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Sound wave propagation and existence of a two step relaxation process in a glass-former melt
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The velocity and damping of longitudinal and transverse sound waves of a prototypical glass-forming melt,
m-tricresylphosphate, are studied over a very wide frequency span by an ultrasonic and a light scattering
experiment (16and 16 rad/3. In the Brillouin light scattering measurements, the central quasielastic line has
been also analyzed. Unpublished data on velocity and dantfseguency~10° rad/$ are also included in the
present analysis. A quantitative analysis of the data gives good agreement for individual spectra as well as for
the general temperature trends. The analysis is based on the existence ¢f)fasid(slow @) relaxation
processes in the liquid. A phenomenological description of a two step relaxation function is proposed, and the
phenomenological parametdrelaxation timesg, and 7z, relative weight.f (T), etc] of the two relaxation
processes are derived. As a consequence of the two step relaxation process, we propose to revise the concept
of “infinite frequency” (c.,) sound velocity, introducing two characteristic sound velocities, one which applies
if wrg>1,c.,, and onec.,,, which describes the elastic response of the liquid at frequency higher than 1/
but smaller than X, . Within the framework of a two step relaxation process, the meaning of “nonergodicity”
parameter of mode-coupling theory and its relation Wi¢fT) are also discussed. The weightT) is found to
decrease monotonically from near 1 to near 0.4 betwigeand 1.9,. The comparison of our findings with
the predictions of the mode-coupling theory shows qualitative accord in several important points.
[S1063-651%97)07212-1

PACS numbds): 64.70.Pf

[. INTRODUCTION velocity and its damping over a broad range of temperatures
from the true liquid into the glass state, and measured these
The existence of two very different relaxation processes, &alues using a broad range of frequencies.
slow (@) and a fast 8) one, in glass-forming melts, and the  The propagation of a longitudinal acousfitA) wave
mechanism of their interplay in the liquid-glass transforma-produces local density variations with a mean frequency
tion, are to our present knowledge at the basis of the unde2#v, =w =c_ q, ¢, being the apparent LA velocity of
standing of how and why a glass forms from equilibrium sound andy the magnitude of the wave vector.
melt. With Brillouin light scattering(BS), one selects a certain
The slow relaxation timer,(T) is “the characteristic” q value, i.e.,q=(47n/\)sin(6/2) (wheren is the index of
relaxation time which increases dramatically as the glassefraction, A the laser wavelength, an@ the scattering
transition temperaturg, is approached from the liquid side. anglg and measures the positien and the widthl",_ of the
On the contrary, the fast relaxation timg is believed to be  phonon line. The same can be done for transverse acoustic
weakly T dependent, and possibly the same in the melt andTA) waves, determiningst and I';. Using visible laser
in the glass; see, e.g., Fig. 11.9 in Rf]. Beyond the val- light for BS and§=90°, the observed frequencies and v
ues of both time constants, their relative strength or weight iaire in the range of a few GH@ee Fig. 1 Applying “im-
decisive for the dynamics of the system. Following thepulsive stimulated thermal scatteringISTS) [5], Deeg and
analysis of mode-coupling theoCT) [2], valid for the  Dijercksen[6] could strongly reduce the values, and mea-
caser,> 75, We introduce lhe weight of the, relaxation  gyred the dynamics ohTCP at frequencies of, ~50—100
step as the “plateau heightf of the relaxation functiork MHz. A third experiment that we performed on the same

[see below, Eq(6)]. substance was an ultrasonic measurernfigsy. This brought
The 7, time has been studied extensively, since the condown the frequency range to aboyt~2 MHz.

dition on the characteristic frequenayof an experiment for In summary, here we measure velocity and damping of

optimum sensitivity,w7,~1, can be met by many experi- LA sound waves as a function of temperature over a fre-

ments, including ultrasonicsw~10"-1C° rad/9 and Bril-  quency span of nearly four orders of magnitude@, only

louin light scattering o~ 10! rad/9. The fast time constant BS). This allows us to determine the shape of the underlying
75, however, is much more difficult to observe in experi- relaxation functions, which were found to be by no means
ment unambiguously, being situated in the 18s range. Its  simple stretched exponentials. Rather, they consist of a nar
influence on sound waves, however, could be shown in Brilvow (1/7,, strongly T dependentline and a broad (¥,
louin scattering experimen{$,4]. nearlyT-independentline. We also compare our results with
In this paper we present a sound wave study on metahe prediction of the MCT[2,7-9, the only formalized
tricresylphosphateniTCP), a fragile molecular glass former, theory of the glass transition which describes the behavior of
becoming a glass aly=—68 °C. We measured the sound the density-density correlation function wh&napproaches
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Il. EXPERIMENT

The mTCP samples for light scattering were prepared as
described in Ref{12] by heating under vacuurtfor purifi-
cation), and pressing through a micropore filter into a quartz
cell of 2x10x30-mm?® inner dimension, which was flame
sealed. The same sample was measured on two spectrom-
eters, the laser beam entering at the narrow &dem).

The first series of light scattering spectra were taken using
a piezoelectrically scanned triple pass FabryeP@urleigh,

FU Berlin), while the second used a high resolution grating
spectrograpiSOPRA, L'Aquila[13]). The two setups were
conventional: argon ion lasek €514 nm operating in single
mode thanks to an intracavity etalon; 200 m\W0° scatter-
ing geometry; the sample cell was in a furnace or cryostat
with = 1-K temperature accuracy and stability.

