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Aging phenomena in poly(methyl methacrylate) thin films: Memory and rejuvenation effects
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The aging dynamics in thin films of pdiyethyl methacrylaje(PMMA) 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 regiég11 h) 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 tempgrétermemory of
the aging afT, 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 temperaturd@; to the second temperatufg (=T;+AT) whenAT=-20 K. Furthermore, a full
memory effect has also been observed for the temperature shiftfsdmT,. This suggests that the aging at
T, is totally independent of that &, for AT~-20 K. As |AT| 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 af to that atT,, is a decreasing function ¢AT| in the negative region o T. As
the film thickness decreases from 514 nm to 26 nm,|A% dependence of the effective time was found to
become much stronger. The contribution of the aginf,db that atT, disappears more rapidly with increasing
|AT| in thin-film geometry than in the bulk state.
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[. INTRODUCTION experiments by Miyamotet al. revealed that polymeric ma-
o terials can keep not only thermal history but also mechanical

In glassy materials it is well known that a very slow re- nisiory in their glassy states and the histories can be recalled
laxation towards an equilibrium state is observed below thgson the glass transition, through measurements of tension in
glass transition temperatufig [1,2]. This slow relaxation is rubbers[14].
called aging and is regarded as an important common prop- | gpin glasses, interesting studies of aging phenomena
erty characteristic of disordered materials such as spipgye peen done in recent ye#iBs5. In experiments on the
glasseq3-6], onentaugnal glassel’], supercooled liquids CdCr, InysS, insulating spin glass, a relaxation of the
[8], relaxor ferroelectric§9], and polymer glasseidl0,19.  jmaginary part of the magnetic ac susceptibility was ob-
Investigations of such disordered systems revealed thalryed in a temperature cycling. First, the sample is cooled
memory and rejuvenatiosffects are observed during the ag- gown to a temperatur®, below T, and is kept at this tem-
ing process. The characteristic behavior of the aging dynanjerature for a period of,. Then the temperature is changed
ics below Ty is closely related to the nature of the glassfqm T, to T;+AT (AT<0) and kept forr,, and after that the
transition. Therefore, it is expected that elucidation of thetemperature is returned . It was observed that upon cool-
aging phenomena can lead to a full understanding of thg,, fom T, to T,+AT, the systemejuvenatesand returns to
me_cha_nlsm of the glass _tran5|_t|on in disordered materials, zero-age structure even after a long stay at the higher tem-
which is still a controversial topif12]. _ peratureT;. The interesting point is that the system has a

In polymeric systems, Kovacet al. investigated the  ortect memorpf the past thermal history: i.e., when heated
memory effects observed in aging phenomfH@l. In their a0 10T, | the susceptibilityy” agrees well with the value
experiments, a volume relaxation was measured on a glasgyat 7 had reached just at the end of the first stage of the
state located on a line extrapolated from the equilibrium line, ing atT,. As for polymeric systems, a similar measure-
corresponding to a liquid state. Because the glassy state is Qffant on the aging dynamics has been done for the dielectric
the equilibrium line, it is expected that no further volume .,nstant in polymethyl methacrylate(PMMA) by Bellonet

change occurs in this state. However, their results suggesj . investigate the memory effects of the aging dynamics.
that the volume relaxation strongly depends on the therm lthough a memory effect similar to that in spin glasses has

history which the polymer had experienced before arriving a)oan observed also in PMMA in their studig,11], more
this equilibrium state. In other words, the thermal history canyet,jjeq investigations would be required to extract a univer-
be memorized within the glassy state of polymers. Recendy| penavior of the aging dynamics in polymer glasses and to

compare the aging dynamics between polymeric systems and
spin glasses.
*Corresponding author. Electronic address: fukao@kit.ac.jp It is very natural to believe that the aging dynamics in the
"Present address: Department of Macromolecular Science, Gradglassy state mentioned above are related to the nature of the
ate School of Science, Osaka University, Toyonaka, Osaka 5603lass transition. Recent investigations of the glass transition
0043, Japan. in thin-film geometry show that there is a strong dependence
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of the glass transition temperature and the dynamics on th@1P4284A. The frequency range of the applied electric field
film thickness and system si4d5,16,19. Therefore, it is was from 20 Hz to 1 MHz. The voltage level was controlled
expected that the aging dynamics depend on the film thickso that the strength of the applied electric field remains al-
ness[20], and through such investigations it would be pos-most constant independent of the film thickness. The typical
sible to approach the basic mechanism of the glass transitioelectric field was X 10° V/m. In our measurements, the
From the technical point of view, thin-film geometry is ideal complex electric capacitance of the sample conde@5€¥)

for dielectric measurements because the smaller thickness wfas measured and then converted into the dynagaoen-

the films enhances the resolution of the capacitance measungtex) dielectric constant’(T) by dividing theC"(T) by the
ments. For this reason, precise measurements can be done §gfometrical capacitand@y(T,) at a standard temperatufg.
thin-film geometry. The value ofC" is given by C' =€ ¢,S/d and Cy=€,S/d,

In this study, we measured the time evolution of the com-where ¢, is the permittivity in vacuumS is the area of the
plex electric capacitance of PMMA films during the aging electrode, andl is the film thickness. For evaluation af
process using dielectric relaxation spectroscopy. The purposgnd C,, we use the thickness which is determined aT,
of this study is to investigate the relaxation dynamics of=273 K andS=8x 10°® mm?. Becauses andC* are com-

nonequilibrium states including memory and rejuvenation efplex numbers, we define the real and imaginary parts as fol-
fects in polymeric systems and to elucidate the thicknesfows: ¢ =¢'—ie’ andC =C’ -iC”.

