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Frequency-domain study of physical aging in a simple liquid
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We characterize the time dependence of the frequency-dependent dielectric susceptibility of glycerol fol-
lowing quenches to low temperature. For quenches to temperatures not far below the glass-transition tempera-
ture, the spectral shape and position during equilibration closely approximate those of equilibrium spectra at
higher temperatures. For deeper quenches the correspondence with equilibrium spectra breaks down, and we
observe more subtle behavior. Most of the susceptibility’s change with time occurs withiagailérium
relaxation time after the quench, and our results do not support the presence of a significant ultraslow com-
ponent to the equilibration of the dielectric response. We find some qualitative agreement between the time
dependence of the susceptibility and analogous measurements on spin glasses; however, closer inspection
reveals that the liquid fails to reproduce many of the salient features of the spin-glass behavior.
[S0163-182698)05309-0

[. INTRODUCTION linear-response dynamics is typically nonexponential, and
several experimerfthave indicated that this broadening re-
A general feature of systems with long relaxation times,sults from dynamic heterogeneities. Do these heterogeneous
such as a supercooled liquid in its glass transition region, islynamics imply spatially extended, structurally heteroge-
the protracted approach to equilibrium following a tempera-€ous regions in the liquids? Miller and Macphdiave sug-
ture (or pressurgchange. During this equilibration, which is gested that the presence of such extended regions could have
often termed physical aging, the liquid’s bulk properties,consequences in the aging of supercooled liguids. One goal
such as its volume and enthalpy, vary as the system agf our study has been to search for evidence in the aging of
proaches equilibrium. In addition, the dynamics of the liquid,the dielectric response that might support the existence of
such as its mechanical or dielectric response, similarhgxtended domains.
evolve in time. This paper is organized as follows. Section Il reviews the
In an effort to characterize aging in a simple liquid, we Properties of the dielectric susceptibility of equilibrated su-
have measured the change with time of the frequencyPercooled liquids. Section Il describes the experimental pro-
dependent dielectric susceptibility in supercooled g|ycer0pedure. Section IV summarizes our results. Specifically, after
following quenches through its glass-transition temperaturejueénches to temperatures not far bely, the shape and
T,. We have also performed dielectric studies of aging inPosition of£"(») at different times during aging mimic the
three other simple liquids: propylene glycol, propylene car-€quilibrium response at higher temperatures. However, at
bonate, and tricresyl phosphat@Ve use the term simple lower temperatures this scenario breaks down. We compare
liquid to describe glycerol and these other liquids to distin-our results with the aging behavior in spin glasses and find
guish them from polymeric systems. Glycerol is a stronglythat the aging in simple liquids possesses qualities distinct
hydrogen-bonding molecular liquidBecause our most ex- from those in the spin systems. Finally, in Sec. V we con-
tensive studies are on glycerol, the results we present hefdude.
are for this liquid. Our measurements on the other liquids are
consistent with these results. Extensive research on aging in Il. EQUILIBRIUM SPECTRAL SHAPE
polymers has characterized the time dependence of response
functions in these systems. However, the vast majority of We have measured the dielectric susceptibiit, ,v)
these studies have been time-domain measurements, and 6u¢’ (ta,v)+ie"(ta,v) as a function of frequency and ag-
frequency-domain study on simple liquids complements thidng time t,. As Fig. 1 illustrates, the imaginary part of the
approach(Although we are aware of one short account of aspectrum for glycerol in equilibriungg (v)=¢"(t,—%*,v)
frequency-domain, dielectric study of aging in a polyrher, contains a broad, asymmetric peak characteristic of super-
we know of no comprehensive examination of aging in thecooled liquids. The frequency of the peak for glycerol

frequency domain on polymers or simple liquids. follows a Vogel-Fulcher law
Recently, aging behavior has played an increasingly im-
portant role in efforts to understand the microscopic physics l0g10(vp) =10g10(vo) —AI(T—Ty), @

of disordered systems. Aging in spin glasses has been ana-

lyzed in an effort to distinguish among the theoretical pic-with To=~134 K, vo=~10" Hz, and A~870K. At Ty, v,

tures proposed for these systefr@ur measurements of the ~10 3 Hz, which lies below our lowest measurement fre-

dielectric response in liquids provide a direct analogy withquency of 4< 102 Hz. Therefore, in the aging experiments

the magnetic-susceptibility aging studies in spin glasses. Wee probe the evolution with time of the susceptibility above

can thus examine if theories proposed for spin glasses hatbe peak.

