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A detailed test of mode-coupling theory on all time scales: Time domain
studies of structural relaxation in a supercooled liquid
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The dynamics of supercooled salghenyl salicylate was measured in the time domain using
optical Kerr effect techniques. By combining several experimental setups, data spanning more than
six decades in amplitude and tinge- 100 fs to~1 us) were observed. The data have a complex
shape, ranging from high-frequency intramolecular oscillations at short times, to nearly exponential
relaxation at long times. As predicted by mode-coupling thé®tg€T), the data for some ranges of

time appear as power laws. The slowest power law, the von Schweidler power law, has an almost
constant exponent of-0.59 over the entire temperature range studé’—340 K. Above the

MCT T, (T>~1.17T4, whereT is the laboratory glass transition temperajuoe t>~1 ps, the
decays are shown to be in excellent agreement with the master curve predicted by ideal MCT when
higher order terms are included. However, the data do not display the plateau predicted by ideal
MCT. To discuss the data at all temperatures, the intermediate time scale portion of the data, 2
<t< 10 to 500 pgdepending on the temperatires modeled as a power law that falls between the
critical decay and the von Schweidler power law. This intermediate power law shows significant
temperature dependence with an exponent that decreases to a valud dfelowT.. Calculations

using extended MCT, for a full range of hopping times, demonstrate that the temperature
dependence of the intermediate time scale data near and bgloannot be explained by extended
MCT. © 2000 American Institute of Physid$50021-960600)50833-3

I. INTRODUCTION been laser-based time domain measurements in the ps-ns
418,19 ; i i

. region.® > Some neutron scattering experiments permit ac-

The study of the liquids as they supercool and approac%uisition of time domain data in the ps regiBhWhile the

the glass transition involves effects that span a very broa . . . . o . .
. . accessible time window is very limited, the spatial resolution
range of times. The enormous slowing down of the complete . )
. : . . f neutron scattering can provide data that are very useful for
structural relaxation with decreasing temperature is the mos

. . . . 22 . .
prominent feature of supercooled liquids. The slowing down_0mparison with the predictions of MCY-**In principle,

: . . . . . time domain and frequency domain experiments can yield
Is seen in magroscopic observables, like viscosind long the same informatioanowgver in racti?:e different as yects
time diffusion? as well as in microscopic properties, like ' Ly ’ P

density fluctuation§and rotational correlation timésSev- of the dél;amlcs can be emphasized by various
eral phenomenological theories deal with the reduction irfXperiments.

rates of processes in supercooled liguiddowever, dynam- ‘While supercooling and glass formation occur in a wide
ics in supercooled liquids cover such broad ranges of tim&ariety of materials, experimental investigations often focus

