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Brillouin scattering study of molten zinc chloride
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Polarized and depolarized Brillouin scattering experiments on molten ZnCl2 were 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 than thea relaxation 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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I. INTRODUCTION

The viscoelastic behavior of supercooled liquids has b
investigated using different techniques for many years. N
ertheless, neither the details of the slow relaxation proc
observed in all materials showing a liquid-glass transiti
nor its connection with the glass phase are fully understo
An important characteristic of the relaxation process is
large time domain it spans~about 14 orders of magnitude!,
which is the reason why more than one technique is usu
required to cover the whole domain. In recent years neu
scattering@1# as well as polarized and depolarized light sc
tering @2# experiments have been able to explore the sm
viscosity region of some supercooled liquids~i.e., 1022– 102

poise! and have shown that the stretched behavior of
relaxation function previously seen at lower frequencies~or
longer times! at lower temperature persists in that viscos
range. A superposition of uncorrelated relaxation times co
be at the origin of such spectra@3#, but nonlinear relaxation
processes as described by mode coupling theory@4# ~MCT!
also lead to stretching in the relaxation function. MCT is a
able to describe the dynamics of the supercooled phas
fragile glass-forming liquids for relatively short relaxatio
times and low viscosities~typically t,1028 s or h,100 P!.
Until now the origin of this stretching has been a matter
intense discussion@5#.

Characterization of this relaxation process, called
structural relaxation process, requires a knowledge of at l
3 to 4 orders of magnitude in the time or frequency doma
However, in a Brillouin scattering experiment, the access
frequency domain is less than two decades, so that it is g
erally not possible to study the full relaxation dynamic
Nevertheless, the viscoelastic behavior of supercooled
uids produces a characteristic signature in the Brillouin sp

*Present address: PMC, Universite´ Pierre et Marie Curie, 4 Place
Jussieu, 75252 Paris Cedex 05, France.
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tra @6#: when the temperature decreases and the characte
time of the structural relaxation increases from values typ
of a liquid (10212s) up to values typical of a solid (103 s),
the Brillouin lines shift continuously to higher frequencie
and their widths go through a maximum, while the cent
component narrows continuously.

Although Brillouin spectra only provide indirect access
the characteristics of the structural relaxation process, a
coelastic description introducing structural relaxati
through frequency-dependent transport coefficients@6#, can
determine the characteristic parameters of the relaxa
function from the fit to the experimental data. Unfortunate
it was shown in several organic liquids that Brillouin spec
can be well-described using different relaxation functions
particular functions involving different stretching paramete
@7#. This lack of uniqueness can be overcome by introduc
stretching parameters extracted from independent exp
ments, thus assuming implicitly that the relaxation functio
of all the relevant variables behave in the same way. So
this assumption has not been proved theoretically. Never
less, it is known empirically that relaxation functions o
tained through different experimental techniques can g
similar stretching parameters@8#. One question we shall ad
dress here is whether, in spite of the intrinsic limitations
the Brillouin scattering technique, it is possible to find
more precise signature of the relaxation function itself
combining different scattering geometries.

ZnCl2 is one of the simplest glass-forming molten sal
Because of this simplicity and of quite low glass and melti
temperature (Tg5102 °C, Tm5323 °C!, it has been exten-
sively studied. In addition to classical thermodynamic a
viscosity measurements@9,10#, the structures of the vitreou
and liquid phases were studied by x-ray@11# and neutron
@12# diffraction and by Raman spectroscopy@13#. Dynamic
properties have been studied by ultrasonic@10# and light
scattering@14–20# techniques. More recently an extensiv
study of liquid ZnCl2, combining molecular dynamics tech
niques and instantaneous normal mode analysis, was ab
©2001 The American Physical Society09-1
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yield insight into the nature of the vibrational modes seen
the spectra of this liquid above the relaxational frequen
domain@21#.

The structure of glassy and liquid ZnCl2 consists of
closely packed Cl2 anions where the small Zn21 cations oc-
cupy tetrahedrally coordinated sites. The Cl2 ions shield the
Zn21 ions very effectively while linking the tetrahedr
through a mainly cornersharing structure. This restricts
mobility of both ions, as can be seen in transport coefficie
such as the viscosity which is unusually high@9,10#.

An early ultrasonic absorption study@10# yielded values
for the elastic moduli, the viscosity, and the relaxation tim
Different longitudinal Brillouin scattering studies@14–18#
indicate a strong coupling between the longitudinal acou
mode and the structural relaxation. In four of them@14–17#,
the analysis of the spectra was performed assuming a
Debye relaxation process, thus allowing extraction of the
finite longitudinal sound velocity, elastic modulus, and rela
ation time. One of these studies@16# explored a wide range
of angles, so that the parameters obtained were global o
optimized simultaneously over all the angles. A large f
quency range depolarized light scattering~DLS! study @19#
performed by some of us showed a distinctly non-Lorentz
relaxation peak in the susceptibility spectrum, together w
a pronounced Boson peak around 20 cm21. However, no
higher frequency relaxation contributions, in the sense of
ther the Johari-Goldsteinb relaxation@22~a!# or the so-called
b fast relaxation@22~b!#, could be detected in the suscep
bility spectra, in contrast to what is often observed in frag
glass-forming liquids. A photon correlation spectrosco
~PCS! study of ZnCl2 @20# was carried out between 120 an
180 °C, showing that the structurala relaxation exhibits a
nonexponential behavior in the time domain. Compar
these two experiments, one finds that the stretching par
eter slightly increases with temperature, varying frombK
50.66 tobK50.81 between 120 and 650 °C~bK is the ex-
ponent of the stretched exponential, or Kohlrausch, funct
the associated relaxation time beingtK!.

