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This paper presents and discusses the temperature and frequency dependence of the longitudinal and
shear viscoelastic response at MHz and GHz frequencies of the intermediate glass former glycerol
and the fragile glass former tetramethyl-tetraphenyl-trisiloxane (DC704). Measurements were per-
formed using the recently developed time-domain Brillouin scattering technique, in which acoustic
waves are generated optically, propagated through nm thin liquid layers of different thicknesses, and
detected optically after transmission into a transparent detection substrate. This allows for a deter-
mination of the frequency dependence of the speed of sound and the sound-wave attenuation. When
the data are converted into mechanical moduli, a linear relationship between longitudinal and shear
acoustic moduli is revealed, which is consistent with the generalized Cauchy relation. In glycerol,
the temperature dependence of the shear acoustic relaxation time agrees well with literature data for
dielectric measurements. In DC704, combining the new data with data from measurements obtained
previously by piezo-ceramic transducers yields figures showing the longitudinal and shear sound
velocities at frequencies from mHz to GHz over an extended range of temperatures. The shoving
model’s prediction for the relaxation time’s temperature dependence is fairly well obeyed for both
liquids as demonstrated from a plot with no adjustable parameters. Finally, we show that for both
liquids the instantaneous shear modulus follows an exponential temperature dependence to a good
approximation, as predicted by Granato’s interstitialcy model. © 2013 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4789948]

. INTRODUCTION

The possibility of shear-wave propagation in liquids un-
der specific conditions is well known."> At low frequen-
cies, shear waves cannot propagate due to viscous damp-
ing, however at sufficiently high frequencies, any liquid
becomes solidlike and allows for shear-wave propagation, al-
though they are generally highly damped. The characteris-
tic frequency separating the two regimes is given in terms
of the Maxwell relaxation time T, as 1/ty,, which we may
represent in terms of the (DC) shear viscosity 1 and the in-
stantaneous shear modulus G, as 7y, = r]/Goo.2 For ordinary
low-viscosity liquids like ambient water, 7, is on the order pi-
coseconds, but for deeply supercooled liquids 7, may be sec-
onds, hours, or even longe:r.3’4 Atlow frequencies (wty <K 1),
the shear stress is proportional to the shear rate. However, at
high frequencies (w7 > 1), the shear stress is proportional
to the strain as for any solid.

When a liquid is cooled below its freezing tempera-
ture such that it avoids crystallization, its viscosity increases
dramatically.>>> Consequently, the Maxwell relaxation time
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increases — roughly following the viscosity — and the char-
acteristic frequency for onset of solidlike behavior decreases
rapidly. The dynamics of the supercooled liquid state and of
the glass transition, at which the liquid over a narrow temper-
ature range falls out of equilibrium and freezes into a disor-
dered solid, have been studied intensely for many years. In
spite of these efforts, there is no agreement about what causes
the dramatic slowing down, which in extreme cases can be as
large as a factor of ten or more of the relaxation time for a tem-
perature decrease of 1%. The most reliable data for the relax-
ation time’s temperature dependence are from dielectric spec-
troscopy. There are only a handful of measurements on the
mechanical properties of supercooled liquids (shear as well
as longitudinal), which reflects the difficulty in obtaining data
of suitable quality.® This is an important — indeed urgent — is-
sue as mechanical properties define the constituting properties
of liquids and solids, as well as the difference between these
two phases of condensed matter.

On slow time scales, dynamic mechanical analysis,6*7
and sonic or related measurement methods can be used to
obtain data for a liquid’s mechanical properties. Faster re-
sponses at MHz frequencies are accessible by ultrasonics” and
impulsive stimulated thermal and Brillouin scattering (ISTS
or ISBS, respectively).®'? Finally, the low GHz range may

© 2013 American Institute of Physics
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be accessed by spontaneous Brillouin scattering (BLS).!? Re-
cent work in x-ray Brillouin scattering has accessed THz lon-
gitudinal acoustic frequencies.'*!> However, this technique
is not yet capable of measurements of shear-acoustic dynam-
ics in liquids. Deep-UV Brillouin scattering from longitudinal
acoustic waves in this range has been demonstrated,'"!* but
is poorly adapted to measurements of shear relaxation in non-
viscous liquids where the shear acoustic damping is always
strong. Picosecond ultrasonics has provided tabletop access
to most of the GHz frequency range for longitudinal acous-
tic waves.'® In recent years, adaptations of this method to
GHz shear wave generation through impulsive laser interac-
tion have been developed.'’~?” Studies of shear waves in lig-
uids, however, have remained elusive;2® this is because it is
generally much easier to monitor sound waves that are asso-
ciated with local density variations than pure shear.

In recent articles,?*3° we have demonstrated how a novel
approach to time-domain Brillouin scattering (TDBS) using
photo-acoustic generation and detection of frequency-tunable
longitudinal and shear acoustic waves opens the window to
the study of GHz frequency longitudinal and shear acous-
tic properties of liquids. We have demonstrated an experi-
mental configuration that allows for measurements on vis-
cous and non-viscous liquids alike. The present paper presents
experimental results on the frequency- and temperature-
dependent shear and longitudinal acoustic properties of glyc-
erol (C3Hs(OH)3) and tetramethyl-tetraphenyl-trisiloxane, a
silicone oil developed by Dow Corning under the trade name
DC704, which is commonly used as diffusion pump fluid.
In combination with results from other mechanical spec-
troscopic techniques, this provides a complete mechanical
characterization of both liquids. Such characterizations are
important by themselves, but also because they allow for
tests of theories, for instance of the proposed connection be-
tween shear and longitudinal moduli (the generalized Cauchy
relation’!), or of the shoving model>”’ connecting the non-
Arrhenius temperature dependence of the relaxation time to
the temperature dependence of the instantaneous shear mod-
ulus, G