dependence of the aging dynamics.
This paper consists of six sections. After giving experi-
mental details in Sec. Il, the aging dynamics at a given tem- lll. AGING DYNAMICS
perature are shown in Sec. lll. In Sec. IV, experimental re- . ) i ) )
sults on memory and rejuvenation effects are presented for In this section, we show the relaxation behavior during

two different thermal histories. After discussing the experi-tN€ iSothermal aging process at a given temperalyren
mental results in Sec. V, a summary of this paper is given irprder to remove the thermal history of the sample, the system
Sec. VI. Is heated up to 403 K>Ty) and is kept at 403 K for a

couple of hours. After this procedure the system is cooled
down toT, at the rate of 0.5 K/min and the measurement of
Il. EXPERIMENT the complex electric capacitance is started. Figue dis-

plays the time evolution of the imaginary component of the

Polymer samples _use_d_ in this study are atactic PMMAdynamic dielectric constar®’ at various aging temperatures
purchased from Scientific Polymer Products, Inc. Thefor thin films with thickness of 20 nm. In Fig.(d), it is

Vh\/llei?l\r;lt-évle(r)a?gedh me'?/lle‘?”'?r: wengMW=3.56x305 landl found thate” is a monotonically decreasing function of the
w/Mp=1.07, wheréV, 1S theé number-averaged moiecular aging timet,,. The vertical axis in this figure is the value of

weight. The glass transition temperaturg determined by ¢ normalized with res o
. . ; ) . pect to the initial valu¢(0). The
differential scanning calorimetryDSC) is about 380 K for origin of the time axis is defined as the time at which the

the bulk samples of PMMA used in this study. The value Oftemperature of the system reactiEgd The decrease in the

Tg in thin films W't.h d.= 26 nm is lower by 7 K th_aﬁ'g in the dielectric constant corresponds to the smaller response
bulk samples. Thin films are prepared on aluminum-vacuum-

; . ) against an applied external field, and hence this indicates that
deposited 9'353 substrate using a spin-coat methqd fro.mt e system goes down to a deeper valley of the free energy
gﬁtergﬁezotlgtfg ;g—i)“{lzﬂﬁr.nTb@ectr?;%?ﬁ;Sthg ctzgﬁcfe":':rsatli?) via thermal activations within the energy landscape picture
of the solution of PMMA. The thickness is evaluated fromTZl’zz]' In other words, the system approaches an equilib-

: . rium state as the timg, elapses at a temperatufg below
the value of the electric capacitance at 273 K of as-prepareg 1o aging phenomena can be interpreted as this approach
films before measurements in the same way as in prewo%ﬁ'the equilibrium state
Papers [16_18'. After ?‘””ea"”g at 343K, aluminum is In an equilibrium state, the dielectric constant can be
vacuum deposited again to serve as upper electrodes. A copy,i

S : guely specified as functions of temperatlirgoressurep,
per wire is attached to the end of the electrode with conduct(;Jlnd the frequency of the applied electric fiélébr the poly-

ing paste so that the polymer samples can easily be corly r films with a fixed thickness. For simplicity, we ignore

nected with the measurement system. The sample prepar e effect of the pressure in the discussions below. If the

in the above way is mounted inside a sample cell. The teméystem is in a nonequilibrium state, it is not easy to specify

wound around the cell using a temperature controller. Th the dielectric constant, and the aging phenomena must be
9 P - 'M%aken into account. The dielectric constant depends on the

temperature of the polymer sample is monitored as the teml'hermal history that the sample has experienced. In general,

perature measured through a thermocouple put onto the ba‘ﬁkth . .
) . e system is aged at a temperatiligg for a period oft,, ;,
side of the glass substrate. Heating above 400 K was don T 510 ty,5..., and afl, , for ., the dielectric los” can

several times before the measurements so that the cont o , L
between the polymer films and the substrate is stabilized. specified by the following description:
The temperature of the sample is stabilized within 2 min
after a temperature jump. The stability of the temperature €' = €'(T,o{tyj(Ta )}, (1)
control is £0.1 K.

Dielectric measurements were done by BBR meter wherew=2=f and
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and the rest ofe” can be defined as the aging part
egg(Ta,w;tW) in the following way:

g’(Ta,w,tW) = e”(Ta,w;oo) + 5;g(TaaCU;tw)- (3)

The symbolsT, and w, here, are dropped for simplicity and
it is assumed that the aging partdfis given by the follow-
ing equation:

A€
— 4)
(1 +1t,/tp)"
whereAe;g is the relaxation strength towards the equilibrium
value,t, is the characteristic time of the aging dynamics, and
n is an exponent. If, is much larger thaty, eggzt;v”. In this
case, the dielectric losg decays according to the power-law
decay in the long-time region. Similar expressionsdoare
also used in this paper.

The solid curves given in Fig.(4 were obtained by a
nonlinear least-squares fit of the observed data to the follow-
ing equation derived from Eq$3) and (4):

S
a0 1 é'<0>[1 ) &)

Table | displays the fitting parameters obtained by Gyfor
€’ in thin films of PMMA with d=20 nm at various aging
temperatures, where the value ofis fixed to be the value
obtained for 355.8 K. The relaxation strengthe;, was
found to decrease with decreasing aging temperatyreur-

FIG. 1. Aging time dependence of the dynamic dielectric Con'thermore, the characteristic timgof the relaxation of” in

stant normalized with the value g§{=0 in PMMA thin films with
d=20 nm for various aging temperatureg;=375.4 K, 365.6 K,
355.8 K, 346.0 K, and 336.1 K@@ the imaginary component and
(b) the real component. The frequency of the applied electric field
is 20 Hz. The horizontal axis is the natural logarithmtgf The
solid curves are obtained by fitting the data points with B. The
best-fit parameters for the imaginary parts are listed in Table I.

{tw,j(Ta,j)} = {tw,l(Ta,l)itw,Z(Ta,Z)v T :tw,n(Ta,n)}-

If the system is aged fot, at just one temperatur€,, the

dielectric loss at the temperatufeis described by

€ =€ (T,w;t(Ty).

the aging process was found to increase with decreaijng
in other words, the aging dynamics become slower with de-
creasingT,. Because the observed data in Fi¢p)Ican well
be reproduced using E), it is implied that the relaxation
of €' at an isothermal condition beloW, obeys the power-
law one for the long-time region in the thin films witth
=20 nm. According to the report in R€fL0], 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[10].