In this paper we report a series of light scattering exp
ments performed with different geometries and polarizatio
backscattering and small angle VV experiments, and 90°
experiments. The two VV experiments probe longitudin
phonons with wave vectors differing by one order of mag
tude. The VH experiments probe the transverse waves, w
can propagate in a normal or supercooled liquid provid
that the frequency of the probe and the viscosity of the m
dium are high enough. With the help of results previou
obtained in VH backscattering geometry@19#, we shall dem-
onstrate that a consistent description of these four exp
ments can be given assuming that all the relevant relaxa
processes are described by stretched exponentials char
ized by the same stretching coefficient.

The paper is organized as follows: in Sec. II the relev
theoretical background is briefly summarized. The exp
mental results and the fitting methods are described in S
III. We compare our data to previous ultrasonic and Brillou
data, as well as to static viscosity measurements, and dis
the consistency of our results in Sec. IV. The paper ends w
a brief conclusion~Sec. V!.
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II. HYDRODYNAMIC THEORY AND PREVIOUS
RESULTS

A. Density fluctuations and longitudinal phonon dynamics

The main contribution to the polarized intensity in th
Rayleigh–Brillouin region of a simple fluid of isotropic pa
ticles arises from the density fluctuations at very small wa
vectors (q;1023 Å 21). From the classical linearized equa
tions of hydrodynamics@6#, the spectral distribution of scat
tered light is derived to beI (v)5I 0S(q,v), where

S~q,v!5
1

p

1

v
Im$v22v0

22 ivq2Dv%
21, ~1!

where the density fluctuations appear as a Brillouin doub
caused by adiabatic pressure fluctuations. In Eq.~1!, v0
5C0q is the limiting low-frequency adiabatic relaxed soun
frequency,C0 being the adiabatic relaxed sound velocity,q
is the scattering wave vector, andDv is the frequency-
independent longitudinal viscosity. Here heat diffusion
fects can and will be neglected.

The Dv coefficient in Eq.~1! usually represents the con
tribution of anharmonic processes which ensure the retur
equilibrium of the fluid after an external density~or tempera-
ture! perturbation. In simple liquids, the characteristic rela
ation time of this dynamics is of the order of 10212s, and
q2Dv is equivalent to a frequency independent damping
the Brillouin lines which have typical frequencies of 1
GHz. In viscoelastic liquids, this characteristic time increa
so much with decreasing temperature that in some temp
ture domain, the structural relaxation time becomes of
same order of magnitude as the inverse of the Brillouin f
quency. In this case, the coupling of the structural relaxat
dynamics with the acoustic waves yields the specific sig
ture of the relaxation process mentioned in the Introducti
As first recognized by Mountain@23#, this behavior can be
described within the hydrodynamic theory by introducing
frequency-dependent generalized viscosity:

h~v!5E dt h~ t !exp~2 ivt !. ~2!

The relaxing viscosity described by Eq.~2! can be inter-
preted as a frequency-dependent loss mechanism.S(q,v) is
given by

S~q,v!5
1

p

1

v
Im$v22v0

22 ivq2g02 ivq2Dv~v!%21,

~3!

whereDv(v) is the frequency-dependent longitudinal kin
matic viscosity, related toh ~v! by Dv(v)5h(v)/r and
g0q2 represents the fast processes responsible for the ‘‘
mal’’ linewidth, which persist in the glass phase.

B. Detection of the transverse modes

When the relaxation time of the shear viscosity is lo
enough, transverse modes can propagate in a fluid at
enough frequency, producing transverse components in
9-2
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BRILLOUIN SCATTERING STUDY OF MOLTEN ZINC . . . PHYSICAL REVIEW E 63 041509
depolarized~VH! Brillouin spectrum. Direct optical coupling
to these TA modes via the Pockel’s coefficient is possib
but is expected to be very weak. In molecular liquids form
of anisotropic molecules, the dominant VH scatteri
mechanism has been identified long ago@24#: transverse
modes couple to small angle molecular rotations, which
themselves at the origin of the fluctuations of the anisotro
part of the local dielectric tensor of the fluid. The ZnCl2 case
is more complex since liquid ZnCl2 has a network structure
in which no molecular unit can be isolated. Nevertheless,
structural tetrahedral units are found to be rather long-liv
@12,21#, and their highly polarizable Cl2 corner ions can
couple light to orientational motions of the tetrahedra.
such a case, one can attempt to apply to this liquid a rece
formulated analysis@25# of the depolarized light scatterin
spectra of the transverse waves in supercooled liquids, w
generalizes Wang’s viscoelastic theory@26# and Quentrec’s
two variables theory@27# of light scattering by transvers
modes in molecular liquids.

