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Brillouin scattering study of molten zinc chloride
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Polarized and depolarized Brillouin scattering experiments on molten,Zm€te performed between 300
and 600 °C in different geometries. VV spectra measured in backscattering and small angle scattering were
analyzed with conventional viscoelastic theory using either a Debye or a Cole-Davidson model for the memory
function. We also analyzed in the same way the temperature dependence of the transverse Brillouin lines
detected in a 90° VH geometry. We show that the Cole-Davidson memory function yields a consistent
interpretation of all the spectra. The resulting shear and longitudinal relaxation times are equal within their
error bars, and are about 2.5 times smaller tharutinelaxation time previously determined. The static shear
viscosity values deduced from the analysis of the propagating transverse waves agree, at all temperatures, with
the measured viscosity values.
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[. INTRODUCTION tra[6]: when the temperature decreases and the characteristic
time of the structural relaxation increases from values typical
The viscoelastic behavior of supercooled liquids has beenf a liquid (10 '?s) up to values typical of a solid (18),
investigated using different techniques for many years. Nevthe Brillouin lines shift continuously to higher frequencies
ertheless, neither the details of the slow relaxation procesand their widths go through a maximum, while the central
observed in all materials showing a liquid-glass transitioncomponent narrows continuously.
nor its connection with the glass phase are fully understood. Although Brillouin spectra only provide indirect access to
An important characteristic of the relaxation process is thehe characteristics of the structural relaxation process, a vis-
large time domain it span@bout 14 orders of magnituge coelastic description introducing structural relaxation
which is the reason why more than one technique is usuallthrough frequency-dependent transport coeffici¢fis can
required to cover the whole domain. In recent years neutrodetermine the characteristic parameters of the relaxation
scatterind 1] as well as polarized and depolarized light scat-function from the fit to the experimental data. Unfortunately,
tering [2] experiments have been able to explore the smalit was shown in several organic liquids that Brillouin spectra
viscosity region of some supercooled liquide., 10 2~1¢  can be well-described using different relaxation functions, in
poise and have shown that the stretched behavior of theparticular functions involving different stretching parameters
relaxation function previously seen at lower frequeng@s [7]. This lack of uniqueness can be overcome by introducing
longer time$ at lower temperature persists in that viscosity stretching parameters extracted from independent experi-
range. A superposition of uncorrelated relaxation times coulanents, thus assuming implicitly that the relaxation functions
be at the origin of such spectfa], but nonlinear relaxation of all the relevant variables behave in the same way. So far,
processes as described by mode coupling thegryMCT)  this assumption has not been proved theoretically. Neverthe-
also lead to stretching in the relaxation function. MCT is alsoless, it is known empirically that relaxation functions ob-
able to describe the dynamics of the supercooled phase ¢dined through different experimental techniques can give
fragile glass-forming liquids for relatively short relaxation similar stretching parametef8]. One question we shall ad-
times and low viscositieftypically <10 8s or »<<100P.  dress here is whether, in spite of the intrinsic limitations of
Until now the origin of this stretching has been a matter ofthe Brillouin scattering technique, it is possible to find a
intense discussiofb]. more precise signature of the relaxation function itself by
Characterization of this relaxation process, called thecombining different scattering geometries.
structural relaxation process, requires a knowledge of at least ZnCl, is one of the simplest glass-forming molten salts.
3 to 4 orders of magnitude in the time or frequency domainBecause of this simplicity and of quite low glass and melting
However, in a Brillouin scattering experiment, the accessiblégemperature Tq=102°C, T,,=323°0, it has been exten-
frequency domain is less than two decades, so that it is germsively studied. In addition to classical thermodynamic and
erally not possible to study the full relaxation dynamics.viscosity measuremenf9,10], the structures of the vitreous
Nevertheless, the viscoelastic behavior of supercooled ligand liquid phases were studied by x-reyl] and neutron
uids produces a characteristic signature in the Brillouin sped-12] diffraction and by Raman spectroscof#3]. Dynamic
properties have been studied by ultrasofii®] and light
scattering[14—2Q techniques. More recently an extensive
*Present address: PMC, UniversReerre et Marie Curie, 4 Place study of liquid ZnC}, combining molecular dynamics tech-
Jussieu, 75252 Paris Cedex 05, France. nigues and instantaneous normal mode analysis, was able to
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yield insight into the nature of the vibrational modes seen in [l. HYDRODYNAMIC THEORY AND PREVIOUS

the spectra of this liquid above the relaxational frequency RESULTS

domain[21] o . A. Density fluctuations and longitudinal phonon dynamics
The structure of glassy and liquid ZnCtonsists of

closely packed Cl anions where the small 2h cations oc- The main contribution to the polarized intensity in the
cupy tetrahedrally coordinated sites. The @ns shield the Rayle|gh—Br|IIoum region Qf a S|mple_ fluid of isotropic par-
Zn** ions very effectively while linking the tetrahedra ticles arises frc_)gn th? density fluctuatlo_ns at very small wave
through a mainly cornersharing structure. This restricts the/ectors ~10 °A _)‘ From the classmfil I!nea_mzed equa-
mobility of both ions, as can be seen in transport coefficientdONS O.f hydrodynam|c$6], the speciral distribution of scat-
such as the viscosity which is unusually high10]. tered light is derived to bé(w) =105(q,»), where

