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Intramolecular origin of the fast relaxations observed in the Brillouin light scattering spectra
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The Brillouin light scattering spectra of tteeterphenyl single crystal are compared with those of the liquid
and the glass phases. This shayshe direct evidence of a fast relaxation at frequeneciess GHz in both
the single crystal and the glass;) a similar temperature dependence for the attenuation of the longitudinal
sound waves in the single crystal and the glass; (@ndthe absence of coupling between the fast relaxation
and the transverse acoustic waves. These results allow us to assign such a relaxation to the coupling between
the longitudinal acoustic waves and intramolecular vibrations, and therefore to exclude any relationship be-
tween it and the glass transition.

PACS numbgs): 61.20.Lc, 78.35tc, 61.43.Fs, 63.20.Ry

The study of the atomic dynamics of systems undergoing Some of us have recently reported on a fast relaxational
the structural liquid to glass transition is nowadays a verydynamics in the 10'! s time range which appears in the
fertile topic in the condensed matter physics, and is stimulats(q, w) spectra obtained by BLS in glassy OTH. This fast
ing many relevant developments on both the experimentadynamics has also been analyzed using a phenomenological
angl the theoretical sidd ]. This study is historically charac- gnsatz for the memory function and has been found to be
terized by the attempt to extend our knowledge of the dy-ctive in both the glass and the liquid, and to be essentially

namics to larger and larger time ranges. Traditionally, thist mperature independefd]. Relaxation processes in a simi-
attempt has been focused on the time range of the structur  time window had been observed in previous studies on

relaxation, which shows prominent spectral changes in thgimilar glass former§5], and had been described in terms of

glass transition region. In more recent years, conversely oy
much of the attention has shifted towards shorter times, i.ef[}1e MCT B region. . .
In order to clarify the nature of this relaxation, we have

towards the so-called fast processes range. ) :
The interest in extending as much as possible the probeR€formed on an OTP single crystal a further BLS experi-
time window has been much stimulated by the developmerf’€Nt on the resuits of which we report in this paper. As a
of the mode coupling theorfMCT) [2], which describes the matter of fact, we obs_erve in the spectra of thg single crysFaI
time evolution of theg-component of the density-density the same fast relaxation which was observed in both the lig-
correlation functionF(q,t), of asimpleliquid when its tem-  Uid and the glasg8,7]. As a consequence, we conclude that
perature is changed across the metastable undercooled #his fast relaxation isiot related to the glass transition and
gion. In fact, the MCT makes, among the others, specificshould not be associated with the M@Fregion. Moreover,
predictions on the time range comprising the earliest part oby comparing the longitudinglL) and transvers€T) sound
the structural relaxation and the latest part of the fast proattenuation in the liquid and the glass with thesound at-
cesses, th@-region[2]. tenuation in the single crystal, we also conclude that the fast
The MCT predictions have been the subject of extensiveelaxation arises from the coupling of density fluctuations to
experimental studigs8]. Among them, the ones which really intramolecular degrees of freedom.
probe F(q,t) [or its time Fourier transform, the dynamic = The OTP single crystal has been prepared from 99% pu-
structure factorS(q,w)] are based on inelastic neutron scat-rity powder (Aldrich Chemical$ by ricrystallization in a
tering (INS) in the 10 nm g range[4], and on Brillouin  methanol solution. The typical dimensions of the obtained
light scatteringBLS) in the 102 nm™* grange[5]. In these  needle-shaped crystals ar&2x 10 mn?. The crystals have
studies, the relevance of the short-times region for a propdpeen characterized by x-ray diffractometry, and the measured
spectral description has been underlined; this region has bedattice parameters of the orthorhombic unit cell (P2,
associated to the MCB-region, and several MCT predic- symmetry are in agreement with previous determinations
tions have been tested, e.g., the cusplike discontinuity in théa=6.024,b=11.729, andt=18.582 A)[9]. The main axis
Debye-Waller factor at the dynamical transition temperaturepf the needles is along the axis, and the lateral faces are
T, [4,5]. Unfortunately, while the MCT predictions are devo- found to be parallel to the 011 and the 023 lattice planes.
loped for ideal systemsghard spheres or monoatomic sys- The BLS spectra of the single crystal have been collected
tems, the glass formers which are the object of experimentaln backscattering geometry, with the exchanged wave vector
studies are mostly molecular compounds. These latter onegalong the(001) direction. In the chosen configuration, only
are obvously characterized by an intramolecular dynamicthe L Brillouin peaks are allowed. As the exciting line, we
which, in principle, could just be effective in the-region  have used the single mode from a Coherent compass 532/400
[6]. laser operating ath,=532 nm with a typical power of
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¥ FIG. 2. BLS spectra of the OTP single crystal at the following