This generalization takes into account the coupling
tween the center of mass and orientational motions, and
tardation effects on all the friction terms. This leads af
simplification to the following expressions for the isotrop
and anisotropic spectral intensitiesI iso(v) and I ani(v):

I iso}1/v ImF 1

v22v0
22 ivq2g02 ivrm

21q2DLT~v!G ,
~4a!

I ani}1/v ImFR~v!1cos2 u/2
Lq2rm

21R~v!2

v22 ivrm
21q2hST~v!G ,

~4b!

where rm is the mass density,u is the scattering angle
DLT(v) andhST(v) are, respectively, the total longitudina
and shear viscosities, andL being a factor representing th
magnitude of the coupling between the shear and an orie
tional variable. The termR(v) which appears twice in Eq
~4b! describes the dynamic of the orientational varia
which is directly detected in the anisotropic spectrum~first
term! and which is the detection mechanism of the transve
phonons~second term!.

In these equations, the total longitudinal and shear
cosities,DLT(v) andhST(v), are related to the usual long
tudinal, shear and bulk viscosities and to the orientatio
relaxation functionR(v)/v by

vDLT~v!5vDl~v!2~4/3!LR2~v!/@12R~v!#, ~5a!

vDl~v!5vhb~v!1~4/3!@vhs~v!#, ~5b!

vhST~v!5vhs~v!2LR2~v!/@12R~v!#, ~5c!

where Dl(v), hb(v), and hs(v) are, respectively, the
frequency-dependent longitudinal, bulk, and shear viscos
without translation-rotation coupling~i.e., bare viscosities re
lated only to motion of the centers of mass!.
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C. Frequency dependence of the transport coefficients

The three preceding viscosities are special cases of tr
port coefficients,s(v), which are Laplace transforms o
correlation functions. Assuming for these functions a Deb
relaxation mechanism:

s~v!5s~0!/~11 ivts! ~6!

which is the Maxwell formulation of viscoelasticity@28#.
Several approaches are possible to obtain more real

representations of these correlation functions, in particula
their long time behavior. Although solving nonlinear coupl
equations of motion related to microscopic densities s
consistently is the elegant method used in the mode coup
theory @4#, this approach was not found@19# relevant in the
analysis of the DLS susceptibility spectra of molten ZnC2.
Also the use ofR(v) to deduce the expression ofDLT(v)
@7# turned out to be impossible, as was already the cas
other systems@29#. The simplest method~which is most of-
ten followed! is to introduce empirical correlation function
with their associated frequency-dependent transport co
cients. Correlation functions are usually approximated b
stretched exponential and the corresponding Laplace tr
form of this function can be conveniently approximated
the Cole-Davidson function:

m~v!5
2 im~0!

vbCDtCD
F12S 1

11 ivtCD
D bCDG , ~7a!

m(v) generalizing Eq.~6! and being, for bCD51, the
Lorentzian function, the corresponding parametersbCD and
tCD being related tobK andtK @30#.

A previous study@19# of the depolarized backscattering o
ZnCl2, analyzed with @Eq. ~4b!# showed that a Cole-
Davidson form could be chosen for the uncoupled rotatio
dynamics term,R(v):

R~v!5R0H 12S 1

~11 ivt r !
D bCDJ . ~7b!

Equation~7b! thus allows for an experimental determinatio
of the correspondingbCD andt r(T). In the present paper we
shall compare the results obtained by fitting the differe
Brillouin spectra with two different expressions forDLT(v)
andhs(v):

~i! either Lorentzian functions:

DLT~v!5D2
t l

~11 ivt l !
, ~8a!

hs~v!5G`

ts

~11ivts!
~8b!

whereG` is the infinite frequency shear modulus,
~ii ! or Cole-Davidson functions:

DLT~v!5
~2 i !D2

v H 12S 1

~11 ivt l !
D bCDJ , ~9a!

hs~v!5
~2i!G`

v H12S 1

~11ivts!
DbCDJ . ~9b!
9-3
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C. DREYFUSet al. PHYSICAL REVIEW E 63 041509
Referring to Eqs.~5a! and~5b!, we see that the longitudi
nal damping functionDLT(v) includes contributions from
the shear-orientation coupling@second term of the right-han
side in Eq.~5a!# in addition to the usual contributions from
bulk and shear viscosities. In the present analysis, howe
we shall not attempt to separate these contributions but s
utilize the simpler conventional formulation forDLT(v) of
Eq. ~9a!.

From the low frequency limit of Eq.~9b!, one sees tha
the static shear viscosity coefficient,hs , is equal to

hs5bG`ts , ~10a!

which reduces, in the Lorentzian case (b51) to the usual
Maxwell relation:

hs5G`ts . ~10b!

The high frequency limit of Eqs.~4b!, ~5c!, ~7!, and ~9b!
gives rise to a transverse phonon propagating with a velo
v t5r @G` /rm#1/2 wherer is a reduction factor which origi-
nates from the rotation translation coupling term. The la
coefficient decreases the value of the high frequency tra
verse wave velocity predicted by the Maxwell theory of v
coelasticity and is given by

r 5@12LR0
2G`

21~12R0!21#1/2. ~11!

