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We describe the observation of a broad and strongly temperature-dependent peak in the terahertz
absorption spectrum of several linear n-alkanes. On cooling from the liquid into the rotator phase, the
absorption is enhanced within a very narrow temperature range at the temperature of the first-order
phase transition. This peak is associated with an enhancement in the vibrational density of states,
induced by the heterogeneous nucleation of the rotator phase from the liquid. This is similar to the
well-known Boson peak in glassy solids, and provides a new experimental tool for the characterization
of nucleation dynamics in non-polar molecular liquids.

� 2010 Elsevier B.V. All rights reserved.
Crystal nucleation from a melt is one of the most thoroughly
studied types of phase transition. Recently, the nucleation of linear
normal-alkanes (CnH2n+2, abbreviated Cn) has been the focus of
much attention [1–4]. These transitions exhibit several unusual
features including the existence of intermediate rotator phases be-
tween the liquid and crystalline solid phases [2], and the phenom-
enon of surface freezing where a crystalline monolayer forms at
the surface of the liquid prior to solidification [1]. Because alkanes
serve as a model system for polymers, surfactants, and bio-
membranes, the unique aspects of this phase transition have wide
implications, and new experimental tools for probing these
dynamics are of compelling interest.

In many phase transitions, the key dynamical questions involve
the vibrational modes of the system, as characterized by the vibra-
tional density of states (VDOS). It is well-known that a peak in the
low-frequency VDOS can be induced by molecular-scale disorder.
This so-called Boson peak has been observed in many different
glassy solids and has been studied using a variety of experimental
techniques [5–9]. These studies can provide information on the
length scale for vibrational correlations [5]. However, the Boson
peak is typically observed over a broad temperature range, and
has not previously been associated with a strongly temperature-
dependent phenomenon such as a liquid–solid phase transition.

In this study, we report observations of a peak in the absorption
spectra of n-alkanes in the terahertz spectral range (1–100 cm�1).
The peak only appears within a very narrow temperature range
on cooling through the liquid-to-rotator (L–R) transition tempera-
ture. This suggests that it arises as a result of dipole correlations
which are associated with the heterogeneous nucleation of the
rotator phase from the melt. These correlations are indicative of
induced dipoles resulting from correlated vibrational motion,
ll rights reserved.
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providing a new experimental tool for the study of nucleation phe-
nomena and their effect on vibrational dynamics.

We have used terahertz time-domain spectroscopy (THz TDS)
[10] to measure the temperature-dependent absorption spectra
of four n-alkanes, with carbon numbers n = 23–26. The samples
are obtained from a commercial vendor, at a specified purity of
better than 99.5%, and are used without further purification. These
specific chain lengths have been the focus of both experimental
[3,11–14] and theoretical [15,16] study, and the phase diagrams
are well characterized. In particular, all of these samples crystallize
via one or more intermediate rotator phases, and the liquid-to-
rotator transitions are known to be first-order phase transitions
[15].

For our transmission measurements, the samples are held in a
temperature-controlled stainless steel cell with quartz windows
for high thermal conductivity and terahertz transparency. This pro-
vides the best combination of optical throughput and temperature
uniformity throughout the sample volume. Typical path lengths
are a few millimeters to a few centimeters. The sample tempera-
ture is controlled using a circulating water heat exchanger, with
a temperature resolution of 0.1 �C and a typical cooling rate below
0.01 �C/min. Such low cooling rates are required to reliably form
the rotator phases [2,12]. A thermocouple is inserted into the sam-
ple to monitor the temperature. After each temperature step of
0.1 �C, the sample and sample holder are permitted to equilibrate
for 1 h to ensure temperature uniformity throughout the sample
volume.