An early ultrasonic absorption studyO] yielded values 11
for the elastic moduli, the viscosity, and the relaxation times. S(g,0)=— —Im{w?’— w3—i0g?D,} 4, (1)
Different longitudinal Brillouin scattering studiefsl4—1§ ™
Irggg:tgn?j ?{:2%5;3?2? ?elt:a it;\;ﬁ;r_] Itrf:?olgrng:}l:ﬁéln:l_?%?usm\:/vhere the density fluctuations appear as a Brillouin doublet

the analysis of the spectra was performed assuming a queaused by adiabatic pressure fluctuations. In 89, g

Debye relaxation process, thus allowing extraction of the in._ Cod is the fimiting low-frequency adiabatic relaxed sound

finite longitudinal sound velocity, elastic modulus, and relax—fre?#ency'ct:to pemg the adlaltaatlc rr?nlaX.Ed ts;]our]:d velocity,
ation time. One of these studigs6] explored a wide range IS the scattering wave vector, arld, 1S the fréquency-

of angles, so that the parameters obtained were global one. fjependent Iongnudmal viscosity. Here heat diffusion ef-
ects can and will be neglected.

imiz imultan ly over all the angles. A large fre- - .
optimized simultaneously over all the angles arge fre The D, coefficient in Eq.(1) usually represents the con-

depolarized light scatteri tudy [19 Lo . .
ggrefg% égnk?yesoerﬁ)g gfnjs shgweg(;adﬁsrtli(rl%s)nsc;lj-go[rergtziaﬁ”bUt'On of anharmonic processes which ensure the return to

relaxation peak in the susceptibility spectrum, together Wm}equ)lllbruimboft_the f:wd_aftelr all'n g)éter?r?l d(ans{tyrt te.mt.peral'
a pronounced Boson peak around 20 ¢émHowever, no ure) perturbation. in simpie fiquids, the charactenstic retax-

higher frequency relaxation contributions, in the sense of eif’ltion time of this dynamics is of the order of 18s, and

2 . . . .
ther the Johari-Goldsteid relaxation[22(a)] or the so-called 94 D, is equivalent to a frequency independent damping of

B fast relaxation22(b)], could be detected in the suscepti- tgﬁ' Blrlllo_um I||nes_ V}’_h'c_z har:/_e t%/plcal fr_eq_ue_nme_s of 10
bility spectra, in contrast to what is often observed in fragileCHZ: IN viscoelastic liquids, this characteristic time increases

glass-forming liquids. A photon correlation spectroscopyso much with decreasing temperature that in some tempera-

(PC9 study of ZnC} [20] was carried out between 120 and ture domain, the structural relaxation time becomes of the
180°C, showing that the structural relaxation exhibits a same order of magnitude as the inverse of the Brillouin fre-
nonexponential behavior in the time domain. Comparingquency' In this case, the coupling of the structural relaxation

these two experiments, one finds that the stretching pararﬁjy namics with the acoustic waves yields the specific signa-
eter slightly increases with temperature, varying fra ture of the relaxation process mentioned in the Introduction.

_ _ : As first recognized by Mountaif23], this behavior can be
=0.66 to Bx=0.81 between 120 and 650 1By is the ex- ; 2 ) ; .
ponent of the stretched exponential, or Kohlrausch, functiondescrlbe<j within the hydrodyrllam|c.theor.y _by introducing a
the associated relaxation time being). frequency-dependent generalized viscosity:

In this paper we report a series of light scattering experi-
ments performed with different geometries and polarizations: n(w)= f dt n(t)exp(—iwt). 2)
backscattering and small angle VV experiments, and 90° VH

experiments. The two VV experiments probe Iongitudinal-l-he relaxing viscosity described by E¢) can be inter-

phonons with wave vectors differing by one order of magni- reted as a frequency-dependent loss mecha is
tude. The VH experiments probe the transverse waves, Whizﬁiven by g y-aep "56000)

can propagate in a normal or supercooled liquid provide
that the frequency of the probe and the viscosity of the me- 11
dium are high enough. With the help of results previously S(q,w)= ——Im{wz—wg—iquyo—iquDU(w)}‘l,
obtained in VH backscattering geomefy9], we shall dem- e 3
onstrate that a consistent description of these four experi-

ments can be given assuming that all the relevant relaxatiowhereDv(w) is the frequency-dependent longitudinal kine-
processes are described by stretched exponentials charactgysic viscosity, related toy (w) by D,(w)=7(w)/p and

ized by the same stre;ching coefficien'_[. v09? represents the fast processes responsible for the “nor-
The paper is organized as follows: in Sec. Il the relevant, 51 inewidth. which persist in the glass phase.
theoretical background is briefly summarized. The experi- ’

mental results and the fitting methods are described in Sec.
[Il. We compare our data to previous ultrasonic and Brillouin
data, as well as to static viscosity measurements, and discuss When the relaxation time of the shear viscosity is long
the consistency of our results in Sec. IV. The paper ends witlenough, transverse modes can propagate in a fluid at high
a brief conclusionSec. \j. enough frequency, producing transverse components in the