D. Formalism in previous studies

All the previous results@14–17# concerning the longitu-
dinal sound velocities and elastic moduli of molten ZnC2
were obtained assuming a Debye single relaxation time
cess. In one case, where several scattering geometries
studied @16#, the consistency of the analyses required
additional introduction of a second contribution toD(v):

DLT8 ~v!5D2
t l

11v2t l
2 1Dv , ~12a!

DLT9 ~v!52D2
vt l

2

11v2t l
22Dvvt f . ~12b!

The Dv term being an approximation for a fast relaxati
process not included in the first Lorentzian term.

III. EXPERIMENTAL PROCEDURES AND RESULTS

A. Experiment

Samples of ZnCl2 were prepared according to a meth
described in Ref.@16# and used in Ref.@19#. When melted
and then slowly cooled, the samples crystallize arou
280 °C, providing a limited supercooled range of abo
40 °C. The samples were kept in cylindrical cells sealed
der vacuum~square cells always break at the melting po
of ZnCl2!. Experiments were performed with a Sanderco
type tandem Fabry-Perot described elsewhere@31#. The light
source was a Coherent Innova 90 A1 laser operating in
single mode at 514.5 nm. Several geometries and pola
tions were used and, for each of them, one or two differ
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free spectral ranges~f.s.r.! were used: 18.5 and 7.5 GHz fo
the VV near backscattering geometry@u5171°#; 5 GHz for
the VV near forward scattering@u;12°# and 10 GHz for the
VH 90° experiment. VV spectra were collected between 3
and 650 °C in backscattering and between 300 and 550
for the small angle geometry. VH spectra were recorded
tween 320 and 400 °C.

In the backscattering geometry, the polarized light scat
ing intensity includes contributions coming from both th
isotropic and anisotropic parts of the dielectric tensor flu
tuations, whereas the VH contribution measured in the sa
geometry comes only from the anisotropic part:

I VV5I iso14/3I ani , ~13a!

I VH5I ani ~13b!

Figure 1, which compares VV and VH near-backscatter
spectra taken at 500 °C in the same experimental conditi
shows that, in the region of the Brillouin triplet,I VV is much
larger thanI ani. The anisotropic contribution toI VV can thus
be reasonably neglected, which has been done at all temp
tures.

Figure 2 shows VV backscattering spectra for tempe
tures from 300 to 650 °C. This figure shows the strong c
pling which exists between density fluctuations and
a-relaxation process. This coupling is maximum wh
2pnBt l;1, around 550 °C in this scattering geometry~q
50.0244 nm21 at T5550 °C!, and results in the merging o
the Brillouin doublet with the central peak. At this temper
ture, the Brillouin lines are not resolved.

For the two other experiments, it is necessary to take a
into account some specific problems related to scatterin
angles different from the backscattering geometry. For a
lyzing the experiments, the wave vectorq has to be properly

defined. Asq52(2pn/l)sin u
2 and Dq5(2pn/l)cosu

2Du,
wherel is the wavelength of the laser light andn the refrac-
tion index, one must have a good knowledge ofu and use as
small a Du as possible. In these two last experiments,
small Du condition was taken into account by using a sm

FIG. 1. ~a! VV and ~b! VH spectra at 500 °C in the same ex
perimental conditions.~c! Instrumental Rayleigh line.
9-4
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FIG. 2. Thermal evolution of
the backscattering VV ZnCl2

spectra: experiment~j!, fit with
bCD50.68 ~----!. The last panel
shows the instrumental function.
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aperture compared to the scattering angle itself: we ch
Du51022 rad, a value much smaller than in the backscat
ing case.

In the 12 °VV experiment~Fig. 3!, the same thermal be
havior as in Fig. 2 is observed; but as the wave vecto
about one order of magnitude smaller than in the backsca
ing case~q50.0025 nm21 at T5550 °C!, the maximum of
the coupling is shifted to lower temperatures, i.e., arou
400 °C. At 500 °C, a spectrum typical of a liquid is alrea
obtained, precluding a precise measurement of the relaxa
time.

The 90° depolarized VH spectra are shown in Fig. 4 in
temperature range 320–400 °C. At low temperatures,
well-resolved transverse Brillouin lines are the signature
04150
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propagative transverse acoustic modes, seen well above
melting point, a feature already observed in ZnCl2 @14# as
well as in other inorganic nonfragile glass-forming liquid
@32#. When the temperature increases, the transverse
louin lines shift to lower frequencies and the damping
creases. At 400 °C, the transverse modes appear onl
shoulders on both sides of the central line, and at still hig
temperatures they totally collapse into it.