In Fig. 1, Fabry-PerofFP) spectra oinTCP are presented
[upper part VU polarization, lower part H(the pairs of
capital letters describe incoming and scattered beam polar-
ization conditions with V vertical, H horizontal, U no polar-
ization discrimination, relative to the scattering planeote

v [GHZ] the logarithmic ordinate scaleThe TA line was measured
with good statistical significance, although it is about a factor

FIG. 1. Fabry-Perot spectra efTCP in the VU (upper panel  1(? weaker than the LA line. Beyond the data reported here,
and HU (lower panel scattering configurations. The temperaturesipe region of the boson peak was included in the sfud.

for each set are, from bottom t0 top,65, —55, =35, =15, +5.  preliminary results concerning the transverse modes have
22, 35, 53, 74 and 94 °C. The curves through the points are thBeen published beford 5]

global fit curves(including resolution broadeningln the lowest
two spectra the LA lines seen belong to the next FP order.

An independent experimeritJS) allowed the study of
sound waves at low frequency. Basically it consists of a
) ) ) Mach-Zehnder interferometer where one light beam traverses
Tq. Itis worth noting that the LA sound wavese density  he sample cell at a given distance from the surface at which
fluctuations(though they are determined by bulk as well asa sound pulséLA) is generated by an infrared laser pulse
shear modulus; see Sec. V C bejoand, therefore, a direct (for further details, see Ref16]). The experimental condi-
comparison with the MCT predictions can be easily madetjons (IR absorption depth, IR laser pulse duration, sound
On the contrary, up to now, most comparisons of MCT withye|ocity) set the center of the effective frequency band in the
experiments have considered depolarized light scatteringresem case to=2 MHz. The experimental results, viz. the

spectra. There it is very often not clear whether these spectighserved sound velocity (T) and the dampind' (T), both
relate to the orientational relaxation of individual molecules,ygjig for this frequency, are included in Figs. 2 and 3.

or to the four particle correlation function of the induced

effects as, for example, the dipole-induced-dipéD)  (esyits of ISTS measurements anTCP by Deeg and
mechanisn{10]. _ . Dierckser{6]. The ISTS experiment consists of two picosec-
We have studied thenTCP polarized and depolarized onq |aser pulses that produce a thermal grating which in turn
spectra, in a frequency range covering from the central ling,quces two sound waves in exactly opposite directiaps (
out to the boson peak region. The temperature range was_ q). A second probe laser observes under Bragg condition

—70-220°C. The central line width is compared with re-he time evolution of the standing wave pattern, which oscil-
sults from NMR[11], which measures the orientational re- 5tes at 2, . This setup allows a determination of the damp-

laxation of the molecule. ing directly on the time axis. Effective wavelengths used

Considerable effort is made here to arrive at quantitativgyere 18 and 34.m, respectively, which correspond to Bril-
descriptions(fits) of the measured spectra, of the sound ve-qin frequencva;SO—loo MI—’|z. This is two orders of

locities and the line widths v§. The aim is to allow a  agnitude below the frequency of the 90° light scattering
comparison with some of the predictions of MCT, in particu- gy yeriments while the ultrasonic experiment works again

lar the existence and the weight of the fast relaxation timeyq orders of magnitude lower in frequency than the ISTS.
However, deviating from MCT, we have chosen an analyti-rne results of all three experiments are summarized in Figs.
cal approximate expression for the relaxation functi®ns 5 544 3 and are discussed in Secs. IV and V.

[see Eqgs(4)—(6)], so that a straightforward interpretation of
the parameters is possible.

The paper is organized in the following way: In Sec. Il we
briefly describe the experimental conditions. Section Il pre-
sents the viscoelastic formulation for the LA and TA Bril-  Each light scattering spectrufirig. 1) in the frequency
louin lines and for the central line. Section IV gives the region discussed here is considered as a sum of a quasielastic
results from the different fits. In Sec. V we discuss the resultsentral line C), and transverse and longitudinal phonon
and compare them with the MCT scenario. lines (T andL). A relatively small base caused mainly by the

Additionally in the present analysis we use unpublished

Ill. MODEL
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FIG. 2. Sound velocities imTCP. Upper part: LA velocities.
Full points are the “experimental” velocities as defined in Sec. -
IV A. The full straight lines aree,(T) andc ..(T) , the broken line TF‘
iS C| 4 from Eq. (7). The bent full curves are the model results for Né’ 10
the apparent sound velocity (T): the leftmost curve is from ultra- 9,
sonics(2 MHz), the two middle curves are for IST&0 and 100 o)

MHz, respectively, and the rightmost curve is for the Brillouin 10" N
measurement$10 GH2. The single open square 5, at T= BS
—65 °C; see the discussion in Sec. V C. Lower part: TA velocities B 7]

from Brillouin measurements. The upper curvecis,(T), the bro-

ken line isct,.. , and the lower curve ist(T). The open triangles -100 0 o 100 200
are from local fitstDHO). T [°C]
low-frequency wing of the boson peak is of no relevance gig. 3. Line widthsI', andT'; for mTCP. Numbers for widths
here: I' and frequencies are in MHnot rad/$. Upper three sets: plotted
on a linear scaldnote the very different frequency rangegull
1(q,@)=1c(q,0) +11(q,0) +1.(q,®). D) circles are the “experimentalT' , full squares are “experimen-

tal” I't (note they shift of 600 MHz to avoid overlap Full curves
are from the model fit; see text. The break for the Brillouin values
at 90 °C occurs because the three higfiestlues have been mea-
sured at a slightly loweq with SOPRA. Also inserted in the Bril-
A. Longitudinal acoustic line (L) louin part are the three contributiol§ () + ' (8) + T gass I,

