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Propagating to nonpropagating vibrational modes in amorphous polycarbonate
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Comparisons are made between the low-frequency Raman and inelastic neutron-scattering spectra obtained
from amorphous bisphend\ polycarbonate at low temperature. The vibrational density of states and light-
vibration coupling coefficient are determined. The frequency dependences of these parameters are explained by
propagating vibration modes up to an energy of about 1 meV, and fractonlike modes in more cohesive domains
at higher energies. The vibrational dynamics are strongly dependent on disorder in the glass: this disorder
comes from fluctuations in bond strengths or elasticity constants, and not from changes in density.
[S0163-18299)02525-4

The low-frequency vibrations in glasses and their relatedscription is consistent with the existence of cooperatively
thermal properties were first investigated 30 years ago, andearranging regions,*! dynamical heterogeneitié$, or
are still being studied today. An interesting feature is thefrustration-limited domair's in the supercooled state.
excess of vibrational density of statééDOS) observed by The comparison between inelastic light and neutron scat-
light or neutron inelastic scattering, known as the “bosonterings allows the VDOS and the light-vibration coupling
peak,” and which is responsible for the excess of low-coefficient to be determined. These two physical parameters
temperature specific heat. This boson peak is universal amzbntain information on the characteristics of the vibrational
observed in polymeric, organic, or inorganic glasses. Thenodes and on the structure of the vibrating network. They
characteristics of low-frequency vibrations, occurring ap-are not known with a sufficient precision for harmonic vibra-
proximately in the 0.03—3 THz spectral range, are dependeritons at frequency lower than the boson peak, because at a
on the glass structure at the nanometric scale. The probletemperature which is not very low, the corresponding scat-
of glass structure is an old question, which has yet to receiveering is masked by the contribution from anharmonic or
a definite answer. relaxational mode&* In general, even if the temperature of
The principal questions to be answered are the followingglass transition Tg) is high, as for silicd? the scattering
Up to what frequency do the vibrational modes propagatérom anharmonic modes is non-negligible down to 50 K.
and over what distances? What is the origin of the bosomMeasurements must therefore be made at low temperatures,
peak? Very recently a linear dispersion of the transferredvhere the scattering is weak. To study the harmonic vibra-
energy versus the transferred momentum was observed lipns at low-frequency, we chose the bispheAopolycar-
inelastic x-ray scatteringXS) in several glasses;* and in  bonate(PC), which gives a relatively strong scattering from
most of them, up to frequencies higher than the position oharmonic modes at low-frequency and low temperature.
the boson peak. Such a linear dispersioraigriori, charac- In this paper we present the experimental results of light
teristic of propagating modes. However, it was shown that sand neutron scattering. We will consider particularly the
linear dispersion can also be explained by nonpropagatingcattering from harmonic vibrations. The problem of relax-
modes in a heterogeneously bonded network at the nanomettional motions in PC was dealt with in another palféfhe
ric scale® In fact, today, the propagating or nonpropagatingcharacteristics of vibrational modes, the nature of disorder,
character of vibrational modes in the boson peak is not deand the nanometric structure will be discussed in the light of
finitively established, as the origin of the boson peak is nothe experimental results.
completely known. It is clear enough that the fluctuations of The PC specimen was purchased from Bayer. The number
bonding or of elastic constants are the cause of the excess afierage molecular weight is 15600 mblwith a polydis-
VDOS 58 But we face the problem of the fluctuations which persity index of 1.85. The glass transition temperature is
are either homogeneously distributed in a continuous randoraround 420 K, as determined by differential scanning calo-
network, or inhomogeneously distributed in a network builtrimetry.
of nanometric domains characterized by strong cohesion, The polarized and depolarized low-frequency Raman light
which are separated by softer zofiésThis latter glass de- scattering(LFRS) were analyzed with a high-resolution and
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FIG. 1. Reduced low-frequency Raman scattering at different
temperatures: 15 Kthin line), 26 K (dotted ling, 53 K (dashed
line), 108 K (black circles, and 139 K(thick line).