and amplitude that a full understanding remains an experi®" materials with simple structures. By selecting a molecule
mental and theoretical challenge. with relatively simple structure, contributions from intramo-
Mode coupling theoryMCT)®” has been applied to the lecular dynamics can be reduced or eliminated from the ex-
description of the dynamics in supercooled liquids. MCTPerimental observables. In this paper, we report a very de-
treats the broad range of time scales, from ps to the longeétiled time domain experimental study of sal@henyl
decay times associated with complete structural relaxatiorfalicylate using the heterodyne detected optical Kerr effect
Because it provides detailed quantitative predictions of théOKE) techniqué’*~?°Salol forms a moderately fragile glass
relaxation behavior of supercooled liquids, MCT has trig-(m~60)*" with the melting temperatur&,=318K and the
gered many recent experimenrits? Interest in short times glass transition temperatufig,=220 K. By combining sev-
(ps-ng or high frequencie$GHz-TH2) has been stimulated eral experimental setups, which are described in some detail
by MCT. However, only a few experimental methods exist,below, we can measure the impulse response function of the
e.g., dielectric spectroscopy*> and dynamic light polarizability—polarizability correlation function(orienta-
scattering:®>~*” which can cover a broad dynamic range. tional relaxation from tens of fs to severgks and longer.
Most of the experimental methods used to study fast dynamfhe measurements can be made over any desired range of
ics are frequency domain techniques, although there haumes with no gaps. In the experiments presented below, the
data span more then six decades in time and six decades in
dpermanent address: Institut fuer Physikalische Chemie, Johanne@mp"tUde' Salol has been the subject of a number of previ-
Gutenberg-UniversitaViainz, Welderweg 15, 55099 Mainz, Germany. ~ ous studies that have used a variety of experimental
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methods*® The OKE technique can be seen as a complemertion rate of 5 kHz with a center wavelength of 800 nm. By
to dynamic light scattering. However, as shown below, it isadjusting the grating pulse compressor, the pulse duration
possible to extract new information on the dynamics fromcould be varied from<70 fs to 2 ps. The shortest time scale
the time domain experiments. Preliminary results on salotata were recorded with the shortest pulses. For data out to
have been published earl#&?° 600 ps, the signal-to-noise ratio was improved by increasing
In the present paper, all of the features observed in théhe pulse duration. Increasing the pulse duration puts a fre-
data on various time scales are addressed, from Raman actigaency chirp on the pulse. However, for the nonresonant
intramolecular vibrations at very short times to the OKE experiment, a chirp does not change the data. For the
a-relaxation(structural relaxationat long times. The inter- slower dynamicst> 100 ps, a mode-locke@-switched cav-
mediate time scale dafa-1 ps to~1 n9 is the most inter- ity dumped Nd:YAG lase(1.06 um) with a pulse length of
esting. At the onset of the structural relaxatithe end of 90 ps and a repetition rate of 1 kHz was used. Probe pulses
the intermediate time regimethe von Schweidler power law were beam split off of the excitation pulse for measurements
is observed. This power law has an almost constant expao 12 ns. In the Ti:Sapphire system, the probe and pump
nent, b=0.59, over the entire temperature range studiegulses were the same color. In the Nd:YAG system, the
(247-340 K. At shorter times (<2 ps) somewhat above probe pulse was doubled to 532 nm. For12ns, the
T., the data are compatible with the critical decay proposedNd:YAG pump and a 10 mW 650 nm diode laser probe were
by ideal MCT. Above the MCTT; (T>~1.17T, whereT;  used. In all of the experiments, with the exception of certain
is the laboratory glass transition temperafufi t>~1ps,  very short time scale experiments, optical heterodyne detec-
the decays are shown to be in truly remarkable agreemetiion (OHD) of the optical Kerr effect(OKE) sighal was
with the master curve predicted by ideal MCT when higheremployed*2° by rotating the quarter-wave plate slightly and
order terms are included. However, in contrast to the predicteaving the input and output polarizers crossed. Compared to
tions of ideal MCT, complete structural relaxation occurs athomodyne detection, OHD detection provides better signal-
all temperatures, even whéln<T.. The plateau predicted to-noise ratios, and OHD detection yields a signal that is
by ideal MCT is not observed. To examine the data over thginear in the third-order dielectric susceptibility. The peak
full range of temperatures, the intermediate time scale porpu|se power was limited to avoid damaging the Samp|e and
tion of the data, 2:t<10 to 500 pgdepending on the tem- g assure that the homodyne component of the signal was
peraturg, is modeled as a power law that falls between thenegligible. For some very fast experiments, polarization se-
critical decay and the von Schweidler power law. This inter-jgctive transient grating OKETG-OKE)3? experiments were
mediate power law shows significant temperature depemerformed because they enable the purely electronic re-
dence with an exponent that decreases to a value -of sponse of the system to be eliminated from the sighal.
belowT,. Calculations using extended MCT, for a full range Data sets were taken on the three systems, Ti:Sapphire,
of hopping times, dem.onstr'ate that the temperature depefq:yAG with delayed probe, Nd:YAG with cw probe. The
dence of the intermediate time scale data, near and belotans taken over various time ranges always overlapped sub-
T, cannot be explained by extended MCT. stantially with the time range of the next slowest scan. The
extensive overlap of the scans permitted the data sets to be
IIl. EXPERIMENTAL PROCEDURES merged by adjusting only the relative amplitudes so the over-
The optical heterodyne detected optical Kerr effect exdap regions were coincident. Great care was taken to assure
periment is a type of nonresonant pump—probethat the different data sets were properly and unambiguously
measuremerft-?> The excitation pulse creates an optical an-merged. Sufficient data were accumulated so that the signal-
isotropy in the sample. Using short pulse§0 fs, the cor- to-noise ratios in the data overlap regions were excellent. In
responding large bandwidth is sufficient to excite an orientamany cases, it is not possible to discern in a fully merged
tionally anisotropic distribution of librations that add to the data set where the segments were combined.
thermally excited isotropic librational distribution. Damping Salol (phenyl-salicylate, see structure in Fig.\as ob-
of the librations leaves behind a residual orientational anisottained from Aldrich. The samples were purified by vacuum
ropy that decays by orientational relaxatfJri! If the pulse distillation into a 1 cm glass cuvette for the Nd:YAG laser
is longer, the bandwidth is too narrow to excite librations bysystem and it a 1 mmglass cuvette for the Ti:Sapphire
stimulated Raman scattering. However, an anisotropy develaser system. Temperature control was obtained using a con-
ops because the field skews the thermal orientational fluc- stant flow cryostat or closed cycle refrigerator with tempera-
tuations of molecules in the liquid. For either type of excita-ture stability of £0.1 K.
tion, the decay of the induced anisotropy is monitored with  Analysis of OHD-OKE data has been the subject of sev-
an additional probe pulse. By delaying the probe pulse optieral publications? In principle, by applying a deconvolution
cally, delay times up to 12 ns can be achieved. For longeprocedure the effect of the duration of the laser pulses can be
times a continuous wavéw) probe is utilized in conjunc- removed from the time dependence of the signal. However,
tion with a fast photomultiplier tube and fast digital sam- if the input pulses are significantly shorter than the observed
pling. response, which is the case in the experiments presented
Two different pump lasers were employed for the ex-here, the deconvolution procedure can be omitted.
periments. For the ultrafast dynamics, i.e., times from tens of The OHD-OKE signal is proportional to the third-order
fs to 600 ps, a laser system consisting of a regenerativelglielectric susceptibility> The contribution arising from mo-
amplified Ti:Sapphire oscillator produced pulses at a repetilecular motions, which is of interest here, reduces to the first-



J. Chem. Phys., Vol. 113, No. 9, 1 September 2000 Structural relaxation in a supercooled liquid 3725

10° o liquids. To investigate the effect of orientational degrees of
A O@ freedom, molecular dynamics simulations involving transla-
10 tional and orientational degrees of freedom have been
102k performed’®*! In general, the results of the simulations are
¢ consistent with MCT for both translational and orientational
2107 correlation functioné?! In the analysis presented below, we
10°F will assume that results derived for the density—density cor-
relation function can be applied to the polarizability—
107¢ polarizability correlation functior{orientational relaxation
10°k 257 K which underlies the OHD-OKE measurements.
B o Within the two-step relaxation scenario of ideal MCT,
10 107 10° 10" 10° 10° 10° 10° 10° two power laws are discussed when the theory is considered

t (ps) in first order. Near the ideal mode-coupling transition tem-
S . . .

p peratureT;, the long time tail of the very short time dynam-

FIG. 1. Optical heterodyne detected optical Kerr effect data on a log plot foiCS (3 regime is characterized, in first order, by the critical

the supercooled liquid salol at 257 K from 100 fs to @<l The inset shows decay Ia\/\P;7

the salol molecular structure. The shortest time data are the electronic re-

sponse followed by oscillations that arise from the excitation of intramo- 2 t\ -2

lecular vibrations. From-1 ps to~10 ns, the data consist of three regions, dq(t)= fg-l— | Nq et (2

the critical decay, an intermediate power law, and the von Schweidler power o

law. At the | t times, the data d i | tial. " -
aw ¢ fongest imes, the data decay Is nearl exponenta f¢ denotes the critical Debye—Waller facfﬁmq the critical

amplitude, and,=to| 0| ¥? a rescaling time determined by
¢ amicroscopic time¢,. The temperature dependence is intro-

order dielectric tensof® With the appropriate selection o :
duced byo=(T.—T)/T.. MCT predicts that the exponent,

polarization conditions, the imaginary part of the Fourier : oA
transform of the OHD-OKE signaf | oppoxe(t), is propor- & falls in the range &ca<0.395, and it is independent of the

tional to data obtained from depolarized light scattering,aCtual observable that is coupled to the density. The initial
n 36 decay of¢, from the plateau valuég is described in first