For phonons having wavelengths large compared tgvhich build up the full width of the2 LA phonquseel Sec. IVR
atomic distancegas in the present caseshe viscoelastic -owest setl’, plotted asD=2T", /q” on a logarithmic scale.
description is well establishe@ee, e.g. , Ref.17]), and its
parameters are naf dependent. For LA waves, one usually AS explained above, the frequency spectripiw) of the
considers the adiabatic sound velocity(T) and the high- relaxation kernel is written as the sum of two terms. The
frequency values, .(T) as the primary parameters. The LA first, describing the sloww relaxation, has a linewidtf', ,
Brillouin spectrum is expressed in terms of a relaxation ker-= 1/7_, Which vanishes wheii—Tg, and changes strongly

All these scattering event<(L,T) are affected in different
ways by the relaxation processes.

nel as follows : aboveT,. It can be represented by
I ngzwil 1
IL(qvw):IL(ﬁ”(qlw):_lm ' = — —
" ™ i - 0P - wKi(g,0) " R = @

where the subscript indeX indicates the number density, The second, the fasB relaxation, has a linewidtl" g,
andl_ takes into account all the constant factors not relevant 1/7 g, and it is written as

here. For the relaxation kerni€l (g, ») we made the follow-

ing ansatz: 1

Ki(g,0)=(cf.—c2) ok (w). 3

1
Kup(w)= 1+[w/(i1“|_ﬂ)]ﬁ00_1)' ®

O]
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They combine to the total relaxation spectrum with weightsunder the central peak ¢f (q,w) to its total intensity. The

T.(T) and 1- T (T), respectively: result is determined only by the moduli, and gives

ki (w)=T k +(1-Fk : 6 c

L(w) LKLo(@) +( L) Lﬁ(w) (6) frow=1— TO' 9)
Here Bcp<1 is the Cole-Davidson stretching parameter, Lo

while Bcc=<1 is the Cole-Cole parameter. We useg-=1, - .
because the widths and positions of the phonon lines in ou-Fhe nonergodicity parametégﬂCT (accordlng to MCTtakes_
to account only thex contribution to the central peak in

measurements W(ire not sens[tlve to a poss_lble stretching 1. (2). According to Eq/(7) it results that
the B process. The | value, 0< f  (T)<1, defines the rela-

tive weight of the two processes, ; is expected to vary c2 ¥
i ; ; 0 L
very weakly withT, and an Arrhenius ansatz was used in the fucr=1—- —= . (10)
data analysis, i.e.FLﬁszﬁ exp(=Tg/T), with Tz~30 K Claw 7 Co
<Ty. Lt c2,—c?
A similar ansatz forl | (q,w), using two relaxation pro- be 0
cesses, has been already introdu@dnainly to explain the B. Transverse acoustic line(T)

LA linewidth observed in an inorganic glass f_ormer. It is clear that the analog af, of LA waves for TA waves
The effect of a two step relaxation, E@), will be a two 5 ;04 (jow-frequency shear waves are overdamped in the

step change of sound velocity. It is suggested here, thereforg, . . e =
that the primary elastic parameters are the high-frequenc@(w'd)' For clarity, we still distinguish between ttfeparam-

sound velocityc, .. (measurable ifwr ,>1 and wr g>1)  etersf (T) and f(T) . Then
and the low-frequency sound velocity(T) (measurable if |

o7 ,<1and w7 z<1). An additional characteristic veloc- I1(q, 0)= Tim
ity C_ - (Measurable itvr ,>1 but wr z<1) may be de- ™
fined in the present two step relaxation model. The latter

corresponds tac..(T) of experiments(e.g. ultrasonidsin Wit

which the frequencies are much smaller tham 3/ The > o —
scenario proposed here furnishes a straightforward explana- ~ K1(d,0) =797 f tkro(@) + (1= fp)keg(w)]. (12)
tion of the fast drop ofc..(T), i.e., C_,(T) in our terms,

-1
w—i—KT(q,w)]’ (12)

right aboveT,, as will become clear latéSec. V B. We use the same structure for the frequency dependence of
The usual modulus which is relaxed by theprocess, the relaxation kernel as was given for the LA modes in Egs.
c2,..—c2, is thus replaced by (4) and (5).
CL = Co= T (cl—C)). (7) C. Central line (C)

- ) ) Although the present work focuses on the sound waves,
~ The parameterf | (T) can thus be derived from the posi- the central lingCL) has to be included in the analysis, being
tion of the LA line, oncec, ..(T) is known. In the following  essential for the Brillouin region because of its high-
we will assume that, ., has only a weak temperature depen-frequency tail. In contrast to the LA and TA lines, which in
dence, and we will define it to be linear Wﬁlh and vanish- a 90°-Scattering experiment appear 0n|y in VV and VH ge-

ing at the same temperature @ T): ometry, respectively, the central line is fully depolarized. No
matter what is the specific scattering mechanism—here pre-
CLx(T)ZCLw(Tg)—(T—Tg)CLm(Tg) cl. ®) sumably light scattering from molecular reorientational

Co(Tg)

The slope c,=dc,(T)/dT is taken from the high-
temperature part of the US measurement§=3.26m/
(sK). Slightly different choices of the slope @f .(T) do
not seriously affect the results fdr, (T) andI’ 4(T). ) _ _