10"~ 2'0 " 1'0 " 0' " lb " 26 ' temperaturegfrom high to low peak position 37, 96, 138, 194,

B B 251, and 303 K. The spectra have been collected in the backscatter-
Frequency shift (GHz) ing geometry with the exchangegvector along th€001) direction.

) ) ~ The overall instrumental resolution was 100 MHz FWHM.
FIG. 1. BLS spectra in backscattering geometry of the single

crystal[ g along the(001) direction] and of the strongly supercooled
OTP at the indicated temperatures.

cooled liguid and in the glass, has been described in terms of
a secondary relaxatiof8,7]. This figure by itself already
suggests that this relaxation arises from the anharmonic cou-
~300 mW. The scattered light has been analyzed by @ling between the acoustic waves and other degrees of free-
Sandercock-type (8 3)-pass tandem Fabry-Perot frequencydom.

analyzer, with a finesse 6£100 and a contrast-5x 10 In order to have a deeper insight into this anharmonic
[10], set to a free spectral range®fL0 GHz. No analysis in  process, we have measured the temperature dependence of
polarization has been done, and the measurements have ba@g single crystal BLS spectra. In Fig. 2 we present a few
performed in the 37/303 K temperature rangiee melting  spectra at selected temperatures. Here, in order to emphasize
temperature isT,=329 K). The same experimental setup the temperature dependence of the linewidth, only the Bril-
has been used to measure the Brillouin peaks in the OTRuin peaks are reported. On cooling, a strong reduction of
glass in the temperature range 27/15Qtke glass transition the linewidth can directly be observed.

temperature i =244 K). Moreover, further measurements A quantitative description of the reduction of the Brillouin

in the 90° scattering geometry and with a VH polarizationlinewidth with temperature has been obtained by fitting the
configuration have been collected in the 250/310 K temperapeaks region of the current spectiiee., of the measured
ture range in order to reveal theBrillouin peaks. A dilute  spectra multiplied by the frequency squaredth a Lorent-
aqueous suspension of Latex particf@20 nm in diameter  zian lineshape convoluted to the experimental resolution
has been used to determine the instrumental resolution fun¢unction. The values of P, [full width at half maximum
tion. In the 90° geometry measurements, the linewidths ofFWHM)] resulting from the fits are reported in Fig. 3

the T Brillouin peaks are affected not only by the resolutionin the 55-303 K temperature range. At temperatures lower
function of the spectrometer, but also by the finite solidthan 55 K the Brillouin linewidth is almost indistinguishible
angle, which is defined by the collection optics. This effect,

negligible for scattering angles close to 180°, gives a hon 0.6+ -

vanishing contribution at 90°, and must be carefully taken 30 Tg p

into account in order to extract the true linewidth. The de- T = zz [ o

convolution procedure used for this purpose is described oN b

elsewherg 11]. ~ 04 T 10 ++ o
The room temperatureT(= 296 K) spectrum of the OTP % o’ ot + 0%

single crystal withg along the(002) direction is presented on ~ 100 200 300 400° 300 600 ++ .

a log-linear scale in the lower part of Fig. 1. Apart from the 5 024 + o &8 _

small leakage of the quasitransverse modes, observed at +. LIS N

~10 GHz and due to the residual misalignment from the ¢ 0@ i@o ©

(001) direction, this spectrum shows clear signatures of an- ¢ .<; O e &

harmonic effects: broad Brillouin peaks and a broad central 00s oo o

band. In the upper part of the same figure, the spectrum of
the supercooled liquid &t=245 K is also reported, for com-
parison. The two spectra have been collected under identical |G, 3. Temperature dependence of the measured linewidths in
experimental conditions and, at the chosen temperaturege OTP single crystal¢ ) and glass-liquid @). The inset shows
show comparable linewidths for the Brillouin peaks. Thethe same data on a larger temperature rdﬁﬂeThe symbol&®
similarity between the two spectra is remarkable, in particurepresents the only contribution of the secondary, fast relaxation to
lar for what concerns the central region which, in the superthe linewidth in the glass.