relevance for liquids. A detailed stud§ of the equilibrium response for glycerol
In the case of deeply supercooled liquids, the equilibriumand several other liquids nedy has revealed three power-
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FIG. 1. The equilibrium dielectric spectrum fqr glycerc_)l, FIG. 2. 24, (v=100 H2 vs temperaturécircles compared with
efv)=e"(ta—,v), at 195.0 K. The spectrum contains two dis- ¢"(t,~0,v=100 Hz) (solid line). The two measurements depart
tinct power-law regions above, . from one another below the glass-transition temperatlig,

=190 K.
law regions: one below, and two above the peak, as indi-
cated in Fig. 1. The exponent of the power law in the highest We began each measurement by holding the liquid at
frequency region—o has a linear temperature dependence206.2 K for several hours to be sure it was well equilibrated
nearTy, there.(At this temperature, equilibrium relaxation times are
less than 0.02 sWe then rapidly cooled the liquid to a low
o=B(T-T,), (2)  temperature where we monitored the aging. The cooling rate
during the quenches was 1.5 K/min. Figure 2 shaf§,
~0,»=100 Hz) measured during cooling in comparison with
the equilibrium valuesg”(t,—o,»=100 Hz). The value
during cooling begins to diverge from the equilibrium value
(o+1)/(B+1)=0.72. 3) near 1_90 K._ This c_iivgrgence signifies that structural rela>_<-
ation times in the liquid have grown larger than the experi-
This temperature dependence of the spectral shape forms theental time scale set by the cooling rate and that the liquid
basis of a recent argument that the static dielectric susceptias fallen from equilibrium. We equate this temperature with
bility in supercooled liquids diverges @.*’ That argument  T,,.
assumes that approaches 0 a,, as predicted by Eq2). During cooling the temperature typically undershot the set
One interest in our aging studies has been to determinpoint by aboti4 K and then steadily increased until the final
whether the aging-time dependence of the spectrum can préeemperature was reached. The total thermal equilibration
vide information about the equilibrium behavior @fin the  took approximately 5000 s. In our analysis we include data
temperature region where measurements on the fully equiltaken only after the liquid reaches thermal equilibrium at the

whereT ,~T,. For glycerol we findB~0.0039. The expo-
nent of the power law just above the pealB also changes
with temperature to maintain the relation

brated liquid are not feasible. final temperature. Because the sample experienced this com-
plicated thermal history before reaching thermal equilibrium,
IIl. EXPERIMENTAL PROCEDURE the correct origin for the aging timg has some uncertainty;

. _ _ we equatet, with the time elapsed since the liquid passed
We obtained the glycer¢B9.5% from Aldrich Chemical  throughT,. For most quenches, we monitored aging until
Co. Because the liquid is hygroscopic, we handled it strictly;_~4x 102 s (the hold time of the liquid nitrogen dewar

in a dry nitrogen environment. To determiegt,,»), we  However, at some temperatures we carefully replenished the
measured the complex impedance of a capacitor filled withiquid nitrogen to track aging to,~2.5x 1¢ s.

the liquid relative to its impedance when empty. The capaci-

tor consisted of two gold covered parallel plates 2.5 cm in |\, T/ME DEPENDENCE OF SUSCEPTIBILITY

diameter and separated by a 0.025 cm-thick annular Teflon FOLLOWING A QUENCH

spacer, which held the sample between the plates. We placed

the filled capacitor within a heating coil in a copper can, We apply two complementary methods for analyzing

filled the can with a dry nitrogen gas, and submerged it in &(t,,v). (1 In Sec. IV A we compare the spectral shape and

liquid-nitrogen dewar. The temperature of the capacitorposition at one aging time with those at later times. Essen-

measured with a platinum resistance temperature detectdrally, this method attempts to scale the response at different

was stable during experiments to better tha®02 K for up  aging times by shiftinge(t,,») horizontally along the

to 120 h(the hold time of the dewarTemperature gradients log,o v axis. The degree to which such scaling fails indicates

across the sample were less than 0.05 K. how the spectral shape changes with time. The study of
We measurede(t,,r) from v»=4x10"2Hz to v physical aging in polymers focuses on the aging-time depen-

=10° Hz. For measurements up to“Bz, we placed the dence of response functions and takes primarily this point of

reference output of a Stanford 850 digital lock-in amplifier view. Viewing the changing spectral shape with aging time

across the capacitor in series with a Keithley 428 currentlso offers a suitable perspective for placing our results in the

amplifier, and obtained the complex impedance of the circuitontext of phenomenological models that have been devel-

by measuring the output of the current amplifier with theoped to describe agind2) In Sec. IV B we consider the

lock-in. Above 16 Hz, we measured the impedance using aaging-time dependence of(t,,») at a fixed frequency.