The spectrum equatio() consists of the two Brillouin Again we use the same formulatipBgs.(4) and(5)] for its
peaks and a central line which extends out just to the Brilfrequency dependence. For the VU spectra we had to add an
louin peaks, but not further. This central line is the well @dditional delta functionS(w), which accounted for the po-
known Mountain peak which has the shape of the relaxatioffrized straylight.
kernel, Eq.6). This shape is naj dependent, contrary to the
Brillouin positions and widths. The width of the Brillouin IV. RESULTS
lines is directly IJK (q,w )} where o, is the peak fre-
quency. Let us start from the simplified case whexe is
much larger thai’, , andI" 4z [as always assumed in MCT, The parameters of the model were mainly derived from
a theory which gives a rigorous formulation of the Mountainleast-squares fits of the quoted expressions to the measured
peak, while we model it with the simplified ansatz of Eq. Brillouin spectra, as the examples in Fig. 1 show. The fit
(6)]. Then one can directly derive the ratio of the intensityroutine was usually applied simultaneously to sets of spectra

dynamic—we assume that it has directly a relaxational shape
with no g dependence.

I ~ ~
lo(w)=—Im{Tcke o(@) +(1-Tolke pl@)}. (13

A. Fits
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(up to 25, or to individual spectra. It takes into account the
apparatus broadening by numerical convolution with the ex-
perimentally determined resolution functions. In the case of
FP spectra the presence of neighboring orders to ten
orders is taken into account. Some of the fitting parameters
are common to the whole set of specfeg., ¢ ..(Tg)],
while others may be individually differerie.g.,I,).

To compare “experimental” line positions and linewidths
(o, =c_ g andI"|) with those which follow from the model,
for FP and SOPRA spectra we have fitted simple damped
oscillator line shapes to each spectrum individually. The re-
sults appear as “experimental” points in Figs. 2 and 3. The
“theoretical” positions and widths are read numerically 10,001
from the theoretical spectra prior to convolution with the :
apparatus function. They appear as thick smooth lines. For
easier comparison with the moduli, we generally mptin-
stead ofw, .

The “experimental” points for US ¢ ,7 ) and ISTS

0 100 200
T[*C]

FIG. 4. Effective width parameters,=T",/ Bcp (Bcp=0.4)

andI'; of the relaxation functions in GH@mot rad/3. Iz is upper

dashed linel",, are the bent curves. The lower bent curvd i§,s

. L e : while the upper one i§' | (T)= 10" yy(T). The experimental cen-
(w,,7,) were derived from the spectra by individual fits on .\ yneidths full squares follow closely Ty, while the offset

tlme axis and converted tay_,I,) pglrs. T(.) compar‘? them . of one order of magnitude to tﬂé'a curve derived from the LA and
with the model used here, we again derived the “theoreti-

. . TA Brillouin fits i kable. Note th ing of thil
cal” positions and widthsw, andI'| due to Eq.(2). The rillouin fits is remarkable. Note the merging of thi, curve

T . and thel'; curves at about 100 °C. Around this temperature one
minimization process of the squared dlfferencqé)(was may enter the single relaxation region. The lower nearly straight

performed by then changing the model parameters. curve is the Brillouin energw, =c,q/ 27 (open circles are the

Performing preliminary fits to LA and TA sets of spectra experimental valugs The crossing point of this curve with tHg,
for the case of Brillouin scattering, we found that at all tem-curve corresponds to the maximum damping of the10-GHz
peraturesI' ,(T)~I'1,(T) and ' s(T)~I'14(T). Also, sound waves; see Fig. 3.

f.(T) and T(T) follow each other closely, the difference
|TL(T)— T+(T)[<0.1 at all temperatures. Thus we use Sim-parametersccy(T), ¢ .(T), cr(T), k; local parameters:

ply I'o(T), T g(T) aan(T) in Egs.(6) and(12). f(T) , total intensities and backgrounds for the FP and SO-
For the Cole-Davidson stretching parameter of éhero-  pRA spectra The resulting fit curves for the FP spectra are

cessB,cp (7=L,T,C) for all three different types of spectra jc|yded in Fig. 1, and are seen to be very satisfactory.
we found the common valug,p=0.4+0.1, with B¢ cp

having the strongest statistical significance. To determine

Bc cp, we additionally used a set of wide energy range HV B. Parameters
spectra measured by a SOPRA double monochromator
[14,18. The apparent sound velocities obtained are presented in

For the widths of the central linB,, we find good agree- Fig. 2, for LA and TA waves from Brillouin spectra, and for
ment with values derived from a NMR experimelitl], LA from US and ISTS. The full lines are the results of the
which measured the reorientational relaxation time of theglobal fits, using the model described above. They follow
molecule. So we writd"c,~I'ywr~I"1o; (S€€ Fig. 4, lowest very well the three experiments: U&ft most datd ISTS
curve and squargsThe additional broadening due to trans- (the two middle sefsfrom Deeg and Diercksen; and BS
lational motion is for these smatj values negligible. (right hand data The dashed line in the LA part is a plot of

The NMR Cole-Davidson parameter was foydd] to be ¢, ,.(T) obtained from Eq(7). The dashed line in the TA
Bnmr.cp=0.38, which is confirmed by our light scattering part is correspondinglgy .. = \/ﬁcm.