ALs: order by another power law, the von Schweidler law,
XUs* 1M FT{I oppoke(t)}- (1) b
A detailed comparison between OHD-OKE and high- qﬁq(t):fg—lolllthB(t—) , B>0. 3
resolution light-scattering data displayed excellent 7
agreement® The von Schweidler power law describes the onset of the
structural relaxation, which becomes an exponential or a
IIl. MODE-COUPLING THEORY stretched exponential at longer times.

One prediction of MCT is the relationship between the
The data presented below will be discussed using modewo power law exponenta andb,
coupling theory. We will first compare the data to ideal MCT ) 5
and show that the agreement is very good uftilis ap- _I"(A-a) I'(1+b)

proached from above. We will then examine whether the I'(l1-2a) - I'(1+2b)’
discrepancies between the data and ideal mode—coupligrs‘%g

4

theory can be explained with extended mode-couplin herel” denotes the gamma function. In the frequency do-

theory. In this section, we present the necessary equatio ain, the region Of |_n_ter,<,est 'S a minimum m_the imaginary
and terms required for the data analysis. part of the susceptibility”’(w), which is often fit to

b(w/wmin)a+ a( wlwmin)7b
atb

A. lIdeal mode-coupling theory

”n

X" (o) = Xmin

5
Ideal MCT for supercooled liquids predicts a two-step
relaxation process for the dynamics and an ideal kinetic glas§his expression contains both exponents. The temperature
transition that occurs at temperatufie,. While MCT deals  dependence of the minimunyy,,=x"(wmin), can be used to
directly with density fluctuations, many experimental meth-determine the critical temperaturd,.. The power laws
ods, e.g., dielectric spectroscdpyand dynamic light given in Egs.(2) and(3) are the leading terms of the power
scattering’® probe orientational relaxation. It is assumed thatlaw expansiorf§** of the beta correlatd which is the full
the time dependence of any correlation function that issolution to the kinetic equations arising in MCT. These equa-
coupled to the density is similar in nature to the density—tions are solved numerically. The power law expansions ap-
density correlation functiof! However, some differences in proximate the numerical solutions. More extended results of
experimental results from various experimental technique&leal MCT, including higher order ternté were used to de-
are observed. One reason for observed deviations could [seribe experimental data over larger ranges of time or
attributable to corrections to the asymptotic laws offrequency??264647Using the higher order terms, the behav-
MCT.?33° One important difference between molecular sys-ior between the limiting power laws given in Eqg8) and(3)
tems and simple liquid¢spheres is that the former have can be calculated with 1% accurayThe extended forms of
orientational degrees of freedom. MCT is derived for simpleEgs.(2) and(3) are, for timest <t<t,,
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Bq(H)=Fo+hgla VA (t/t,) 72— Aq(t/t,)? 10°
+Ay(t/t,) 38— Ag(t/t,) 53+ -], 6) 107F
and fort,<t<r,, 107 40K
bo(1) =TS+ hgl o] ¥4 — B(t/L,)P g10%f
+(By/B)(t/t,) P+---]. (7) 107} e
Taking the higher order terms in the expansion of e 10°¢
correlator into account, theoretical predictions can be com- 10°L
pared to experimental data over a wide time window. ;
B. Extended mode-coupling theory 1010'1 1|00 161 162 1I03 1I0“ 1I05 10°
One weakness of ideal MCT when applied to molecular t(ps)

liquids arises from th_e predicted temperature dependence @fs. 2. The OHD-OKE signal from salol is plotted vs time on a log plot for
the structural relaxation. At temperatur€s-T., structural all temperatures measured: 247, 250, 253, 257, 261, 255, 270, 280, 290,
relaxation leads to a final decay ¢f, to zero. In ideal MCT, 300, 310, 320, 330, and 340 Koottom to top. The data are scaled,

at T, there is a transition from ergodic to nonergodic behay- orpokelt=0)=1. At the shortest times, all of the data sets display the

. . . .__electronic response and intramolecular oscillations. The data sets have sub-
ior. Below T, ideal M(;T predicts that the System remains siantial temperature dependence.

with ¢q=fg ast—o, i.e., structural relaxation is incom-
plete. The deviations from the predictions of ideal MCT are
clearcut in molecular glass-forming systems in which struc-

tural relaxation is found at temperatureg<T<T,. Low-frequency internal molecular vibrations excited by

In extended MCT, an additional parametéris added to stimulated Raman scattering are seen as oscillations in the

the equation of motion that determines tj#ecorrelator, 5|g_nal up to~2 ps. Because of the log tlme_ axis, the oscil-
G(7),* lations appear more closely spaced as the time gets longer. In