Temperature (K)
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from that of the instrumental resolution function, and thys ' '
could not be reliably obtained. In the same figure the similar
quantities, 2"y, measured in the liquid and glassy OTP are
also reported @): the data above 114 K are taken from Ref.
[8], and we have here extended in temperature those mea-
surements down to 27 K. The inset reports the same data on
a largerT range. We want to underline that this kind of
comparison neglects the difference betwedh and ', $ ?
which arises from the difference in the refractive index be-
tween the crystal and the liquid-glass. We measured the re-
fractive index of the OTP polycrystal at room temperature 10° : .
and we got the value,=1.72, which is=4% larger than
that of the supercooled liquid at the same temperatage ( Temperature (K )
=1.65, [12]). This accounts fOF_ESO_/O of the difference be- FIG. 4. Temperature dependence of Brillouin linewidths nor-
tween 2'c and A'4; a value which is, however, comparable )iz byqg?: longitudinal data from Ref[8] (®); T data from
with the standard deviation of the FWHM data. Thus, givengis work (A), and literature data from RefiL6] (+). The dashed
the lack of measurements of the refraction index of the OTHine indicates the low temperature limiting value of the longitudinal
single crystal and given statistical accuracy of the presendpparent kinematic viscosit@,= 47T, /g
data, the direct comparison betweeh 2and A", can be
considered to be appropriate. in the glass and in the liquid, is related to tBeregion dis-

The comparison between the Brillouin linewidth of the cussed by the MCT, and, more generally, that this process is
single crystal and the liquid-glass comes out to be very inrelated to the glass transition itself.
structive. At temperatures aboVg, in the undercooled and Left open is the question of the origin of the fast process.
normal liquid phase, the linewidth is dominated by the struc4n particular one can associate this process to the coupling of
tural relaxation which, however, is expected to be of no in-the longitudinal acoustic waves either wiih intramolecular
fluence onl’y below T, . Here, howeverl' is still tempera-  degrees of freedortvibrational relaxationor with (i) other
ture dependent, and this has been attributed to the presenggermolecular modes. A key experiment to solve this ambi-
of a secondary, fast relaxati¢8,7]. On cooling, eventually, guity is the determination of the absorption of the transverse
I'y seems to approach a limiting valug, . This latter value  sound waves. Indeed, in ca§é) one expects a transverse
is here estimated to bel2=70=10 MHz by a quadratic fit Brillouin linewidth comparable to the longitudinal one
on the data below 150 K. The present value is inghtIyaroundTg, and in any case with a simildrdependence. On
smaller than that reported in Reff8,7] (12020 MHz),  the contrary, the anharmonicity of tyjiie is expected to give
where it was inferred by using tHéy values forT>114 K  a negligible contribution to the linewidth as the vibrational
and by scaling high frequency inelastic x-ray scatteringrelaxations strongly couple only to the density fluctuations
(IXS) data[13]. From the comparative analysis of the IXS [14], and the coupling with the shear waves can take place
and the BLS datal’, has been attributed to the presence ofonly through the much less efficient mechanism of the
topological disorder in the glag8,7]. To sum up, the line- translation-rotation couplinfl5].
width of the liquid and glassy OTP has been described as the The comparison of the the and T sound absorption is
sum of three different contributionst’4(T)=T,+T¢(T) presented in Fig. 4, where we report the linewidths normal-
+I'(T), wherel' ,(T) is the contribution of the structural ized byqg?, D=4=I"/q? [apparent kinematic viscositieB,
relaxation and becomes negligible beldy, I';(T) is the  (closed circlesandD+ (open trianglesfor theL and T Bril-
contribution of the secondary, fast relaxation, dhglis the  louin peaks, respective]yin order to take into account the
contribution of the topological disorder. Within this picture, trivial contribution due to the different scattering geometries
we can get a direct estimate bf(T) below Ty by simply  used to measure the (closed circlesand theT (open tri-
subtractingl’, from the total linewidthl'y. The difference angle$ Brillouin peaks. We also report the results of previ-
data are also reported in Fig. 3§, and they represent the ous literature mesurements for thdinewidths (x) [16]; the
only contribution of the secondary relaxation to the totalagreement between the whole seDaf data can be observed
linewidth. to be good. It is immediately seen from Fig. 4 tHat,