results. The valud c was found to be~1, i.e., we could fit Figure 3 presents, in the upper three parts, the width pa-
the wide range HV spectr@SOPRA with the stretched rameterd’, andI'; (from BS) andI', (from US and IST$
Cole-Davidson function up to the boson peak region; than the lower part they are plotted as kinematic viscosities
boson peak intensity amounted to only about 10% of thep=2r", /g2, on a logarithmic scale.
central line intensity 18]. The smooth thick curves in Fig. 3 are the theoretical de-
According to these findings, we make the global ansatgendencies fol', 1 as obtained from the model. Again the
that(i) the same memory functidk(w) determines both LA curves follow the experimental points well for the four fre-
and TA complex moduli with3cp=0.4; and(ii) the values  quencies. The fact that both the bending down of sound ve-
of I'co(T) and I' (T) =I'1,(T) =T',(T) have the same |qcities in Fig. 2 and the width maxima in Fig. 3 are well and
temperature dependence, but may be different by a commagven quantitatively described, supports the model chosen and
factork=T (T)/T c,(T). the parameters found. Discrepancies are seen, especially in
A second series of fits is performed to the whole sets othe 2—100-MHz data foF', on the level of about 10% of the
spectraFP spectra for VU and HU; SOPRA spectra for VV maximum of each curve, and in a residual width in the glass
and HV; US and ISTS for LA parameter sets only; globalstate for LA widths. We account for the latter by inserting a



57 SOUND WAVE PROPAGATION AND EXISTENCE OF A ... 725

constant additional s, displayed for the Brillouin widths - T y T - T
as the lowest straight line.

However, in the fitting process, especially of the lower
frequency dataUS and IST$ it turned out that the time
constantr, ,= 1M , entering Eqs(2) and(11), via Eq. (4),
had definitely to be chosen shorter than for the CL, &8§).
Fits were best fof" 1 ),~10¢,, with an estimated uncer-

tainty of about 30% for the factdr=10. One can improve

the fit quality especially for ISTS by choosirﬁg=7 instead
of 10, and a Cole-DavidsofCD) parameter8cp=0.3 in-
stead of 0.4, respectively. These are the thinner full lines in
the linear displays of| .

For the Brillouin widths in Fig. 3, we plot two further
theoretical curvesindicated ase and 8). The a curve was
computed by settind’; to a very high frequency, so that
only the a process produces a linewidth («) (I gassWas
set to zerd The B curve is then simplyl' (B)=TI",
—I'L(@). Its increase withl aboveT reflects the onset of
the fast relaxation. The jitter of this curve is mainly due to

the locally determined factors.

FIG. 5. f factors, as derived from LA and TA lines. Connected
full circles : T(T) , the slowly relaxing part ok(w). The dashed
: - ) ) part of the curve denotes the region whétg andI'; are of the
Figure 4 presents the various effect.|ve widthg/Bco same magnitude, so that tifevalue loses its mathematical mean-
(bent curves_, and squaDe&ndF_ﬁ (d:_;\shed ling We note that ing. It was fixed for the fitting procedure @t=0.45. Connected full
I'ce=T'wwr in @ good approximation, and that the tempera-gqyares f,,.; from Eq.(10). Short dashed linet1o, from Eq. (9).
ture dependence of the-relaxation process agrees well be- [ ower curves:gy,,, integral of central part of"(q,w) for BS
tween NMR or CL on the one hand, and LA and TA on the(~10 GH2 and for US 2 MHz), respectively. The upper curve
other(though their values differ, as was just mentionéithe  is gynon= 1~ gwount» the relative phonon intensity for BS.
open circles are the frequencies of the phonons from BS. The
crossing ofl", ,/ Bcp with the frequency curve occurs around C. Fluctuation spectra
the same temperature where one observes the width maxi- _ . . o
mum (07,Bcp~1) of thea curve in Fig. 3. But this width Finally, Fig. 6 summarizes the susceptibility spectra

is only half of the measured width. Thus one needs the fast’ (0:®) =@y (d,») at different temperatures, using the
process, curvgs in Fig. 3. parameters obtained in the fits for a set of temperatures and

This fast proceskg(w) is found to have an effective different momen}um transferg in a qu—lqg display. The
relaxation time in the range upper panel ot/F|g. 6 shows two contrlbutlo_ns c_Jf the fluctua-
tion spectra¢y,, (which are the two contributions to the
75=0.5X 1001 s, [p=2mx30 GHz, Mountain peak One, with a short time constamg, with a
maximum at about 30 GH@early T independent increases
o in weight with increasingl. The other contribution has a
which is weakly temperature dependefii; =30 K). longer and stronglyT-dependent time constant,(T), and
Figure 5 presents the fit results fo(T), fycr(T), and  decreases in weight witli. These spectra were simulated,
f1oal(T). The locally fittedf (T) value decreases monotoni- choosing a phonon frequency of 20 THz which is outside the

cally approaching 0.45 effectively around 35 °C, i.e.Tat  displayed region. .
~1.5T,. Above a temperaturd~1.6T the T value was The lower part repeats the full Mountain part for two
BTy, 6T,

. temperatures = —35 and+94 °C) but it also shows the
kept constant, which reflects the fact that andI'; are of normalized LA phonon spectré!,(q, o) for the three ex-

the same _size, so that differefitvalues produpe the same periments(US, ISTS, and BS, from left to rightior these

relaxation in any case. In other words, there is only a singlgyo temperatures. One observes that the existence of a pho-

relaxational process above tht(see the merging o and  non “cuts off” the central line for frequencies larger than the

B maxima in the upper part of Fig. 6 ahg, andl' s at higher  phonon frequency. It is a consequence thereof that the full