Fig. 1 shows measured absorption spectra for C26 in the liquid
and rotator phases as well as at the L–R transition. The absorption
is notably larger in the rotator phase than in the liquid, probably
due in part to scattering from grain boundaries in these polycrys-
talline samples. However, over a very narrow range of tempera-
tures close to the L–R transition temperature, the absorption is
even higher. This enhanced absorption is clearly related to the for-
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Fig. 1. Absorption spectra of the linear alkane C26 at three different temperatures,
corresponding to the liquid phase (black), the liquid-to-rotator transition temper-
ature (blue), and the rotator phase (red). The excess absorption induced by the first-
order phase transition is evident. This excess absorption appears only over a very
narrow range of temperatures close to the L–R transition. (For interpretation of the
references in colour in this figure legend, the reader is referred to the web version of
this article.)
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Fig. 3. Refractive index at a particular frequency (33 cm�1) plotted as a function of
temperature, for all four alkanes studied. The L–R transition is evident as an abrupt
jump in the refractive index from �1.42 to �1.47. A second smaller jump at lower
temperatures corresponds to the rotator-to-crystalline phase transition. The inset
shows the frequency dependence of the index, for C23 at three different temper-
atures. These typical results illustrate the fact that the measured indices are nearly
dispersionless.
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mation of the rotator phase, and it is not observed, e.g., when the
sample is cooled too rapidly. Fig. 2 shows the measured absorption
coefficient for all four alkane chain lengths as a function of temper-
ature at one particular frequency, near the point where the excess
absorption is largest. In all cases, we observe this excess within a
narrow range near the L–R transition temperature. Since this en-
hanced absorption is only observed very close to the phase transi-
tion (e.g., within 0.3 �C or less), it seems likely that it is associated
with the heterogeneous nucleation of the solid. When the sample
is cooled further, the entire sample crystallizes into the rotator
phase and the excess THz absorption disappears.

One possible origin for this apparent absorption feature is light
scattering, arising from the heterogeneous microstructure formed
during nucleation. However, we can rule out this possibility based
on our measurements of the refractive index of the sample. As is
well established, THz TDS provides a direct measurement, not only
of the sample’s absorption coefficient a(x), but also its refractive
index n(x) [10]. Fig. 3 shows the measured temperature depen-
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Fig. 2. Absorption coefficient at a particular frequency (50 cm�1) plotted as a
function of temperature, for all four alkanes studied. The enhanced absorption is
observed at the L–R transition in all four samples. The temperatures of the phase
transitions match well with literature values for the phase diagrams of these
materials [12].
dence of the refractive index at one particular frequency for all four
alkanes studied. In all cases, the L–R transition is clearly observed
as an abrupt jump in n(x) as the sample is cooled. The rotator-to-
crystalline transition is also observed in each case, at a lower tem-
perature. These measured transition temperatures are consistent
with literature results for the phase diagrams for these materials
[12]. The inset shows the frequency dependence of n(x) for C23

(representing typical results for all four alkanes). This illustrates
that the index is nearly dispersionless over the range of frequencies
studied here, even at temperatures close to the phase transition. In
our subsequent discussions, we consider n(x) to be a dispersion-
less (but temperature-dependent) value.

A key result illustrated by Fig. 3 is the magnitude of the jump in
the refractive index. If we imagine that, near the phase transition,
the sample consists of a random collection of nucleated regions of
rotator phase embedded in a liquid background, then we could
possibly attribute the observed attenuation features to Mie scatter-
ing from an inhomogeneous dielectric composite. However, in the
liquid phase, for all four alkanes, the refractive index is approxi-
mately 1.42, while in the rotator phase, the index is 1.47–1.48. This
corresponds to a dielectric contrast De < 0.17, which is a fairly
small value. As a point of comparison, we have previously studied
the effects of scattering on broadband terahertz pulses [17]. We
showed that the spectral response of an inhomogeneous dielectric
medium can indeed contain strong frequency-dependent modula-
tion. That is, scattering can give rise to signatures that can mimic
absorption peaks. However, in those measurements, the scatterers
were of a size comparable to the radiation wavelength, and more-
over the dielectric contrast was significantly larger, De � 1.2. Based
on a similar Mie scattering analysis, we conclude that the alkane
samples do not exhibit sufficiently large dielectric contrast to pro-
duce the measured attenuation peaks from scattering off of a ran-
dom medium.