B. Detection of the transverse modes
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depolarizedVH) Brillouin spectrum. Direct optical coupling C. Frequency dependence of the transport coefficients
to these TA modes via the Pockel's coefficient is possible, The three preceding viscosities are special cases of trans-

but is expected to be very weak. In molecular liquids formedport coefficients,o(w), which are Laplace transforms of

of anisotropic molecules, the dominant VH scatteringqqrejation functions. Assuming for these functions a Debye
mechanism has been identified long agdl]: transverse relaxation mechanism:

modes couple to small angle molecular rotations, which are

themselves at the origin of the fluctuations of the anisotropic o(w)=0c(0)/(1+iwTs) (6)

part of the local dielectric tensor of the fluid. The ZpChse

is more complex since liquid Znghas a network structure which is the Maxwell formulation of viscoelasticif28].

in which no molecular unit can be isolated. Nevertheless, the Several approaches are possible to obtain more realistic

structural tetrahedral units are found to be rather long-livedepresentations of these correlation functions, in particular of

[12,21], and their highly polarizable Clcorner ions can their long time behavior. Although solving nonlinear coupled

couple light to orientational motions of the tetrahedra. Inequations of motion related to microscopic densities self-

such a case, one can attempt to apply to this liquid a recentlgonsistently is the elegant method used in the mode coupling

formulated analysi$25] of the depolarized light scattering theory[4], this approach was not fourid9] relevant in the

spectra of the transverse waves in supercooled liquids, whicanalysis of the DLS susceptibility spectra of molten zZnCl

generalizes Wang's viscoelastic thed®6] and Quentrec’s Also the use ofR(w) to deduce the expression Bf 1(w)

two variables theonf27] of light scattering by transverse [7] turned out to be impossible, as was already the case in

modes in molecular liquids. other system$29]. The simplest methoéwvhich is most of-
This generalization takes into account the coupling beien followed is to introduce empirical correlation functions

tween the center of mass and orientational motions, and rewith their associated frequency-dependent transport coeffi-

tardation effects on all the friction terms. This leads aftercients. Correlation functions are usually approximated by a

simplification to the following expressions for the isotropic stretched exponential and the corresponding Laplace trans-

and anisotropic spectral intensitieg,(w) and| 4 (): form of this function can be conveniently approximated by

the Cole-Davidson function:

1
lico 1w | - - = , i
s L I w0’ = wi—i0q*yy—iwp, 4°D 1) m(w)= —Im(o) - - )BCD (7a)
(48) wBCDTCD 1+ | WTcp ’
AQPp- R(w)? m(w) generalizing Eq.(6) and being, for Bcp=1, the
| an™ L/ IM| R(w) + co 6/2 R Tl 5 , Lorentzian function, the corresponding paramef@gs and
o —iwpn q°nsi() Tcp being related tgBy and 7 [30].

(4b) A previous study 19] of the depolarized backscattering of
ZnCl,, analyzed with[Eq. (4b)] showed that a Cole-

where p, is the mass density§ is the scattering angle, Davidson form could be chosen for the uncoupled rotational
Dir(w) and ns(w) are, respectively, the total longitudinal dynamics termR(w):
and shear viscosities, antd being a factor representing the
magnitude of the coupling between the shear and an orienta- 1 Beo
tional variable. The ternR(w) which appears twice in Eq. R(w)=Ro{1— m) ] (7b)
(4b) describes the dynamic of the orientational variable '

which is directly detected in the anisotropic spectrfirst  £qation(7b) thus allows for an experimental determination
term) and which is the detection mechanism of the transversgs e correspondingcp and 7, (T). In the present paper we
phonons(second term _ shall compare the results obtained by fitting the different

In these equations, the total longitudinal and shear visgyjjioyin spectra with two different expressions o ()
cosities,D (o) and nsr(w), are related to the usual longi- 54 7s(w):

tudinal, shear and bulk viscosities and to the orientational

relaxation functiorR(w)/w by (i)  either Lorentzian functions:
7|
D\ 1(@) = wD)(0)~ (4 AR¥(w)/[1-R(w)], (53 Durw) =A% 705 (83
Ts
wD|(w)=wny(w)+ (43 wylw)], (5b) ns(w)=6mm (8b)

whereG,, is the infinite frequency shear modulus,
wnsi{w)=wn{w)— AR (w)/[1-R(w)], (50 (i) or Cole-Davidson functions:

(—i)A? 1 Bcp
where Di(w), 7p(w), and ns(w) are, respectively, the Dir(w)= ® 1- (1+iwmn) , (99
frequency-dependent longitudinal, bulk, and shear viscosities )G 1 Beo
without translation-rotation coupling.e., bare viscosities re- Us(w)=( : “[ - : ) ] (9b)
lated only to motion of the centers of mass (ItioTy)
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Referring to Egs(5a) and(5b), we see that the longitudi- 2000
nal damping functiorD 1(w) includes contributions from
the shear-orientation coupliigecond term of the right-hand

side in Eq.(5a)] in addition to the usual contributions from g 1500
bulk and shear viscosities. In the present analysis, however;
we shall not attempt to separate these contributions but shalg
utilize the simpler conventional formulation f@, 1(w) of g 1000
Eqg. (9. =
From the low frequency limit of Eq(9b), one sees that §
the static shear viscosity coefficient,, is equal to § s
[=]
75=BGuTs, (10 &
which reduces, in the Lorentzian casé=1) to the usual 0 s
Maxwell relation: Frequency (GHz)
7s=GoTs. (10b)

FIG. 1. (a) VV and (b) VH spectra at 500 °C in the same ex-

The high frequency limit of Eqs(4b), (50, (7), and (9b) perimental conditions(c) Instrumental Rayleigh line.

gives rise to a transverse phonon propagating with a velocit¥ )
v=1[G../p.]“2 wherer is a reduction factor which origi- 11€€ spectral ranged.s.r) were used: 18.5 and 7.5 GHz for

nates from the rotation translation coupling term. The lattef€ VV near backscattering'geome[t)&: 171°; 5 GHz for
coefficient decreases the value of the high frequency trandh® VV near forward scatteririgp~12°] and 10 GHz for the

verse wave velocity predicted by the Maxwell theory of vis- YH 90° experiment. VV spectra were collected between 300
coelasticity and is given by and 650 °C in backscattering and between 300 and 550 °C

for the small angle geometry. VH spectra were recorded be-
r=[1-AR3G,Y(1-Ry) 12 (11  tween 320 and 400 °C.