FIG. 2. Vibrational density of states deduced from inelastic neu-
tron scattering at different temperatures: 15(tKin line), 30 K
(dotted ling, 50 K (dashed ling 110 K (black circles, and 140 K

high-contrast five grating monochromat@ilor 40). The  (thick line).

A=752.5 nm line of the krypton laser was used to avoid the ¢ toaeth ith the densitv of anh . d
luminescence. The scattering was observed along a directiofmpera ure, together wi € density of anharmonic modes.

perpendicular to the laser beam. The spectra were taken Pe shoulder, which corresponds to the boson peak, appears

: ; : the same spectral range (10-20 ¢mas for LFRS.
different temperatures, using a helium flow cryostat up to" , ;
room temperature and a furnace for higher temperatures. 1€ deduced VDOg(w) is summed over the different

The inelastic neutron spectra were recorded on the timeYPes Of modes, which are specified by the subsdript

of-flight instrument IN6 at the ILL, Grenoble. The wave-
length of the incident neutrons was equal to 5.12 Are- g(w)=2, gi(w). 1)
sulting in an elastic resolution full width at half maximum of ‘

80 weV, and a momentum transfer range extending fromrpe | FRS intensity for thé modes is proportional to the

Q=022 A™'to Q=2.06 A~% The spectra were taken in \/pos g,(w), multiplied by the light-vibration coupling co-
the temperature interval 15-390 K, using a helium cryofur-gfficient C,(w), i.e.,

nace. The scattering cross sections were obtained after the
usual standard calibrations by means of the vanadium runs, (w)w
and removal of contributions from empty cans. On the basis WZZ Ci(w)gi(w). 2
that PC mainly yields incoherent scatterit@s was experi-
mentally checked we calculated the total density of states An effective light-vibration coupling coefficien€(w) is
through the use of an iterative procedure describedjenerally used. It is defined by the following equation:
elsewheré® The density of states obtained in this way was
corrected by the Debye-Waller factor and for the mul- (w)w _c 3
tiphonon contributions. n(w)+1 (©)g(w). ®)

The reduced LFRS intensity, that is the intensity divided
by the Bose factor plus one for Stokes scattering, i.e., At15 and 30 K, the lowest temperatures at which the INS
I(w)/[n(w)+1], is plotted in Fig. 1 against the frequency was observed, the contribution of anharmonic modes is neg-
w. It can be observed that the scattering increases at lofigible, so that the measured VDOS is due only to harmonic
energy with temperature. This is due to the increase of thenodes. It is observed in Fig. 2 that, at the lowest frequencies,
density of anharmonic or relaxational modes, which is negin the 2-6 cm?® spectral range, the VDOS has an
ligible at temperatur@ <30 K. In this plot, the boson peak w?-frequency dependence, as in the Debye regime for acous-
corresponds to the shoulder which appears in thdic vibration modes. At higher frequencies, at the foot of the
10-20 cm'! spectral interval. boson peak, the frequency dependence increases, then de-

The INS from anharmonic modes was found to be neglicreases beyond=12 cml. From 20-60 cm?, a fre-
gible up toT=30 K. By comparison of the scattering inten- quency dependence close 8 is observed.
sities at the two lowest temperature§=15 K and T From the Raman intensii{ig. 1) and the VDOSFig. 2),
=30 K, knowing that the INS from harmonic modes is pro- the effective light-vibration coupling coefficier@(w) can
portional to the Bose factor, it was possible to determinebe calculated. It is plotted in Fig. 3. At low frequenCy )
accurately the VDOS for harmonic vibrations at 15 and 30is insensitive to thermal variation up to 80 K. It increases
K, in the spectral range 2—80 c¢rh The VDOS at different  noticeably above 140 K, when light couples with relaxational
temperatures is plotted against frequency in Fig. 2. As for thénotions. The corresponding coupling coefficient is con-
LFRS intensity, the VDOS at low frequency increases withfirmed to be frequency independéntEven at low tempera-
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angular disorder, which is related to the disorder in the bond