B. Fit procedure

VV spectra were analyzed using a conventional nonlin
least-squares fitting procedure to a theoretical functionI (v)
convoluted with a Gaussian function adjusted to fit the ap
ratus profile.I (v) was taken to be
FIG. 3. Thermal evolution of
the small angle VV ZnCl2 spectra:
experiment ~j!, fit with bCD

50.68 ~----!.
9-5
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FIG. 4. Thermal evolution of
the 90° VH ZnCl2 spectra: experi-
ment ~j!, fit with bCD50.68
~----!.
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.1

.8
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.6

.3

.3

.9
I ~v!5
1

p

I 0

v
Im$v22v0

22 ivq2g02q2D2

3@12~11 ivt l !
2bCD#%211I bg, ~14!

whereI 0 and I bg are, respectively, the strength of the isotr
pic contribution to the VV spectrum and the backgrou
intensity whileD represents the strength of the coupling b
tween thea structural relaxation and the longitudinal acou
tic phonon. This parameter is related toC0 , the adiabatic
relaxed sound velocity andC` , the sound velocity at infinite
frequency by

C`5AC0
21D2. ~15!

In our fitting procedure,I 0 , I bg, C0 , D, andt l were treated
as adjustable parameters and we fixed the values ofb andg0
as follows. As the fitting procedure does not allow for
determination ofb, we used either Eq.~8! (b51) as was
done for ZnCl2 in previous studies or the mean value

TABLE I. Results of the Cole-Davidson fits for the backscatt
ing VV experiment.

T
°C

bCD50.68 b51

D15Dq
GHz

t l

ns
v0

GHz
x2 D15Dq

GHz
t l

ns
v0

GHz
x2

300 10.77 2.19 6.19 1.8 10.77 0.47 6.49 2
320 10.68 1.23 6.21 1.4 10.55 0.33 6.24 2
350 10.41 0.44 6.12 2.7 9.85 0.16 6.12 3
400 10.29 0.13 5.76 2.3 9.83 0.084 5.60 3
450 9.80 0.052 5.65 1.4 9.01 0.037 5.69 1
500 9.20 0.028 5.38 1.3 8.29 0.023 5.32 1
525 8.85 0.022 5.24 1.9 7.94 0.018 5.21 2
550 8.43 0.019 5.25 1.4 7.51 0.016 5.21 1
575 8.13 0.015 5.21 3.1 7.24 0.013 5.19 3
600 7.85 0.012 5.20 2.3 6.97 0.011 5.18 2
650 7.34 0.009 5.12 4.9 6.54 0.008 5.11 4
04150
-
-

bCD (bCD50.68) deduced from our fits to thea peak in the
depolarized backscattering spectra@19#. Indeed, one purpose
of this analysis is to check whether significant differences
the results can be observed between the use of one o
other value.

The parameterg0 was determined by assuming that,
the temperature range of interest, its variation could be
glected.g0 was thus deduced from a measurement of
Brillouin linewidths in the glass and in the low temperatu
supercooled liquid (T,160°C) in the same backscatterin
geometry. The very narrow Brillouin lines were deconv
luted from the instrumental profile yieldingg0q2/2p
'0.025 GHz.

We note thatC0 was taken as a free fit parameter althou
C0 is known from ultrasonic measurements@10#. Actually,
using these values as input parameters, acceptable fits to
data could not be obtained. Gruber and Litovitz@10# pointed
out that a small amount of water~3%! still remained inside
their sample, which could lead to a slight variation inC0 .
Therefore we letC0 be a free parameter, under the conditi
that the final values should be compatible with Ref.@10#
within the limit of accuracy of that experiment.

Fits to the small angle spectra were done using the s
techniques and the same Eq.~14! but the influence of the
finite solid angle was taken into account in the fit, by int
grating over theq range intercepted by the finite apertu
(1022 rad). Moreover, as the cylindrical cell could introduc
small variations in the direction of the optical path inside t
cell, we also tookq as a free parameter. This was done
making use of the valuesC0(T) andD(T)5AC`

2 2C0
2, ob-

tained from the backscattering VV experiments: at each te
perature, the only adjustable parameters left are thusq, the
relaxation timetVV , I 0 , and I bg. Actually, the value ofq
was found to differ by at most, 5%, of the value given by t
direct measurement of the angle.

The analysis of the transverse mode spectra is more i
cate. Following Eq.~4b!, and introducing, as in Eq.~14! an
additional temperature-independent scattering mechan
this profile is given by

-
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TABLE II. Results of the Cole-Davidson fits for the small angle VV experiment.

T
°C

Angle
degrees

bCD50.68 bCD51

D15Dq
GHz

t l

ns
v0

GHz
x2 D15Dq

GHz
t l

ns
v0

GHz
x2

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
400 12.15 1.06 0.17 0.615 2. 0.956 0.14 0.615 2
450 12.15 1.03 0.077 0.595 4.5 0.93 0.064 0.595 4
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
e
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I ani~v!}
I 0

v
ImFR~v!1cos2 u/2

3
Lq2rm

21R~v!2

v22 ivq2hST~v!2 ivg0q2G1I bg. ~16!

As in Eq.~4!, I 0 andI bg are, respectively, the strength of th
anisotropic contribution to the VH spectrum and the ba
ground intensity.g0 , which describes again the contributio
of processes intrinsic to the transverse Brillouin lines, w
assumed to have the same value as its longitudinal cou
part. The fitting parameters are thusts , L, andR0 , in addi-
tion to I 0 and I bg. At each temperatureR(v) was obtained
from Eq.~7b!, the coefficientsbCD andt r(T) being deduced
from Ref. @19#. As backscattering VH spectra did not allo
one to properly determinet r(T) below 400 °C, values a
lower temperatures were inferred from an interpolation
tween these results and the PCS measurements@20#, using a
Vogel–Fulcher approximation. Forhs(v), the two expres-
sions~8b! and ~9b! were used with, in the second case, t
bCD value obtained from Ref.@19#.