Glycerol is a trihydric alcohol, an associated liquid that
forms a weak hydrogen-bonding network and has a fragility
index*? of m = 53, making it intermediate between fragile and
strong glass formers.>»>3? Glycerol is easily supercooled
below T,, = 291 K and forms a glass at T, ~ 186 K. It is
a prototypical and intensely studied glass former.'»% 12143341
The wealth of available data for glycerol allows for a com-
parison of results obtained by different spectroscopic tech-
niques. Unfortunately, glycerol easily absorbs water, which
may result in poor reproducibility and should be kept in mind
when comparing results from different laboratories. This is
not a problem for the other liquid we studied, DC704, which
is also a molecular glass former. DC704 has a glass transi-
tion temperature®* of 7, &~ 210 K. The fragility index is m
= 95,2 making DC704 a typical fragile glass former. DC704
is entirely van der Waals bonded due to the presence of four
phenyl groups: since oxygens are bonded to silicon, hydro-
gen bonding is absent in DC704. Moreover, the molecular
dipole moment is quite small so dipole interactions are neg-
ligible. DC704 was also chosen because its dielectric and
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shear mechanical spectra do not show secondary relaxations
at frequencies above the « relaxation®* (often interpreted as
a Johari-Goldstein or By -Telaxation). This simplifies the
analysis of compiled spectra. Finally DC704, like glycerol,
supercools easily and rarely crystallizes.

The first paper in this series presented low-frequency
broadband bulk and shear mechanical spectra of two glass-
forming liquids DC704 and 5-PPE obtained by the use of
piezo-ceramic transducers.*> The present paper is organized
as follows. After a summary of the experimental technique in
Sec. II, in Sec. III we present the results for the temperature
dependence of the speeds of sound, acoustic attenuation coef-
ficients, and moduli of glycerol and DC704 monitored at sev-
eral fixed frequencies. Section IV examines the data within
the context of two theories, the generalized Cauchy relation
and the shoving model, and analyzes the temperature depen-
dence of the instantaneous shear modulus. Section V con-
cludes the paper with a brief summary.

Il. EXPERIMENTAL TECHNIQUES

The recently developed TDBS technique?® was used to
investigate the frequency and temperature dependences of
shear and longitudinal acoustic dynamics in liquids at GHz
frequencies. A detailed description of this method was given
in a separate publication;* in the following, we briefly sum-
marize the most important aspects of the experimental ap-
proach, which combines different picosecond laser ultrasonic
techniques for acoustic wave generation and detection.

Multiple-cycle longitudinal and shear acoustic waves
were optically generated in a crystallographically canted
metallic transducer film through the absorption of an opti-
cal pulse train,** where the subsequent rapid thermal expan-
sion launched acoustic wave packets of both longitudinal and
shear polarizations. The excitation pulses from a Ti:Sapphire
amplifier system (Coherent RegA) operating at a 250 kHz rep-
etition rate were centered around 790 nm with a bandwidth of
about 8 nm and a pulse duration of 200 fs, and were focused
on the sample to a 100 wm spot. Semitransparent transducer
thin films were obliquely deposited under ultrahigh vacuum
by molecular beam epitaxy* onto optical quality sapphire or
BKY7 glass substrates. The substrates consisted of monocrys-
talline columnar layers of iron with thicknesses between
40-50 nm and an average inclination angle of the iron grains
of about 40°. The break of the shear symmetry in the direc-
tion normal to the sample ensured direct thermoelastic gener-
ation of shear acoustic plane waves,?? in addition to longitu-
dinal acoustic plane waves that do not require such a canted
crystallographic orientation to be excited. After propagation
into, and through, liquid layers with thicknesses ranging from
single nanometers to several hundred nanometers, both shear
and longitudinal acoustic waves were optically detected af-
ter transmission into a transparent substrate via TDBS.!6:46:47
The coherently scattered field, whose optical phase varied de-
pending on the acoustic wave peak and null positions, super-
posed with the reflected probe field, resulting in signal in-
tensity that showed time-dependent oscillations at the acous-
tic frequency.*® This frequency v was determined, as in any
Brillouin scattering measurement, by the probe wavelength A,
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the scattering angle 6, the refractive index n, and the acoustic
speed c in the substrate through

2nc . (6
V= sin| = ).
A 2

In the present case, the probe was a frequency-doubled beam
at 395 nm (focused to a 20 um spot size), and either BK7
glass or sapphire was used for the detection substrate to pro-
vide access to lower and higher frequency ranges, respec-
tively.

The detection of shear waves was optimal when the probe
polarization and the shear acoustic wave polarization were
both perpendicular to the plane of incidence. In this geom-
etry, the interaction between the shear acoustic wave and the
probe light resulted in a rotation of the polarization by 90°
of the scattered light. The use of the combination of a half-
wave plate (at 45°) and a polarizing cube beamsplitter assem-
bly not only allowed to filter out common laser noise through
balanced detection, but also allowed for optical heterodyn-
ing and provided sufficient sensitivity levels for the detec-
tion of extremely weak shear Brillouin signals.*’ Longitudinal
wave detection did not pose any special requirements regard-
ing the polarization of the detected probe light. The acoustic
frequency that was excited may be varied by changing the ex-
citation pulse sequence timing,** and this may be adjusted to
match the longitudinal or shear Brillouin scattering frequency.
In all cases, measurements were made at multiple lateral po-
sitions on the sample corresponding to multiple liquid layer
thicknesses. A detailed description of the experimental con-
figuration and the sample design can be found in Ref. 30. Dif-
ferences in Brillouin signal amplitudes from acoustic waves
that propagated through different liquid thicknesses yielded
acoustic attenuation lengths. Differences in acoustic transit
times across the liquid were observed as phase shifts in the
time-dependent Brillouin signal oscillations and yielded the
acoustic speed of the liquid.