FIG. 3. Light-vibration coupling coefficient at three tempera- angles, is in general characterized by a short correlation
tures: 15 K(thin line), 30 K (dotted ling, and 140 K(thick line). In length (<1 nm)1’ and consequently has certainly no effect
the insetC(w), at_T=30 K, is plotted in the same spectral interval, 5n the considered acoustic propagating modes, whose wave-
and compared witho®3 or &%+ const. lengths are longer than 2 nm. At this point it is interesting to

compare our results with the inelastic x-ray scattefixgs)
ture, C(w) goes progressively from a consta@t, at the  measurements. A linear dispersia(k) was observed in
lowest frequencies, t€,(w)~w"? at frequencies higher several glasses, which leads to an effective velocity of sound,
than 30 cm*! (see the inset in Fig.)3As there is no obvi- which is close to the macroscopic longitudinal dié At
ous variation of the constari; from 15-50 K, and given frequencies lower than the boson peak, the IXS is certainly
that the contribution of anharmonic modes to the VDOS isdue to propagating modes. The width of the IXS peak was
negligible up to this temperature, we deduce t8atis at-  also found to have & dependencé? as in classical Bril-
tributable to the lowest harmonic modes. louin scattering. Since it has been confirfietthat the same

In a phenomenological model, the frequency dependencmodes are observed in LFRS, INS, and IXS, the IXS peak
of g(w) andC(w), at the lowest temperaturésigs. 2and 3 width is inversely proportional to the inverse of correlation
can be described by the presence of two different types déngth ¢ 1. In consequence¢ 'ock? and finally C;(w)
harmonic modesi(1) modes which are characterized by =const. There is a consistency between light, neutron, and
C,(w)=C;=const (at very low frequency these corre- x-ray scatterings, showing that there is a propagation of
spond mostly to frequencies lower than the boson péak; acoustic modes, at least along a distance equdl tt fre-
modes corresponding B,(w) ~ w*® andg,(w)~ w®®. quencies lower than the boson peak.

Comparison of Fig. 2 with Fig. 3, reveals that the fre- It has been shown that in a one-dimensiofid)) system,
guency independent coupling coefficiedy is for the har-  with a disorder of bonding or of elastic constants, the local-
monic vibration modes, which have@f-dependent VDOS ization length was proportional te~2.2%?% This frequency
at the lowest frequencies. In this Debye regime the modebehavior was confirmed numericafllt is expected that in
are expected to have a propagating character. The propaga-3D system the radial correlation length, which is related to
tion of these Raman-active vibrations is attenuated becaushe disorder along one dimension, has alse @ depen-
of glass disorder, which is characterized by a radial correladence. The conclusion is that the disorder in glasses is prin-
tion length in the isotropidat the considered scalelisor-  cipally characterized by fluctuations of bond strength or of
dered mediunt’ The characteristic damping length is shorterelastic constants. This hypothesis is confirmed by the fre-
than the light wavelength, and longer than the vibrationquency independei@®(w), which was recently deduced from
wavelength. In determinin@,(w) for the damped propagat- the comparison of LFRS with INS for silica glaSsFrom
ing modes, it is assumed that the fluctuations of susceptibilanother point of view the ~? dependence of the localization
ity at the origin of Raman scattering are only due to thelength can be explained by an anharmonic coupling between
fluctuations of vibrational wave functiof.In other words, it  propagating  phonons ~ and  localized  vibrational
is assumed that the Raman scattering is due to the mechamixcitations2®-2’
cal disorder’® If the vibrational wave function is)(r, ), Above 7 cm'!, the frequency dependence of the VDOS
with r the position vector, the expression ©f(w) is*’ becomes more rapid thas? (Fig. 2) at the foot of the boson