C. Results

1. Longitudinal modes

The parameters of the fit obtained forb51 and
bCD50.68 are collected in Tables I–III together with th
04150
-

s
er-

-

corresponding confidence factorx2 for the VV backscatter-
ing, VV small angle, and VH 90° geometries. Fits are sho
in Figs. 2–4. Let us stress that both values ofb yield appar-
ently equally good fits. The difference is mostly a numeric
one: for VV backscattering~Table I! below 575 °C, thex2

values are always lower for the fit made withbCD50.68 than
for the fit made withb51 and this difference increases wit
decreasing temperatures. This temperature effect could
expected: indeed, the values reported in Table I show tha
product 2pnBt l , wherenB is the frequency of the Brillouin
peak, is of the order of unity around 500 °C. As the diffe
ence in the shape of the relaxation functions for the t
different values ofb is only important for 2pnBt l@1, it is
mostly at low temperature that the two relaxation functio
will produce different spectral shapes of the Brillouin line
The relaxed and nonrelaxed sound frequenciesv0 and
v`5@v0

21D2q2#1/2 deduced from the backscattering expe
ments, as well as the corresponding elastic mod
M05v0

2q22rm andM`5v`
2 q22rm are shown in Fig. 5. The

sound velocities,C0 and C` , have a smooth temperatur
variation which can be fitted by the linear interpolation fo
mulas:

C05@115020.53T~°C!#m s21 ~17a!

for both b values, whileC`(T) depends onb:
3.6
1.5
7.8
6.8
6.0
6.1
4.7
3.9
3.2
2.3
TABLE III. Results of the Cole-Davidson fits for the 90° VH experiment.

T °C
t r

ns
r

K gm23

bCD50.68 b51

tsCD

ns
L
Pa x2

Eta0

Pa*E9
hs

poise
ts

ns
L
Pa x2

Eta0

Pa*E9
hs

poise

320 4.1 2517 1.02 5.34 1.1 3.84 26.6 0.41 2.12 1.1 3.35 1
330 3.1 2513 0.89 4.41 1.8 3.46 21.0 0.39 2.17 1.8 3.08 1
340 2.7 2508 0.54 3.92 2.1 3.28 12.1 0.27 1.57 2.1 2.88
350 2.5 2504 0.50 2.49 2.6 3.33 11.3 0.23 1.18 2.5 2.99
352 2.5 2503 0.48 2.85 1.4 3.10 10.1 0.22 1.20 1.4 2.87
360 1.5 2499 0.46 2.35 2.1 3.11 9.8 0.22 1.65 2.1 3.14
370 1.3 2495 0.38 1.83 1.7 3.04 7.9 0.18 1.51 1.7 2.71
380 1.1 2490 0.29 2.74 1.7 2.99 6.0 0.13 1.57 1.7 3.22
390 0.95 2486 0.28 0.94 1.1 2.44 4.7 0.13 0.75 1.1 2.71
400 0.87 2481 0.20 0.84 1.8 2.83 3.8 0.08 2.24 1.8 3.64
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FIG. 5. Results derived from the present e
periment. ~a! Relaxed longitudinal sound fre
quencyv0 : ~j!; nonrelaxed longitudinal sound
frequencyv` :b51 ~m!; bCD50.68 ~.!; ~b! re-
laxed longitudinal elastic modulus~j!; nonre-
laxed longitudinal elastic modulus:b51 ~m!,
bCD50.68 ~.!; shear modulus:b51 ~>!, bCD

50.68 ~.!.
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are
b51, C`5@257421.93T~°C!#m s21, ~17b!

bCD50.68, C`5@253821.66T~°C!#m s21. ~17c!

The corresponding relaxation times,t l(T) are shown in
Fig. 6 and depend slightly on the value ofb. Their thermal
variations can be represented by an Arrhenius law:

b51, t l58.5131026 exp~6187/T!~ns!, ~18a!

bCD50.68, t l54.2731027 exp~8395/T!~ns!.
~18b!

In the small temperature range available here, the most
portant role of the small angle polarized experiment was
check the consistency of the values found for the relaxa
times,t l , for both values ofb. In this experiment the con
fidence factors are rather poor. For the highest temperat
the error is very large, because the Brillouin lines are v
close to the central line. Nevertheless, Figs.~6a! and ~6b!
show that the agreement between the backscattering an
small anglet l values obtained withbCD50.68 is better at all
temperatures, except 550 °C, than withb51. The good
agreement between the two sets of values is a validatio
the fitting procedure of the polarized Brillouin spectra ev
for relaxation times one order of magnitude larger than
characteristic time of the probe~inverse of the frequency o
the Brillouin peak!: the analysis of the Brillouin lines ca
04150
-
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y

the

of

e

give a reliable estimate of the relaxation times even far fr
the region where the condition 2pnbt;1 is fulfilled ~this
corresponds tot l50.017 ns at 550 °C for the backscatterin
and to t l50.17 ns at 400 °C for the small angle scatteri
experiments!.

