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Abstract. Low-frequency vibrations of glassy and crystalline orthoterphenyl are studied by means of neu-
tron scattering. Phonon dispersions are measured along the main axes of a single crystal, and the corre-
sponding longitudinal and transversal sound velocities are obtained. For glassy and polycrystalline samples,
a density of vibrational states is determined and cross-checked against other dynamic observables. In the
crystal, low-lying zone-boundary modes lead to an excess over the Debye density of states. In the glass,
the boson peak is located at even lower frequencies. With increasing temperature, both glass and crystal

show anharmonicity.

PACS. 61.43.Fs Glasses — 63.50.4+x Vibrational states in disordered systems — 63.20.-e Phonons in crystal

lattice

1 Introduction

Orthoterphenyl (OTP) has been studied for more than
forty years as prototype of a non-associative, non-polar
molecular glass former [1]. Early studies concentrated on
viscosity [1-6] and a-relaxation [7-14] as direct manifes-
tations of the frequency-dependent glass transition, or on
slow [ relaxation [15-17].

In the past decade, a new frame has been set by mode-
coupling theory [18-20] which describes the onset of struc-
tural relaxation on microscopic time scales. Consequently,
the fast dynamics of OTP has been studied by incoherent
[21-25] and coherent [26-28] inelastic neutron scattering
as well as by depolarised light scattering [29-31] and is
found to be in good accord with asymptotic results of
theory.

Closed formulations of mode-coupling theory exist
only for very simple systems consisting of spherical par-
ticles [32] or mixtures thereof [33], and the generalisa-
tion to dipolar molecules requires already intimidating
formal efforts [34,35]. Intramolecular vibrations have not
yvet been explicitly considered, and therefore the fit of
mode-coupling asymptotes to complex systems like OTP
remains heuristic. Worse: theoretical studies of a hard-
spheres system [36,37] have shown that the full asymp-
totic behaviour is only reached when the relaxational time
scale is separated by several orders of magnitude from the
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microscopic dynamics, whereas experimental studies are
restricted to at best three decades in time or frequency.
On this background the present communication shall sup-
plement our neutron scattering studies of relaxational dy-
namics in OTP [21-28] by an explicit investigation of vi-
brational states.

As other glasses, OTP possesses more low-frequency
modes than expected from the Debye model. This excess,
for obscure reasons named boson peak, is usually taken
as a characteristic feature of disordered systems. To sub-
stantiate this interpretation, glasses and crystals must be
compared systematically, which so far has been done for
very few systems [38-48].

OTP crystallises easily into a polycrystalline powder.
Some effort is needed to prevent it from crystallisation
when cooling below the melting point 73, = 329 K. It
forms a stable glassy structure when it is supercooled be-
low the caloric glass transition temperature T, = 243 K.
One particular advantage is that large single crystal spec-
imens of several cm® can be grown. So we are able to
compare scattering from a single crystal, from powder-like
polycrystal, and from the glass.

The paper is organised as follows: The analysis of sin-
gle crystal dispersion relations in Section 2 enables us to
fix the frequency range of acoustic modes in the ordered
state. The vibrational density of states and the derived
thermodynamic quantities of the glass and the polycrystal
are compared with each other in Section 3. The temper-
ature effect on the frequency distributions in the crystal
and the glass is presented in Section 4.
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2 Single crystal: Phonon dispersions
2.1 Structural information

The OTP molecule (1,2-diphenyl-benzene: CigHi4) con-
sists of a central benzene ring and two lateral phenyl rings
in ortho position.

The crystal structure belongs to the orthorhombic
space group P2:212; with four molecules per unit cell and
lattice parameters a = 18.583 A, b= 6.024 A, ¢ = 11.728 A
at room temperature [49,50]. A sketch of the structure is
given in Figure 1 of reference [49].

For steric reasons, the lateral phenyl rings are neces-
sarily rotated out of plane. In addition, the overcrowd-
ing in the molecule leads to significant bond-angle and
out-of-plane distortions of the phenyl-phenyl bonds. Such
structural irregularities may explain why OTP can be un-
dercooled far easier than m- or p-terphenyl [1].

In the crystal, the angles for the out-of-plane rotation
of the lateral phenyl rings are ¢1 ~ 43° and ¢o ~ 62°
[49,50]. For isolated molecules, an old electron diffraction
study had suggested ¢1 = ¢2 = 90°, but newer exper-
iments and calculations agree that in the gas or liquid
phase 40° < ¢1, ¢ < 65° [51].