Hewlett Packard 4275A LCR meter. (That is, we shift the dataertically along the log, £ axis,)
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FIG. 3. &"(t,,v) vs frequency following a quench from 206.2 to 10° . . .
177.6 K at two different aging times, =200 s (circle§ and t, 10* 10° 106
=2x10"s (squares The lines are equilibrium spectra at three t, (seconds)
temperatures: 177.6 Ksolid), 180.1 K(dotted, and 182.5 K(dot- FIG. 4. The ratio of the frequencieg (t,) and v.. for which

dashed The spectrum after 200 s at 177.6 K closely approximatessu(ta,Vr)zggq( v..) Vs aging timet,, after a quench to 177.6 K.
the equilibrium spectrum at 182.5 K. Likewise, the spectil_im_ aftefrhe different curves are far,. ranging from 0.4 to 4000 Hz. If the
the longer aging time of 2 10" s closely resembles the equilibrium spectral shape were aging-time-independent, these curves would all
spectrum at the lower temperature, 180.1 K. lie on top of one another. The departure of these curves from one
another indicates the degree to which the dielectric response vio-

This approach is the method commonly taken in aging stud - e e
gtes time/aging-time superposition.

ies on spin glasses, and in Sec. IV C we analyze our resuli
in the context of spin-glass models. In Sec. IV D we describ
an experiment that looks for “pre-aging” phenomena like
those recently found in simulations.

Eirequencyv’(ta), at which&”(t,,v') takes on a particular
value after a quench to 177.6 K normalized by the frequency
v, , at which s’éq( v,) at 177.6 K has this same value. Spe-

A. Aging-time dependence of the spectral shape cifically, we plot v’ (t,)/v.. for which

We focus on the imaginary part of the susceptibility e"(ta, V') =end V) %)
g"(t,,v), since this term shows a much larger fractional
change during aging than does the real psitt,,v). Figure for v, ranging from 0.4 to 4000 HZIn graphical terms, we
3 showss"(t,=200 sp) ands”(t,=2x 10" s,v) following  are plotting the horizontal shifon the logarithmic frequency
a quench from 206.2 K to 177.6 KWe construct the spec- axis that is necessary to bring'(t,,»") for a given value of
trum t,=200 s by extrapolating”(t,,v) at eachv with Eq.  t, on top of the equilibrium curves¢(v..).] If the spectral
(5) given below] The lines in the figure are the equilibrium shape were aging-time-independent, then the change in
spectragqfv)=e"(ta—,v), measured at 177.6 ksolid),  »'(t,)/v.. with t, would be independent ofg(v..), and
180.1 K (dotted, and 182.5 K(dot-dashefl As the figure these curves would collapse onto a single line. The variation
illustrates, the spectral shape and position at different timewith v,, displayed in Fig. 4 is consistent with the spectral
during aging at 177.6 K closely approximate those of equishape mimicking higher temperature equilibrium shapes dur-
librium spectra at higher temperature. As mentioned above, ing aging. For example, the circles in Fig. 5 arét,)/v,, at
detailed study ot/ (») has revealed that the exponents oft,=2x10* s, and the solid line i$'/v,, obtained by substi-
the two power-law regions above the pe@land o decrease tuting £”(t,,»’) in Eq. (4) with sgq(y') at 180.1 K. In each
with decreasing temperature. Therefore, the association @fase the ratio follows the same trend, illustrating the close
e"(ta,v) with egv) at different temperaturevith earlier  association between the spectral shape during aging and
t, corresponding to higher temperatuimplies that during equilibrium shapes at higher temperatures.
aging the spectral shape is similarly changing with time. This effective temperature that the evolving spectral

We note that this changing spectral shape with aging timeshape assumes during aging bears a close resemblance to the
in glycerol contradicts the “time/aging-time superposition fictive temperature from the phenomenological model
principle” often applied to aging in polymers. In his exten- Narayanaswanty and Moynihanet al! developed to de-
sive study of aging in polymers, Strdikeveloped this prin- scribe the aging-time dependence of bulk properties in
ciple, in which the(time-domain response functions main- quenched liquids. In this model the fictive temperatdre,
tain a shape on a log-time scale independenj ahd shiftto  accounts for the effects of the nonequilibrium structure of the
longer time(or, equivalently, lower frequengyvith aging as  liquid on the equilibration rate of these properties. For ex-
t/t . Several studies have indicated that time/aging-time suample, following a quench througdhy, a liquid’s density is
perposition is not universally held in polymers. In particular, smaller than its equilibrium density, af@ is defined as the
two recent time-domain dielectric experiments have reportetemperature at which this nonequilibrium density is the equi-
aging-time dependence in the shape of the dielectritibrium value. AlthoughTg has proven a useful concept in
respons&°® However, neither of these studies associated th@nalyzing aging data, a correspondence betwigeand the
shape at different aging times with higher temperature equinonequilibrium state of the liquid is often questioned be-
librium shapes as we have done here for the aging in simpleause, for example, the time dependence one obtains:for
liquids. typically varies with the quantity under observatidrHow-