T in Fig. 4). In contrast to the sound wave lines, the centralg-relaxational part can possibly be observed only fay 1/

line requiresf =1 in the full temperature range studied. values in the Angstrom region which is the range of x-ray
At low temperatures where 7,51, nearly one half of Wwavelengths or atomic distancéthe rightmost pair is a

the LA spectral intensity appears as a central fidduntain  simulation usingg=0.2 A™1).

line), which broadens and merges with the phonon line as

shortens at highel; seegmount @nd gpnon in Fig. 5. This V. DISCUSSION

spectral component was not decisive in the fits to the Bril-

louin spectra, because it was always masked by the much

stronger central line. Only the propagating sound waves First we turn to the relaxation processes as described by

(Brillouin lines) were decisive. k(w). From many experiments, old and recent, it has become

A. Slow and fast time constants
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nelsk,, and agrees with NMR. So we are forced to state a

serious discrepancy for the -correlation time prefactdk, if
one compares collective dampifigacroscopic; long wave-
length sound waveswith individual motion (microscopic;
reorienting molecules

At present we can only speculate on possible redspns
for this apparent discrepancy. First we note that a similar
effect was recognized in Refl20—22. At least two points
should be taken into consideratiofi) Damping of elastic
waves proceeds through relaxation of center of mass motion,
as well as through relaxation of reorientatigi) If the de-
cisive unit for viscous flow is not the single molecule, but is
of intermediate size, then the first relaxation of a single mol-
ecule within may allow relaxation of the unit. Assume now
that this process concermé molecules, of which each re-
laxes (reorientg on the average after time, ,; then the
first relaxation process will occur aftet, o/ N.

In the first of the previous studies already mentioned, we
analyzed the BS of GeSBi3] (four different scattering
angles, LA soungd The single relaxation fit also failed, es-
pecially at higherq and higher temperatures. This failure
could be removed by inventing a constant glass velogjty
(nowc,..). We allowed for a weight increase of a fast relax-
ation process proportional t@j— cfaw). Describing the fast
spectrum by its low-frequency valug; allowed a formula-

FIG. 6. Susceptibility plot of¢”(q,w) for selectedq and T tion of the “theoretical” pointsc (T) andI' (T) as a fit
values. Plotted isy”(g, w) = w ¢y (q,w) Vs w on a double logarith-  function of the global parameters. So we found, with a simi-
mic scalgsee Eqgs(2) and(3)]. For the parameters chosen, see Seclar scenario to that described here, the missing widths of the
IV B, Figs. 2, 4 and 5, and Table I. Thgpeak is located around 30 Brillouin lines. The lack at that time was, that the relax-
GHz, and its relative intensity increases with-T (T) compared  ational spectrum was not properly normalized as it is now.
to the & peak. Thea peak moves with increasing from left to ~ But it introduced already the necessary philosophy, viz. a
right, and loses weight. Upper pand@l:dependenceT=—65... fast channel opening abo\]'%,
+94°C as in Fig. 1 In order to display the full relaxation spec- In the second previous study mentioned, the BS of
trum in this graph, the phonon frequency was shifted out of theCaKNQ was analyzedbackscattering geometry onlyLi
picture (20 TH2). Lower panel:q dependence, and phonon lines et g|. [4] directly used the shape of the depolarized central
included. From left to right the threg double sets are eacr11 for jine scattering to find the relaxational power of the fast
—35 and +94°C, and for the followingy values:g~4 mm process. They claimed that this scattering is predominantly
(n.~2 MHz, U9, g~0.3 um = (1 ~100 MHz, ISTS, andd 4,6 {9 4 DID scattering mechanism, and measures a density

~ -1 ~ ° indi i . K .

30 um "~ (1, ~10 GHz, 90°BS. They indicate the experimental o) iy spectrum. In this way, they derivedcg,..(T),
range of frequencies used in this analysis. The most right set oénd from thisf (T), which shows a cusp shape as ex-
Brillouin peaks is a simulation witlg~2 nm™* (v,,~1 THz, ac- McTL P p

cessible only with inelastic x-ray scattering pfacted from MCT. They appl_led this prolcedl_Jre.onIy_ for
higher temperatures. There a single relaxation fit gives rise to

clear that at least two relaxations and stretching have to b@n increase o€, .., which is unphysical; we would find the
included in writing down the frequency dependent elasticsame formTCP if we would choosd | =1.
moduli for both LA and TA waves. The claim is tested here  The third study[19] derived for the supercooled AG;
on mTCP, and there are three other LA Brillouin studies melt, the presence of a fast relaxational procegs<(10 p3
which showed the need for two relaxation times, \i&] besides the slowr process, and relative weights 30:70, re-
(GeSBp), [4] (CaKNG;), and[19] (As,O3). spectively, from Brillouin scattering and photon correlation
The temperature dependencelof,(T) (»=L,T,C) fol-  spectroscopy. The authors suggested that the situation is
lows the NMR resulf11] closely, as was to be expected. similar in B,Os; both materials are among the strongfedt
However it came out very clearly, especially from the lower-glass-formers.
frequency measurements)S, ISTS, that I'yyr had to be In the present work, we fif (T) directly. In this way we
multiplied by k=10(*3) in order to describe well the ve- can start from an analytical ansatz #y and treat CL inde-
locity cross over and the peak of the dampinB (),  Pendently from LA or TA. Treating CL and LA or TA inde-
=10I'ywr). There is very little effect of the fagd process at pendently is suggested fanTCP by two facts: the CL is
these lower frequencies, so that one observes in US and IST&ry strong, and presumably most of it is due to orientation
essentially the rapid narrowing df,. On the other hand, fluctuations; and the CL width does not agree wiith, as
fitting the CL we find for its widthd¢,~T'\wr, i-€., good derived from LA or TA widths.
agreement with NMR. For the CD stretching parameter the For density fluctuations the ratio of the modaf/c?,,
value Bcp=0.4%0.1 describes well all the relaxational ker- governs the ratio of vibrational to relaxation@lountain

x"(w,q,T)

10° 10
w2n [GHz)
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TABLE |. Parameters fomTCP. High and low frequency velocity parameters are from the fits. NMR
relaxation time and 4 are from the literature.