2.2 Triple-axis experiment

For coherent neutron scattering, perdeuterated OTP
(C18D14, > 99% deuteration) was used. Single crystals
of high quality and considerable size (several cm?) were
grown out of hot methanol solution either by very slow
cooling or by evaporation over several months. They grew
preferentially along the shortest axis b.

The phonon dispersion measurements were carried out
on a specimen of about 1 x 1 x 2 cm? for temperatures
between 100 and 310 K. The experiments were performed
on the cold triple-axis spectrometer IN12 at the Institut
Laue Langevin (ILL), mostly with constant final wave vec-
tor k¢ = 1.55 A~1.

The lattice parameters as measured on IN12 at room
temperature a = 18.53A, b = 6.02A, ¢ = 11.73A are
in good agreement with the literature results from neu-
tron [49] and X-ray diffraction [50]. On cooling to 100K,
a and ¢ change only by a few ppm, whereas b contracts by
about 3%.

2.3 Acoustic phonons

In Figure 1 we present the measured phonon dispersion
of crystalline OTP at 200 K along the three main symme-
try directions [100], [010], and [001]. Within the available
beam time not all acoustic modes could be investigated.
Some optic phonons were detected as well, but not studied
in detail; as an example, the lowest optic branch in [010]
direction is included in Figure 1.

Due to the crystal symmetry modes of longitudinal
and transverse character are pairwise degenerated at the
Brillouin zone boundary. A first interesting point is that

Table 1. Sound velocities (in km/s) for three phonon branches
and different lattice directions, obtained from linear fits to the
low-q limit of the measured phonon dispersions.

Uro0]  Y[oio]  V[0o1] (v) (v_3>_1/3
UL 3.71 2.68 3.30 3.23 3.11
vr, 1.82 1.52 1.97
1.75 1.71
VT, 1.67 - -

Table 2. Sound velocities in the glass as measured by Brillouin
scattering, using visible light or X-rays.

T (K) o (km/s) ot (km/s) method reference
220 294 1.37 light [57]
223 2.63 light [70]
200 2.70 X-rays  [71]

purely acoustic modes are confined to a rather small fre-
quency range: crossing with optic-like branches occurs al-
ready at about 0.6 THz.

Lattice dynamics calculations [41] agree qualitatively
with the measured acoustic dispersions. For instance, the
crossing of the longitudinal acoustic mode in [010] direc-
tion with optic branches is predicted correctly. Quantita-
tively, the measured acoustic dispersions are considerably
steeper than calculated. The sound velocities, determined
from the initial slopes, are summarised in Table 1; they
lie 20-60% above the calculated values. In all lattice direc-
tions, longitudinal sound modes are almost twice as fast
as transverse modes.

The single crystal data may also be compared with
sound velocities in the glass. Results from Brillouin scat-
tering are summarised in Table 2. Taking the simple arith-
metic average over the three crystal axes, the mean longi-
tudinal and transverse sound velocities (vr, T) exceed those
of the glass by about 20% and 27%, respectively.

3 Glass and polycrystal: Density of vibrational
states

3.1 Density of states and neutron scattering

In the absence of crystalline order, it is no longer possible
to measure selected phonon modes with well-defined po-
larisation and propagation vector. For polycrystalline or
amorphous samples, the distribution of vibrational modes
can be conveyed only in form of a spectral density of states
(DOS).

In principle, the DOS can be measured in absolute
units by incoherent neutron scattering. However, as soon
as one goes beyond the simplest textbook example of a
harmonic, monoatomic, polycrystalline solid with a simple
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Fig. 1. Phonon dispersion relations of crystalline orthoterphenyl as measured on the triple axis spectrometer IN12 at 200 K.

The wave vectors are given in reciprocal lattice units.

(ideally cubic) lattice, several difficulties arise and the very
concept of a DOS becomes problematic.

In a molecular solid, different atoms j participate in
given vibrational modes r with different amplitudes e.
Therefore, atoms in non-equivalent positions have differ-
ent vibrational densities of states g;(v). In neutron scat-
tering, these g;(v) are weighted with the scattering cross
sections o;. In the case of protonated OTP, we see al-
most only incoherent scattering from hydrogen. Worse, in
the scattering law S(g, v) the g;(v) of non-equivalent hy-
drogen atoms are weighted with a prefactor |e§|2 and a
Debye-Waller factor that depends also on j.