To illustrate more concretely the aging-time dependencever, the behavior o¢”(t,,») seems to give physical sub-
of the spectral shape in glycerol, we display in Fig. 4 thestance to the notion of a fictive temperature, since this tem-
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FIG. 5. The ratio of the frequencies (t,=2x10* s) andv.,
; " N log. t_ (seconds)
for which &”(t,,v") =e¢{v..) after a quench to 177.6 K as a func- 10°a
tion of v... The solid line is the frequency ratio;,. t—1g04 and FIG. 7. The change with, of £”(t,,v)|, at several fixed fre-

v T-177.6» NECESSaAry to bring the higher temperature equilibriumquencies for a quench to 177.6 K. The inset shows the real part of

spectrum at 180.1 K on to the equilibrium spectrum at 177.6 K. Thethe susceptibilityg'(t, ,v), for the same frequencies. The shape of

two ratios have very similar frequency dependencies. the decays is typical of the aging-time dependence seen at all tem-
peratures and frequencies. Fits to a stretched exponential function,

perature can be defined not only for a single quantity, whicHiven by the solid lines, provide a good descriptionett, ,») at

is always possible by definition, but to an entire responsded v over the entire range df, that we access.

function. . . . S

While this association betweesf'(t, ,») at differentt, response time is sensitive to the liquid’s temperature. The
and e_(v) at different temperatures appears accurate fOF,hape of the response, on the other hand, continues to re-

. h for temperatures not far below
quenches to temperatures not far bel®y, deviations be- semble equilibrium shapes for temperatures not far belo

. ) ) ) T,, and thus depends less strongly on temperature and more
come increasingly apparent with decreasing temperature.®

Figure 6 shows:"(t,=10° s,v) for a series of temperatures on the nonequilibrium structural state created in the liquid by

ranging from 140.9 K to 177.6 K. The spectra at low tem_quenchmg througfy .
perature in Fig. 6 are not consistent with an equilibrium

spectrum at any temperature. For example, at 140.9 K B. Aging-time dependence of the susceptibility
g"(t,=10" s,v) above 0.4 Hz appears well fit by a single at fixed frequency
asymptotic power law: ¢"(t,=10* s,»)=Dv ¢ with In addition to tracking the changing spectral shape with

0=0.10. This value fow corresponds through E() to an  aging time, we can also examine the change that the suscep-
equilibrium temperature near 177 K. However, the smallibility at fixed frequency experiences after a quench. Figure
value of D suggests that the spectrum reaches a peak at & shows the change with, of £"(t,,v)|, at several fixed
frequency orders of magnitude below the equilibrium value frequencies for a quench to 177.6 K. The inset to the figure
vp=TX 10 8 Hz, at 177 K. shows the real part of the susceptibiligy(t,,v) for the
Thus, after deep quenches the phenomenology becomsame frequencies. The shape of the decays in Fig. 7 is typical
more complicated. The spectral shape continues to resembié the aging-time dependence seen at all temperatures and
an equilibrium shape, but its position in frequency is muchfrequencies. In general, the curves are not well fit by a
lower than the equilibrium position corresponding to thatstraight line, which would have implied logarithmic relax-
shape. Thus, two effective temperatures seem necessary dtion. We find that a stretched exponential function in the
produce a full description of the response during aging, aneging time provides an excellent descriptioned{t,,») at
with increasing quench depth these temperatures become ifixed v over the entire range df, that we access:
creasingly separated. The more rapid decrease of the spectral
position with quench depth indicates that the mean dielectric "(ta,v)|,=As", exd —(ta/7)P]+&"3. 5

The decay timey, follows an Arrhenius temperature depen-
0.0 ] dence, as shown in Fig(® for »=1 Hz. Figure 8b) shows
i ] the temperature dependence@iffor v=1 Hz. Except at tem-
0.5 L ] ; o _
, ] peratures just beloWg, 8 maintains a temperature indepen-
dent value near 0.25The slight upward trend 83 with
decreasing temperature below 179 K is not statistically sig-

@'t =10"s, v))
=

a

-1.5 N nificant. Below this temperature all of the decay curves at all
- : *"H.“\' 1702 K frequencies are adequately fit assuming a constant valge of
Eﬁ 20 ¥ 1409 K 160.4 K_ near 025
osbei oy B00N In a recent study of aging in glycerol by stimulated Bril-
T2 0 2 4 6 8 louin scattering, Miller and MacPhaibbserved that aging at
log, v a temperature continued for many times longer than the equi-