a recent study on salol, some intramolecular degrees of free-
5 d [t , ) dom were identifietf that may account for the oscillations.
o+AG(t) - dt= ﬁfoe(t_t )G(t)dt". ®  The structure of the signal in this time regime is complex. In
addition to the oscillations, the signal decays over this pe-
dis associated with hopping processes that restore ergodicifysg. A more detailed analysis will be given below. Once the
below T, .**~*°In a similar context, Goldstein first discussed gscillations are damped, the subsequent decay of the signal
hopping process&as occurring at temperatures below the can be subdivided into different sections. Depending on the
point at which ordinary diffusive processes would ceasetemperature, one or more power law decays can be identi-
While the idea of the hopping process was connected Withieq. power law decays appear as straight lines on a log plot.
density fluctuations, it may also apply to orientational relax-Tphe final decays at long times have a stretched exponential
ation if the density and orientation are coupled. A detailed,, nearly exponential form with decay times increasing with
treatment of an extended MCT has been presefft@everal  gecreasing temperature. On the log plot shown in Fig. 1, the
derivations exis€~>°that give the same results for the inter- nearly exponential decay appears as the steep descent follow-
esting transition regime between critical decay and the VOlhg the more gradual decay at shorter times. All of the data
Schweidler regimé? sets have the same general form, but major feat(pewer
laws, final approximately exponential decayecur on dif-
ferent time scales depending on the temperature. Figure 2
IV. RESULTS AND DISCUSSION displays all 14 data sets. Data sets were collected from the
shortest times through the final, approximately exponential,
OHD-OKE data for salol was collected for 14 tempera-decay(not shown for the lowest temperatures
tures between 247 and 340 K. Figure 1 shows a typical dat
set taken at 257 K. The data are displayed with a log plo
because of the large ranges of amplitude and time spanned. Figure 3 displays the very short time portion of the data
Although the decay functions change significantly with tem-for several temperatures. The time axis is linear to make the
perature, some common features are clear and can be seerostillations and the decays more visible. The vertical axis is
Fig. 1. The initial decay is a composition of electronic andstill a log scale, which distorts the appearance of the oscilla-
nuclear contributiond>°’ Because of the short pulsés70  tions. The oscillations excited by stimulated Raman scatter-
fs) used for the earliest portion of the data, the electronic paring are almost temperature independent in both frequency
of the OHD-OKE signal does not contribute to the signal forand amplitude, strongly suggesting that these oscillations
t>300fs. Measurements at shorter times using polarizatioarise from excitation of low-frequency internal vibrational
selective TG-OKE experiments,which eliminate the elec- modes of salol. The underlying decay becomes more pro-
tronic contribution to the signal, were used to measure th@ounced at lower temperatures. The inset in Fig. 3 shows
decays fot <300 fs and confirm that the OHD-OKE data are salol data taken at 241.4 K with a polarization selective TG-
free of an electronic contribution fae>300 fs23 OKE experiment to separate electronic and nuclear contribu-

. Fast oscillations
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FIG. 4. The intermediate time portion of the data frert ps to~10 ns for

FIG. 3. The short time portions of several data 269, 257, 270, 290, 320, several temperatures: 247, 250, 253, 257, 261, 266, 270, 280, and 290 K
and 340 K, bottom to topon a semi-log plot. Oscillations from intramo- (Pottom to top. The data are scaletlorpoke(t=0)=1. The data appear to
lecular vibrationg5.7 and 4.8 THg contribute to the OHD-OKE signal up be a power law at mtermedlat'e tlmes._Thls can be seen most 'clearly in the
to ~2 ps. The frequency and amplitude of the oscillations are essentiallyf =247 K data, where the intermediate power law span~ig@<ts<
temperature independent, but the underlying decay is temperature deper-500 ps. The dashed line is a plotof* as an aid to the eye.

dent. The inset shows data taken at 241.4 K using polarization selective

transient grating optical Kerr effect experiments. The choice of polarizations

permits the separation of the electro@ and nucleakn) contributions to B. The intermediate time scale data

the overall signal. The time axis for the inset is the same as for the main . . o
figure. Figure 4 displays some of the data shown in Fig. 2 but

on an expanded time scale to emphasize the intermediate
time regime. Also shown in Fig. 4 is a plot of* (dashed
tions to the signal® While the OHD-OKE experiment gives line) as an aid to the eye. At times just prior to the stretched
a signal linear in the induced polarization, the TG-OKE ex-exponential(long time portion of the decay, all of the de-
periment produces a signal proportional to the absolute valueays display a power law behavior. This power law, the von
squared of the polarization. The time axis is the same as i&chweidler region in the MCT, can be seen in Fig. 4 most
the main figure. The electronic sign@) reflects the pulse clearly in the intermediate temperature data. At short times,
shape. The shift of the nuclear signal from the electronid <2 ps, another power law is observed. This can be seen
signal is real and arises because of the time required fomost clearly in the low-temperature curves in Fig. 4, al-
orientational displacement to occur following the impulsivethough the small range over which this power law can be
excitation of the sample. The inset demonstrates that data distinguished from the shortest time scale part of the signal
longer times are not influenced by the electronic contributiormakes direct analysis difficu(see below. In addition to the
to the signal. short time critical decayattributed to the fasj3 process
The oscillations can be decomposed into two compopower law and the long time von Schweidler power law, we
nents, which differ in frequency, amplitude, and decay timeobserve a substantial region between these that has the ap-
The corresponding values obtained by a fitting procedure arpearance of a power law, which will be referred to as the
shown in Table I. The data were fit to two exponentially intermediate power law. The intermediate power law can be
damped sinusoids and an additional slowly decayingseen most clearly in Fig. 4 in the low-temperature curves. At
stretched exponential. The stretched exponential was usé&#t7 K, it extends front>2 up to~500 ps. Comparison of
only to model the underlying decay in the fit to the oscilla- this curve to the ™! line shows that the data aret ™.
tions. It was not used in the subsequent MCT data analysis. To analyze the power laws quantitatively, several proce-
The two frequencies are 5.7 TH290 cm'}) and 4.8 THz  dures were employed. The derivativedog | oppoxe/d logt,
(160 cmi'Y). The high frequencies indicate that the oscilla- of the salol data were plotted. A power law decay results in
tions arise from intramolecular modes. To confirm that thea horizontal line, and the exponent is §haxis intercept. We
oscillations are intramolecular, experiments were performedised this procedure to test if power laws are present. Noise in
in a solution of 5 mol% salol in CGlat room temperature. the original data is amplified by taking the derivative; there-
The same oscillations were found, verifying that the oscilla-fore, the procedure could only be used o253 K. Two
tions are from intramolecular vibrations of salol. different power law regimes were clearly revealed. The ex-
ponent of the fast one changes with temperature. The expo-
nent of the slower one remains almost constant over the en-
TABLE I. The initial oscillatory part of the OKE signal can be decomposed tire temperature regime_
in two components that differ in frequency, amplitude, and decay time. For a quantitative analysis, the.poxe data were fit to
several power laws. The OHD-OKE experiment measures

Relative

amplitude Frequency Decay time the impulse response function. The impulse response func-
1 (25:5% (5.7:0.) THz (21203 ps t!on is the time derivative of the associated correlation fu_nc-
5 (75+5)% (4.8+0.1) THz (2.6+0.3 ps tion. To compare to exponents calculated for the density—

density correlation function with MCT, the following
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08l . pulses. These pulses are too long to excite the internal vibra-
tions. The data taken with the longer pulses had no oscilla-
o 0.6, 2 LA S S tions and agreed perfectly with the short pulse decays that
o4l * :0.59 had the oscillations removed by the Fourier transform
' , . s , , method.