The present measurements on the OTP single crystal naiominated by the contribution of the process abovd g,
only strongly support the previous picture, but furthermoredoes not followD, , and, in particular, that, on cooling, it
give us a fundamental hint to understand the nature of therops to vanishingly small values &,. This is a clear in-
secondary relaxation. In fact, as reported in Fig. 3, the linedication that the transverse waves are not affected by the fast
width of the single crystal., shows al dependence which, process and, therefore, that this process must be classified as
below Ty, closely follows that ofl'y and, furthermore, vibrational in nature.
nicely agrees with that df ;. Thus, we can conclude thaj It has to be emphasized that the presence of such a kind of
the description of the linewidth as the sum of the previouslysecondary processes in a molecular system such as OTP is
discussed contributions is a reasonable and physical ansatmt surprising. In fact, the class of the fragile glass formers
and(ii) the anharmonic process observed in the single crystdlas OTP[17]) has a strong overlaf8] with the so-called
and the fast process observed in the liquid and didg§ do  Kneser liquidg6]. These systems have been widely studied
share a common origin. As a consequence, we rule out thiey ultrasonics, and they are known to be characterized by the
possibility that the secondary process observed in OTP, botpresence of secondary relaxations in the %00 ! s time

D(cmzs'l)
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range. The presence of similar relaxation processes has alshown that the fast process does not couple to the tranverse
been observed in BLS spectra of analogous systems, and §ound waves, and thus we attribute it to a vibrational relax-
particular those characterized by the presence of phenyl ringation of intramolecular degrees of freedom.

[18]. Moreover, from the FWHM of the Brillouin peaklI2 Given this picture, it is natural to wonder whether the
~300 MHz close to the glass transition, from the averagePresence _of gvibrational reIaxat_ion in the 1Bs time range
relaxation timer~25 ps of this proces§7] and from the IS @ peculiarity of OTP. In fact, in strong glass formers sec-
thermodynamic data collected in RE#], the contribution to ~ Ondary relaxations in a similar time scale are usually de-
the specific heat of the vibrational motions responsible>cribed invoking a different mechanisf0]. Actually, the

for the relaxation has been calculated by means of the prdg![t'rasonic Iitlera;tu;EG] &NOUI.? s;ljggtestt'that yibratiqgal rlelax— .
cedure outlined in Ref[19], giving as a resultC,;, ations couple 1o the densily fluctuations in a wide class o

—65 JK Lmol L. This is a typical value for Kneser liquids molecular liquids, in particular the fragile glass formers. The

(6], confirming the vibrational nature of the process herepresence of vibrational relaxations in real molecular systems
dis,cussed 9 P could completely hide features intrinsic to the glass transi-

In conclusion, by comparing the BLS spectra of the singletlon as, for example, the MCE-region. Thus, it could come

crystal and the liquid-glass OTP, we have shown that th out to be dangerous, whether not incorrect, to describe the

secondary, fast relaxation process previously observed in tr?é‘St relaxation region of the memory function used to de-
Y, e 1 proc pre v sctribe BLS spectra in terms of a simple MCT approach. This
OTP glass and liqui@8,7] is active also in the single crystal.

This observation rules out the possibility that this process i%Nou'd certainly be the case for OTP.

related to the glass transition. Moreover, by comparing the We thank A. Phany and P. F. Zanazzi for their help in the
longitudinal and transverse acoustic attenuation we haverystal orientation.
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