If the excess absorption is not due to light scattering, then it
must arise from dipole correlations induced in this non-polar
material by the L–R transition. To obtain the spectrum of the
excess absorption for each sample, we subtract the absorption
spectrum in the R phase from that of the transition phase, Da
= aL–R � arotator. This procedure is similar to the treatment
previously used to study collision-induced absorption in various
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non-polar liquids [18,19], as discussed below. In all cases, the tem-
perature difference between the spectra aL–R and arotator used to
compute Da is 0.3 �C or less. The results are shown in Fig. 4. For
all four samples, we observe a broad peak in the differential spec-
trum Da(x), lying below 80 cm�1. The value of the differential
absorption coefficient at its spectral peak, Damax, is in the vicinity
of 1–3 cm�1. This is slightly larger than the corresponding absorp-
tion strength in the liquid phase at these frequencies, but smaller
than the attenuation of the fully solidified rotator phase. In other
words, the excess absorption induced at the L–R transition is a rel-
atively small peak riding on top of a larger background absorption
which is observed when the entire sample volume is in the rotator
phase.

We analyze the measured differential absorption spectra using
a generalized Langevin formalism. Mori has described a useful
route for obtaining an analytical expression for the relevant re-
sponse functions, based on a truncated continued fraction expan-
sion of a memory function that serves as a kernel for computing
the dipole correlation function [19–21]. Extending the Mori kernel
to second order, one can derive the absorption coefficient as [19–
21]:

aðxÞ ¼ e0 � e1
nc

x2 cK0K1

c2ðK0 �x2Þ2 þx2ðx2 � K0 � K1Þ2
: ð1Þ

In this expression, K0, K1, and c are coefficients in the expansion of
the memory function. In the case of molecules with a permanent di-
pole moment, these coefficients can be related to parameters such
as the molecular moment of inertia and the mean square torque.
For non-polar molecules, their interpretation is less clear, as they
are averages over all molecular interactions. Nevertheless, we can
fit our measured differential absorption spectra to Eq. (1), treating
K0, K1, and c and the dielectric dispersion (e0–e1) as fit parameters.
These non-linear least-squares fits are shown as solid lines in Fig. 4.

The Mori method has frequently been used to discuss dipole
correlation dynamics in both polar and non-polar liquids, and for
example has been the standard method for analysis of the well-
known Poley absorption peak [20,21]. Because the Poley peak is
typically regarded as an excess absorption, sitting atop the conven-
tional Debye relaxational absorption, one typically subtracts off the
Debye contribution prior to analysis of the Poley peak. This ap-
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Fig. 4. Differential absorption coefficients Da vs. frequency, for the four alkanes
studied, computed as described in the text. The solid lines are optimized non-linear
least-squares fits to these data using Eq. (1). From these fits we extract fit
parameters including K0, which is the amplitude of the memory kernel used to
generate the dipole correlation function [20,22]. The value of this parameter is
plotted in the inset. These values are normalized to IC/kBT, where IC is the molecular
moment of inertia, and T is the L–R transition temperature. K0 exhibits an even–odd
alternation as a function of chain-length.
proach has inspired the analysis method for computing Da de-
scribed above, and should be equally valid if the absorption
signature is vibrational in character, as we have proposed.