* b As will be discussed subsequently, the slope of the data

s OF ., changes at-2 ps. Breaking the time dependence into regions
05L o a=031 represented by power laws is a first-order description of the
——oi‘.—.’ data. The data will be reconsidered including higher order

' e : : terms in ideal MCT. However, obtaining the power law ex-

04l . c ponents for the critical decaffast 8 proces$ and the von

. Schweidler decay provides insight into the temperature-
wr 027 . Se dependent behavior of the system. The time range available

0.0, to determine the critical decay exponent is very limited, 1
260 280 300 320 340 <t<2 ps. While it is somewhat arbitrary, we have chosen a
T (K) power law to characterize the data in this range so that we

_ _ can compare with quantitative predictions of MCT close to
FIG. 5. The power law exponentg, found in the experimental data are the MCT t itio temperature. T (For alol
converted tdo=1+x anda=—1-X, wherea andb are given in Eqs(2) 16 58“}?5' ion . p_ r _l_Jr 1ice 5 T
and (3), and the relationship between them is given in &j. In addition, T.=257K;>>**" there is a significant error bar on this
the intermediate power law exponentds-1+x. (a) The slowest power value) Figure gb) displays the exponerd [Eq. (2)]. The
law, the von Schweidler power law, can be measured over the entire temyg| e is temperature dependent particularly be1le It is
perature regime with an almost constant value of the expdmer@t59. (b) oteworthv that forT.<T<T.+ 16 K. we find an exponent
The fastest power law, attributed to the critical decay, has a value of thé1 29 y . Soc¢ c ! p .
exponenta=0.3 near the mode-coupling theofy in accord with Eq.(4). a~0.3" which is in accord withb=0.59 and\=0.73 via
Below T, the exponena is highly temperature dependent. Well abdyg Eqg. (4). Below T., a is highly temperature dependent and
it also appears to be temperature dependent, but its value is difficult tgnhcreases to 1.3 at 247 K. At temperatures well abbyea
measure at higher temperatures.The intermediate power law exponeét, s . .
A value of é&=0 corresponds to an experimental intermediate power law off’ipp_ears to decrease with |ncrea5|hg tgmperature, butits value
~t~1 (see Fig. 4 is difficult to measure accurately in this temperature range.
Between the critical decay and von Schweidler power
laws, there is a significant range of the data that has the
pearance of another power law, the intermediate power
aw. At 290 K, the experimental value of the intermediate
power law exponent is-—0.6, and the exponent becomes
mental data are converted to the parameters used in the c [ogresswely'more negative as the temperature decreases.
hile at the high temperatures, separating the components of

relation functions vidb=1+x anda= —1—x, wherea and the d i< difficult. at | " i the three diff
b are given in Eqs(2) and(3), and their relationship is given € decays IS difficult, at lower temperatures the three ditter-
ent power laws can be distinguished readily. As can be seen

in Eqg. (4). At the highest temperatures, only the von,

Schweidler power law can be clearly identified; at lower" Fig. 4, _the_|ntermed|ate power law exponent~s-1 at
temperature T<290K, the exponents of all three power 247 K, which is belowT ;. The crossover from the fast decay

laws can be determined. ;[jo trle m(tjelrme(tmztzfgwer l.?;:v is almost te;nperz;gurg |tndepen—
Figure Fa) displays the exponents for the von d_er: :;m th OC? € pls. (;.;:trofssoverb rotmlo N mtegg]g;(
Schweidler power law. Within experimental errbrjs tem- ate to the Slow power law Shifts from abou psa

perature independent. Its value, obtained by averaging ovéP ~500'ps at 247 K. The tempe'rature dependence of the
all temperatures, i9=0.59, which is in accord with light- intermediate power law exponent is shown in Fi(r)&s £

scattering experiment§.From Eq.(4), this value ofo gives 1+x, wherex is the experimentally measured exponent.
N=0.73. &=~0 corresponds to an observed exponent-ofl.

To analyze the contributions from relaxation to the
OHD-OKE signal at short time$<2 ps, it was necessary to
remove the oscillations in the data. To do this, the data wersms
Fourier transformed into the frequency domain, and the re- In the previous section, the data were discussed in terms
sulting frequency domain data were numerically filtered us-of three power laws, the critical decay at short time, the von
ing a Gaussian shape for the peaks occurring at the frequeSchweidler decay at longer times, and the region between
cies of the oscillations. The filtered data were back Fouriethese two power laws, which was modeled as the intermedi-
transformed. This procedure worked well fioe 1 ps, but at  ate power law. The intermediate power law spans a broader
shorter times, some oscillatory components remained. Weange of times as the temperature is decreased, and it is
therefore restrict our data analysis to timesl ps. To as- ~t~! below T, (see Figs. 4 and)5To examine the time
sure that removing the oscillations from the signal has naange covering the critical decay through the von Schweidler
affect on the remaining relaxation curve, several experimentdecay quantitatively, it is necessary to go beyond first order
at one temperature were performed with significantly longein the description of ideal MCT. The critical decay power
pulse lengths. The additional data were taken with 160 fdaw and the von Schweidler power ld#qgs.(2) and(3)] are

identifications are made. We associate the fast and the slo
power laws with the critical decay and the von Schweidler
decay, respectively. The exponents,found in the experi-