Only for low-frequency, long-wavelength vibrations the
molecules (or some structural subunits) move as rigid bod-
ies, the g;(v) = g(v) become the same for all j, and the
e} depend no longer on r [24,52]. In this limit, the deter-
mination of g(v) from a neutron scattering law remains
meaningful and feasible.

3.2 Experiments and data reduction

Vibrational spectra from glassy OTP between 160 and
245K have been analysed previously [24]. For the present
comparison, we measured incoherent scattering from the
glass at 100 K, and from the polycrystalline powder at 100,
200, and 300K on the time-of-flight spectrometer IN6 at
the ILL with an incident wavelength of 5.1 A. If not stated
otherwise, we refer in the following to the 100K data.
In these experiments, protonated OTP was used. OTP
of > 99% purity was bought from Aldrich and further
purified by repeated vacuum distillation.

The raw data were converted into S(26, v) and the con-
tainer scattering was subtracted. Without interpolating to
constant wavenumbers @), we calculated the DOS directly
from S(26, v), preferentially using data from large scatter-
ing angles 26. Multi-phonon contributions were calculated
by repeatedly convoluting ¢g(v) with itself and subtracting
it from S(26,v) in an iterative procedure, as described in
detail in [24].

The so-obtained DOS shows a pronounced gap
above vy, ~ 5THz. Comparing our results with model
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Fig. 2. Renormalized density of vibrational states of glassy
(d) and crystalline OTP (M) at 100K obtained from ING.

calculations [53], we assign all vibrations below 4 to the
16 degrees of freedom needed to describe the crystal struc-
ture. For 16 low-lying modes in a molecule with 32 atoms,
we expect an integrated DOS

Ve 16
/o dvg(v) = 35 = 0.5. (1)

This condition is used to readjust the absolute scale of
g(v). In the Appendix, we argue that the difference be-
tween measured and re-normalised g(v) is mainly an effect
of multiple scattering.

3.3 Density of states in orhoterphenyl

Figure 2 shows the DOS of glassy and crystalline OTP
at 100 K. Rather broad distributions are found for both
phases. In the glass a first shoulder around 1.5 THz is fol-
lowed by a second at 3.5 THz in accordance with results
from Raman studies [41,54]. As expected, the crystal DOS
is more structured, in particular in the low energy region.
Distinct peaks at 0.6, 0.8, 1.1 and 1.5 THz become ap-
parent. They are due to strong contributions from zone-
boundary modes, as can be seen from Figure 1. Compared
to the glass, significant density is missing in the low energy
region and in the range from 1.5 to 3 THz, and reappears
at higher frequencies around 3.5 THz.
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Fig. 3. Density of vibrational states of glassy (O) and crys-
talline OTP (M) at 200 K, shown as g(v)/v? in order to empha-
sise the excess density of states of the glass over the crystal.
The arrows mark the Debye limit ¥ — 0 calculated from sound
velocities and densities (at 220 K for the glass and at 200K for
the crystal).

In order to show the low energy modes on enhanced
scale, we plot in Figure 3 g(v)/v? which in the one-phonon
approximation is proportional to S(Q,v) itself. In this
representation, the excess of the glass over the crystal
becomes evident. A well defined peak appears around
0.35THz which is downshifted with respect to the first
peak of the crystal at 0.6 THz and superposed to a long
tail which is similar for glass and crystal. Note that the
maximum of the boson peak at 0.35THz is located below
the lowest acoustic zone-boundary phonons in the crystal.

The DOS of the polycrystalline sample is in accord
with the measured dispersion of the single crystal: A small
shoulder at 0.4 THz can be attributed to the transverse
acoustic zone-boundary phonons in [100] direction, and
the main peak at 0.6 THz corresponds to the transverse
acoustic zone-boundary phonons in the other two lattice
directions. The peak at 0.8 THz reflects the longitudinal
acoustic zone-boundary phonon in [001] direction and the
transverse optic one in [010] direction.

We performed additional coherent scattering experi-
ments on a deuterated sample, which show that the fre-
quency of the boson peak maximum has no dispersion for
wave numbers in the range 0.8 to 2A~1. Its intensity is
modulated in phase with the static structure factor, in
accordance with observations in other glasses [44,55].

3.4 Mean square displacement

Another dynamic observable which can be obtained from
neutron scattering is the atomic mean square displace-
ment (r?(T)). Roughly speaking, (r?(T))3/? measures the
volume to which an atom remains confined in the limit
t — oo.