peak, or, from another point of view, at the limit of the
w Brillouin zone of a quasiperiodic system. In agreement with
Cl(w)ocJ f dRdr V#(R,0)Vy* (R+r,0). (4  the model of inhomogeneous nanometric bonding, the glass
- is built of more cohesive domains separated by softer
zones’®®’The arrangement of domains is quasiperiodic, but
With #(R,w) a normalized wave function and the wave obviously the periodicity is blurred, in particular because
vector of the propagating vibration, one obtains there exists a more or less broad size distribution of domains.
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As expected the VDOS has a frequency dependence, which linear w(k) dispersion is observed even at frequencies
becomes more rapid than? when the Brillouin-zone limit  close to or higher than the boson péak This does not
of the quasiperiodic arrangement is approached. contradict the interpretation presented in this paper. Indeed,
The modes which are observed at frequencies higher thah was shown very recently that a linear dispersion can be
the boson peak, between20 cm * and~60 cm ! (Figs. observed in IXS by nonpropagating modekn this model
2 and 3, correspond tog,(w)~ w5 and Cy(w)~w'®  the modes involved in IXS are the fundamental vibration
These respective frequency dependences are close to tAdes of cohesive domains. As mentioned above, the fre-
ones observed in palsnethylmethacrylate (PMMA), and  quency of these modes is inversely proportional to the do-
the same interpretations, as for this polymeric glass, can b@ain size, which is inversely proportional to the transferred
proposed. The VDOS is proportional &%, whered is a momentumk. Furthermore, there is a correlation between
. . L~ neighboring domains, the correlation length is proportional
spectral dimension. From experiments=1.6. It was also

53D ] ) 9" to w2 in our model. That explains, on the one hand, the
shown thatC,(w) ~ ™™, whereD is a fractal dimension, if gpserved linear dispersion up to frequencies for which the
the radial correlation length is equal to or shorter than thepropagation of modes is generally not expected, and, on the

localization length, and the angular correlation length shortegier hand, the»? dependence of the width of the IXS peak.
than the localization length. ThereforeD=2.5. From this The comparison between low-frequency Raman scattering
interpretation it follows that the structure in cohesive do-anq inelastic neutron scattering, at low temperature, provides
mains is that of a disordered fractal. The same conclusiong clear vision of the vibrational dynamics and of the nano-
were obtained for PMMA. The value afandD are in good  scopic structure of polymeric glasses. In polycarbonate, at
agreement with a percolative system slightly above thérequencies lower than 7 ¢cm (=1 meV) the vibrations
threshold?® are acoustic propagating modes characterized by a correla-
From this model, which is equivalent to the one describedion length, which is proportional to the inverse of the square
in previous paper&®’the mean size of domains or perco- of the frequency ¢ 2). In consequence the light-vibration
lating clusters is @=v/wgc, where wg is the frequency coupling coefficient is frequency independent; this has been
(cm™1) of the boson pealc the vacuum speed of light, and experimentally verified. The frequency dependence of the
v the sound velocity. From the Raman depolarization coefeorrelation length is in agreement with a glass network, in
ficient, that is close to 0.75, it follows that the vibrational which the bonding is disordered. In fact there exist princi-

modes are transversal or torsioh&This is confirmed by the
identical temperature dependence found in PGdgrand for
the transverse sound velocity in P&Taking for the macro-
scopic transverse sound velocity=1100 m/s, for wg
=12 cm !, itis found 2a=3 nm. This value is very close
to the size of dynamical clustet$coherent domain$,** or
frustration-limited domair's in the supercooled state.

pally fluctuations of elastic constants rather than density
fluctuations. This description is consistent with thék) lin-

ear dispersion, observed by IXS from propagating modes for
frequencies lower than the boson peak, and with the width of
the IXS peak, which is proportional to the square of the
momentum transfer. The disordered bonding network is con-
sidered as built of nanometric cohesive domains separated by

Returning to the comparison with the IXS, we remark thatsofter zones.
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