C. Comparison to ideal MCT including higher order
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10000 e agreement. Abové& ., the shape of the master curve shows
Ty outstanding agreement with the data over the full range of
e ! times. The ability of ideal mode-coupling theory to repro-
1000 - g 08 duce the functional form of the data is remarkable.
5 06 In addition to the temperature-dependent shapes of the
100 | s master curves, ideal MCT also predicts the temperature de-
oz pendence of, andc,, the amplitude of the curves. The
o 20 T were obtained from the comparison of the calculated master
101 curves to the data. The, were obtained in the following

T(K)

manner. Around =0, the OHD-OKE signal is completely
dominated by the electronic response of the system. There-
fore, the size of the=0 peak can be used to normalize the
data at each temperature even though the instrumental set-

—
T

signal and calculations (arb. units)

01 tings may change from one temperature to anothgers the
amplitude Of thel OHD-OKE(t:t(I) 'tg. Scaled byl OHD-OKE(t
0.01 | =0).
' MCT predicts that the quantitie§ ** andc? should de-
¢ pend linearly onT. The intersections of these lines with the
1E-3 ¢+ abscissa isT;, the mode-coupling transition temperature.

10 100 1 1¢¢ 100 10° 40P The inset in Fig. 6 displays the so-called rectification dia-
—2a 2 H
t (ps) grams, wherd ““ andc? are plotted vs temperaturé is
taken to be 0.32 in accord witk=0.73. Since the values of
FIG. 6. The salol data compared to the master curve calculai®msr-  ¢2 are relative, they were scaled to use the same vertical axis

relato, Egs.(6) and (7), predicted by ideal mode-coupling theory using —2a . P .
A=0.73 from Eq.(4) for b=0.59. The curves are for temperatufésp to f’ﬂta .tO make possible a direct comparison. AS_Can be S?en
bottom) 247, 250, 253, 257, 261, 266, 270, 280, 290, 300, 310, 320, 330in the inset, both types of data fall on the same line and give

and 340 K. For temperatures abolg, the agreement between the predic- a value ofT.= 252 K with an error bar estimated to ket K.
tions of ideal MCT and the data is remarkable. The inset displays the SOThis value is consistent with previous estimatesTgfthat

called rectification diagrams. MCT predicts that the quantitje§ andc?, 465859, .
wherec, is the amplitude of the data, should depend linearlyToand the ~ average to 257 with an error of approximately-6

intersection of the lines with the abscissa gives. Both types of data K. (As discussed below, the rectification diagram for

display the predicted dependence and give 252 K. BelowT,, the time- givesTcz 255K.) The fact that the,, data and the,, data as

dependent data do not have the shape of the master curve. 7 .7 .
well as the master curve data obey the predictions of ideal
MCT is truly noteworthy. Whilet,, was varied to obtain the

the leading terms of Eqg6) and (7). A quantitative com- calculated master curves, the resulting values,afbey the

parison between the data and ideal MCT can be performelflCT predictions.
by solving the MCT equation of motion to obtain the beta ~ However, close to and beloW, it can be seen that the
correlatof® either numerically or by using power law expan- master curve data in Fig. 6 do not have the same form as the
sions with the appropriate coefficiedts** Here we employ calculated master curves, even with the adjustmert,,of
the power law expansions given in E¢§) and (7). Furthermore, in ideal MCT, a$. is approached, the time

Equationg6) and(7) combine to provide a master curve. scalingt, goes to infinity. Ideal MCT predicts an ergodic to
OnceA is obtained from experiment, all of the coefficients in nonergodic transition af.. The data should plateau
Egs.(6) and (7) are knowr{** There are no adjustable pa- — ), and complete structural relaxation should cease. at
rameters in Egs(6) and (7). Equation(6) goes over to Eq. These predictions are not in accord with the data.
(7) att,, and the time axis is scaled byt 1/ At sufficientl_y While the ideal MCT master curve does a very good job
long time, the master curve goes over to a form that is apyf describing the data abov,, it cannot describe the data
proximately a stretched exponential with time constapt oo T_. As pointed out above, the data between the criti-
ocl.“' ! W'.th y=(1/2a)+(1/3)). Thg long time, e relax- cal decay and the von Schweidler decay have the appearance
ation, portions of the data will be discussed below. .

of a power law with a temperature-dependent exponent. Be-

Figure 6 displays the salol data compared to the master . . . -
curve calculations. The curves have been offset on the verﬁ-OW Te, ideal MCT predicts a plateau following the critical

cal axis for clarity of presentation. The amplitudes of thedecay . )

curves are discussed below. The long time sealgortions The lmpulse response fupctlon, measgred by.the. OHD-
of the calculations have been omittézke Fig. 10 To de- OKE experiments, is proportional to the time derivative of
termine\, we use the experimental value of the exportent the correlation function. Since we observe a functional form
since it could be determined with more accuracy than thdhat has the appearance of a power law decay in what should
exponenta. For b=0.59, from Eq.(4), A=0.73. The tabu- be the plateau region, instead of describing the plateau by a
lated expansion coefficiefifswere used; onlyt, (discussed —constant, we will employ a heuristic model for the purposes
below) was adjusted for each temperature to obtain a besif discussion, i.e.,
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FIG. 7. The correlation function expone&t{Eq. (9)] of the intermediate .

power law data is plotted versus a reduced temperature for two samplds G- 8- Experimental data at 247 K and extended MCT calculatiéios

salol (@) (T,=257 K) and ortho-terphenyt) (T,=290K). (Refs. 26 and  (8)] with A=0.72 for three casesa) =0, no hopping(dotted ling, (b) &

60). Within experimental error, the two liquids have the identical tempera-> 1, substantial hoppinglashed ling and(c) 6<1, relatively little hopping

ture dependences ¢f Slightly below the literature value df,, £&~0, which (dashed-dotted line Many calculations were performed that cover a wide
corresponds to a power lawt ! in the data(see Fig. 4 From Eq.(9), £~0 range of parameters. All calculations produce curves that fall between those
implies that the correlation function is approximately a plateau. shown. The calculations show that extended MCT cannot account for the

shape of}he experimental data beldw. The impulse response function for
case(c) (6<1) shows an additional feature following the critical decay; the
t\€
2= =1 .
te
t; is a rescaling time. In this heuristic description, for

relaxation first slows down and then speeds up again at longer times. A
9) typical example is plotted in the inset with=10". The vertical position of
the plateau, which appears after the downward bend, depends on the value
of é.