For a large class of model situations (harmonic solid,
Markovian diffusion, ...) it can be obtained directly from
the Gaussian ) dependence of the elastic scattering
intensity

S(Q,v=0) = exp(—Q*(r(T)?)). (2)
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Fig. 4. Mean square displacement (r*(T)) of glassy OTP from
elastic back-scattering (IN13, ¢) and from time-of-flight spec-
tra (IN6, plateau value of S(Q,t), ). For comparison, IN6
data of polycrystalline OTP are also shown (H). The lines are
calculated from the densities of states at 100 K of the glass
(dashed) and the polycrystal (solid line). The inset shows the
relative value of d = (r?)'/? at 100K for the crystal and
the glass when the integral (3) is restricted to modes with
O<v<v.

For a harmonic solid,

(r(T)?) = % /0 T %coth <§) (3)

with 8 = hv/kgT crosses over from zero-point oscillations
(r2(0)) to a linear regime (r*(T)) o< T' [56]. In any real ex-
periment, which integrates over the elastic line with a res-
olution Av, one measures actually atomic displacements
within finite times tao ~ 27 /Av.

Figure 4 shows mean square displacements of OTP,
determined according to (2) from elastic back-scattering
(fixed window scans on IN13, with t4 ~ 100 — 200 ps) and
from Fourier-deconvoluted time-of-flight spectra (taking
the plateau S(Q,ta) with to ~ 5—10ps from IN6 data
that were Fourier transformed and divided through the
Fourier transform of the measured resolution function).
For the glassy sample, a direct comparison can be made
and shows good agreement between IN6 and IN13. In the
polycrystalline sample, the displacement is for all temper-
atures smaller than in the glass.

The lines in Figure 4 are calculated through (3) from
the DOS at 100K. For low temperatures, the (r*(7T)) are
in full accord with the values determined through (2). This
comparison can be seen as a cross-check between the anal-
ysis of elastic and inelastic neutron scattering data.

Equation (3) gives not only the absolute value
of (r2(T)), but enables us also to read off which modes
contribute most to the atomic displacement. To this
end, we restrict the integration (3) to modes with 0 <
v < V. The inset in Figure 4 shows the relative value
(r2(v'; )2/ (r?(1; T))Y/? for T = 100K as function
of /. Modes below 0.6 THz in the crystal, or 0.4 THz in
the glass contribute about 55% to the total displacement;
90% are reached only at about 2 THz. This means that
the modes which are responsible for the mean square dis-
placement and the Debye-Waller factor are not rigid-body
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motions alone, but contain a significant contribution from
intramolecular degrees of freedom.

3.5 Debye-limit and sound velocity

Assuming Debye behaviour at very low frequencies g(v) =
912 /13, we can compare the neutron DOS with the Debye
frequency calculated from experimental density and sound
velocities:

\% 1 2
2mp) = — = 4 4
(2mvp) 182N <v€ + v%) )

where N is the number of molecules in volume V. For
the sound velocities of the crystal, we take the average
(v=3)~1/3 over the three lattice directions of our triple-
axis experiment at 200K. For the glass, we take litera-
ture data [57] from Brillouin scattering at 220 K. The
so-obtained 9/v3 are indicated by arrows in Figure 3.

In both cases, but in particular for the glass, the neu-
tron DOS extrapolates to a far higher Debye level than
expected from the sound velocities. Part of the large dis-
crepancy may be due to inaccurate estimates for the sound
velocity (see Tabs. 1 and 2; for instance, the velocities from
Brillouin scattering are based on a temperature extrapo-
lation of the refraction index) or due to the circumstance
of a broad tail of the resolution of IN6 and a boson peak
of OTP which is located at exceptionally low frequency.
But for the main part, we must conclude that our neutron
scattering experiment on the glass simply does not reach
the Debye regime.

In many other glass forming systems, similar discrep-
ancies between DOS and sound velocities are established
as well [58-60], although in some substances a better ac-
cord is found [61,62]. Anyway, our data leave the possibil-
ity open that the low-frequency spectrum of the glass and
the crystal contain non-harmonic, relaxational contribu-
tions, as have been found recently by light scattering [63,
64], or additional glassy excitation.