In the backscattering geometry, the polarized light scatter-
ing intensity includes contributions coming from both the
isotropic and anisotropic parts of the dielectric tensor fluc-

All the previous result$14—17 concerning the longitu- tuations, whereas the VH contribution measured in the same
dinal sound velocities and elastic moduli of molten ZnCl geometry comes only from the anisotropic part:
were obtained assuming a Debye single relaxation time pro-

D. Formalism in previous studies

cess. In one case, where several scattering geometries were v = lisot 413 ani | (139
studied[16], the consistency of the analyses required the
additional introduction of a second contribution@d w): [y = ani (13b

(129 Figure 1, which compares VV and VH near-backscattering
spectra taken at 500 °C in the same experimental conditions,
shows that, in the region of the Brillouin tripldt,, is much

7|
D{1(w)=A*——5>+D,,
(@) 1+ w27'|2 v

, 5 w7'|2 larger thanl ;. The anisotropic contribution ti,, can thus
Dir(w)=-A Trw?? D,w7y. (12b  pe reasonably neglected, which has been done at all tempera-
tures.

The D, term being an approximation for a fast relaxation ~Figure 2 shows VV backscattering spectra for tempera-
process not included in the first Lorentzian term. tures from 300 to 650 °C. This figure shows the strong cou-
pling which exists between density fluctuations and the
IIl. EXPERIMENTAL PROCEDURES AND RESULTS a-relaxation process. This coupling is maximum when

2mvg7~1, around 550°C in this scattering geomefry

A. Experiment =0.0244nm? at T=550°0, and results in the merging of

Samples of ZnGlwere prepared according to a method the BriIIouiq dogblgt with the central peak. At this tempera-
described in Ref[16] and used in Ref[19]. When melted ture, the Brillouin lines are not resolved.
and then slowly cooled, the samples crystallize around For the two other exp_e_rlments, it is necessary to take_ also
280°C, providing a limited supercooled range of aboutinto acco_unt some specific problems_related to scattering at
40°C. The samples were kept in cylindrical cells sealed un_angles dlfferent_from the backscattering geometry. For ana-
der vacuum(square cells always break at the melting point!YZing the experiments, the wave vectphas to be properly
of ZnCl,). Experiments were performed with a Sandercock-defined. Asq=2(27n/\)sin§ and Aq=(27n/\)cos3A6,
type tandem Fabry-Perot described elsewliai¢ The light  where\ is the wavelength of the laser light andhe refrac-
source was a Coherent Innova 90" Aaser operating in tion index, one must have a good knowledged@ind use as
single mode at 514.5 nm. Several geometries and polariza&mall aA6f as possible. In these two last experiments, the
tions were used and, for each of them, one or two differensmall Ag condition was taken into account by using a small
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aperture compared to the scattering angle itself: we chosgropagative transverse acoustic modes, seen well above the
A6#=10 “rad, a value much smaller than in the backscattermelting point, a feature already observed in Zn{ll4] as
ing case. well as in other inorganic nonfragile glass-forming liquids
In the 12 °VV experimentFig. 3), the same thermal be- [32]. When the temperature increases, the transverse Bril-
havior as in Fig. 2 is observed; but as the wave vector igouin lines shift to lower frequencies and the damping in-
about one order of magnitude smaller than in the backscattefre€ases. At 400°C, the transverse modes appear only as
ing case(q=0.0025nm? at T=550°C), the maximum of shoulders on both sides of the cen@ral I|_ne, and at still higher
the coupling is shifted to lower temperatures, i.e., arounde@mperatures they totally collapse into it.
400 °C. At 500 °C, a spectrum typical of a liquid is already
obtained, precluding a precise measurement of the relaxation
time. VV spectra were analyzed using a conventional nonlinear
The 90° depolarized VH spectra are shown in Fig. 4 in thdeast-squares fitting procedure to a theoretical functia)
temperature range 320—-400°C. At low temperatures, theonvoluted with a Gaussian function adjusted to fit the appa-
well-resolved transverse Brillouin lines are the signature ofatus profile.l (w) was taken to be

B. Fit procedure
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Beco (Bcp=0.68) deduced from our fits to the peak in the
depolarized backscattering spedttd]. Indeed, one purpose

of this analysis is to check whether significant differences in
the results can be observed between the use of one or the