As mentioned later, under the present experimental con-

First, the aging dynamics under an isothermal condition atlitions thatT,=336.1-375.4 K andi=20 Hz are located be-
T=T, are considered. In principle, the dielectric losstween thea process ang3 process in the dispersion map.

€'(Ty, w;) is the value ofe” in the equilibrium state af,

Because\e,, decreases with decreasifig, the relaxation of

TABLE I. Fitting parameters obtained by fitting the observed valueg’afith Eq. (5) for thin films of
PMMA with d=20 nm. The frequency of applied electric field is 20 Hz. The exponésfixed to be 0.309,

which is obtained by fitting the data at 355.8 K

T, (K) Aey/€(0) (X109 to (mMin) €'(0) Aeyg

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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0.19 S A with t,, was observed. In the discussion section, the physical
20Hz, 375K | origin of the time variation ok’ and €’ will be discussed.

0.18

017

0.6 IV. MEMORY AND REJUVENATION EFFECTS

015 | In Sec. IV we show the memory and rejuvenation effects
) observed during the aging process and discuss the detailed

0.14

properties including the thickness dependence. For this pur-
pose, we adopt two modes of thermal histd(iy:Constant-
rate mode(CR modg. After the thermal equilibration at

013

0.12 A 20nm 403 K, the sample is cooled at a rate of 0.5 K/min down to
0.11 1 a temperaturd, and then is isothermally annealébed at

0.10 L w T, for 10 h. The sample is then cooled down to room tem-

"0 1 2 3 4 5 6 7 8 perature at 0.5 K/min. Finally, the sample is heated again
In [#y(min)] from room temperature to 403 K at 0.5 K/minii)

S ) ) Temperature-cycling moddC modg. The sample is cooled
. FIG. 2 Aglpg time dependence qf thg dielectric loss as a func-at a rate of 0.5 K/min from 403 K down to a temperatiife
tion of film thickness for PMMA thin films:d=20 nm, 26 nm, 5. ig aged 4 for a period ofr;. Then, the temperature is
78 nm, and 514 nnif,=375 K andf =20 Hz. A deviation from the o i changed fronT, to T, (T,=T,+AT) and is kept at
straight line implies that the logarithmic decay does not hold in theT for 7. Einallv. the temperature is chanaed back fsto
long-time region ford=20 nm and 26 nm. 2 2 Y, P X nang jit
T, and is kept afl; for 3. In this section, we show the data
€’ due to the aging may be associated with ¢hprocess. for ,=7,=5 h. Both modes were originally developed in
Figure Ab) displays the, dependence of the real part of order to investigate relaxation behavior in aging phenomena
the complex dielectric constaet normalized with respect to  in spin glasse$3-5].
the initial value at various aging temperaturés In this
figure, it is found thate’ decreases with increasirtg in a
similar way toe” for T,’'s less than 365.6 K. However, there ] ) )
is a surprising difference between and ¢’ for T,=375 K:  Asis well known, there are two typical molecular motions
€' decreases witft, up tot,~11 h and then begins to in- in PMMA, which are usually called ther process and3
crease witht,. This increase ine’ in the long-time region Process23]. The a process is strongly related to the glass
was not observed for lower values Bf. A similar increase transition, while theg process is due to the local motion of
in € was observed also fa=26 nm. On the contrary, for pOlymer chains. In the case of PMMA, the dielectric relax-
thicker films (d=78, 514 nm, no such increase i&’ was ation strength of theB process is larger than that of thke
observed in the present measurements. process due to the existence of polar bulky side groups. Both
We here move to the results for the thin films with variousthe dielectric constant and loss have a strong temperature
film thickness to see the thickness dependence of the agirgPendence due to theand 3 processes. For example,
dynamics. Figure 2 displays the time variation of the dielec€xhibits two distinct loss peaks in a temperature domain at a
tric loss €’ at T,=375 K for the thin films with thickness 9iven frequency: one is at about 310 K due to fhprocess
between 20 nm and 514 nm. Because the horizontal axis iand the other is at about 400 K due to theprocess forf
Fig. 2 is on a logarithmic scale, any straight line indicates the"20 Hz andd=20 nm(see the inset of Fig. b. _
existence of a logarithmic decay of the dielectric loss. For For this CR mode, we measured both the dielectric con-
d=20 nm and 26 nm, we can see that there is a slight devisStante’ and the dielectric losg”. If the range oft,, is re-
tion from the straight line in the short- and long-time regions.stricted tot,,< 10 h, there is no qualitative difference in the
This is consistent with the result that the time variatiowin  aging dynamics betweer’ and €’. In the case ofd
obeys Eq.(5) for d=20 nm, as shown in Fig.(4). Ford =514 nm, the errors attached to the valueebfare larger

=78 nm and 514 nm, on the other haetidecreases linearly than those ok’ because of the resolution of th€R meter.
with Int,, for the region oft,,>20 min. Within the present For this reason, we show here the .results’ofwhich can be
time window there is no tendency to saturate to a constarfiescribed ase’(T,w;t,(T,)) according to our notation. In
value. In this case, for,>20 min, the relaxation o#’ due  addition to thee’, we prepare a reference cune&(T,w;0),
to aging obeys a logarithmic law. This logarithmic decay lawfor both the heating and cooling processes at the same rate
was observed also in the measurements done by Betlah (0.5 K/min) without any temporary stop during the cooling
[10]. Although it is impossible to judge whether the logarith- process We refer to the curve ag {=¢'(T,w;0)].
mic decay is valid also outside the time window, there may Figure 3 shows an example of the temperature depen-
be a qualitative difference between the decay law for the thidence of the real part of the complex electric capacitance
films and that for the thicker films. €'Cy observed by the CR mode with,=374.2 K for films

In Sec. Ill, we have observed that there is the decreaswith d=514 nm. The reference curve§C, for the cooling
in € and € with increasingt, at various values of process and the subsequent heating process are given by the
Ta(=336.1-375.4 i, except under the condition thdj,  solid and dotted curves, respectively. The curve/gfduring
>11 h,d=<26 nm, andT,=374 K, where the increase i the cooling process is slightly different from that during the