FIG. 6. &"(t,=10" s,») for a series of temperatures ranging librium structural relaxation times measured in the linear-
from 140.9 to 177.6 K. The spectra at low temperature are notesponse regime. They described the time dependence of the
consistent with an equilibrium spectrum at any temperature. Brillouin peak shift with a stretched-exponential decay plus
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FIG. 9. ¢"(t,,»v=200 Hz) after quenches to 180.1 and 182.5 K

0.1¢ VS t,/ 7eq fOr each temperature. The data for 180.1 K have been
140 150 1619 (Igo 180 19 offset by 0.017 for clarity. All of the measurable aging occurs at
t./7¢q<10, and beyond this point the susceptibility is independent

FIG. 8. (@) The decay timer and(b) j from stretched exponen- of time. Inset shows the region at larggon an expanded scale.

tial fits to £”(t,,v=1Hz) at various temperatures. The Arrhenius
temperature dependence oiis typical of the behavior at all fre-

quencies. Below 179 Kg is temperature-independent. 7,= 3575, the ratio Miller and MacPhail obtaingdCon-
straining Ag}, to a larger value(for example, 0.Ae; as

an additional exponential decay to account for an uItrasIow'vIiIIer and Ma_cPhaiI obtainedgives markedly worse fits
han Eq.(5), with the same number of free parameters. The

in th ing. | i h itional
component in the aging. Introducing such an additional ter it results from Eq/(5) give averages for eXI&(Teq/T)ﬁ] of

to Eq.(5) gives 0.25 at 182.5 K, 0.10 at 180.1 K, and 0.03 at 177.6 K.
(Miller and Macphail, on the other hand, obtain a value for
exp:—(reqlr)ﬁ] near 0.35 at 179.8 K after quenching from
above 192 K. These numbers suggest that the significant
portion of the aging, as measured by dielectric response, oc-
curs within one ., of the quench. Therefore, from this
Miller and MacPhail noted that the existence of such a Iong_anaIyS|s we conclude that our results are not consistent with

time component is consistent with models for the nonexpofin ultraslow component to the aging. This observation, that

. o . ) .= “the linear response behavior of glycerol reaches equilibrium
nential relaxation in supercooled liquids that predict Spat'a”yfollowing a quench faster than does the sound velocity

extended dynamically heterogeneous regions in the liquids, . X .
We have searched for the presence of a long-time componei“t\/hmh depends directly on densibthas been noted for an

. ,, : epoxy glass by Santore and co-workérsvho simulta-
in the decays o¢”(t,,v)|, at temperatures for which we are : '
; . i . ... neously measured the mechanical response and density dur-
able to monitor the aging to what we believe is equnlbrlum.in adin
Figure 9 shows"(t,,»=200 Hz) after quenches to 180.1 g aging.

) Finally we note that the shapes of(t,,)|, at a given
and 182.5 K witht, scaled byr., for each temperatur¢We : a /1y : i
use Teq=8.l><10°’ S at 182.5 K anreq—6.3x 10s at 1801 temperature have a slight frequency dependence. This depen

L ) ; dence appears as an increase with » whengin Eqg. (5) is
K. These_ values for the equilibrium rellaxatlon times resultheld fixed, such as in Fig. 18. Alternatively, fixing 7 leads
from settingr.q= 1/27v,, where we obtain, from extrapo-

) 4 to a decrease i with increasingy, as in Fig. 10b). (Al-
lations of higher temperature data through Ek. In super- . ; :
cooled liquids the dielectric relaxation time, defined in thisIOWIng both parameters to vary simultaneously introduces

; . ~scatter that obscures these trehpds.
way, closely tracks with temperature the structural relaxation n

times extracted from frequency-dependent specific heat and
shear viscosity measuremehts As Fig. 9 illustrates, all of

the measurable aging occurstgl 7,;<10, and beyond this
point the susceptibility is independent of tin{&/e estimate

the precision of the experiments would allow us to distin-  Analysis of aging in spin glasses has provided insights
guish changes " greater than 1% on the time scale of into the microscopic physics of these systems, and one mo-
these measurementJhe inset of Fig. 9 shows the region at tivation for our study has been to compare the behavior we
larget, on an expanded scale to emphasize this point. Whil®bserve in simple liquids with aging in spin glasses. A num-
this time scale for equilibration appears roughly consistenber of studies on spin glasses have monitored the aging-time
with that observed by Miller and MacPhail, our data do notdependence of the frequency-dependent magnetic suscepti-
support the addition of an ultraslow component in the de+ility, x(t,,v), following temperature quenches. The time
scription of the decay. Attempting to fit'(t,,v)|, with Eq.  dependence of"(t,,v) at fixed v, such as shown in Fig. 7,

