thickness with increasingtw. This contraction should be com-
monly observed independent of film thickness. In addition to
this, recent measurements done by Miyazaki and co-workers
show that the film thickness of polystyrenesPSd thin films
supported on Si substrate decreases very slowly with time at
an annealing temperature aboveTg when the initial thickness
is less than 20 nmf27,28g. This indicates that there should be
a very slow relaxation process of PS inthin-film geometry. If
we take into account the above two processes for PMMA
thin films, it follows that the geometrical capacitanceC0 de-
pends on the aging timetw and that thetw dependence ofC0

of ultrathin films can be different from that of bulk samples.
The effect due to thetw dependence ofC0 is evaluated

here. SinceC8=e8e0S/d, the relative change inC8 is given
by

DC8

C8
=

De8

e8
−

Dd

d
, s9d

whereS is assumed not to change with time and the symbol
DX sX=C8 ,e8 ,dd is DX;Xstwd−Xs0d. The discussions in
this paragraph can also be valid fore9 andC9. If the sample
goes towards an equilibrium state during the aging process at
a temperature, the densification proceeds and the thermal
fluctuations are suppressed. The former leads to a decrease in
d, while the latter leads to a decrease ine8. In this case, it is
reasonable to expect thatDd/d and De8 /e8 have the same
form with respect totw. Although the aging strength may be
modified, we can evaluate thetw dependence ofe8 through
that ofC8. In thin-film geometry, however, thetw dependence
of e8 obtained thus may be affected by the possible existence
of a very slow relaxation process of a film thickness.

As shown in Fig. 1sbd, we observed that
e8f;C8sTd /C08sT0dg increaseswith tw after decaying up to
about 11 h during the aging atTa=375.4 K for PMMA thin
films with initial thickness of 20 nm. This increase may be
due to the existence of a very slow relaxation process of the
thickness observed only in thin-film geometryf27g. The
characteristic time of this very slow relaxation process
should be longer than that of the relaxation of theintrinsic
e8se9d and the contraction due to the physical aging.

Now let us try to estimate the effect of the existence of
this very slow relaxation process on the present experimental
results. Comparing the results in Figs. 1sad and 1sbd, we find
that De9stwd /e9s0d,0.062 andDe8stwd /e8s0d,0.0048 for
tw=11 h atTa=375.4 K. An analysis ofDd/d in the present
measurements shows thatDdstwd /ds0d,0.0009 for tw
=11 h atTa=375.4 K. Therefore, even if the increase ine8
exists under some conditions, the effect of this increase on
the dynamics of the intrinsice8 is less than 20% whentw is
limited to tw,11 h. It should be noted here that this effect
can only be observed fore8 nearTg and for ultrathin films
sd=20,26 nmd. On the basis of this discussion, we believe
that the observed dynamics ofe8 ande9 in the present mea-
surements can safely be regarded as those of the intrinsic
dielectric constants for PMMA thin films, except for some
special conditions mentioned above.

The discussions here are based on the existence of the
very slow relaxation mode in PMMA thin films. In order to
check the validity of this assumption, we should measure the
frequency spectrum of dynamics dielectric constant in the
lower-frequency region.

B. Comparison with the aging scenario in spin glasses

In the CR and TC modes, we observed memory and reju-
venation effects. There are many common properties be-
tween polymer glasses and spin glasses. For spin glass sys-
tems, the memory and rejuvenation effects have been
discussed by two different models: one is a hierarchical
model f3,4g and the other is a droplet modelf29–32g.

FIG. 10. Dependence of effective timeteff normalized with the
aging time of the second staget2 on the difference of two aging
temperatures for PMMA thin films withd=26 nm, 514 nm andf
=20 Hz, 100 Hz. The effective timeteff is evaluated from the data
for e8 and e9. Open and solid symbols display the results ford
=514 nm andd=26 nm, respectively. The curves are obtained by
fitting the data to Eq.s8d. The solid curve is ford=514 nm and the
dotted curve is ford=26 nm.
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The hierarchical model is based on the mean-field picture
originating from the Sherrington-Kirkpatrick modelf33g. It
is assumed that the spin glasssSGd phase is characterized by
a multivalley structure of the free-energy surface at a given
temperature. At a temperatureT1, the system relaxes over the
many valleys formed at that temperature. When the system is
cooled fromT1 to T1+DT sDT,0d, each valley of the free
energy splits into new smaller subvalleys. IfuDTu is large
enough, the energy barriers separating the initial valleys are
too high to go among different initial valleys within the pe-
riod of t2 at T1+DT. Only relaxations within the initial val-
leys can be activated, and hence the occupation number of
each initial valley holds during the aging atT1+DT. When
the system is heated again fromT1+DT to T1, the small
subvalleys merge back into their ancestors. Therefore, the
memory at the end of the first isothermal aging process atT1
can be memorized and recalled att1+t2. The rejuvenation
effects can also be explained in a similar way.

As for the droplet model, the growth of the SG-ordered
domain is taken into account. In a spin glass system, the
growth rate of the domain is very slowed down because of
the heterogeneous distribution of the frustration. Further-
more, the memory and rejuvenation effects can be explained
within the droplet theory using thetemperature chaos con-
cept, in which the spin configuration or the energy landscape
can be changed globally even for any infinitesimal tempera-
ture change on a length scale larger than theoverlap length.