A. Constant-rate mode
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1380

3742 K cool o P aging time atT,. As the temperature decrgases frd’g]to
I “ heat - ¢ room temperature after the isothermal aging, the difference
€' — €/, 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 differeriees/
begins to deviate from 0 to a negative value almost along the
same way as observed during the preceding cooling process.
The difference betweer’ and ¢,; exhibits a maximum at
aroundT,+10 K and then decreases to 0 with increasing
temperature.
1220 360 370 280 390 200 This behavior observed by the CR mode can be inter-
Temperature (K) preted as follows: the thermal history that the sample is aged
at T, for 10 h is memorized af, during the cooling process.
FIG. 3. Temperature dependence of the real part of the complexs the temperature decreases frdgto room temperature,
electric capacitances’C, observed by the CR mode witl,  the sample begins to rejuvenate and is back to almost a stan-
=374.2 K for PMMA films withd=514 nm. The frequency of the  g5rq age at room temperature. During the subsequent heating
applied electric field is 20 Hz. The symbol® and A stand for the process, the sample becomes older almost according to the
coqling and heating processes of the CR mode, respectively. Th@urve along which the sample experienced rejuvenation dur-
e e o e a2 e preceding coning process clfr a emporary sop
porary stop aff,. rﬁ'a. This result implies that not only the aging procesq at
near Ty but also the subsequent cooling process can be
. . . memorized and the whole thermal history can be read out
heating process. The data points denoted by C'TC'eS stand fﬂ'ﬂring the heating process. A similar temperature change in
€'C, observed during the cooling process, while those de-e,_e, has already been observed in PMMA films of thick-
noted by triangles do foe¢’'C, observed during the heating nessre(;f 0.3 mnj10].

process. To investigate the thickness dependence of this aging be-

Figure 4 displays the tempfaraturg change'inee—i.e., havior, we show the results for various film thicknessis,
the difference betweea’ and e obtained by the CR mode  _5g 78 ‘and 514 nm. In Fig. 5, it is found that the strength

with various aging temperatur@ for d=514 nm. Here, We ¢ a4ing for 10 h at 374 K decreases with decreasing film

useer of the cooling(heating process fore’ of the cooling  hickness. Furthermore, during the subsequent cooling pro-

(heating process. In Fig. 4, it is found that, as the sample isCess the difference betweehande’.. anproaches zero more
cooled down from 403 K td@,(=374.2 K), € is almost equal ' €ret 3PP

quickly in the thin films than in the thicker films. In other

to € and the difference’ — e, remains zero. The difference \yqrqgs the thin films are found to age more slowly, but to
then begins to deviate from O to a negative value and th?ejuvenate more quickly.

deviation becomes larger monotonically with increasing ag-
ing time (at least up td,,~ 10 h) during the subsequent iso-

Ref. cool

1340 |

1300

€'Co (pF)

1260

thermal aging aff,. This indicates thak’ decreases with B. Temperature cycling with negative AT
0.01 In this subsection, we show the results obtained by the TC
mode. In this mode, the sample is aged at two different tem-
0 ROk peraturesT; andT,, and hence” is described as the quantity
001 b €' (T,w;ty1,tw), Wheret,; andt,, are the aging times at
_ temperatures; and T,, respectively. Here, the total aging
002 time t,, is given byt,=t,,+t,,. Using this expression, the
v -0.03 | dielectric losse” observed by the TC mode can be described
in the following way:
-0.04 |
-0.05 | €'(Ty,w;t,,0), 0<t,<m,
-0.06 . . . : €=1€Tywm,ty— 1), <ty <7+, (6)
300 320 340 360 380 400 ,
Temperature (K) €(Tywity—1,m), ty> 1+ n.

FIG. 4. Temperature dependence of the difference betwéen

and e/ observed by CR mode with three different aging tempera-FOr €xample, for a value df,(r, <t, <7,+7,), the notation

turesT,=374.2 K, 364.5 K, and 354.5 K for PMMA films witi € (T2,@; 71,t,=71) corresponds to the imaginary part of the
=514 nm. The frequency of the applied electric figlds 20 Hz. ~ dielectric constant observed by frequerfeyw/ 27 at T, af-
The heating and cooling rates were 0.5 K/min and the aging time$er the aging afl; for 7, and atT, for t,,— 7. In this case,

'’

at T, were 10 h. Open and solid symbols display the data observethe reference curvee,; can also be defined ag)y
during the cooling and heating processes, respectively. =€'(T,»;0,0).
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k\ll) _003 i 1‘) o 300 320 340 360 380 400
Temperaturs (K)
-0.04 | 20Hz, cooling 0.16
514nm o .
005+ 7m ~ A 4Ny e T
26nm o 0.14
-0.06 —_— ;
310 320 330 340 350 360 370 380 390 Reference ------ I
Temperature (K) 0.12 . . . . .
0.01 350 355 360 365 370 375 380
) Temperature (K)
0%
001 | FIG. 6. Temperature dependence of the dielectric loss observed
) by the TC mode withT;=375.3 K and T,=355.8 K (AT=
“;3 -0.02 -19.5 K) for PMMA thin films with d=20 nm and the frequency of
< 003t the applied electric field =20 Hz. The dotted curve displays the
w . . . .
. temperature dependence &f obtained during the cooling process
-0.04 | 20Hz, heating with the rate of 0.5 K/min without any isothermal aging. The over-
514nm o - ) )
005} 78nm - all behavior ofe” for temperature range from 310 K to 403 K is
0.06 26nm = . shown in the inset.