2. Transverse modes

Values of the parameters and of thex2 factors are col-
lected in Table III.x2 values do not appreciably differ for th
two b values. Figure 5~b! shows the temperature variation o
the elastic shear infinite elastic modulus,G` , while the cor-
responding relaxation times,ts , are shown in Fig. 6. The
values of G` obtained with both values ofb differ only
slightly ~;5%!, showing the stability of this quantity in the
fit. This is not surprising as the value of this parameter
basically determined by the frequency of the maximum
the Brillouin line. Linear fits to the experimental points giv

bCD50.68, G`56.3310928.973106T~°C!Pa,
~19a!

b51, G`56.03310928.753106T~°C!Pa. ~19b!

At each temperature, the corresponding shear relaxa
times,ts , are close to the longitudinal relaxation times,t l ,
obtained with the same value ofb, showing that, in this
specific case, shear and longitudinal relaxation times
n

FIG. 6. Results derived from

the present experiment: relaxatio
times for b51 ~a! and bCD

50.68 ~b!: t l Backscattering VV
~j!; t l small angles VV~m!; ts

90° angles VH~d!.
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equal within the error bars. While performing the fit proc
dure we noticed that some parameters, in particularL andR0
were strongly correlated, an expected feature due to the l
number of free parameters. In a first fit withL andR0 free,
the variation of the latter was fairly small. Thus we pe
formed a second fit in which we fixedR0 at its mean value in
the first fit. The variation of the other parameter,L, is re-
ported in Fig. 7. ForbCD50.68, R050.55, the value ofL
decreases regularly with increasing temperature, while, w
b51 andR050.52,L has a rather erratic variation. An in
crease ofL with decreasing temperature had to be ant
pated:L measures the importance of the shear-rotation c
pling which is expected to decrease for increas
temperature because of the corresponding decrease o
density. The values of this parameter have large error b
because of the relative weakness of the coupling term in

FIG. 7. Thermal variation ofL in the fit of the transverse mode
with fixed R0 :b51, R050.52 ~m!; bCD50.68, R050.55 ~j!;
bCD50.68,R050.61 ~d!.
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denominator of Eq.~16!: the value of the correspondingr
coefficient@Eq. ~11!# is, indeed, never lower than 0.95 whic
means that the second term in the right-hand side rea
only about 5% of the bare shear viscosity term. The simil
ity between the values oft l and ts , as well as the smal
values of 12r , are ana posteriorijustification of the method
we have followed to analyze the longitudinal Brillouin spe
tra where we have ignored the separation of the to
frequency-dependent viscosity into different terms, one
them representing the coupling with orientational motio
We have also verified the stability ofG` andts in the fit by
repeating the fitting procedure with another fixed value
R0 (R050.61): a mean relative variation of 0.03 forG` and
0.04 for ts was obtained whereas it reaches 0.12 forL.

IV. DISCUSSION

A. Elastic moduli

Figure 8 compares our results for the speeds of sound@Eq.
~8a!# and elastic moduli@Eq. ~8b!# with previous data ob-
tained from different Brillouin@14–17# and ultrasonics@10#
experiments. First of all, whatever the experimental pro
dure and the fitting method, the relaxed sound velocities,C0 ,
and their thermal variations are very similar; in particula
our values agree, within a reasonable error bar, with the
rect sound velocity measurement@10#, with an approxi-
mately constant difference throughout the whole tempera
domain. This is not the case for the infinite frequency sou
velocity; C`(T) is more sensitive to the hypotheses made
the fit. This is also true for its dependence on the value ob.
The changes fall outside of the standard error defined as
dispersion of all the experimental data obtained withb51.
Similar results are obtained for the elastic moduli.

The shear infinite elastic moduli,G`(T), obtained in this
work are much larger than values given by Gruber and L
vitz @10# @Fig. 8~b!#. This is in line with measurements of th
transverse Brillouin frequency made by Knape@14#. The rea-
FIG. 8. Comparison of the
present results~same symbols as
in Fig. 5! with other measure-
ments: ~a! Sound velocitiesC0 :
Ref. @10# ~—!; Ref. @15# ~----!;
Ref. @14# ~• • • •!; Ref. @16#
~ • • • !; C` : Ref. @14#
~–s–!; Ref. @16# ~–n–!; ~b! Lon-
gitudinal elastic moduliM0 and
M` , same as~a! and shear elastic
modulusG` , Ref. @10# ~* !.
9-9
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son for such a difference is probably that determiningG`

using ultrasonic measurements is only possible through
extrapolation scheme; on the contrary, Brillouin measu
ments of the transverse mode frequency give a direct ac
to the Brillouin shear modulus, which provides, by itself,
lower limit to the infinite frequency shear modulus.

