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Anomalous temperature dependence in the Raman spectra of l-alanine:
Evidence for dynamic localization
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%e measured the temperature dependence of the intensity of the two lowest Raman modes in sin-

gle crystals of l-alanine. The sum of the intensities obeys Maxwell-Boltzman statistics accurately
from 20 to 340 K but the intensities of the individual lines are anomalous. This behavior is ex-

plained by assuming that both lines share the same degrees of freedom but that a mode instability is

triggered abruptly at an occupation of seven quanta. This instability, which has an activation ener-

gy of 500 K, is observed at temperatures as low as 20 K, possibly indicating the existence of dynam-
ic localization of vibrational energy.

INTRODUCTION

The localization of vibrational energy in otherwise
translationally invariant systems has received much
theoretical attention. This localization, originally postu-
lated by Davydov arises from the nonlinear interaction of
optical phonons with acoustic phonons. ' Recent
theoretical work has suggested that interactions between
optical phonons may also be significant. These
theories propose that the self-trapping effects of a
"softening" nonlinearity compete with the effects of
dispersion resulting in envelope solitons which modulate
the optical-phonon field. This dynamic localization
breaks the translational symmetry of the system spon-
taneously without the intervention of impurities or de-
fects. If nonlinear effects predominate, the system favors
compact parcels of vibrational energy. If dispersion
effects are strong in at least one direction, as is common
for optical modes in systems with high symmetry, then
localization is less favored and any localized state that
does form will be broadly distributed (and thus difficult to
distinguish from a harmonic, normal mode).

Localization of vibrational energy is known to occur in
isolated molecules' and in macroscopic systems" such as
water waves and may occur in low-symmetry solids such
as l-alanine. Theoretical studies' ' ' of one-
dimensional chains of molecular vibrators predict self-
trapping of vibrational energy in strongly coupled vibra-
tional fields where dispersion and nonlinearities are
present, as is usual in actual systems. The nonlinearity
can either be in the intervibrator coupling' ' ' or in the
single vibrator potential, ' the two cases representing
significantly different physics. This sort of localization is
distinct from localization associated with kinks which are
topologically conserved, or charge which is absolutely
conserved. '

Classical models of nonlinear chains and nonlinear
continuous media" exhibit many types of stationary solu-
tions. Some are periodic, all show localization to some
degree, but only one is the classical soliton. There are,
furthermore, nonstationary localized solutions with such
a very sma11 time dependence that in a nearly Hamiltoni-

an system they could not be differentiated from station-
ary states. Thus an observation of localization in a solid
at low temperature is not equivalent to the observation of
a soliton. However, the particular form of the localiza-
tion is not particularly significant. Any of the stationary
or nearly stationary solutions for the motion of a non-
linear dispersive system are excitations' which could
play a role in chemistry, energy transport, ' and other
transport processes.

Hydrogen-bonded molecular crystals are appropriate
systems in which to search for such effects. These crys-
tals consist of discrete, relatively tightly bound molecular
units held in position by highly nonlinear, relatively soft,
hydrogen bonds. The dynamical optical spectra of these
materials usually consists of high-frequency intramolecu-
lar modes and low-frequency lattice modes. The low-

frequency lattice modes are likely candidates for soliton
formation for several reasons. Because they are low-

frequency modes, interaction with acoustic phonons is
enhanced; the intramolecular modes allow for the possi-
bility of Takeno-like interactions. Because they are the
lowest-lying optical modes, fewer decay paths are avail-
able so lattice modes are more likely to be sufficiently
long lived to make localization observable. In this paper,
we report on some unusual behavior in the lattice modes
of an orthorhombic molecular crystal, /-alanine, which
may be interpreted as resulting from the dynamic locali-
zation of the lattice phonon field below 150 K.