Samples were prepared by squeezing the liquid under
study between two optically clear substrates: a generation
side substrate that held the iron generation transducer film
and a curved or flat detection substrate. Anhydrous glycerol
and DC704 were used as purchased from Sigma-Aldrich and
forced through several linked 0.2 um teflon millipore filters to
remove dust particles before applying to the sample without
further purification to eliminate water or gas contamination.
The liquids were always stored under dry nitrogen atmosphere
and the samples were made under dry nitrogen atmosphere af-
ter the sample substrate surfaces had been purged for 30 min
to remove excess water and dust. After a sample was made, it
was rapidly transferred to a cryostat and the sample chamber
was immediately evacuated.

The approach described above that we used to determine
the acoustic parameters of the liquids required the knowledge
of the refractive index of both the liquid and the detection sub-
strate (for the latter we used literature values and assumed no
temperature dependence). The temperature-dependent refrac-
tive index (from T, up to 400 K) for glycerol and DC704 at
the optical detection wavelength of 395 nm was determined
by means of a Michelson type interferometer. Out-gassed liq-
uid was filled in a / = 10 mm cuvette, which was placed in the
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beam path of one interferometer arm inside a cryostat. One
of the interferometer end mirrors was placed on a translation
stage to allow for compensation of the temperature-dependent
optical delay experienced by the light traveling through the
liquid with respect to the same configuration for an empty
cell.

The determined temperature dependence of the refractive
index of glycerol can be well approximated by

(T, < T <400K) = 1.680 — 6.5 x 107K~ x T (1)
and of DC704 by
n(T, < T <400K) = 1.750 — 4.9 x 107*K™' x T. (2)

The determined temperature coefficient of the refractive in-
dex of DC704 is in excellent agreement with the temperature
coefficient of 4.2 x 10~* K~! reported by Poulter and Nash*’
at 633 nm.

Furthermore, the calculation of the acoustic moduli re-
quired the knowledge of the temperature dependence of the
mass density p(7) for each liquid. The temperature depen-
dence for glycerol above and below its glass transition tem-
perature is given in Ref. 50 as

p(T < Tp) =1390& — 032 % x T, (3)
p(T > Ty) = 1450 & — 0.66 =& x T. )

For DC704, we deduce the following expression for the tem-
perature dependence of the density by assuming a constant
expansion coefficient a;, at temperatures above Ty,

T > T 1070 kgm ™3 ™
> = ,

P 1472 % 104K x (T — 298 K)
where the value used «,(T = 298K) = 7.2 x 104K~ was
given by Orcutt.”!

lll. TEMPERATURE DEPENDENCE OF ACOUSTIC
PARAMETERS AT FIXED FREQUENCIES

In this section, we present the experimental results for the
temperature-dependent measurements of the speed of sound
and attenuation coefficient in glycerol and DC704 at a fixed
detection frequency of vy = 25 GHz for shear waves and
vy = 41.5 GHz for longitudinal waves. We present these data
alongside data from a large range of frequencies obtained by
other techniques.

The mechanical response (longitudinal or shear) of a ma-
terial at a given temperature T and frequency v is usually ex-
pressed either in terms of a complex modulus C(7, v) or in
terms of a speed of sound ¢(7, v) (defined as the phase veloc-
ity of the acoustic wave) and the corresponding attenuation
coefficient «(7, v). The two representations are equivalent
and mathematically connected via the temperature-dependent
density p(7) and the complex acoustic velocity ¢(7', v) via

C(T,v) = p(T)&T, v)*. (6)

In our measurements, the complex acoustic velocity is de-
fined by ¢ =2nv/g, where ¢ is the complex wavevector
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TABLE I. Temperature dependent longitudinal and shear speeds of sound
and attenuation coefficients for glycerol recorded by TDBS in a BK7 detec-
tion substrate with no prism. The Brillouin scattering frequencies are 41.5
GHz and 25.0 GHz for longitudinal and shear acoustic waves, respectively.
Results are plotted in Figs. 1(a) and 1(b).

T[K] cr [ms™!] ar [10°m™'] cs [ms™!] s [10°m™']
180 3630 + 60 0.18 +£0.04 1930+50  0.84+0.24
190 3610 + 60 0.22 + 0.04 1910£50  0.96+0.24
200 3560 + 60 025 +0.07 1850 + 50 12402
210 3530 + 70 034 +0.07 1800 + 50 1.8£0.5
220 3460 + 60 042 +0.12 1740 + 70 23+1.0
235 3380 + 50 0.69 +0.18 1650 + 50 36+12
250 3300 + 50 1L1£02 1560 + 50 6.0 +2.4
265 3170 + 70 1.8 +0.4 1470 £ 70 9.6+ 3.6
280 3080 + 60 28+06 1370 + 70 13£5
295 2930 + 50 50+ 1.0 1250 + 50 2047
310 2830 + 60 72+18 1160 + 50 24+38
325 2730 + 70 9.6+20 1030 + 50 30+38

G =2nv/c+ia. We note that the real part of the com-
plex acoustic velocity defined this way is not identical to the
speed of sound, Re {¢} # ¢, except at low attenuation, i.e., for
a — 0. For longitudinal acoustic parameters, the rele-
vant modulus is the longitudinal modulus M = M’ +i M" =
p &%, and for transverse acoustic parameters it is the shear
modulus G =G’ +iG" =p ¢% (here the subscripts L and S
denote longitudinal and shear, respectively). These two differ-
ent representations should be kept in mind by the reader and
are used interchangeably below.