As pointed out by several authors [20,22], the parameter K0 in
Eq. (1) is of particular interest. In the case of a linear or symmetric
top molecule with a permanent dipole moment, this parameter is
equal to 2kBT/IC, where IC is the moment of inertia about the sym-
metry axis. Davies and Evans have shown that, for non-polar mol-
ecules, the value of K0 is larger than 2kBT/IC, and moreover that it
increases with increasing IC [20]. This discussion motivates us to
plot K0, normalized by IC/kBT, as a measure of intermolecular inter-
action strength (as shown in the inset of Fig. 4). These values exhi-
bit a clear even–odd chain-length alternation. This even–odd effect
is well-known in many thermodynamic properties of n-alkanes in
their solid phases [3,12]. The observation of an even–odd effect
suggests that end-chain packing may play an important role in
mediating the observed vibration-induced dipole correlation. A de-
tailed discussion of this point is beyond the scope of this work;
however, the observation of an even–odd effect supports our inter-
pretation of the results as being related to short-range intermolec-
ular interactions.

The data and the high quality of the fits shown in Fig. 4 are an
unambiguous indication of correlations between induced dipoles
in these materials [20,21]. We now address the question of their
origin. Because of the striking temperature dependence, it seems
reasonable to propose that the induced dipole correlation occurs
within the small regions of nucleated rotator phase, that initially
form near the surface-frozen layer and ultimately grow to
encompass the entire medium. The effect would be related to the
vibrational modes of these nucleated regions. This resembles con-
ventional descriptions of the origin of the Boson peak.

An explanation based on vibrational modes induced during the
nucleation process has some precedent. It is known that terahertz
absorption can be directly correlated with the VDOS in disordered
media [8]. Further, it has been shown that an enhanced VDOS
can result from structuring or heterogeneity on the nanoscale
[5,23–25]. Finally, the idea that n-alkanes, upon cooling, may form
locally ordered regions with enhanced VDOS has been proposed
previously [26]. Notably, we do not observe any enhanced absorp-
tion or signatures of lattice vibrations once the sample is cooled
enough so that the rotator phase is fully formed. With the disap-
pearance of mesoscale phase boundaries, one would expect acous-
tic modes in non-polar media to be largely infrared-inactive,
consistent with our observations.

In analyzing the Boson peak in glasses, one can estimate a cor-
relation length scale from the frequency of the peak. We can apply
a similar analysis here. We assume that the THz spectra are a direct
reflection of the VDOS, so the peak of our measured absorption
spectrum corresponds to mmax, the peak of the VDOS [8]. Then,
we can estimate the vibrational correlation length scale as
D = S(VS/mmax), where S is a factor of order unity depending on
the shape of the correlated regions, and VS is the sound velocity
[5]. The sound velocities in n-alkanes have not previously been re-
ported for either the crystalline or rotator phases, but the room-
temperature value for high-density polyethylene, VS � 2400 m/s,
is a reasonable order-of-magnitude estimate. With this value,
and using mmax = 1.6 THz for C23 (see Fig. 2) and assuming S = 1,
we estimate the correlation length scale to be �15 Å. This is about
half of the inter-layer separation in the C23 rotator phase; in the
lamellar plane, this corresponds to roughly four times the near-
est-neighbor distance [12]. This estimate further supports the con-
clusion that the measured peaks arise from short-range dipolar
correlations induced by localized vibrations.

Our observations are consistent with previous studies of low-
frequency vibrational modes in alkane crystals. For example,
inelastic neutron scattering has been used to study the VDOS in
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the region below 100 cm�1, for chain lengths less than n = 20 [27].
These results indicate a significant peak in the VDOS near 70 cm�1

for even n, and at a somewhat lower frequency for odd n. The var-
iation with chain-length seen in Fig. 2 is consistent with these ear-
lier data and could result from an even–odd alternation in the
sound velocity, although the lack of data on the chain-length
dependence of VS makes this speculation difficult to verify.

In conclusion, we present the first evidence for the formation of
a Boson peak induced by a first-order phase transition. This indi-
cates an enhancement in the vibrational density of states at the
phase transition, induced by heterogeneous nucleation. The corre-
lation length scale estimated from the measured spectra suggests
that the correlations are relatively short-range. This result demon-
strates a new method for characterizing the dynamics of heteroge-
neous nucleation in non-polar liquids.
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