Temperature (K)

310 320 330 340 350 360 370 380 390

curve to a lower value upon the beginning of the agingat

(see the solid curye The main part of Fig. 6 shows this

FIG. 5. Difference betweer' and e, as functions of tempera-  behavior in the temperature range from 350 K to 380 K. As
ture observed by the CR mode for PMMA thin fiims with  the temperature decreases frdmto T, (=355.8 K) by AT
=26 nm, 78 nm, and 514 nm. The upper figure displays the results _19 5 K after the aging &, for a period ofr,, the dielec-
for the cooling process and the lower one those for the subsequegic |oss ¢’ immediately returns to a value on the reference
heati_ng process. D_ielectric measurements were doné=fan H_z. curve afT,. As the temperature is kept &, ¢’ deviates from
The isothermal aging was done &=374 K during the cooling o \a1ue on the reference curve. While the temperature is
Process. changed fronT, to T, and is kept afl; after the aging aT,

Figure 6 displays a typical behavior ef and €. of the ~ for a period of 7, €’ goes back to a value af;, which

TC mode for PMMA thin films with d=20 nm and f deviates from the reference curve, and tlédecreases with
=20 Hz. In the inset, the temperature dependencephat  time during the aging process &j.

20Hz is shown for the temperature range from To elucidate the aging dynamics at a temperature in the
290 K to 403 K during the cooling procegsee the dotted TC mode more in detail, it is useful to investigate the differ-
curve. The two distinct loss peaks, the process ang3  ence betweer” and €/ as we have already done in the CR
process, are observed. As the sample is cooled from 403 K tmode. In this case, the reference valugg(T;,w) at T; (]
T,(=375.3 K) at the rate of 0.5 K/min according to the pro- =1,2) are subtracted from the observed dielectric log8ex
cedure of the TC mode, the dielectric lagsmoves along the T;, respectively. Here, we definé — €= €"(T, w;ty1,two)

’

reference curvee; and then deviates from the reference - ¢ (T,w;0,0), wheret,,=t,;+t,,. For the TC mode,

€'(Ty, w1, 0) = €ef(T1,;0,0), 0<ty,<m,
E” - E:-IGfE G,I(T,w;twl,th) - E;'ef(T,w,0,0) = 6"(T2,w; Tl,tw_ Tl) - eé’ef(Tz,w;0,0), T1 < tW < 1 + T2, (7)

6"(T1,w;tw— T2, 7'2) - e’r’ef(Tl,w;0,0), tW > 1 + T2.

Figure 7 displays the time dependenceebt e; for the  temperature is lowered froify to T, att,,= ;. This indicates
thin films with d=20 nm, T,=375.3 K, T,=355.8 K, and that the decrease in temperature frdmto T, causes the
AT=-19.5 K. The origin of the timét,,=0) is defined as the polymer sample taejuvenate As the aging time elapses at
time when the temperature reachigsafter the cooling from T, after the temperature shife’— ¢ is found to exhibit a
403 K (aboveT). The value ofe’ - €/ is found to decrease relaxation just like a new relaxation process starts,atr;.
with increasingt,, and to change immediately to O when the The dotted curve in Fig. (@ which starts at, =7 is the
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FIG. 7. (a) Difference betweer” and €, observed by the TC
mode with T;=375.3 K and T,=355.8 K (AT=-19.5K) for

PMMA thin films with d=20 nm. (b) The differencee” - € ob-
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without any temperature change, €'(T;,w;t,,0)
—€(T1,»;0,0) (we call this curvethe standard relaxation
curve. This implies that polymer glasses can remember the
state at,,=7; of the relaxation towards the equilibrium state
and recall the memory d},=7;+ 7. We call this behavior a
complete memory effecthis was a result obtained faT
-19.5 K.

We show here the aging behavior for various valueADf
for PMMA thin films with d=26 nm. Figures &)—8(d) show
€'— € as a function of the aging tim, for various values
of from AT=-19.6 K to -4.8 K andT;=374.2 K. Figures
8(e)—8(h) are obtained from Figs.(8—-8(d) according to the
following procedure: the data points foy=7~ n+ 7, are
removed and the ones fdy,>m+7, are shifted by an
amount of A7 in the negative direction along thg axis so
that the data can be overlapped with the standard relaxation
curve for aging afl, in the most reasonable way. Here, an
effective timer. is defined as the time,— A 7. The effective
time can be considered as a measure of the contributions of
the aging aff, to that atT;. If 7 is zero, the aging af, has
no contributions to that aft,;, while if 7o is equal tor,, the
aging atT, has full contributions to that af;. In Figs.
8(a)—8(d), it is found that the value of’ - €] is reinitialized
at t,=m for from AT=-19.6 K to —9.9 K. However, the
reinitialization att,,=7; is not complete foAT=-4.8 K.

As shown in Figs. &)-8h), 7=0 for from AT
19.6 Kto —9.9 K and 7=200 min for AT=-4.8 K.
This indicates that forAT|=9.9 K there is a complete
memory effect and the aging &} gives no contributions to
that atT,; in other words, the aging &t is independent of
that atT,. On the contrary, foAT=-4.8 K, the aging af, is
no longer independent of that &3, but gives some contri-

tained by shifting the data points in the third stage in the negativgyytions to that aff;. As a result, 74 has a positive finite

direction of the time axis by, after removing the data points in the
second stage. Aging times at the first and second stages arg

=5 h. The horizontal axis ofb) is the total aging time af;. The
solid (—) and dotted curve$ --) are standard relaxation ones ob-
tained by isothermal aging @4 =375.3 K andTl,=355.8 K, respec-
tively. It should be noted that the time origin of the dotted curve for
T, is shifted fromt,,=0 to t,=7;.

’

relaxation curve ok€”— e/ observed af, after the tempera-
ture change directly from 403 K ®,. The origin of the time
axis is shifted from O td,,=r for the dotted curve in Fig.
7(a). The observed data for; <t,<r +7, are located ex-
actly upon this dotted curve. At,=m+7,, the system is

value. It should be noted here that, although the above result
is obtained fore”, almost similar results are obtained also for
Next, we show the result obtained for PMMA films with
d=514 nm, which is much larger that=26 nm. As an ex-
ample, the observed results gffor =100 Hz are shown in
Fig. 9. It is found from Figs. @-9(h) that for AT=
—19.7 K, 7o is zero; that is, the aging dynamics & is
totally independent of that at,. However, asAT| decreases,
Teff INCreases monotonically. Fa&xT=-4.7 K, 7¢= 7. This
means that the aging at has almost full contributions to
that atT,. On the basis of these results, it can be expected

heated up tdl,, and then the temperature of the system isthat the contributions of the aging &} to that atT,; change

"

kept atT;. On this stagee”— € is found to go back to the
value which €’ € had reached at,=7; and to begin to
decrease as if there were no temperature change during t
aging process afr;.