A. Glycerol

Results obtained by TDBS for glycerol are listed in Ta-
ble I and displayed in Fig. 1 together with data obtained from
frequency-domain Brillouin scattering measurements at sim-
ilar frequencies (~20 GHz from Ref. 39). In the case of lon-
gitudinal waves, TDBS and frequency-domain Brillouin scat-
tering show excellent agreement, indicating that there is little
dispersion over this frequency and temperature range except
for the highest reported temperatures, where the two mea-
surements separate. As expected, the lower probe frequency
is sensitive to the structural relaxation at a lower temperature
than the higher probe frequency.

We recall that the Maxwell relaxation time is defined
by tm = ns/G. Identifying t), with the average relaxation
time (t,), we can estimate the shear viscosity ng from our
measured values for G4, and from literature values for the
average relaxation time in glycerol. Figure 2 compares val-
ues of the shear viscosity calculated by multiplying G, by
the relaxation times (r,) as measured by dielectric spec-
troscopy from Ref. 52 with static shear viscosity data mea-
sured by Schroter et al.> The two data sets have very sim-
ilar temperature dependences, but differ by approximately a
factor of 2. This is not surprising, given that average relax-
ation times obtained from different techniques are not re-
quired by theory to be identical. Below the viscosity plot
of Fig. 2, we show the timescale index, defined as the ra-
tio of the measured and calculated shear viscosity. Signifi-
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FIG. 1. (a) Results for the temperature dependent longitudinal (41.5 GHz)
and shear (25 GHz) acoustic speeds and (b) attenuation coefficients of glyc-
erol from 7 up to 325 K. Literature data for the longitudinal sound velocity
and attenuation rate as measured by polarized frequency-domain Brillouin
scattering measurements (in the VV geometry) at similar frequencies are
from Ref. 39. The onset of longitudinal acoustic dispersion can be seen in
(a) for the two illustrated frequencies at temperatures above 300 K.

cant deviations from experimentally measured values of ng
(or equivalently: a large and temperature-dependent timescale
index) are typical for systems with secondary relaxation or
weak translational-rotational coupling.’® The investigation of
translational-rotational coupling in glycerol is difficult due to
its small Brillouin cross-section and polarizability anisotropy.
Our results indicate, however, that the coupling is rela-
tively strong and independent of temperature. Evidently, the

10 r r r r r r r r
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o o
S *
2 <
‘N4 o
§ 10 | ‘Q.
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107F o
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3100 @
« X % x x x x x x x x E
_1 3
L L L L L L L L 10 %
180 200 220 240 260 280 300 320 ]

Temperature [K]

FIG. 2. Temperature dependence of the shear viscosity. Circles are calcu-
lated by the relationship ns = Goo(T4), Where the values of Go, come
from the present work and (t,) are dielectric relaxation times taken from
Ref. 52. Dots represent the measured shear viscosity from Ref. 35. Below,
the time scale index, i.e., Pmeasured/ Ncalculated, 1S sShown. The time scale index
is small (~0.5) and only weakly temperature dependent.
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FIG. 3. Combined longitudinal and shear speeds of sound in glycerol at a wide range of frequencies as a function of temperature. Longitudinal speeds are taken
from the following sources: PUI from Ref. 59 and time-domain Brillouin scattering (TDBS) from Ref. 30, Brillouin light scattering (BLS) at wavevectors A
= 0.175 pum from Ref. 39 and 2 = 0.30 um from Ref. 13, impulsive stimulated thermal scattering (ISTS) from Ref. 8, and US from Ref. 60. Present results
from TDBS shear measurements are shown together with results from conventional ultrasonics from Ref. 1, and mechanical measurements (Mech) from

Ref. 61.

dielectric — roughly equivalent to the rotational — relaxation
time is slower than the Maxwell — roughly equivalent to the
translational — relaxation time. Similar observations, slower
rotational relaxation time and constant decoupling index,
were reported by Dreyfus et al.>* for m-toluidine and more
recently by Torchinsky et al>* for triphenylphosphite and
Jakobsen et al.>® for two other glass-forming liquids. Glyc-
erol, however, is not a strongly correlating liquid,”®% and for
this reason there are no theoretical arguments for the absence
of a relaxation time decoupling.

The temperature dependences of both the longitudinal
and shear speeds of sound in glycerol are shown in Fig. 3 sup-
plemented by results from a variety of different techniques.
Together these techniques cover frequencies from 100 Hz up
to several hundreds of GHz.

The highest frequencies for the longitudinal data are
obtained using picosecond ultrasonic interferometry (PUT)*®
and time-domain Brillouin scattering (TDBS).>> The spon-
tanecous BLS results are from Comez et al>® (at wave-
length A = 0.175 m) and Pinnow et al.'® (at wavelength A
= 0.3 um), corresponding to frequencies in the low GHz
region. Impulsive stimulated thermal scattering from Ref. 8
covers most of the MHz region. Finally, the lowest MHz fre-
quencies (2 and 10 MHz) were measured by Jeong et al.?’ by
conventional ultrasonic techniques. There is excellent agree-
ment between the results from all techniques.

The present results for the shear speed of sound repre-
sent the highest available frequency at 25 GHz. Megahertz

data (between 15 MHz and 85 MHz) were obtained by Pic-
carelli and Litovitz using a standard ultrasonic (US) trans-
ducer technique.! Because of the high attenuation, acoustic
velocities and attenuation could not be measured directly. In-
stead the real and imaginary parts of the shear impedance, pc
and pcy, were measured. Results were reported in terms of
oC % and G, from which we can calculate the shear speed of
sound. Low-frequency shear measurements at 100 Hz, 1 kHz,
and 10 kHz were made by Jeong®! using a piezoelectric trans-
ducer technique. Data were reported in terms of the real and
imaginary parts of the shear modulus, unfortunately however,
only in normalized — not absolute — values. The data were ad-
justed to match our measurements and the depolarized BLS
data of the real shear modulus close to the glass transition
temperature, where G’ is not expected to have any frequency
dependence. The results from the different techniques show
excellent agreement.