<T,, the ideal MCT plateau would correspond&s0, and

— fC H 5 ~
e e the experinentl a1 ot n, () T=T., 51 Cashed Ik and 0 T
decay as-t-L ' ' 9 <T., 6<1 (dashed-dotted lineThe 6> 1 case has substan-
Y ) tial hopping(large o) with a smallo, i.e., T is nearT.. The

As shown in Fig. &), the exponent,, progresses : .
smoothly to~0 as the temperature is decreased. This beha\é <1 case hagless than a certain va.IL(eeIatlver smalld)
nd T well below T.. Many calculations were performed

ior does not seem to be peculiar to salol. In Fig. 7 theah q id stand o. The th
temperature-dependent exponeigtgre plotted for salol and that spanned a wide range olando. 1 e three cases pre-
ortho-terphenyl T,=290K) versus a reduced temperature sented here represent limiting situations and all the other
Cc . .
(The full details of the experiments on ortho-terphenyl will calculations produce curves that fall between thos'e shown
be published subsequenff). Within experimental error, the here. The shape of the curves calculatedderl are iden-
two liquids display identical temperature dependences. Fdical for all temperatures above and beldw. As discussed
T>T,, £0. ¢ decreases with temperature, and belby in the previous section, the experimental data are well de-
becomes~0. ¢&=0 in Eq.(9) corresponds to an almost con- SCribed by ideal MCT abové, with A=0.73.

stant correlation functiofthe “plateau” region between the The transition region between the critical decay and the
critical decay and the von Schweidler regime. von Schweidler decay corresponds in the frequency domain

to the minimum in the susceptibility”’(w). In the experi-
i ments, this region is becoming broader as the temperature
D. Extended MCT analysis decreases. The “intermediate power law” has a wider time
In ideal MCT, structural relaxation occurs only above span as the temperature is lowered. In contrast, extended
T.. The parameter,\, determines the shape of the MCT predicts the opposite behavior; the transition becomes
B-relaxation function via the power law exponeats&ind b. sharper with decreasing temperature. The impulse response
A change in temperature shifts the time scale of thefunction(time derivative of the correlation functipffor case
B-relaxation function but does not affect its shape. In ex-(c) (§<1) shows an additional feature in the transition re-
tended MCT[Eg. (8)], the additional hopping parametef, gime, i.e., where in ideal MCT the crossover from the critical
affects the shape of the relaxation functffnin extended decay to the von Schweidler decay occurs. Following the
MCT, the shape of the time-dependent function is detereritical decay, the relaxation first slows down and then
mined by three parameters(T), \, andé. ando can be  speeds up again at longer times. A typical example for case
combined witht, to give 6=t,6/0, reflecting the scaling (c) is plotted in the inset of Fig. 8 witld= 108, While in
behavior of Eq(8). Then,s and\ determine the shape of the case(b), 6>1 is sufficient to determine the shape of the
B-relaxation functions=0 corresponds to ideal MCT. decay, in caséc), the vertical position of the plateau, which
Figure 8 compares experimental data taken below appears after the downward bend, depends on the valée of
with extended MCT calculatiorfs. The calculations were As 5 becomes smaller, the location of the plateau is lowered.
performed with\=0.73 for three caseda) T>T., §=0  Atlonger times, not shown in the inset, the curve turns down

P(1)=1¢
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Figure 9 contains the calculated curve based on the pre-
diction of ideal MCT, i.e.,

To*| |77, (12)
with
1 1
Y=z 55" (12)

Usingb=0.59(see Fig. $and the corresponding value af
v=2.4. The inset displays the rectification diagram fqr.
, , ‘ , Extrapolatingr;”V linearly to the intersection with the ab-
260 280 300 320 340 scissa yieldsT ;=255 K. This value is within experimental
T(K) error of the value determined fggr;wg the inset of Fig. 6 and of
FIG. 9. The !ong time decay timga (filled circlgS) _anql additional dgta ;[Z;C\jla(lﬂ?jegsegl?étigeplrs\if:ﬂ?aln b-g(]ji/ Igf aeMﬁC;E;;Z:S# i
reported previouslyRef. 29 (open circles The solid line is calculated with
ideal MCT using Eqs(11) and (12) with T,=255 K. The inset shows the 1.= 255 K does an excellent job of reproducing the data with
rectification diagram for, , i.e., 7, vs Twith y=2.4. Extrapolating,*  no adjustable parameters down~dl.. Clearly, the predic-
to the intersection of the line with the abscissa gi¥es 255 K. tion of ideal MCT of vanishing structural relaxation®t, a
temperature well above the laboratofy, is not fulfilled.
Below T, the a-process continues to slow, as can be seen in
again, becoming a power law decay dominated by the hopFig. 9. Nonetheless, aboVig , ideal MCT does a notable job
ping process. In the frequency domain, the downward bendf describing the data. With a single value of the von
to an almost vertical decay corresponds to the so-calle&chweidler power law exponeht obtained from the experi-
“knee.” (It should be noted that in recent light-scattering mental datgFig. 5), ideal MCT is able to reproduce the data
experiments, the knee, which had been reported previouslyhrough the predictions of the short through intermediate
was not observed, and its previous reports were attributed tdme scale master curvéFig. 6) and the long time decay
an artifact in earlier experimenté:%9 parameters, , from ~1 ps tous.