. . other value.
wherel, andl g are, respectively, the strength of the isotro- The parameter. was determined by assuming that. in
pic_contribution to the VV' spectrum and the backgroundthe temperature :yaon e of interest, its v);riation coguld be ne-
intensity whileA represents the strength of the coupling be- lect dp th gd duced f ' t of th
tween thea structural relaxation and the longitudinal acous-J'€¢ted. 7o Was thus ceduced from a measurement ot the
tic phonon. This parameter is related @, the adiabatic Brillouin linewidths in the glass and in the low temperature
relaxed sound velocity and.. , the sound velocity at infinite  SUP€rcooled liquid T<160°C) in the same backscattering

11, )
l(w)= p ;Im{wz—wé— i 02y—q2A2

X[1=(1+iwn) Aeol} 141y, (14

frequency by geometry. The very narrow Brillouin lines were deconvo-
luted from the instrumental profile vyieldingy,q?/2m
~0.025GHz.
C..=\Ci+AZ (15)

We note thatC, was taken as a free fit parameter although
C, is known from ultrasonic measurement]. Actually,
using these values as input parameters, acceptable fits to our
data could not be obtained. Gruber and Litoyit®] pointed
out that a small amount of wat€B8%) still remained inside
their sample, which could lead to a slight variation@yg.
Therefore we leC, be a free parameter, under the condition
TABLE I. Results of the Cole-Davidson fits for the backscatter-that the final values should be compatible with Rf0]

In our fitting procedurely, Iy, Co, A, and 7 were treated
as adjustable parameters and we fixed the valugsaofd y,

as follows. As the fitting procedure does not allow for a
determination ofg, we used either Eq8) (8=1) as was
done for ZnC} in previous studies or the mean value of

ing VV experiment. within the limit of accuracy of that experiment.
Fits to the small angle spectra were done using the same
Bcp=0.68 B=1 techniques and the same Ed4) but the influence of the
T A—A 2 A > finite solid angle was taken into account in the fit, by inte-
1=Aq ul Wy X 1=Aq 7 Wy X i i ini
¢ GHz ns  GHz GHz s Gz grating over theq range intercepted by the finite aperture

(10 2rad). Moreover, as the cylindrical cell could introduce
300 10.77 2.19 6.19 1.8 10.77 047 6.49 2.4 smallvariations in the direction of the optical path inside the
320 1068 123 621 14 1055 0.33 6.24 2.2 cell, we also tooky as a free parameter. This was done by

350 1041 044 612 2.7 9.85 0.16 6.12 3.1 making use of the valueSy(T) andA(T)= Jc2 —COZ, ob-

400 1029 0.13 576 23 9.83 0.084 560 3.1 tained from the backscattering VV experiments: at each tem-
450 980 0.052 565 14 9.01 0.037 5.69 1.8 perature, the only adjustable parameters left are thuke

500 9.20 0.028 538 1.3 829 0.023 532 1.8 relaxation timeryy, lo, andlyy. Actually, the value ofg

525 8.85 0.022 524 1.9 7.94 0.018 5.21 2.3 was found to differ by at most, 5%, of the value given by the
550 8.43 0019 525 14 751 0016 521 1.6 direct measurement of the angle.

575 8.13 0.015 521 3.1 724 0.013 5.19 3.3 The analysis of the transverse mode spectra is more intri-
600 785 0.012 520 23 6.97 0011 5.18 2.3 cate. Following Eq(4b), and introducing, as in Eq14) an

650 734 0.009 512 4.9 6.54 0.008 5.11 4.9 additional temperature-independent scattering mechanism,
this profile is given by
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TABLE II. Results of the Cole-Davidson fits for the small angle VV experiment.

Bcp=0.68 Beo=1

T Angle A;=Aq 7 o e Ai=Aq 7 o X2

°C degrees GHz ns GHz GHz ns GHz
300 12 1.14 0.765 0.675
320 12.3 1.17 1.03 0.655 2.7
350 12.3 1.34 0.48 0.641 1.3 1.055 0.33 0.64 2.7
400 12.15 1.06 0.17 0.615 2. 0.956 0.14 0.615 2.3
450 12.15 1.03 0.077 0.595 4.5 0.93 0.064 0.595 4.3
500 12.3 1.03 0.044 0.585 0.925 0.037 0.585
550 13 0.96 0.026 0.59 0.955 0.0175 0.59

corresponding confidence factgf for the VV backscatter-

I
|ani(w)°<£|m R(w)+cos 6/2 ing, VV small angle, and VH 90° geometries. Fits are shown
in Figs. 2—4. Let us stress that both valuegofield appar-
qup;]lR(w)Z ently equally good fits. The difference is mostly a numerical

7 — 7| +tlpg.  (16)  one: for VV backscatteringTable ) below 575 °C, they?
@ —loqsi(@) ~Twyed values are always lower for the fit made wjap= 0.68 than

As in Eq.(4), I andl g are, respectively, the strength of the for the fit made withg=1 and this difference increases with
anisotropic contribution to the VH spectrum and the back-decreasing temperatures. This temperature effect could be
ground intensity:yy, which describes again the contribution expected: indeed, the values reported in Table | show that the
of processes intrinsic to the transverse Brillouin lines, wagroduct 2rvg 7 , Wherevg is the frequency of the Brillouin
assumed to have the same value as its longitudinal countegeak, is of the order of unity around 500 °C. As the differ-
part. The fitting parameters are thus, A, andRy, in addi-  ence in the shape of the relaxation functions for the two
tion to Iy andly,y. At each temperaturB(w) was obtained  different values ofB is only important for 2rvgr>1, it is

from Eq.(7b), the coefficientg3cp and 7,(T) being deduced mostly at low temperature that the two relaxation functions
from Ref.[19]. As backscattering VH spectra did not allow will produce different spectral shapes of the Brillouin lines.
one to properly determine,(T) below 400°C, values at The relaxed and nonrelaxed sound frequencigs and
lower temperatures were inferred from an interpolation be, —r w2+ A20g?]? deduced from the backscattering experi-
tween these results and the PCS measureni2fsusinga  ments, as well as the corresponding elastic moduli
V_ogeI—FuIcher approximation. I_:oys_(w), the two expres- Mo=w§q_2pm ande=wiq‘2pm are shown in Fig. 5. The
sions(8b) and (9b) were used with, in the second case, theg, nqg velocitiesC, and C.., have a smooth temperature