In Fig. 7(b) is shown the time evolution of" - €, after
removing the data between and m;+7, and shifting the
data fort,,> 7+ 7, in the negative direction along the time
axis by 7. We can consider the horizontal axis as the tota
time which the system spent &t. In this figure, we can see
that €' —¢€,; decreases monotonically with the aging time
without any discontinuous change except for a short regio

continuously with decreasingAT|. A similar continuous
change inr; with respect tdAT| has also been observed in
keme examples of spin glassgxt,25. Comparing Fig. 8
with Fig. 9, it is found that thinner PMMA films are more
sensitive to the change {AT| than thicker PMMA films.

To measure the contributions of the agingTatto that at
T,, we evaluate the ratio./ m» as functions ofAT under
lvarious conditions. In the case d=514 nm, we use the
values ofe’ for =100 Hz and 20 Hz and those ef for f
=100 Hz, while in the case af=26 nm, we use the values
of ¢ for f=20 Hz and those o&” for f=20 Hz. Figure 10

just aftert,,= 1. The curve obtained in the above way agreesdisplays that the effective time,s normalized withr, is a

very well with that obtained by keeping the systemTat

04180

decreasing function ofAT| and decays to zero a&T]

3-7



K. FUKAO AND A. SAKAMOTO PHYSICAL REVIEW E 71, 041803(2009

0 : ol
% AT=-19.6 K - -196 K -
-0.002 ] -0.002
<
(a) ; (e)
o, -0.004 } 1 L0004 17
R : e
W -0.006 | ' 1 w0006}
v .0.008 } { VY .oo08}
Ty
-0.010 } M -0.010 |
ootz b1 0012 |
0 of
'150 K [u]
-0.002 -0.002 (f)
3 -0.004 } 5 0004
v -0.006 | W -0.006 |
v .0.008 } v .0.008 |
-0.010 } -0.010 f
-0.012 -0.012 }
0 0
-0.002 -0.002 &
5 -0.004 3 -0.004 ix,
W -0.006 W -0.006 | R
Y _0.008 WY 0.008 b
0.010 -0.010 |
0012 0.012 |
ol ; ; ' . 0
0.002 ’ 4.8K o 0.002
’ ]} +AT i T1=374.2 K ’
-0.004 F : H -0.004 |
B (d) B
W -0.006 | % W -0.006 |
v 0008} Y .0.008 }
-0.010 } 0.010 |
0.012 } -0.012 |

0 200 400 600 800 1000 1200

FIG. 8. Difference betweer” and €, observed by the TC mode for PMMA thin films witti=26 nm andf=20 Hz. The aging
temperature of the first stadg is fixed to be 374.2 K and, (=T,+AT) is changedAT=-4.8 K (d),(h), =9.9 K(c),(g), —15.0 K (b,),(f),

and —19.6 K(a),(e). Aging times arer;=7,=5 h. In(e)—(h), 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 tignes 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 7, in (a) and the arrow ofrs in (h) shows how the aging &, affects the aging af;.

increases. The decaying rate®f/ =, with respect tdAT| is  is assumed that the aging involves a thermally activated
larger ford=26 nm than ford=514 nm. Therefore, we can jump over a free energy barrid, the corresponding time
say that the independence of the aging dynamics betweeat temperaturd characteristic of the jump motion over the
two different temperatures is accomplished faster in thinnebarrier is given by«T)=r, exg(AU/kgT), wherer, is a mi-
films with increasingAT]. croscopic time scale arlg is the Boltzmann constant. Here,

It is interesting to compare th&T dependence of.4 with  we consider the aging &k, for a period ofr,. In this case,
that estimated through a thermal activation pro¢@gs If it we can say that the aging process proceeds by a reduced time
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FIG. 9. Difference betwee# ande,,; observed by the TC mode for PMMA films with514 nm and=100 Hz. The aging temperature
of the first stagel is fixed to be 374.7 K and@, (=T;+AT) is changedAT=-4.7 K (d),(h), =9.9 K(c),(g), —14.5 K(b),(f), and -19.7 K
(a),(e). Aging times arer;=7,=5 h. In the right figuresz. is the same as defined in Fig. 8.

(8

that of another state, we can consider that both the states are
the same. Because the aging procesE,dbr a period ofr,
corresponds to that &t for a period of 7y, we obtain the
relation 7/ (Ty) = 7,/ 7(T»). If the energy barrieAU is in-  Because the determination ofy is accompanied with the
dependent of T, we obtain the relation[r(T;)/7]™ relatively large uncertainty, it is difficult to judge whether
=[HT,)/7]™ for the thermal activation process. Combining Eq. (8) can reproduce the observed data in Fig. 10. Never-
the above two equations, we obtain the relation for the temtheless, from the qualitative comparison of the observed re-
perature shift fromT, (=T;+AT) to Ty: sults with Eq.(8), it is found that the microscopic time,

T[=m,/7(T,)]. If the reduced timé& of a state is the same as Teft < T(TZ))AT’H

2 70
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1.2 — - of ultrathin films can be different from that of bulk samples.
514nm,100Hz,R © The effect due to the,, dependence o€, is evaluated
1.0 | 12%%"2'2#" ﬁ o S here. SinceC’ =€’ ¢,S/d, the relative change i€’ is given
26nm,20Hz,R @ by
o8 | 20Hz,| a
AC’ A€ _Ad ©
C’ € d’

Tett/ T2

0.6

whereS is assumed not to change with time and the symbol
AX (X=C’,€',d) is AX=X(t,)-X(0). The discussions in
this paragraph can also be valid férandC”. If the sample