For longitudinal waves, both low and high frequency lim-
its of the speed of sound are finite. The former gives the
“liquid-like” adiabatic sound velocity ¢y, while the latter
gives the “solid-like” velocity of sound c; , i.e., the high-
frequency limit where the period of the wave is shorter than
the structural relaxation time 7. The zero-frequency limit of
the longitudinal sound speed from all different techniques be-
tween 270 K and 440 K may be approximated by the follow-
ing expression:

cLo=(2610£5" —(23+002) 2 x 7, (7



12A544-6 Klieber et al.

which is in excellent agreement with reported values by
Comez et al.®® for their temperature range between 307 K
and 390 K. Similarly, a fit of the speed of sound vs. tempera-
ture yields an expression for the solidlike longitudinal sound
speed

CLoo = (4640 £10) T — (5.5£0.5) % x T. ®)

For the shear speed of sound there is only an upper finite
bound, cs, o, reflecting the fact that shear acoustic waves do
not propagate at frequencies that are low compared with the
inverse structural relaxation time (the shear modulus vanishes
at low frequencies). A linear fit of the instantaneous shear
sound velocity as a function of temperature yields

Cs00=(2990£30) 2 — (5.7+£0.) 2 x T.  (9)

Figure 3 also shows that the slope of the solidlike behav-
ior changes at the glass-transition temperature. It is sometimes
an overlooked fact that the infinite-frequency sound speeds of
the equilibrium liquid and of the glass are not identical; in
fact, these quantities are not only different, but have tempera-
ture dependencies that are quite different. This is easy to un-
derstand intuitively if one naively imagines a model in which
the high-frequency sound velocities are functions of density,
in which case the different expansion coefficients of the liquid
and the glass must result in these differences; however, there
are only a few examples in the literature that document this
difference experimentally.>®-83

B. DC704

The second liquid under study was the silicone oil
tetramethyl-tetraphenyl-trisiloxane (DC704). The obtained
longitudinal and shear speeds of sound and attenuation coeffi-
cients at temperatures between 200 K and 300 K are listed in
Table II and displayed in Fig. 4. In this measurement, acoustic
waves were generated in an iron transducer film on a sapphire
substrate and detected in a 2.5 cm BK7 substrate.

Since the measurement technique used in the present
work, briefly described in Sec. II, does not depend on the ma-
terial’s acousto-optical properties (as is the case for impulsive

TABLE II. Same sample and detection configuration as used for the mea-
surements of Table I but for the liquid DC704. Results are plotted in
Fig. 4. Longitudinal and transverse frequencies were 41.0 and 25.0 GHz.

TK]  colms™'] e [10°m™']  cgms™'] s [10°m™]
200 2440430  0.55+0.10 1156 + 50 12£5
210 2390+£30  0.64+0.10 1135 + 50 1247
220 2330430  0.98+0.10 1075 + 50 60+45
230 2245 + 30 14£02 988 + 50 20+7
240 2180 =+ 30 21403 895 + 50 30+ 10
250 2115 + 30 27403 810 =+ 50 25+ 10
260 2050 =+ 30 32404 750 + 50 47 £20
270 1980 = 30 37405 660 % 50 50 + 20
280 1910 =+ 30 44+06 580 + 50 65 + 40
290 1830 + 30 44+06 530 + 50 60 + 40
300 1795 =+ 30 54407 435 + 50 70 + 40
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FIG. 4. Temperature dependent longitudinal and shear speeds of sound and
attenuation coefficients of DC704 (a) and (b). The Brillouin scattering fre-
quencies for longitudinal waves (41.5 GHz) and for shear waves (25.0 GHz)
were defined by the BK7 glass detection substrate and the probe light scatter-
ing angle in the detection substrate of ~30°.

stimulated scattering and conventional BLS measurements),
our somewhat poorer data quality for DC704 compared with
that of glycerol can be explained by the mechanical proper-
ties of the liquid. The main consideration is the significantly
lower acoustic transmission coefficient of the acoustic wave
both from the transducer into the liquid and from the lig-
uid into the detection material. In order to better understand
this point, we examine the acoustic transmission coefficient
T, from one material (i = 1) into another material (i = 2).
This quantity is defined as T, = (2Z, Zo/(Z; + Z,))?, where
Z; = p;c; is the acoustic impedance of the material i. From
this equation, we directly see that transmission between ma-
terials with large differences in acoustic impedance becomes
small (i.e., there is poor impedance matching). In our case, the
acoustic impedance of both transducer film and detection sub-
strate are larger than that of either liquid under study. But the
acoustic impedance of DC704 is about half of that of glyc-
erol, and therefore the overall acoustic transmission of the
generated pulse train from the transducer into the detection
substrate is significantly reduced. In addition, by comparing
Fig. 1(b) with Fig. 4(b) we see that the acoustic attenuation
of DC704 is about a factor of five to ten times larger than that
of glycerol at the glass transition which further decreases the
signal/noise of the measurements.