Glass transition temperature :
Tyq=—68° C=205K

Velocity parametersT in K, ¢ in 10° m/9):
CL(T)=2.50-0.00400—T,)
Co(T)=1.805-0.00326 —Ty)
Cr(T)=1.15-0.0028{T— Ty)

NMR relaxation time T in K, 7in s) [11]:

IN[ 7, nur(T)]= —33.08+2.272< 10°/ T— 7.851x 10°/ T2+ 9.5255< 10°/ T3

intensity, Eq.(9). Turning now to the strong depolarized CL, <I'4, the velocity isc ... But now the phonon intensity
considering it as givefa Mountain peak so to speglone  becomes % f,cr, which is larger than * f1, i.e., larger
has to search for its vibrational excitations. The only candithan in the previous measurement.

date for a vibrational part is the boson pefdid]. But its A further increase takes place when the phonon frequency
intensity amounts fomTCP only to 10% of the central line in the experiment is still lower, so that one has crossed the
intensity. a-relaxation region and measureg. Now the intensity of

In [14] we also used the viscoelastic description for theyne phonons reaches1; no intensity is left for the central
boson peak omTCP. This allows a partly quantitative de- 51t pecause the vibrations generally cut off the part of the

scription of the high-frequency wing below the boson peakeg|qyational spectrum which is on their high-energy sistee
maximum. Modulu~s parameters are taken from the presergig. 6) (entropy fluctuations are neglecjetn Fig. 5 this is
yvorl_<; locally fitted f values_ closely follow the values given ghown by the two lowest curveg o, Which are the inte-
in Fig. 5 anq thel's's are in the range from 50/150 GHzZ grals overg}(q,w) up to half of the phonon frequendlis-
Increasing W't.hT' The CL has aII.the time to be handled as played are the values for the ultrasonic and the Brillouin
an ad_dltlonal independent quantity. ' experiment, respectivelySlightly aboveT, they start with
.Domg the reverse, namely, trying to f'f ;q13) to the values near or equal th,cr, follow the latter closely up to
wide range HV spectra, we found vilues fiog in the range their respective crossover temperatuter(~1), and then
of 2 0.97/0.99 instead of the values foiplotted in Fig. 5. S0 fa| far below fycy for higher T. The phonon partipne{ T)
we have to conclude that imTCP the relaxational reorien- —1_g,  (T) is given as the increasing upper curve in Fig.
tation of the molecules is only governed by anprocess, g

and this process is slower than the slow process for propa- Theseg curves were drawn here after having fitted the

gating LA waves. moduli and T values using Egs(2) and (3). It would be
useful to take them directly from experimental integrals over
the phonon lines; however, one would have to introduce an-
The second item is the discussion of the weight factorsother intensity reference.

The value off (T) determines the relative strength of slowto ~ Analyses using only one relaxational procea$ &s, were

fast relaxation, and thus the frequency dependent moduli; Set@rformed in Refs}EZZ—Z@, led sgmetlnzjes to Uf;;‘ias((_)rf;ame
= . tonig temperature dependencies ,

Egs.(3), (6), and(12). The valuef (T) changes from near 1 Viz. nonmMono . . . CT

toq near 0.4 betweef, and abomgt )1.159; gee Fig. 5. Its (see Figs. 8 and 9 in RefH], Figs. 14 and 16 in Ref22], or,

connection with the nonergodicity parametigj.; of the :‘or Co(T) . F]Eg.tz dm It?ef.[24])l. V\t/h?ttrr]]erfortnolt thetge prob-
mode-coupling theory is given by E@L0), as a consequence ems are in fact due to a negiect of the 1ast relaxation process

of which fycr changes only from about 0.5 to 0.3. The rea—der:emif] ont\r/]vhefther in these <I:asefs ﬁ?process 1S mEuih
son is that the phonons are an essential part of the spec:truﬁ"f\S er than the frequency scale of the measuremeny (
>, ). Only if this condition is met i, ... a well measur-

Pn(0, ). . .
. . . - able quantity, as i$ycr; see Eq.(10). If, on the contrary,
Let us discuss thé factors by using their definition as an the conditionl” ;> w_ is not fulfilled, as in the Brillouin ex-

integral over the spectrurfy(q, ), extending up to butnot . thes process has to be taken directly into
including the region of the phonon lines. Referring to thegccount ' P y

lower part of Fig. 6, and starting with the largeptind thus In the scenario discussed here, the temperature depen-

largest w values, the phonon part of the integral overd 7 is th for th id d f th
én(g, ) is 1—fro [EQ. (9)]. But the integral covers the eﬁ'?g?)l?n q Ivsetl o(caitrigzs:SO\?E;F Svrr]zzl theefé?na;;;utrees?gr[t)sa "
full relaxation spectrum only if the phonon frequency |st0 rise aboveT—0, the moduli soften slowlybelow the

much larger thanl, andI'; (and therefore the apparent T—0 val | is in the al tate. b th
sound velocity isc, .,), so that the reduction of the integral ' va 963 "’TS ong as one s in the giass s a_‘ & gcau_se €
by the phonon line cutoffwhich is necessary for the second B-relaxation time andf decreases slowly(This action is
moment sum rulgis negligible. seen very clearly in the BP regi¢@5].) At T, the frozen in
If there is a large gap betwedn, andI';, as for tem- fluctuations first begin to melt, andi(T) decreases much

peratures neaf,, and we consider phonons with,<w faster with increasing, reducing the modulus correspond-