0.4

02k 1 goes towards an equilibrium state during the aging process at

,,,,,,, a temperature, the densification proceeds and the thermal

0 _3 L d N . fluctuations are suppressed. The former leads to a decrease in
-20 -15 XT?K) -5 0 d, while the latter leads to a decreaseeinIn this case, it is

reasonable to expect thatd/d and A€’/ €’ have the same

FIG. 10. Dependence of effective timg; normalized with the form_ With respect td,. Although the aging stren’gth may be
aging time of the second stage on the difference of two aging mOdIerd,, we qan_evaluate thg; dependence oé’ through
temperatures for PMMA thin films witli=26 nm, 514 nm and that of C ..In thin-film geometry, however, thg, dependence
=20 Hz, 100 Hz. The effective time.; is evaluated from the data ©Of € obtained thus may be affected by the possible existence
for ¢ and ¢’. Open and solid symbols display the results ¢or Of & very slow re|§\xat|0r_‘ process of a film thickness.
=514 nm andd=26 nm, respectively. The curves are obtained by AS shown in  Fig. 1b), we observed that
fitting the data to Eq(8). The solid curve is fod=514 nm and the €'[=C'(T)/Cy(To)] increaseswith t,, after decaying up to
dotted curve is fod=26 nm. about 11 h during the aging a,=375.4 K for PMMA thin

films with initial thickness of 20 nm. This increase may be
associated with the aging is smaller in thin-film geometrydue to the existence of a very slow relaxation process of the
than in the bulk films. thickness observed only in thin-film geometf27]. The
characteristic time of this very slow relaxation process
should be longer than that of the relaxation of theinsic
€'(€’) and the contraction due to the physical aging.
A. Physical origin of the t,, dependence ofe’ and €’ Now let us try to estimate the effect of the existence of
this very slow relaxation process on the present experimental

As shown in Sec. lll, we have observed the mterestmg%esults' Comparing the resuits in Figgailand 1b), we find

behavior of the aging dynamics. In this section we discus , s , yrely
the physical origin of the,, dependence ot’ and €’ ob- hat A€'(t,)/€'(0)~0.062 andAe'(t,)/€'(0) ~0.0048 for

: o =11 h atT,=375.4 K. An analysis oAd/d in the present
served in the present measurements. The dynamic dielectrie a
constante’(T) is obtained by dividing the complex electric measurements _shows thad(t,)/d(0)~0.0009 for t,

capacitanceC’(T) at the temperatur@ by the geometrical - ):(Lilth a;-ga:rs??;" K. :Si(teirerl:orethevef? 'ftthf tlhnicrtianasreeh n
capacitanceéCy(Ty) evaluated af,=273 K. E€XIS'S Unger some concitions, e Efect o1 MIs Increase o

. S 0 X
The evaluation of' in this paper is based on the assump_the dynamics of the intrinsie’ is less than 20% whety, is

. imi < . i
tion that theT andt,, dependence o€, can be neglected limited to t,,<<11 h. It should be noted here that this effect

. AP . -~ can only be observed fae' nearT, and for ultrathin films
compared with that of thetrinsic dielectric constant. This (d=20,26 nm. On the basis of tf?is discussion. we believe
assumption may not be valid in some cases. Theepen- ' : '

dence ofC, can be neglected as long as the value normalizegqat the ?bserved (];‘Jylnatr)nlcs of a;ddé n ttﬁe presfetr;]t ”?ef‘? .
Wih tht it <01 use for  guen temperatur, However, /SN C2 seel be fegded ae hose of e i
thet,, dependence of, cannot be neglected for the follow- ial conditions mentioned abov ' P

ing two reasons. First, it is well known that the physical Special co ons mentioned above. _

aging of polymers increases the density with aging time. This The discussions here are based on the existence of the

is called densification, which leads to a decrease in film S"Y slow relaxation mode in PMMA thin films. In order to

thickness with increasing,. This contraction should be com- check the validity of this assumption, we should measure the

monly observed independent of film thickness. In addition to:‘requency spectrum of dynamics dielectric constant in the

this, recent measurements done by Miyazaki and co-worker§ wer-frequency region.
show that the film thickness of polystyreeS thin films
supported on Si substrate decreases very slowly with time at
an annealing temperature abdlgwhen the initial thickness In the CR and TC modes, we observed memory and reju-
is less than 20 nrf27,2§. This indicates that there should be venation effects. There are many common properties be-
a very slow relaxation process of PStinin-film geometrylf  tween polymer glasses and spin glasses. For spin glass sys-
we take into account the above two processes for PMMAems, the memory and rejuvenation effects have been
thin films, it follows that the geometrical capacitari€gde-  discussed by two different models: one is a hierarchical
pends on the aging timig, and that the,, dependence o€,  model[3,4] and the other is a droplet mod&l9-32.

V. DISCUSSIONS

B. Comparison with the aging scenario in spin glasses
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The hierarchical model is based on the mean-field pictur@ strong rejuvenation in the case of PMMA il = -20 K.
originating from the Sherrington-Kirkpatrick modg33]. It  Furthermore, as\T decreases from —4.8 K to —-19.6 K in
is assumed that the spin gla&G) phase is characterized by Fig. 8, the contributions of the aging ab to that atT,
a multivalley structure of the free-energy surface at a giverjecrease, and the effective timg decreases to 0 with in-
temperature. At a temperatufe, the system relaxes over the creasing|AT| in the negative-temperature cycle. These ex-
many valleys formed at that temperature. When the system iserimental results imply that there is a crossover from the
cooled fromT, to T,+AT (AT<0), each valley of the free  cymulative dynamics to the noncumulative one as the value
energy splits into new smaller sub\{alleys.|fNT[ is large  of |AT| increases. In order to check whether there is really a
enough, the energy barriers separating the initial valleys argyossover from cumulative to noncumulative—i.e., whether

too high to go among different initial valleys within the pe- e s the temperature chaos effect in polymeric systems—
riod of r, at T;+AT. Only relaxations within the initial val- Q?N P oy y
h

leys can be activated, and hence the occupation number ‘ _in-temperature shift expe_rimer_1ts should be performed,
each initial valley holds during the aging @+AT. When ich have_ been devgloped n Spin glasgk",é].