Figure 5 shows the temperature dependence of the longi-
tudinal and shear speeds of sound in DC704 at different fre-
quencies compiled from different measurement techniques.
The present results represent the highest frequencies reported
for both the longitudinal and the shear data, at 41 GHz and
25 GHz, respectively. Results from TDBS measurements at
the two probe lengths 395 nm and 790 nm directly in the
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FIG. 5. Combined longitudinal and shear speeds of sound in DC704 at a wide range of frequencies as a function of temperature. Longitudinal speeds of sound
were obtained by the following techniques: Time-domain Brillouin scattering (TDBS) from the substrate as well as measured directly in the liquid at two fixed
wavevectors, impulsive stimulated thermal scattering (ISTS),®? and piezo-electric modulus gauge techniques (PZ).*> Shear speeds of sound from TDBS shear
measurements (present results) are shown together with results from impulsive stimulated Brillouin scattering (ISBS) and the piezoelectric shear modulus gauge
technique (PSG). Details on the ISTS/ISBS techniques can be found in Refs. 63 and 64. For details (and further references) on the PZ/PSG techniques, Paper I
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of the series™ can be consulted.

liquid give the longitudinal speed of sound at roughly 8 GHz
and 16 GHz, while most of the MHz region was covered by
the ISTS technique. The piezoelectric modulus gauge (PZ)
techniques covers frequencies from ~10 mHz to ~100 kHz
(see Paper I for details).

The shear speed of sound was measured by ISBS at
two wavelengths, corresponding to approximately 130 and
500 MHz frequencies, and by the PSG at frequencies from
1 mHz to 10 kHz (we refer the reader to Paper I for details of
the PSG technique).

The agreement between the various techniques is good,
although there is a ~10% discrepancy on the limiting shear
sound velocity, c;, o, as measured by the high and low fre-
quency techniques. This reflects a systematic error in the cal-
ibration between the piezo-ceramic methods and the present
results.

The data for DC704 exhibit all the well-known features
expected of the structural relaxation process of a viscous lig-
uid: a marked dispersion of the speed of sound, a typical
S-shape dispersion curve that is bounded by the limiting high
and low frequency values of the velocity, and a change in
the slope in co(7) at about 210 K reflecting the liquid-glass
transition.

The large frequency range made available by piecing to-
gether data obtained by various techniques enables us to give
approximate expressions for both the low- and high-frequency

limiting sound velocities over a broad range of temperatures.
Data obtained from different techniques were fitted in the re-
gion from 220 K to 350 K yielding the following expression
for the zero-frequency (liquid-like) longitudinal sound veloc-
ity crL,o-

cro= 2470 £10) T — (3.52+0.02) [z x T. 10)
At frequencies high compared to the inverse alpha relaxation
time, the speed of sound again becomes independent of fre-
quency and depends solely on the temperature. The temper-
ature dependence of the infinite-frequency (solid-like) longi-

tudinal speed of sound may also be approximated by a linear
expression

CLoo=(3840£10) ™ — (6.9 £ 0.4) I x T. (11)

Close to the glass transition of DC704 at T, = 210 K, we ob-
serve the aforementioned expected crossover to another ap-
proximately linear behavior, as follows:

CoLglass = (3040 £ 10) ™ — (3.05£0.04) = x 7. (12)

Finally, a linear fit of the infinite-frequency shear sound ve-
locity yields

Cs.00 = (2780 £50) T — (7.8 £0.2) x x T. (13)

From the fits of the high-frequency limits of the lig-
uid and glassy states, Egs. (11) and (12), it is possible to



12A544-8 Klieber et al.

determine the crossover temperature to be 208 £ 5 K. This
is identical to the definition of the glass transition tempera-
ture as defined through 7(7,) = 100 s within the experimental
uncertainty.

IV. COMPARING TO THE GENERALIZED CAUCHY
RELATION AND THE SHOVING MODEL PREDICTION

When atoms in a crystalline material interact via a cen-
tral potential, the Cauchy identity® holds. The Cauchy iden-
tity, which reduces the number of independent elastic moduli
in an isotropic system from two to one, states that the lon-
gitudinal modulus M is related to the shear modulus G by
M = 3G. Although liquids are isotropic, this relation can-
not hold in general for liquids, where the moduli are complex
and frequency dependent, because G goes to zero at low fre-
quencies, whereas M converges to a finite value in the same
limit. One way to extend the Cauchy identity to liquids is to
assume that it holds merely for the high-frequency (instan-
taneous) moduli, Mo, = 3G . This identity, however, rarely
holds in experiment.>! After noting this Kriiger et al.' sug-
gested a generalized Cauchy-like relation of the form

Mo = A+ BGo, (14)

where A and B are system-dependent, temperature-
independent constants. This was found to hold across a
wide temperature range down to the glass transition tempera-
tures of different liquids. Typical values of B are found to be
close to 3 in a number of different glass-formers, including
organic and inorganic glasses, as well as some bulk metallic
glasses.?:%%%7 We find below, however, somewhat smaller B
values.

The modified Cauchy relation (Eq. (14)) can be tested
readily by comparison of the temperature evolution of the
elastic moduli, M, and G, from Fig. 6(a). The results for
glycerol are presented in Fig. 6(b) and a linear fit gives A
= (6.5 £ 0.6) GPa and B = (2.3 £ 0.1) as best-fit parame-
ters. We included all available points although there are signs
of dispersion at some of the higher temperatures.

Even though the temperature range of our DC704 data
is smaller than that of glycerol, the same analysis in terms
of a modified Cauchy relation can be carried out for DC704.
Figure 7(a) shows the real parts of our longitudinal and shear
acoustic modulus data as calculated from the speeds of sound,
the acoustic attenuation coefficients (both shown in Fig. 4)
and the temperature dependence of the density as given by Eq.
(5). In Fig. 7(b), we plot the instantaneous shear modulus G
against the instantaneous longitudinal modulus M. A linear
fit to the data is possible within the experimental uncertainties,
giving A = (3.2 £ 0.5) GPa and B = (2.4 £ 0.4) as best-fit
parameters.