3.6 Heat capacity

For a harmonic solid, the heat capacity is given by the
integral

o 2
ep(T) = ev(T) = NatR/o dyg(y)% -

With a Debye DOS, this yields the well-known ¢, oc 7.
Therefore, in Figure 5 experimental data [65] for the spe-
cific heat of glassy and polycrystalline OTP are plotted as
cp/T3. In this representation, a boson peak at 0.35 THz
is expected to lead to a maximum at about 4 K.

The lines which are calculated through (5) from the
neutron DOS agree for both glass and crystal in absolute
units and over a broad temperature range with the mea-
sured data. Similar accord has been reported for a number
of other systems [41,43,47,62,66].
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Fig. 5. Experimental heat capacity capacities c, /T of glassy
and crystalline OTP [65], compared to c,/T* calculated from
the density of vibrational states g(v) at 100 K.

At higher temperatures, the heat capacities of crys-
talline and glassy OTP differ only little (e.g. at 200 K:
clcfySt =182.8Jmol ' K~ ! and c%lass =186.1Jmol ' K~!
[65]). Towards high frequencies, the DOS becomes less sen-
sitive to the presence or absence of crystalline order (as
suggested by the representation Fig. 3 for v = 1 THz), and
remaining differences (clearly visible in Fig. 2) are largely
averaged out by the integral (5).

4 Thermal effects

Figures 6-8 show the temperature evolution of vibrations
in single crystal, polycrystal and glass.

In the single crystal, some phonons become softer on
heating, others become stiffer, depending on their direc-
tion, as exemplified in Figure 6. Broadening could not be
observed because the linewidth remained always limited
by the resolution of the spectrometer.

The temperature dependence of the different phonons
is in accord with results from Raman scattering on a
polycrystal [41] where substantial positive and negative
frequency shifts and broadening were observed already
above 70K, indicating the presence of anharmonicities
even at these low temperatures. The opposite trends in
the temperature evolution of different modes ensure that
the overall anharmonic effects are small, although individ-
ual modes are clearly anharmonic.

Through exceptionally large negative Griineisen pa-
rameters the softening of certain phonons may be related
to anisotropic thermal expansion. Negative expansion co-
efficient have indeed been found in crystalline OTP at
much lower temperatures (T' < 30 K) [67].

In the frequency distributions of the polycrystal sys-
tematic temperature effects are detected as well (Fig. 7a).
In Figure 7b we find a slight increase in the Debye limit
(v — 0) of g(v)/v? which may be explained by regu-
lar thermal expansion and softening — the kind of ef-
fects which can be accomodated in the harmonic theory
of solids by admitting a temperature-dependent, “quasi-
harmonic” density of states g(v;T).

In the glass the temperature effects are weak; only
around 2 THz a systematic change in ¢g(v) may be recog-
nised in Figure 8a. In the low-frequency DOS, shown
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ature dependence of the DOS for all frequencies. (b) To em-
phasise the temperature evolution at small energies, the same
data are plotted as g(v)/v?. The temperature dependence of
the low-frequency modes becomes apparent.

as g(v)/v? in Figure 8b, the temperature variation is
stronger than in the polycrystalline counterpart. The in-
crease starts at about 160 K, far below the glass transition.

The same anharmonicity of low-lying modes is also re-
sponsible for the temperature dependence of the mean
square displacement. Figure 4 shows that (r?(T)) starts
to increase faster than expected from (3) already at about
140 K. These anharmonic contributions to (r?(T)) amount
to about 20% at 200K for both phases, the crystal being
slightly smaller. Note, that around 140K deviations from
the proportionality In S(Q,v = 0) & T are also observed
in coherent elastic scans on the BS instrument IN16.
The additional increase of (r?(T)) above about 240 K has
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Fig. 8. (a) Temperature dependence of the vibrational density
of states of glassy OTP. (b) The low frequency region of (a)
plotted as g(v)/v?. Above 160K the density of low-frequency
modes increases strongly.

been consistently interpreted as the onset of fast 3 re-
laxation [22]. At higher temperatures, in the presence of
quasielastic scattering from relaxational modes, the multi-
phonon cross-section becomes ill-defined, and the iterative
determination of a DOS is no longer possible.