the system is heated again from+AT to T,, the small Cqm_par_lng polymenc_ system; W'Fh sp|n.glassesf, the char-
subvalleys merge back into their ancestors., Therefore, th@c.terIStIC time of the microscopic flip mot|qn of d'DOIeS or
memory at the end of the first isothermal aging process at SpIns can _be expected to be much larger in _polymerlc Sys-
can be memorized and recalled &t ,. The rejuvenation tems than in spin glasses. Therefore, polymeric systems may

effects can also be explained in a similar way. be a model .system_for inyestigating th(_a aging Qynamics in
As for the droplet model, the growth of the SG-orderedthe shorter-time regime, since an experimental time window
domain is taken into account. In a spin glass system, th€orrésponds to shorter time scales in polymeric systems
growth rate of the domain is very slowed down because ofompared with atomic spin glasses. Superspin glasses
the heterogeneous distribution of the frustration. Further{Strongly interacting nanoparticle systenig5] can also be
more, the memory and rejuvenation effects can be explainetggarded as a model system for the same purpose, because
within the droplet theory using theemperature chaos con- they have the longer microscopic flip time of a superspin
cept in which the spin configuration or the energy landscapéhan atomic spin glasses have. The polymeric systems may
can be changed globally even for any infinitesimal temperaba@ve a still longer microscopic flip time, and hence we ex-
ture change on a length scale larger thandberlap length ~ Pect that the polymeric systems can be better model systems.
Recent studies based on the droplet model produced more
powerful scenarios such as the droplets-in-domain scenario C. Thickness dependence of aging dynamics
[34] and the ghost domain scenali85,36. Furthermore, , )
disordered systems showing the memory effects have been AS for the thickness dependence of the aging phenomena,
classified into two categories as follows. we could obtain several interesting resu(tss_:The relaxation
(i) The system showing strong rejuvenation effects andtrength due to the aging decreases W'”,‘ decreasing film
memory effects: thestrong rejuvenatioris due to the tem- thickness.(ii) The width of the dip ine’ - ey during the
perature chaos effect. The relaxation associated with th€°0ling process in the CR mode becomes smaller with de-
strong rejuvenation after the temperature shift fispto T, ~ créasing film thicknessiii) The effective timerey in the TC
is the same as that observed after the direct cooling to th@0de decays to zero more quickly in a thin-film geometry
aging temperaturd,. with increasing|/AT| in the negativeAT region than in bulk
(i) The system showing no strong rejuvenation, but aSyStems. _
transient relaxation and memory effects: in this case, the AS mentioned in Sec. IV, some of the above results relat-
strength of the transient relaxation after the temperature shiff'd 10 the thickness dependence may be explained by assum-
by AT becomes stronger with increasingT|. The aging N9 that the fundamental microscopic fllp timg of dipoles _
proceeds cumulatively even if the temperature is shifted. becomes smaller with decreasing film thickness. As shown in

In some systems, both properties can be observed deperfdd: 5 the width of the dip observed during the cooling
ing on the temperature shiftT. For a sufficiently smalAT ~ Process in the CR mode 120 K for d=514 nm and~10 K
the aging proceeds cumulatively. WhaT becomes large, for d=26 nm in the case of PMMA films. Ifiatomig spin
the aging is no longer cumulative but the noncumulative an@!2sses, whereg is much smaller than in polymer glasses,
strong rejuvenation is observed just after the temperaturf’® width of the dip ofe’ in the CR mode is~3 K [25],
shift. which is even smaller than the value for the thinnest-film
Polymeric systems have been so far classified into th&ickness. The width of the dip observed in the CR mode
type (ii). Although the memory effects have been observed, ifl0€s not depend on the cooling rate for the range of cooling
has been reported in the literature that no strong rejuvenatioit€ from 0.08 K/min to 0.33 K/min, although the depth of
occurs after the temperature sHi3s]. However, the present the dip strongly depends on the cooling rgte).
measurements show that, after the negative temperature shift
from T% to T? py ATz—Z_O K, the relaxation ot” due to the V1. SUMMARY
aging is reinitialized—i.e., goes back to the value on the
reference curve measured during the cooling process. The In this paper, we have investigated the aging dynamics in
values of thee”, then, begin to decay &t along the relax- thin films of PMMA with d=20-514 nm through dielectric
ation curve measured after the cooling directly ig as  measurements. The results obtained in the present measure-
shown in Fig. 7. From these results, we believe that there iments are as follows.
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(i) The relaxation of dielectric constants is observed dur-of the contribution, increases from 0 tg. A continuous
ing the aging process at an aging temperaiyerhe relax-  change inr.; with AT could be observed, which reminds us
ation strength decreases with decreadiggnd with decreas- of a crossover between the noncumulative aging and the cu-
ing film thickness. In the films ofi=20 nm and 26 nm, an mulative one. The dependence @ on AT depends on the
increase ire’ has been observed =375 K, which may be  fjim thickness.
due to the existence Of the ultraSIOW relaxation pI’OCESS Of the In this paper, we focused on the aging dynamics observed
film thickness observed recently through the x-ray reflectiviy gielectric constants. However, similar aging phenomena
ity measurements. _ _ can also be observed in heat capacity of PMMA observed by
(i) In the CR mode, the aging @, by the way of cooling - temperature modulated DS@S]. It can be expected that the
to room temperature can be memorized as the diE'in  54ing Hhenomena observed in this paper are common ones

— €/o; CUrve around’,. During the subsequent heating process; . oo YR : : : :
! R y susceptibility including dielectric constant, magnetic
the memory can be recalled. The width of the dipédh susceptibility, and heat capacity.

— €/, decreases with decreasing film thickness.
(iii) In the TC mode with negativAT, a strong rejuvena-

tion effect of the difference betwee#l and ¢/,; has been ACKNOWLEDGMENTS
observed just after the negative shift from to T, by AT
~-20 K. At the same time, a complete memory effect could The authors appreciate H. Yoshino and H. Takayama for
also be observed when the temperature goes backTegaim  useful discussions. This work was supported by a Grant-in-
T,. Aid for Scientific ResearciB) (No. 16340122 from the

(iv) As |AT| decreases in the negati¥eF region in the TC ~ Japan Society for the Promotion of Science and for Explor-
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