(6), we findAe",, the strength of an ultraslow component, appears, at least superficially, very similar to that observed
averages less than 084! at both 180.1 and 182.5 KTo  for x"(t,,») at fixed ».***° Indeed, over a limited range of
reduce the number of free parameters in these fits, we séitne the behavior ofe”(t,,v) closely resembles both the

e"(ty,v)|,=Ae] exp(—ta/7,)

+Ae; exr[—(ta/TS)B]-}—s"iq. (6)

C. Comparison with aging in spin glasses

1. Scaling the susceptibility
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FIG. 10. (a) 7vs v for the decays at 177.6 kKuch as in Fig. ¥ o) _ 4
when g in the stretched-exponential foriqg. (5)] is held fixed.(b) «® 0.021 | | \

[
B vs v for the same decays whenis held fixed. These results 40 45 5.0 355 6.0

log t
indicate that the shape of the decay has a slight frequency depen- Si0"a _
dence. FIG. 11. (a) £"(t,,v) for several frequencies at 160.4 K vs

log;o ta. The inset shows the rate of decal(c")/d(log;ty), in

the range 0.2<t,<10r. The frequency dependence of the decay
log;o t. decay* and power-law decdy reported for rate is similar to thes %25 dependence reported for the decaybf
x"(ta,v) in spin glasseqd.For 8~0.25, Eq.(5) is essentially in a spin glasgRef. 14. However, we observe deviations from this
indistinguishable from a log t, decay for 0.x<t,<107.]  logarithmic decay both fot,<7 andt,> 7. (b) "(t,,»=2 Hz) at
However, by quenching to very low temperatures, so that wd40.9 K on a logo t, scale.(At this temperaturer>10° s.) The
can access the aging at relatively early times, we observéashed line in the figure is a guide to highlight the deviations from
dev|at|0ns from |Og decay and power-law decay, Cons|ster+pgar|thm|c behavior. The solid line through the data is a fit to Eq
with Eq. (5). ().

As an illustration of the similarity between the liquid and

spin-glass aging behaviors, Fig. (&L showse”(t,,v) for &"(ty, )|, = ALt; T+ g"e, )
several frequencies at 160.4 K on a g4, scale. The rate v T g
of decay,d(x")/d(log;ot,), for a spin glass was reported to
vary asf?'25-14 Fitting within the range 0.4<t,<107, we  As Fig. 12b) illustrates, the decay of”(t,,v)|, is consis-
find a similar frequency dependence for the decay’ofas  tent with a power law over an extended period during aging.
the inset to Fig. l(]a)ﬂ illustrates. [In terms of Eq.(5),  Equation(7) also provides a fair description of the final ap-
d(e")/d(logiota)=—Ae,Bl(elogio€) at ta=7. Thus, this  hroach to equilibrium, as Fig. 18 illustrates. (Fits to the
frequency dependence simply reflects the frequency depeyetched-exponential form, which benefits from one addi-
dence ofAs’, and B.] We stress again, however, that We (iona| free parameter, are superior in this regidfiowever,
observe deviations from logarithmic dec;ay, consistent Withjear deviations from a power-law decay are apparent during
Eq. (5), both fort,< andt,> 7. The deviations at large,  the early period of aging accessed at low temperature, as in
are apparent in Fig. 7. To illustrate the deviations at sigall Fig. 12a). At these aging times, the rate of decay of

we show in Fig. 1tb) &"(t,,»=2Hz) at 140.9 K on a &"(ty,v)|, on a lo : : . . .
. )|y g-log scale increases with aging time, in
log,o t, scale (At this temperaturer>1C® s.) The dashed cont?ast|to the behavior predicted by Ed).

line in the figure is a guide to highlight the deviations from . i
logarithmic behavior. The solid line through the data is a fit . we havg attempted to scalé(t,, v) at different frequgn
cies following a procedure suggested fgf(t,,») of spin

to Eq.(5). X : . ; A .