The calculations in Fig. 8 show that extended MCT can-  The OHD-OKE experiments measure the time derivative
not account for the shape of the experimental data b&lpw  of the polarizability—polarizability correlation functiofori-
Independent of the choice @, the decays calculated with entational relaxation MCT describes the density—density
extended MCT fall too quickly. In fact, the curve that comescorrelation function. The agreement between the predictions
closest to the data is fa8=0, i.e., ideal MCT, which does ©of MCT and the data supports the assumption that the behav-
not apply belowT,. As shown in Fig. 7, for both salol and ior of these two correlation functions is closely related.
ortho-terphenyl, there is a smooth progression of the data
from well aboveT, to belowT.. Ideal MCT does an excel- F. The boson peak

lent job of describing the data aboVe. Extended MCT is . . . .
. : A feature that is observed in many scattering experi-
not able to reproduce the data at and belgwusing either a ST
small or large hopping parameter. Clearly, extended MCT isments on sgpercooled liquids is rgferred to as the boso_n
' ’ eak®®®8This feature also appears in the present data, but it

in accord with the data in the sense that it eliminates th : .
lateau predicted by ideal MCT. It is possible that antan be seen more readily by a frequency domain representa-
P ' tion of the susceptibilityy”(v), shown in Fig. 10. The oscil-

alternative extension of MCT with some type of hopping lations in the time domain data at very short times, arising

could account for the data. from the intramolecular vibrationg-igs. 1—3, are visible in
Fig. 10 as two peaks at 4.8 and 5.7 THz. Two features domi-
E. Structural relaxation nate the frequency domain data at lower frequencies. The
microscopic peak, to which the data are normalized, shows

The portions of the experimental relaxation curves withsjgnificant temperature dependence. It shifts from5 THz

the strongest temperature dependences are at the 10ng@gt340 K to~1.9 THz at 247 K. The inset shows the peak
times (see Figs. 1 and)2The long time component of the position as a function of temperature.

L

decays corresponds to the structural relaxatie/process At ~0.5 THz, an enhancement in the susceptibility can

Figure 9 displays the decay times,, obtained by fitting the  pe found, which is attributed to the boson p&2i€®in spe-

data at long times 8 cific heat measurements, the boson peak shows up as an
foctP exp(—t/7,). (10)  excess contributiof? Several explanations for the boson

_ _ _peak have been propos&4:’? however, a consensus about
Also plotted are the decay times from long time data previs;g microscopic origin is still missing.

ously obtained on saléf The decay times have the tempera-

ture dependence typlpal of fragile supercooleq liquids. Thev_ CONCLUDING REMARKS

decay slows substantially as the temperature is reduced, go-

ing from ~100 ps at the highest temperature to sevegaht In this paper, detailed time domain experiments have
the lowest temperature. been used to study the dynamics in the supercooled liquid,
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mediate power law, which abovk, is a portion of the mas-

ter curve, goes as-t~ ! below T.. The optical Kerr effect
experiment measures the impulse response function, which is
the derivative of the polarizability—polarizability correlation
function. In essence, the experiment measures orientational
relaxation in the same manner as light scattering does in the
frequency domain. MCT describes the density—density cor-
relation function. Because density and orientational fluctua-
tions are intimately connected, it is assumed that the predic-
tions of MCT also apply to the orientational correlation
function. The excellent agreement between the data and ideal
MCT aboveT. is an indication that this assumption is cor-

v (THz) L rect. Following the critical decay, ideal MCT predicts that

, _ _ ~the correlation function will be a plateau®¢, i.e., complete

FIG. 10. Data from Fig. 2 are shown in the frequency domain for high sfructural relaxation will not occur. It is interesting to note
frequencies. The intramolecular vibrational frequencies appear as peaks ; . . .
5.7 and 4.8 THz and are temperature independent. The data are normalizEaat if the correlation function is a power IaW_ W't_h exponent
at the maximum of the microscopic peak, which shifts frert.5 THz at ~ ~O0 rather than a plateau, then the time derivative will be a
340 K to ~1.9 THz at 247 K(see inset At lower frequencies, the boson power law with exponent-—1, as observed. The intermedi-
peak shows up as an enhancement in the susceptibility around 0.5 THz. ate power law is a useful phenomenological description be-
cause it permits the data to be described in a consistent man-

r above and beloW, . Figure 7 shows that the behavior of
the intermediate power law is the same in salol and ortho-
terphenyl.

Extended mode-coupling theory was developed to ac-

count for the structural relaxation that is observed in super-

1.0

y"(v) (arb. units)
o
13

salol. The experiments employed optical heterodyne detect
optical Kerr effect and transient grating optical Kerr mea-
surements, which were able to span a time range frcti0

fs to ~1 us. The experiments were conducted from 340 K,

well above the mode-coupling theoil, down to 247 K, led liquids below.. d he ition. A h
belowT.. At the shortest times, high-frequency oscillations €00'€d 11qulds DEloW ;. down to the glass transition. op-

are observed to arise from intramolecular vibrations of salolP'"9 mechanism is added t(.) the_: equations of motion of ideal
At longer times, the data have the appearance of three pow CT. However, as shown in Fig. 8, extended_MCT cannot
laws. The power law on the shortest time scale is the criticafeProduce the experimentally observed .funct|onal fom.‘ of
decay(fast 8 process The power law on the longest time the data belowl .. Regardless of the choice of the hopping

scale is the von Schweidler decay. Between these is a regi(f?f"ramet?r’ extended MCT predlct_§ decays that are too steep

that increases in time scale from 10 ps at 340 K to 500 ps d the' time range from the critical decay to the von

247 K (see Fig. 4, which we call the intermediate power Schweidler power law. ) , )

law. At times longer than the von Schweidler power law, the The_ experlments_pre_sented in this pap_er_prowde a de-

data decay almost exponentially. The long time decay is théa"?d view of dynamics in a gupercooled "q‘!'d- The com-

a-process, i.e., complete orientational relaxation. parnsons tq theory show that ideal MCT provides an exce_:l-
The experimental data are compared to the predictions dfNt description of the temperature-dependent dynamics

ideal mode-coupling theory and extended mode-couplingﬂboveTC’ but extended MCT is not yet able to capture the

theory. For temperatures aboVg, ideal MCT does a truly ature of the dynamics at or belol.

remarkable job of describing the data. Using the experimen-
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