Bcp value obtained from Ref19]. variation which can be fitted by the linear interpolation for-
C. Results mulas:
1. Longitudinal modes Co=[1150-0.53T(°C)Jms ! (173
The parameters of the fit obtained fg8=1 and
Bcp=0.68 are collected in Tables I-IlI together with the for both 8 values, whileC..(T) depends org:

TABLE lll. Results of the Cole-Davidson fits for the 90° VH experiment.

Bcp=0.68 B=1

Tr p TsCD A Etay s Ts A Etay s
T°C ns Kgm?3 ns Pa x?> P&E9 poise ns Pa x? P&E9 poise

320 4.1 2517 1.02 534 11 3.84 266 041 212 11 3.35 13.6
330 3.1 2513 089 441 18 3.46 210 039 217 18 3.08 115
340 2.7 2508 054 392 21 3.28 122 027 157 21 2.88 7.8
350 25 2504 050 249 26 3.33 11.3 023 118 25 2.99 6.8
352 25 2503 048 285 14 3.10 101 022 120 14 2.87 6.0
360 15 2499 046 235 21 3.11 9.8 022 165 21 3.14 6.1
370 1.3 2495 038 183 1.7 3.04 79 018 151 17 271 4.7
380 11 2490 029 274 17 2.99 6.0 013 157 17 3.22 3.9
390 0.95 2486 028 094 11 2.44 47 013 075 11 271 3.2
400 0.87 2481 020 084 18 2.83 38 008 224 18 3.64 2.3
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2L *x v a ' 5, b J+tox10®

" sy ‘. Ay Laoxic’ B FIG. 5. Results derived from the present ex-
gror aov - s periment. (a) Relaxed longitudinal sound fre-
el A . ot -g quencyw,: (M); nonrelaxed longitudinal sound
s . A s Ty T g frequencyw..:8=1 (A); Bcp=0.68(V); (b) re-
= fa 3 laxed longitudinal elastic moduluél); nonre-

r . 400" laxed longitudinal elastic modulus3=1 (A),

el Tt . T Bcp=0.68 (¥); shear modulusB=1 (5¢), Bep

sl = .. . A . fea. . 2000 =0.68 ().

250 3(I)0 SéO 4(|)0 4é0 560 séo Gll)O SéO 3(|)O 350 4(50 4%0 5C|)0 SéO G(IJO 6%:0 700

Temperature (°C) Temperature (°C)
B=1, C,.=[2574-1.93T(°C)]ms 1, (17b give a reliable estimate of the relaxation times even far from

the region where the condition2B7~1 is fulfilled (this
Bcp=0.68, C.=[2538-1.66T(°C)]ms L. (170 corresponds ta;=0.017 ns at 550 °C for the backscattering

) _ ) ~and tor;=0.17ns at 400 °C for the small angle scattering
The corresponding relaxation times,(T) are shown in  experiments

Fig. 6 and depend slightly on the value gf Their thermal

variations can be represented by an Arrhenius law: 2. Transverse modes
B=1, 7,=8.51x10 %exp6187M)(ns), (183 Values of the parameters and of tiyé factors are col-
lected in Table Ill.y? values do not appreciably differ for the
Bep=0.68, 7,=4.27<10 " exp(8395T)(ns). two B values. Figure @) shows the temperature variation of

(18  the elastic shear infinite elastic modul@, , while the cor-
. . responding relaxation timesy, are shown in Fig. 6. The
In the small temperature range available here, the most im;g),es of G., obtained with both values oB differ only
portant role of t'he small angle polarized experiment was tQjightly (~5%), showing the stability of this quantity in the
check the consistency of the values found for the relaxatio “This is not surprising as the value of this parameter is
times, 7, , for both values ofg. In this experiment the con-  pasically determined by the frequency of the maximum of

fidence factors are rather poor. For the highest temperaturgge Brillouin line. Linear fits to the experimental points give
the error is very large, because the Brillouin lines are very

close to the central line. Nevertheless, Figa) and (6b) Bcp=0.68, G.=6.3x10°—8.97x10°T(°C)Pa,
show that the agreement between the backscattering and the (199
small angler, values obtained witlB-p=0.68 is better at all

temperatures, except 550°C, than wijth=1. The good B=1, G.=6.03x10°—8.75<x10°T(°C)Pa. (19b

agreement between the two sets of values is a validation of

the fitting procedure of the polarized Brillouin spectra evenAt each temperature, the corresponding shear relaxation
for relaxation times one order of magnitude larger than theéimes, 75, are close to the longitudinal relaxation times,
characteristic time of the prok@verse of the frequency of obtained with the same value ¢, showing that, in this
the Brillouin peak: the analysis of the Brillouin lines can specific case, shear and longitudinal relaxation times are