© Tg Eli)Jstrate the range of applicability of a power-law gla§§e§ in which .the d|ﬁerenc¢ in susceptibility frpm its
description toe”(t,,»)|,, we show in Fig. 12s"(t,,v eq_umbrlum value is sc_:aleq against, . (We note that in the
—=2Hz) on a log-log scale fofa T=140.9K, (b) T  SPI glasses the equilibrium spectra are not measured, and
=172.7 K, and(c) T=180.1 K. At these low, intermediate, consequently some freedom exists for choosing the sub-
and high temperatures we monitor the aging at relativelyracted values.Figure 13a) which displays an effort to scale
early, intermediate and late times, respectively. The solidhe data at 180.1 K, demonstrates that the scaling does not
lines in Figs 12a) and 1Zc), which are fits to a stretched Wwork for glycerol. Figure 1@) shows thewt, scaling ap-
exponential decayEq. (5)], again demonstrate its good plied toe”(t,,v) at a lower temperature, 162.8 K. Because
agreement to the data throughout the aging times we accesge do not knowe () at this temperature, we have chosen
The dotted lines in Figs. 1B) and 12c) are fits to a power- offsets, C(v), for each frequency to optimize the scaling.
law decay: However, even introducing this free parameter fails to pro-
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FIG. 13. The difference in susceptibility from its equilibrium
value,e”(t,,v)-eg{v), plotted vsut, for (a) 180.1 K andb) 162.8
K. For 162.8 Kagq(v) is not known; therefore, we choose values,
C(v), to optimize the overlap between frequencies. This scaling
procedure, proposed for spin glasses, does not work for glycerol.
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the liquid at 177.6 K for two days, decreasing the tempera-
ture to 170.2 K for two daysAT= —7.4), and then return-
FIG. 12. £"(t,,v=2Hz) on a log-log scale for quenches®  jng the temperature to 177.6 K(Figure 14 displays
T=140.9K, (b) T=172.7K, and(c) T=180.1K. At these low, .t ,,—2 Hz). However, the features are independent of
intermediate, and high temperatures we monitor the aging at relq"requency) The behavior of the liquid in these experiments
tively early, intermediate and late times, respectively. The Soudshows important qualitative differences with that observed
lines in_(a) a_nd (c) are fits to'a stretched exponential decay. Thefor the spin glasses. When the temperature of an aging spin
ggg:g ::ggs}rl]rg)i; gd;t%l%rﬁtfllitr?et(‘)‘;u%%wtir-tfgv e(:/?? y. The dash- glass is dropped, the susceptibility typically jumps suddenly
' to a large value and begins a rapid decay, as if the aging
. . . process were being restarted. This dramatic behavior con-
vide good chlmg(At this temperature, a lag ta dePe”' strasts with the drop in susceptibility and slow decay shown
dence apprommates.the aging well for the entire time Wey 170.2 K in Fig. 14, and for no value AfT have we found
record the dt_ecay. Smcg the slope f(t, , ) vs logi t% such a “restart of aging” in the susceptibility of the liquid.
decreases with increasing frequericee thg inset to Fig. (We have performed six such measurements all with an ini-
11(a)], we should not expect the data at this temperature 0l temperature of 177.6 K and WithAT=—2.5, —4.9
obey vt, scaling) Successfulvt, scaling of the transient ~7.4,-12.3,-17.2, and—27.0 K) ' '
response implies that, at sufficiently high frequency, the sus- Up,on retu,rning to the initial temperature, the liquid, like
ceptibility reaCheS its equilil_)rium Va“.Je arbitrarily rapidly. the spin glasses, has aged at the lower ten%perature Iéss than
This scenario appears Ya“d f(.)r spin glasses for Wh'C'h would have if the temperature had not been lowered, and
X'(ta,v) reaches equilibrium quickly at high frequerit}f one might attempt to define an effective tintg;, to char-
However, in glycerol we observe_ changes with aging time ina(:terize the degree of aging experienced at tﬁe lower tem-
8"(t3,7) up to v=10° Hz (our highest frequengythrough perature, as is done for the spin glas€eslowever, in the
out the measurement tinfe,>4x 10° s). From these obser- liquid the determination of.¢ is complicated by the shape of
vations we conclude that, in spite of the similarities hlgh-g,,(t ») with aging time following the return to the initial
Iighted by Figs. 1.1 anq 1.2' i.mportan'F qual_itative diﬁerence.stemSérature. For sufficiently smalT, &"(t5,v) increases
eX|sF between aging n liquids and in Spin gla;ses and, Mor a period immediately following the return to the initial
particular, thatut, scaling for the transient portion of the temperature before resuming its decrease, as the inset of Fig.
susceptibility is not appropriate for the aging spectra in lid-1 4 jjjystrates. This increase appears to be an example of the
uids. “memory effect” that one observes for a quenched liquid’s
2. Temperature jumps during aging bulk properties in _similar temperature jump experimetts.
: (A phenomenological explanation of this effect was a
Many of the insights in the study of spin glasses haveprincipal motivation for the development of the
come from monitoring the response pf(t,,v) during ag- Narayanaswamy-Moynihan modelTherefore, for these
ing to temperature chang@$® We have attempted the same studies of temperature jumps, we conclude that the salient
type of experiments on glycerol to compare its behavior withfeatures revealing the underlying physics of spin glasses are
that of the spin glasses. Figure 14 shows the result of agingot reproduced with the liquids.
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FIG. 15.&"(t,,v=2 Hz) after a quench from 180.1 to 160.4 K.
0.04 1 , .\.- . . Aging has commenced before our earliest measurement times,
0 1 2 3 4 5 6 which are approximately one tenth of the equilibrium relaxation
t_(10° seconds) time of the initial temperature. We observe no pre-aging effects
a