From the measurements of the different elastic mod
one can estimate the infinite frequency bulk@33,34# ~or com-
pressional! modulus K`5M`2 4

3 G` , @see Eqs.~5b!, ~9!,
and ~15!# as well as the relaxational modulusKr5K`2M0
which is the contribution of the structural rearrangement
K` . The different moduli are shown in Fig. 9 where one se
that G` and Kr have very similar values. This similarity i
suggestive of the following idea. In ZnCl2, the ZnCl4

22 tet-
rahedra are mostly corner-sharing, and each of them is ne
incompressible: an isotropic compression will mainly tend
bend the Zn—Cl—Zn bonds and the same bending is t
only source of the shear modulus,G` . This bending should
thus give an equal contribution toG` andKr .

B. Relaxation times

The relaxation times extracted from the different analy
performed with theb51 assumption are shown in Fig. 1
The agreement between the times extracted from the di
ent Brillouin experiments is excellent. The small dispers
observed in these data comes undoubtedly from the dif
ences in the experiments and this dispersion mostly re
sents the experimental errors. As already mentioned,
shear relaxation timets , also shown in Fig. 10, is clos
to t l .

The relaxation timest r , extracted from backscatterin
DLS @19# and PCS@20# experiments are shown in Fig. 10
Although the determination oft r by DLS is quite poor at and
below 400 °C, as can be seen by the large error bar,t r is
substantially larger thant l and the thermal variations ar
different. Moreover, both DLS@19# and PCS@20# experi-
ments detect in a direct way a relaxation function charac
ized by a non-Debye stretching parameter. This favors

FIG. 9. Elastic moduli derived from the present experime
M` , b51 ~m!, bCD50.68 ~.!; K` , b51(d)` , bCD50.68 ~c!;
M0 ~j!; G` , b51 ~>!, bCD50.68 ~.! Kr , b51 ~3!, bCD

50.68 ~1!.
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analysis of the Brillouin lines withb50.68. The results are
summarized in Fig. 11 where the twot l and thets values
have been multiplied by 2.43 in order to demonstrate
following additional feature: the ratiot r /t l ~and t r /ts! is
practically constant~;2.43! through the whole temperatur
range where it can be measured, i.e., the thermal variat
of t l andts determined withbCD50.68 are the same as tha
of t r . ~Let us notice that a better agreement between th
three variations could probably be obtained by lettingb take
a slightly smaller value, an exercise we did not attempt to
in order to keep the number of adjustable parameters as
as possible.! This type of scaling between different relax
ation times is predicted by MCT@4# and is presumably more
general.

C. Viscosity

Using Eq.~10a!, and the values ofG` andts taken from
Table III, one can compute the static shear viscosities,hs ,

: FIG. 10. Relaxation times: comparison with other measureme
obtained with theb51 assumption:tVV , backscattering~j!; t l ,
small angle scattering~d!; ts ~m!; Ref. @16#~—!; Ref. @14#
~ !; Ref. @15# ~• • • •!. For the sake of comparison,t r from
Refs.@19# and @20# ~s! with bCD50.68 are also included: the two
values shown forT5400 °C give an estimate on the error bars
these values at the lowest temperature.

FIG. 11. Comparison between relaxation times obtained w
bCD50.68:2.43t l , backscattering~j!; 2.43t l , small angle scatter-
ing ~d!; 2.43ts ~m!; t r from Refs.@19# and @20# ~s!.
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up to 400 °C. The results are shown in Fig. 12, together w
the results of three independent series@9,10# of direct mea-
surements performed between 320 and 400 °C. Those t
sets of measurements are in excellent agreement in the w
temperature range, with an experimental accuracy estim
@10# to be within 1.5%. They agree very well with the valu
deduced from Eq.~10a! with bCD50.68. On the contrary, a
clear discrepancy with the direct measurement, both in ab
lute value and thermal variation, appears if one uses the
ues derived from theb51 fits.

V. CONCLUSION

In the present paper we report three different Brillou
scattering experiments on molten ZnCl2, which allow us to

FIG. 12. Comparison between calculated viscosities and di
measurements.b51: ~>!; bCD50.68 ~.!; Ref. @10# ~h!; Ref.
@9~a!# ~s!, Ref. @9~b!# ~n!.
u,

A

.

ys

04150
h

ee
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ed

o-
l-

measure the relaxation times and elastic moduli for differ
geometries and polarizations. In a previous study of Zn2
by depolarized light scattering@19#, we showed that the re
laxation function was well fitted by a single Cole-Davidso
function added to an overdamped Lorentzian which took i
account the high frequency part~i.e., above 100 GHz! of the
spectrum and we were able to obtain from these experim
the relaxation times and stretching parameter of this Co
Davidson function between 400 and 650 °C. In the pres
paper we show that introducing a simple Cole-Davids
function with the same stretching parameter, to describe
temperature dependent relaxation processes which coup
the longitudinal and transverse acoustic phonons, is su
cient to interpret our spectra. One test of our analysis is
determination of the static viscosity: shear viscosity valu
deduced from our measurements are in good agreement
direct measurements. This agrement is much poorer w
the Cole-Davidson function is reduced to a Debye functi
Similarly, using a Cole-Davidson function yields longitud
nal, transverse, and rotational times proportional in
whole temperature range. This proportionality is not reco
ered in the case of a simple Debye process.
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