14 = a - . ]
—_ 1 a B 1 + . BCD 0 68 41
) 1 I . . E
= I ., h
)
< = A 1
. L e ]
L ] . .
» . T . 1 FIG. 6. Results derived from
g o " et L 2 loq the present experiment: relaxation
b . . E times for =1 (a and Bcp
L T 4 ] =0.68 (b): 7 Backscattering VV
% . A 1 ., ] (W); 7, small angles VV(A); 7,
EJ a T . . 1 90° angles VH@).
" . + e " 4001
0,01 u E: L] 3
ia ] I b L
S(IJO I 460 I 5(I)0 l B(I)O I 700 G(I)O I 460 I 560 I 6([)0 ' 700
Temperature (°C) Temperature (°C)
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denominator of Eq(16): the value of the corresponding
| coefficient{Eq. (11)] is, indeed, never lower than 0.95 which
means that the second term in the right-hand side reaches
only about 5% of the bare shear viscosity term. The similar-
o ] ity between the values of, and 5, as well as the small
. values of -, are ama posteriorijustification of the method
. we have followed to analyze the longitudinal Brillouin spec-
. tra where we have ignored the separation of the total
< . frequency-dependent viscosity into different terms, one of
them representing the coupling with orientational motions.
a A N We have also verified the stability &.. and 7 in the fit by
repeating the fitting procedure with another fixed value for
1 Ry (Rp=0.61): a mean relative variation of 0.03 fGr, and
0.04 for 74 was obtained whereas it reaches 0.12 for

3%0 3‘I10 3&0 3é0 4(I)0 1V. DISCUSSION
Temperature (°C)
FIG. 7. Thermal variation oA\ in the fit of the transverse modes
with fixed Ry:8=1, Ry=0.52 (A); Bcp=0.68, Ry=0.55 (M); Figure 8 compares our results for the speeds of splQd
Bcp=0.68,R;=0.61(@). (8a)] and elastic modul[Eq. (8b)] with previous data ob-
tained from different Brillouin14—17 and ultrasonic$10]
equal within the error bars. While performing the fit proce- experiments. First of all, whatever the experimental proce-
dure we noticed that some parameters, in partictlandR,  dure and the fitting method, the relaxed sound velocitgs,
were strongly correlated, an expected feature due to the largend their thermal variations are very similar; in particular,
number of free parameters. In a first fit withandR, free,  our values agree, within a reasonable error bar, with the di-
the variation of the latter was fairly small. Thus we per-rect sound velocity measuremefit0], with an approxi-
formed a second fit in which we fixd®|, at its mean value in  mately constant difference throughout the whole temperature
the first fit. The variation of the other parametdr, is re-  domain. This is not the case for the infinite frequency sound
ported in Fig. 7. ForBcp=0.68, R,=0.55, the value ofA  velocity; C..(T) is more sensitive to the hypotheses made in
decreases regularly with increasing temperature, while, wittthe fit. This is also true for its dependence on the valug.of
B=1 andRy=0.52, A has a rather erratic variation. An in- The changes fall outside of the standard error defined as the
crease ofA with decreasing temperature had to be antici-dispersion of all the experimental data obtained vgth 1.
pated:A measures the importance of the shear-rotation couSimilar results are obtained for the elastic moduli.
pling which is expected to decrease for increasing The shear infinite elastic modul..(T), obtained in this
temperature because of the corresponding decrease of therk are much larger than values given by Gruber and Lito-
density. The values of this parameter have large error bangtz [10] [Fig. 8b)]. This is in line with measurements of the
because of the relative weakness of the coupling term in theansverse Brillouin frequency made by Kndpd]. The rea-

A. Elastic moduli

2200

] 1x10"
2000 |- %1 a b
10
L ”'{1!!!1 1x10
1800 | Yyy,
I 1;1 Yy, 9x10°
=~ 1600 | ”&%\}‘&}}!{v . FIG. 8. Comparison of the
ALY
E I S2a, Yy, B0t & present result§same symbols as
g 1400 A:Y“Z\Yv 70 = in Fig. 5 with other measure-
B 1200 oAy “‘\Z{v, 3 ments: (@) Sound velocitiesCg:
B v
3 | 2,07 oa0 @ Ref. [10] (—); Ref. [15] (—);
2 00| g T Ref. [14] (- - - -); Ref. [16]
3 @ (———); C.: Ref [14]
o 80 axi® © (=O-); Ref.[16] (-A-); (b) Lon-
600' gitudinal elastic moduliM, and
- 9 .
| 3x10 M.., same aga) and shear elastic
200 L 5 modulusG,,, Ref.[10] (*).
2x10
200 |- 1x10°
0 1 1 2 1 2 1 " 1 2 1 L 1 " 2 L ' 1 " 1 L 1 1 1 L 1 " 0
250 300 350 400 450 500 550 860 300 350 400 450 500 550 600

Temperature (°C) Temperature (°C)
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FIG. 9. Elastic moduli derived from the present experiment: FIG. 10. Relaxation times: comparison with other measurements
M., B=1 (A), Bcp=0.68(Y); K., B=1(®).., Bcp=0.68(»); obtained with theB=1 assumptionr, , backscatterind®); 7,
M, (W); G.., B=1 (%), Bcp=0.68 (k) K,, B=1 (X), Bep small angle scattering®); 7 (A); Ref. [16](—); Ref. [14]
=0.68(+). (— — —); Ref.[15] (- - - ). For the sake of comparisom, from
Refs.[19] and[20] (O) with B-p=0.68 are also included: the two