[i.e., changes in the decay rate or other featurgg passes through
FIG. 14. ¢"(t,,v=2 Hz) vst, during a measurement in which Te{ T=180.1 K)].
the temperature was held at 177.6 K for two days, decreased to
170.2 K for two days AT=—7.4), and then returned to 177.6 K.
The behavior of the liquid in these experiments shows 'mportamapproximately a factor of two smaller, independent of fre-

qualitative differences with that observed for the spin glasses. The
inset shows that, for sufficiently smallT, ¢"(t,,») demonstrates Guency (between 0.4 and 4000 Hzafter the quench from

the “memory effect,” increasing for a period immediately follow- 180.1 K than itis after a quench from the higher temperature.
ing its return to the initial temperature before resuming its decrease.

D. Quenches from low initial temperatures V. CONCLUSIONS

In a recent simulation study of aging in a Lennard-Jones N this frequency domain study of aging in a simple liquid
liquid, Kob and Barrdf analyzed the dependence on theWe have stressed comparisons with other techniques which
initial temperature of the aging behavior following a quench.monitor equilibration in liquids as well as with aging behav-
Monitoring the changes with, of the self-intermediate scat- 10F in spin glasses. These comparisons have not only pro-
tering function, they observed a period at eatjyin which vided information about the nc_methbnum dynamlcs but
the scattering function showed no change. Aging comhave also touched on the equilibrium properties of deeply
menced only ag, approached the equilibrium relaxation sypercc_)oled simple Iqu|d§. In_partlcular, the absence in the
time at theinitial temperature. They explained this “pre- dlelect_rlc response of a S|gn|f|c_ant u_ItrasIow component to
aging” period with the physically appealing idea that the the_ aging, such as thgt seen with stimulated Brllloum scat-
liquid requires on the order of one relaxation time to realizet€fing, places constraints on the source of this component
that the quench has created a nonequilibrium condition andince it does not appear to couple strongly to the dielectric
to respond structurally. suscept|b|llty. Al_so,_oqr effort to mgke d(_etaned comparisons

Following the quench procedure that we describe in Sed2€tween aging in liquids and that in spin glasses has high-
I1l, we are not able to access this pre-aging regime. For thesl@gh_ted both thg similarities betwgen their l?ehawors as well
quenchesT,, the temperature at which the sample falls @S important differences. The aging behavior easeems
from equilibrium, is effectively the initial temperature, and t0 fit well within the phenomenological framework of the
equilibrium relaxation times af, are approximately 100 s, Narayanaswamy-Moynihan model. Indeed, we see direct
much shorter than the 5000 s the experiment requires fd?hyswal manlfestan_on o_f an effecpve temp_eratL_Jre, like the
thermal equilibration. Therefore, to search for this pre-agindictive temperature in this model, in the aging-time depen-
regime' we have performed a quench to 160.4 K after equi“dence.Of the SpeCtral Shape. However, the failure of this
brating the sample at 180.1 K, where the equilibrium relax-2nalysis when extended to results from deeper quenches may
ation time is 6. 10* s. (We held the sample at 180.1 K for indicate its limitations. At these temperatures_two effective
14 days before the quengtrigure 15 shows the resulting tem_p_eratures seem necessary ;0 characterize the out-of-
decay.s”(t,,»=2 Hz). In contrast to the simulation, we ob- €duilibrium response, one describing the spectral shape and a
serve aging at our earliest measurement times, which af@Wer one describing its position. An understanding of this
approximately one tenth of the equilibrium relaxation time ofcontrasting dependence on quench depth, in particular the
the initial temperature. No change in the decay rate or othef€lative insensitivity of the initial spectral shape to quench
feature appears dg passes throughe, (180.1 K). depth,_shoul_d provide insight not only to the mechanisms

The behavior we observe is qualitatively identical to thatthat drive aging, but also to the nature of the spectral broad-
seen with the other quench proceddie., quenching from €Ning in equilibrated supercooled liquids.
aboveTy), and Eq.(5) accurately describes'(t,,v) at fixed
v. However, the magnitude and time scale of the decays of
g"(t,,v) at fixed v are different. Fits to Eq(5) give r=7
X 10° s for this quench from 180.1 Kaveraging over 0.4 to We gratefully acknowledge L. Cugliandolo, R. Deegan,
4000 H32, while its value following a quench from 206.2 K W. Kob, J. Kurchan, and R. MacPhail for valuable discus-
throughT, to this temperature is~1X 10° s. Also,Ae” is  sions. Funding was provided by NSF-DMR 94-10478.
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