Recent studies based on the droplet model produced more
powerful scenarios such as the droplets-in-domain scenario
f34g and the ghost domain scenariof35,36g. Furthermore,
disordered systems showing the memory effects have been
classified into two categories as follows.

sid The system showing strong rejuvenation effects and
memory effects: thestrong rejuvenationis due to the tem-
perature chaos effect. The relaxation associated with the
strong rejuvenation after the temperature shift fromT1 to T2
is the same as that observed after the direct cooling to the
aging temperatureT2.

sii d The system showing no strong rejuvenation, but a
transient relaxation and memory effects: in this case, the
strength of the transient relaxation after the temperature shift
by DT becomes stronger with increasinguDTu. The aging
proceeds cumulatively even if the temperature is shifted.

In some systems, both properties can be observed depend-
ing on the temperature shiftDT. For a sufficiently smallDT
the aging proceeds cumulatively. WhenDT becomes large,
the aging is no longer cumulative but the noncumulative and
strong rejuvenation is observed just after the temperature
shift.

Polymeric systems have been so far classified into the
typesii d. Although the memory effects have been observed, it
has been reported in the literature that no strong rejuvenation
occurs after the temperature shiftf35g. However, the present
measurements show that, after the negative temperature shift
from T1 to T2 by DT<−20 K, the relaxation ofe9 due to the
aging is reinitialized—i.e., goes back to the value on the
reference curve measured during the cooling process. The
values of thee9, then, begin to decay atT2 along the relax-
ation curve measured after the cooling directly toT2, as
shown in Fig. 7. From these results, we believe that there is

a strong rejuvenation in the case of PMMA forDT<−20 K.
Furthermore, asDT decreases from −4.8 K to −19.6 K in
Fig. 8, the contributions of the aging atT2 to that at T1
decrease, and the effective timeteff decreases to 0 with in-
creasinguDTu in the negative-temperature cycle. These ex-
perimental results imply that there is a crossover from the
cumulative dynamics to the noncumulative one as the value
of uDTu increases. In order to check whether there is really a
crossover from cumulative to noncumulative—i.e., whether
there is the temperature chaos effect in polymeric systems—
“twin-temperature shift” experiments should be performed,
which have been developed in spin glassesf37g.

Comparing polymeric systems with spin glasses, the char-
acteristic time of the microscopic flip motion of dipoles or
spins can be expected to be much larger in polymeric sys-
tems than in spin glasses. Therefore, polymeric systems may
be a model system for investigating the aging dynamics in
the shorter-time regime, since an experimental time window
corresponds to shorter time scales in polymeric systems
compared with atomic spin glasses. Superspin glasses
sstrongly interacting nanoparticle systemsd f25g can also be
regarded as a model system for the same purpose, because
they have the longer microscopic flip time of a superspin
than atomic spin glasses have. The polymeric systems may
have a still longer microscopic flip time, and hence we ex-
pect that the polymeric systems can be better model systems.

C. Thickness dependence of aging dynamics

As for the thickness dependence of the aging phenomena,
we could obtain several interesting results:sid The relaxation
strength due to the aging decreases with decreasing film
thickness.sii d The width of the dip ine8−eref8 during the
cooling process in the CR mode becomes smaller with de-
creasing film thickness.siii d The effective timeteff in the TC
mode decays to zero more quickly in a thin-film geometry
with increasinguDTu in the negative-DT region than in bulk
systems.

As mentioned in Sec. IV, some of the above results relat-
ing to the thickness dependence may be explained by assum-
ing that the fundamental microscopic flip timet0 of dipoles
becomes smaller with decreasing film thickness. As shown in
Fig. 5, the width of the dip observed during the cooling
process in the CR mode is,20 K for d=514 nm and,10 K
for d=26 nm in the case of PMMA films. Insatomicd spin
glasses, wheret0 is much smaller than in polymer glasses,
the width of the dip ofe8 in the CR mode is,3 K f25g,
which is even smaller than the value for the thinnest-film
thickness. The width of the dip observed in the CR mode
does not depend on the cooling rate for the range of cooling
rate from 0.08 K/min to 0.33 K/min, although the depth of
the dip strongly depends on the cooling ratef10g.

VI. SUMMARY

In this paper, we have investigated the aging dynamics in
thin films of PMMA with d=20–514 nm through dielectric
measurements. The results obtained in the present measure-
ments are as follows.
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sid The relaxation of dielectric constants is observed dur-
ing the aging process at an aging temperatureTa. The relax-
ation strength decreases with decreasingTa and with decreas-
ing film thickness. In the films ofd=20 nm and 26 nm, an
increase ine8 has been observed atTa=375 K, which may be
due to the existence of the ultraslow relaxation process of the
film thickness observed recently through the x-ray reflectiv-
ity measurements.

sii d In the CR mode, the aging atTa by the way of cooling
to room temperature can be memorized as the dip ine8
−eref8 curve aroundTa. During the subsequent heating process
the memory can be recalled. The width of the dip ine8
−eref8 decreases with decreasing film thickness.

siii d In the TC mode with negativeDT, a strong rejuvena-
tion effect of the difference betweene9 and eref9 has been
observed just after the negative shift fromT1 to T2 by DT
<−20 K. At the same time, a complete memory effect could
also be observed when the temperature goes back fromT2 to
T1.

sivd As uDTu decreases in the negative-DT region in the TC
mode, the contributions of the aging atT2 to that atT1 be-
come larger; i.e., the effective timeteff, which is a measure

of the contribution, increases from 0 tot2. A continuous
change inteff with DT could be observed, which reminds us
of a crossover between the noncumulative aging and the cu-
mulative one. The dependence ofteff on DT depends on the
film thickness.

In this paper, we focused on the aging dynamics observed
in dielectric constants. However, similar aging phenomena
can also be observed in heat capacity of PMMA observed by
temperature modulated DSCf38g. It can be expected that the
aging phenomena observed in this paper are common ones
for any susceptibility including dielectric constant, magnetic
susceptibility, and heat capacity.
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