With a temperature-dependent DOS, the heat capac-
ity can be expressed as [68]

- o0 . (8/2)? Olnv
p(T) = NatRA dz/g(u,T)m [1 B (alnT)p
(6)

where the second term arises explicitly from the shift
of phonon modes. The temperature derivative of
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Fig. 9. The logarithmic moment (Inv) versus InT of the den-
sity of states of glassy and crystalline OTP. From the straight
line, one obtains the slope d(lnv)/0InT which is a measure
for the anharmonicity.

the logarithmic moment

(Inv) = /Ooodl/g(y) Inv (7)

can then be taken as a direct measure for the degree of an-
harmonicity. For Figure 9, the integral (7) has been evalu-
ated with an upper integration limit vy = 5 THz. From the
plot of (Inv) versus InT we estimate slopes d(lnv)/0InT
of —0.019 for the polycrystal and —0.012 for the glass.
The stronger anharmonicity of the crystal can be traced
back to the softening of high-frequency modes.

5 Discussion

Our incoherent scattering experiments reconfirm that it is
possible to determine a meaningful DOS for a molecular
system like OTP. Cross-checks versus (r*(T)) and c(T)
show excellent accord if only the absolute scale of g(v) is
corrected for multiple-scattering effects.

By coherent scattering on a single crystal low-lying
phonon branches could be resolved. The low-frequency
peaks in the DOS of the polycrystal can be assigned to
zone-boundary modes. Optic phonons and hybridisation
are found at rather low frequencies. The excess of g(v)
of the glass over the crystal is restricted to frequencies
below about 0.5 THz, the region where the crystal pos-
sesses mainly acoustic modes. Towards higher frequency,
the DOS is less structured in the glass than in the poly-
crystal, but the overall spectral distribution is rather sim-
ilar.

The main result of this communication concerns the
strong thermal effects as they were manifested earlier close
to the glass transition. With increasing temperature, the
glass shows less anharmonicity than the polycrystal. How-
ever, this may be partly due to a cancellation of oppo-
site effects. An example is provided by different phonon
branches of the single crystal for which positive, nega-
tive, and nearly vanishing temperature coefficients are
found. In both, crystal and glass the anharmonic con-
tributions to the mean square displacement occur above
~ 150K. However, the anomalous increase in (r?(T)) is
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Fig. 10. (a) Comparison of the experimental data at two
scattering angles with the multiple scattering contribution ob-
tained by an Q* — 0 extrapolation. The MS nearly completely
dominates the scattering signal at small angles. (b) Compar-
ison of the density of states obtained from the MS-corrected
spectra with the ad hoc normalized DOS.

much stronger in the glass, leading to the known glass
transition anomalies.

Finally, concerning our previous analysis of quasielas-
tic scattering in the supercooled liquid OTP we can state:
Hybridisation and coupling between inter- and intramolec-
ular modes play an important role for frequencies higher
than 0.6 THz. As a consequence, the quasielastic scatter-
ing, which is confined to below 0.25 THz, is clearly domi-
nated by rigid-body motions and the analysis in the frame-
work of the mode coupling theory remains reasonable.

We thank A. Doerk (Institut fiir Physikalische Chemie, Mainz)
for help in purifying several samples. Financial support by
BMBF under project numbers 03FU4DOR5 and 03PE4TUMY is
gratefully acknowledged.

Appendix

The determination of a density of states in absolute units
is complicated by the inevitable presence of multiple scat-
tering. In the inelastic spectrum of a glass, most multiple-
scattering intensity comes from elastic-inelastic scatter-
ing histories [69]. This contribution is nearly isotropic,
tends to smear out the characteristic () dependence of the
phonon scattering, and dominates at small angles where
the single-scattering signal is expected to vanish as Q2.
In our previous analysis of incoherent scattering from
glassy OTP we performed a Monte-Carlo simulation for
an ideal harmonic system with given g(v) [24]. Here, we
simply expand the scattering function S(Q,v) = A(v) +
Q?B(v) + ... which enables us to estimate the multi-
ple scattering A(v) by Q? — 0 extrapolation from the
S(20(Q,v),v) spectra. Results are shown in Figure 10a.
For 200K, good accord with the Monte-Carlo simulation
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is found, and measured spectra can be corrected by sim-
ply subtracting A(v). The interplay between multi-phonon
scattering and multiple scattering limits this procedure to
frequencies v < 3 THz.

In the low-frequency region, the subtraction of A(v)
leads to almost the same DOS as the ad hoc normalisa-
tion of Section 3.2. This confirms our assignment of the
16 modes below the gap, and it shows at the same time
that multiple scattering is indeed the main obstacle to a
quantitative determination of a generalised density of vi-
brational states.
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