. . . values shown foif =400 °C give an estimate on the error bars on
son for such a difference is probably that determintag these values at the lowest tgmperature

using ultrasonic measurements is only possible through an
extrapolation scheme; on the contrary, Brillouin measureanalysis of the Brillouin lines with3=0.68. The results are
ments of the transverse mode frequency give a direct accessmmarized in Fig. 11 where the twg and ther, values
to the Brillouin shear modulus, which provides, by itself, ahave been multiplied by 2.43 in order to demonstrate the
lower limit to the infinite frequency shear modulus. following additional feature: the ratie; /7 (and 7, /7o) is
From the measurements of the different elastic modulipractically constant~2.43 through the whole temperature
one can estimate the infinite frequency b[88,34] (or com-  fange where it can be m_easured, i.e., the thermal variations
pressional modulus K..=M..—%G.., [see Egs.5b), (9), ©f m andr determined with3cp=0.68 are the same as that
and (15)] as well as the relaxational modulés = K..— M, of 7. (Lgt us notice that a better agreement between these
which is the contribution of the structural rearrangement td!17€€ variations could probably be obtained by letihike
K., . The different moduli are shown in Fig. 9 where one seed slightly smaller value, an exercise we did not attempt to do
that G.. andK, have very similar values. This similarity is in order to keep the number of adjustable parameters as low

suggestive of the following idea. In Znglthe chﬁ_ tet- 28 possiblg. This type of scaling between different relax-

rahedra are mostly corner-sharing, and each of them is neari'mon times is predicted by MC[H] and is presumably more

) RS . . . . g}/eneral.

incompressible: an isotropic compression will mainly tend to

bend the Zr-Cl—Zn bonds and the same bending is the

only source of the shear modul(S,, . This bending should

thus give an equal contribution 6., andK, . Using Eq.(10a, and the values 0&., and 7 taken from
Table 1ll, one can compute the static shear viscositigs,

C. Viscosity

B. Relaxation times

The relaxation times extracted from the different analyses 0581 "
performed with theB=1 assumption are shown in Fig. 10. I 5,0
The agreement between the times extracted from the differ- 0.0 ‘e

A

] "
0,5
1 O

-1,04 @)
L]

ent Brillouin experiments is excellent. The small dispersion
observed in these data comes undoubtedly from the differ-
ences in the experiments and this dispersion mostly repre-
sents the experimental errors. As already mentioned, the
shear relaxation timerg, also shown in Fig. 10, is close 1 9 .
to 7. 181 "o

log,(v) (ns)

The relaxation timesr,, extracted from backscattering 1 o .
DLS [19] and PCY20] experiments are shown in Fig. 10. 201 ©
Although the determination af, by DLS is quite poor at and
below 400 °C, as can be seen by the large error bais
substantially larger tham, and the thermal variations are
different. Moreover, both DLg19] and PCS[20] experi- FIG. 11. Comparison between relaxation times obtained with
ments detect in a direct way a relaxation function characterg.,=0.68:2.43;, backscatteringll); 2.43r,, small angle scatter-
ized by a non-Debye stretching parameter. This favors aing (®); 2.43r, (A); 7, from Refs.[19] and[20] (O).

T M T M T T T T
300 400 500 600 700
Temperature (°C)
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FIG. 12. Comparison between calculated viscosities and dire
measurementsB=1: (3%); Bcp=0.68 (%); Ref. [10] (O); Ref.
[9(@)] (O), Ref.[9(b)] (A).
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measure the relaxation times and elastic moduli for different
geometries and polarizations. In a previous study of ZnCl
by depolarized light scatterind 9], we showed that the re-
laxation function was well fitted by a single Cole-Davidson
function added to an overdamped Lorentzian which took into
account the high frequency pdite., above 100 GHzof the
spectrum and we were able to obtain from these experiments
the relaxation times and stretching parameter of this Cole-
Davidson function between 400 and 650 °C. In the present
paper we show that introducing a simple Cole-Davidson
function with the same stretching parameter, to describe the
temperature dependent relaxation processes which couple to
the longitudinal and transverse acoustic phonons, is suffi-
cient to interpret our spectra. One test of our analysis is the
Cgetermination of the static viscosity: shear viscosity values
deduced from our measurements are in good agreement with
direct measurements. This agrement is much poorer when
the Cole-Davidson function is reduced to a Debye function.

up to 400 °C. The results are shown in Fig. 12, together wittSimilarly, using a Cole-Davidson function yields longitudi-
the results of three independent selfi@sl(] of direct mea- nal, transverse, and rotational times proportional in the
surements performed between 320 and 400 °C. Those threghole temperature range. This proportionality is not recov-
sets of measurements are in excellent agreement in the whodeed in the case of a simple Debye process.

temperature range, with an experimental accuracy estimated
[10] to be within 1.5%. They agree very well with the values
deduced from Eq(10a with B-p=0.68. On the contrary, a ]
clear discrepancy with the direct measurement, both in abso- One of us(M.J.L.) has benefited from a research grant
lute value and thermal variation, appears if one uses the vaffom St-Gobain Recherches. We gratefully acknowledge
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