B. The f parameters and the MCT scenario

g Ll
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ingly for all frequencies below ;. X 10° m?/<%, an inconsistency far above the error bar. The
This is the drop seen ip,,.(T) for T>T,. Around the  error occurs becausg(T) changes just abovE,; see be-

temperature where7,~1, the apparent sound velocity low.]

is brought down further fronc, .. to ¢, when crossing To solve forB and G, we remember that the “sound

through thea relaxation. velocities with negligible relaxation,” are .. andc.., re-

By taking into account both fast and slow relaxations andspectively, as introduced above; they lie slightly above the
their relative weight explicitly, the determination df(T) values observed af in Brillouin and ultrasonic experi-
from the Brillouin data becomes rather relialfgxcept when ments; see Fig. 2. Thus we can evaluBteor the related
w7,<1, which happens imTCP only above 50 °C, see Fig. sound velocitycg..= (B/p)Y? from Egs.(14) and (15). The
4). result, cg.,=2.1x10° m/s atT,, appears in Fig. 2 as the

Our results forf show a change in slope arourit open square. Bulk modulus va!ues were evaluated from ul-
~308& ~1.5T,. This value does not agree too well with the trasonic data for several materidkee, e.g., Ref§27,28)),
characteristic transition temperatur(of MCT) as found ~Put to our knowledge from Brillouin data only for
by an analysis of the softening of the BP for the case offiCls-KCI [29]. _
mTCP, viz. (1.2/1.3]4; see Ref[26]. It was already mentioned in Sec. V B th&{T) shows a

The present data indicate, but are not sufficient to provebreak atT* =1.5T,, not far from the temperature where a
the “cusp” shape off ycr(T), which MCT predicts. As just characteristic change of dynamics has been deté2@cy
mentioned, anomalies were founddn(T) or ¢(T) in other  an analysis of the BP. We assume here that these are two
works [19,24; perhaps these data may indeed lead to cleadifferent aspects of the same underlying phenomenon, which
cusps or breaks ifiycr(T), if the analysis is performed in in MCT is the critical temperaturé,.
the way proposed here, i.e., taking two relaxation times into According to the usual interpretation of MCT the addi-
account. tional nonergodic processes which freeze in belgwshould

The general difference between macroscofid, TA) be density fluctuations. Let us regard the fluctuations at small
and microscopic(CL) motions, which was mentioned and intermediateg. Density fluctuations are of the order
above in the discussion of,, may also be a reason for the (5p?)~kgT/c3. If one were to draw into Fig. 2 the curve

difference in temperature dependence betwéer T,=T  for the temperature dependerggT) at, say,w=~ 10" rad/s,

Td dent, Fig.)5a df.=1 (T ind dent it would drop from the open squareg,, towardc,(T) in
(T dependent, Fig-Jand fc (T independen) the same way in whickc (T) drops fromc,.,, and ap-

proachesc,(T). [At present we see no reason to doubt that
o , _ o the T factor for bulk excitations obey$ gz(T)~Tf(T), and

As a third item we return to the viscoelastic des~cr|pt|on ofihat the same time constants, 7, apply] The cusp height
LA and TA waves in terms of their complex modulil, (w)  for these small density fluctuations is thus of the order of
and M(w) respectively. This is of interest in the context of the relative change d8 betweenc3,. andc3, which is 10/
MCT again, because MCT is conventionally applied to15%. Such a relatively small change of density fluctuations

C. Bulk and shear excitations

densityfluctuations. does nota priori speak against density fluctuations as the
The two basic excitations of continuous media are bulkrelevant variable in MCT.
and shear deformations, with modBi(w) and G(w) re- However, the relative change of shear wave fluctuations

; S = 4= [kgT/c(T)?] around the same temperature is much larger:
ipectlvelyu, and the re!atlonML(w)—B(w)+ 36((.1)) and 100%. Therefore, in our view the question should be taken
Mr(w)=G(w) are basic consequences of continuum MEUp again, about which of the two may be the driving mecha-
chanics. Since the present experiments furnMi(w)  nism for the liquid-glass transformation. In terms of MCT,
=K (w)p/g? andM(w)=K(w)p/q?, it appears useful to the question is the following: What is the quantity for which
go on toB(w) andG(w). Here we restrict the discussion to the dynamic nonlinear feedback mechanism becomes active
the high-frequency limit, Wheréw'é(w)>|lm {§(w)}|, G (and which then “s_,lav_es” the _other oyielt appears that the

~ — low-frequency excitations, which are predominantly shear or
~G(w)>[Im {G(«w)}| and librations, would qualify easily for any nonlinear mechanism

4 because they do have large amplitudesT{% w>1). Dense
wa: B+ §G) / P, (14) packing will also supply sufficient feedback for shear mo-
tions. The argument that, in principle, shear fluctuations can-

not persist forever on theoretical grounds may not be as
C-|2-30=G/p. (15) stringent when real glass-formers are considered.
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