It was proposed some time ago that the instantaneous
shear modulus G, controls the fragility as the activation en-
ergy is controlled by the energy cost associated with a non-
compressional rearrangement of molecules by pushing aside
their neighbors.%%® This “shoving” model views collective re-
laxation as a series of individual relaxation events that take
the system between configurational minima. This perspective
recalls landscape-activated models®-" for the glass transi-
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FIG. 6. (a) Real parts of the longitudinal and shear acoustic moduli of glyc-
erol (same data as Fig. 1(a) omitting temperatures below Tg). (b) Linear
fit to the longitudinal elastic modulus plotted vs. the shear elastic modu-
lus. (c) Test of the shoving model (Eq. (15)) linear relationship between X
= (Goo(T) T))/(Go(Tg) T) and relaxation time (Eq. (17)). The plot shows the
relaxation time (from Ref. 52) as a function of normalized inverse tempera-
ture T,/T (open symbols) and as a function of X (closed symbols), as well as
the model prediction (straight line). Circles represent interpolation of relax-
ation time data at temperatures where G, was measured, diamonds represent
interpolation of the G, values at temperatures where relaxation time was
measured.

tion, and in recent years has been equated with them.”7?> The
shoving model predicts that the temperature dependence of
the activation energy arises solely from that of the instanta-
neous shear modulus G,. This result is arrived at via the core
assumptions that the average relaxation time is dictated only
by flow and that during a flow event, the molecules do not
rearrange at constant volume. The model argues that this is
the case, because the energy cost from rearranging at constant
volume arising from the strongly anharmonic repulsive piece
of the intermolecular potential is prohibitively high. Rather, it
is more energetically favorable for a molecular rearrangement
to take place by a local expansion whereby the molecules per-
form work on their neighbors. This work constitutes the main
energy barrier to be overcome.%® In analyzing the nature of
this work, one first assumes that the molecular displacements
are purely radial. In this case, perhaps counterintuitively, no
compressional work is done on the surrounding medium;
rather than a change in density, the neighboring molecules are
simply “shoved” aside during flow (with a radial displacement
field varying with distance from the flow event as 1/r%). With
no change in density, the energy required is due exclusively to
the contribution from the shear elastic modulus. As these mo-
tions take place at very short time scales, the relevant quantity
is the instantaneous shear modulus.

In the framework of the shoving model, a relaxation event
is considered as an activated process. The average relaxation
time t depends on temperature as T ~ exp (AE.(T)/kgT),
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where the activation energy AE, is temperature dependent.
Its temperature dependence derives exclusively from that
of the instantaneous shear modulus G,. Thus, the average
relaxation time is given as

(15)

©(T) = g exp (M> .

kgT

Here, 7 is a high-temperature limit of the relaxation time,
typically on the order of picoseconds, and V. is a “char-
acteristic” volume associated with the flow event (given by
V. =2/3-AV?/V, where AV is the change in volume dur-
ing the flow event and V is the volume of the flowing region
before the flow event). In practice, it is impossible to esti-
mate the value of V, and in order to limit the number of fitting
parameters, the shoving model simply assumes V. is temper-
ature independent.

In order to compare to experimental data, it is convenient
to introduce the coordinate X provided by examining the log-
arithm of the characteristic relaxation time t versus the nor-
malized right-hand side of Eq. (15),

Goo(T)Tg
Goo(T)T

The variable X runs from zero in the high-temperature liq-
uid state to unity at 7,, for which we have used the standard
definition that 7, is the temperature at which the equilibrated
liquid’s relaxation time is 100 s. In the high-temperature liq-
uid state limit, we take 7 to represent an inverse attempt fre-
quency (which is more or less a microscopic vibration time),

X = (16)
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so here we have fixed the value to tg = 10~'* s. With these
parameters the shoving model prediction is

log(t) = 16X — 14. 17

A test of the shoving model (Eq. (15)) requires inves-
tigating the correlation of X as described by Eq. (16) with
the relaxation time at the same temperature as deduced, e.g.,
from viscosity data via the Maxwell relation, or the relaxation
times determined from shear or dielectric relaxation. For the
analysis of glycerol, we used the dielectric relaxation times
reported by Lunkenheimer et al.’? Figure 6(c) shows the re-
laxation times as a function of normalized inverse tempera-
ture T,/T (open symbols) as well as of the variable X (closed
symbols). A similar comparison is shown for DC704 in
Fig. 7(c) where the relaxation times are taken from the broad-
band study of the longitudinal modulus.%?> For both glycerol
and DC704, we used spline interpolation to obtain relaxation
times at the precise temperatures where G, was measured
(circles) as well as G, at the temperatures where relaxation
time data were available (diamonds). As expected, it does not
matter which property is interpolated. The plot of relaxation
times versus X does not give completely the predicted line
in either case. At high temperatures we note the presence of
an inflection, which could be due to the liquid becoming dis-
persive even at the high measuring frequency (25 GHz). Al-
though the shoving model is not expected to apply when flow
events are no longer thermally activated at high temperatures,
this inflection is somewhat puzzling given that the relaxation
time should converge to the prefactor value as T — o0. Over-
all, however, we conclude that the shoving model gives a qual-
itatively good description of the non-Arrhenius temperature
dependence of the relaxation time for both liquids.

We note that under the above assumptions an estimate
of V. can be provided as V. = 16kpT,/ Goo(T,). Plugging in
the values for glycerol and DC704, we find VEY*“™ = 8.5
x 1073 m? and VP = 3.1 x 107 m? corresponding to a
length scale (o v 3) of 2 A and 3 A respectively, or roughly
the size of the molecule, which is reasonable.

A. Temperature dependence of the instantaneous
shear modulus

In Secs. III A and III B, we have assumed a linear tem-
perature dependence of the infinite-frequency shear speed of
sound (Egs. (9) and (13)). Looking at Figs. 6(a) and 7(a),
a linear fit Goo(T) would be just as suitable. However, both
these functional forms cannot be correct since Goo = pC3 -
Moreover, at high temperatures both expressions will eventu-
ally fail when the extrapolated G, either becomes negative
or starts to grow after a minimum. The interstitialcy model
of Granato’>»’* operates with an exponential temperature
dependence,

Goo(T)=bexp(—aT) . (18)

In Fig. 8, we compare these three functional forms of the in-
stantaneous shear modulus to data. We show in this figure
the real part of the shear modulus of glycerol and DC704
(open circles) both on a linear and on a logarithmic scale for
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FIG. 8. Functional form of the temperature dependence of the instantaneous
shear modulus. Real part of the shear modulus (G«) of glycerol and DC704
and various functional forms: linear fit of Goo(7), linear fit of cs, oo, and ex-
ponential fit of Goo (7). Data and fits are plotted both linearly (left) and loga-
rithmically (right) as a function of temperature.

temperatures where the dynamics are non-dispersive, i.e.,
where G” is small and we can assume G’ = G.,. The fig-
ure also shows the linear fit to G, (7T) (dashed-dotted line),
Goo(T) based a linear fit to cs, oo(7) using Eq. (6) (G = pCy)
in the @ — oo limit (dashed line) and an exponential fit to
Goo(T) (full line). For glycerol, the three functional forms do
not give noticeably different fits to data (the linear fit to G,
being slightly more convincing), but for DC704 the exponen-
tial fit is superior.

Note that when the data sets for both liquids are plotted
together, it becomes apparent that there is a large difference
in the absolute values of the instantaneous shear modulus of
the two liquids, glycerol being roughly four times more rigid
than DC704.

Figure 9(a) shows the relaxation time as a function of
inverse temperature multiplied by G (7). Figure 9(b) shows
the relaxation time as a function of inverse temperature and
the “calculated” relaxation times using Eq. (15), the measured
G~ (T), and the best fitted values of V., and 7, as well as the
predicted curve using the three different fits of Goo(7T) pre-
sented in Fig. 8. For glycerol, the choice of functional form
does not make any significant difference; none of the curves
capture the shape of temperature dependence of the relaxation
time convincingly, although the exponential fit is slightly bet-
ter. For glycerol it seems that the temperature dependence
of G is not quite strong enough to account for the super-
Arrhenius behavior. For DC704, on the other hand, the differ-
ent fits of G, result in quite different models for relaxation
time. Here, the exponential fit follows accurately the data over
a large temperature region, while the two alternative fits do a
poorer job.

V. SUMMARY

This paper demonstrated how picosecond ultrasonics can
be applied not only to the measurement of longitudinal prop-
erties but also to the measurement of shear properties of lig-
uids in the GHz frequency range. For the study of acoustic
waves in liquids, our technique of TDBS offers substantial
advantages compared with conventional ultrasonic techniques
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FIG. 9. (a) Relaxation time as a function of inverse temperature scaled by
the instantaneous shear modulus, Goo/T. Assuming the shoving model (Eq.
(15)) this plot should linearize the data. In contrast to Figs. 6(c) and 7(c),
this plot does refer to a particular glass transition temperature or pre-factor.
A linear fit to the data in this plot gives the remaining parameters (V. and 7)
of the model. (b) Arrhenius plot of glycerol (top panel) and DC704 (bottom
panel). The stars are the relaxation time data plotted as a function of 1000/7.
Assuming the shoving model, curves are based on the various fits of Goo(T)
from Fig. 8 and V. and t( as determined above. Exponential fit of Goo(7):
full line, the linear fit of ¢, oo (7): dashed line, the linear fit of G (T): dashed-
dotted line. For glycerol there is little difference between the agreement of the
different functional forms of G, and data, probably reflecting the fact that
the fits were hardly distinguishable in the region with data. For DC704, on
the other hand, the exponential fit (full line) follows almost exactly the data,
while the linear fits of G and ¢, give poorer agreement.

or stimulated scattering techniques (ISS). This is because fre-
quencies (20-100 GHz) much higher than those accessible to
the ultrasonic (<100 MHz) or ISS (<1 GHz) techniques, and
therefore, instantaneous values of both longitudinal and shear
acoustic parameters, i.e., speed of sound, attenuation coeffi-
cients and acoustic moduli, can be measured at temperatures
significantly higher than T,. For both liquids, we were able to
compile comprehensive dispersion curves that allow for deter-
mination of the limiting speeds of sound over large tempera-
ture ranges and show the crossover behavior at many different
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acoustic frequencies for both longitudinal and shear acoustic
waves, although for DC704 there was a discrepancy of ~10%
between the shear speed of sound as inferred from the low-
frequency measurements of shear modulus compared to that
measured by the high-frequency methods (present results and
ISBS results).

We compared our results to data obtained by other spec-
troscopic techniques. In the case of glycerol, the extracted in-
stantaneous shear modulus allowed us to calculate the shear
viscosity, which agrees well with the shear viscosity measured
by other means. In both glycerol and DC704, we observe a
linear relationship between longitudinal and shear acoustic
moduli consistent with a generalized Cauchy relation.

We carried out a shoving model analysis, showing that
for both liquids the data are in reasonable agreement with
the model, confirming recent findings on other glass-forming
liquids.”>8! For glycerol, the agreement is somewhat poorer
than for DC704. One could speculate whether this is corre-
lated with the fact that time-temperature superposition (TTS)
is not obeyed by glycerol.*% We do not believe, however,
that the sluggishness in the relaxation time introduced by the
lack of TTS can account for the deviations.

It should be noted that since V. of the shoving model (Eq.
(15)) represents a finite volume, the use of Eq. (15) implies
no divergence of the relaxation time at finite temperatures in
agreement with considerations proposed in Ref. 82.

The data indicate that the temperature dependence of the
instantaneous shear modulus could be exponential rather than
linear. This supports Granato’s interstitialcy model.”*
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