MATERIAL

We chose to study the amino acid I-alanine for this
work for several reasons. It can be grown from water
solution as large colorless transparent single crystals so
Rarnan spectroscopy is simplified. It is orthorhombic so
that it satisfies the condition of low symmetry. Its
lowest-frequency optical phonons are Raman active, IR
inactive, so that complications from polaritons do not
cloud the results. It has a positive thermal-expansion
coefficient in the so-called a and b directions, and a small
negative one in the c direction. ' Because all the intera-
tomic potentials are known to have positive expansion
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FIG. 3. Shown is the normalized intensity as a function of
temperature for the 49-cm ' Raman mode (0) and the 42-cm
Raman mode ( X ) in I-alanine. Also shown is the result of a
model incorporating a mode instability ( ). Typical error
bars are shown on one data point.
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FIG. 4. Shown is the sum of the normalized intensities of the
42- and the 49-cm ' Raman modes (0) in l-alanine, and a
Maxwell-Boltzman distribution ( ) for the energy-level

scheme described in the text. Note that the sum of the intensi-

ties is Bose-like while the individual intensities are not. A Bose
distribution for 45.5 cm ' is not detectably difterent from our
solid curve.

Maxwell-Boltzmann fit was constructed with a spacing of
E, between levels from the ground state to excited state
m of a harmonic potential V& and a spacing of Ez for a
harmonic potential Vz from level n up, suggesting that an
instability occurs at m. The potential Vz is assumed dis-

placed from V, by a constant potential V. We conclude
from this that the 49- and 42-cm ' lines are essentially
the same degree of freedom. This energy-level scheme
predicts the solid curves in Fig. 4. The intensities for the
individual Stokes lines versus temperature, predicted by
our model potentials, are

—(s+ ) /2)E(/T

N .=o

s=0

—(s+)/2)E(/T —[(s+(/2)E&+ V]/T+ e

and T is temperature in units of wave number. Using our
measured values of E, =49 cm ' and Ez =42 cm ' and
the same temperature error found from the fit in Fig. 3,
we then adjusted the parameters m and n in integer incre-
ments, and V. Our fit was very sensitive to m, and we
found m =7+0.5. Our sensitivity to n was lower, we
found n =9+1. Adding the parameter V, the constant
offset between the potential having level spacing E, and
the one having spacing Ez did not improve the fit; the
best choice was V =0+E, . Also note that we observe no
other Raman transitions below 49 cm ', down to our in-
strument limit of 3 cm, supporting this value for V.
This then is a fit with effectively one adjustable parameter
n, because an integer step in m drastically degrades the
agreement with the data, and Vis small.

The curve drawn from Eq. (1) and Eq. (2) do not, how-
ever, fit the data so well below 150 K. The intensity
deficit between the data and the model of the 49-cm
mode reappears as a surplus in the 41-cm ' mode. In
particular, the intensity of the 42-cm mode at 20 K
would be less than our minimum detectable level if Eqs.
(1) and (2) apply, but in fact it is about 100 times above
what we can detect. If our energy level model represents
the true physics of the system, we can interpret the
discrepancy as follows. If nonlinear effects were not im-
portant, a normal-mode description would relate the ap-
pearance of the mode instability at m =7 (E//k& =500 K)
to a particular value of (r ), the mean-square displace-
ment of the normal coordinate associated with this poten-
tial. So long as any spatial dependence of the vibrational
motion is small on a scale of the lattice spacing, the
correspondence between the mode instability and (r )
would be maintained. At high temperatures, it is likely
that thermal effects associated with acoustic modes
prevent any localization, ' hence only distributed
thermal energy could produce a high enough vibrational
level to reach the 42-cm ' threshold. At low tempera-
tures, local modes could exist' because the acoustic
modes would have wavelengths much longer than a state
localized over distances small compared to the wave-
lengths of optically generated phonons ( (2500 A). The
observation of the 42-cm ' vibration at low tempera-
tures, then, cannot be caused by a normal mode because
of the low level of excitation but it could result from a lo-
cal mode characterized by regions of sufficient vibrational
intensity to cross the 42-cm ' threshold. Thus the pres-
ence of a local mode could produce a failure of the nor-
mal mode description and lead to a Raman transition to a
new state of localized vibrational energy at 42 cm
above the ground state. It is this effect which can pro-
duce the excess 42-cm ' Raman intensity below 150 K.

Because the difference between the solid curves and the
data in Fig. 4 appears to increase with temperature up to
about 100 K and then decrease, it is likely that local
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FIG. 5. Shown are the linewidths full width at half maximum
(FWHM) of the 49-cm ' Raman mode (0) and the 42-cm
Raman mode ( X ) in l-alanine, as a function of temperature. In-
strument resolution was approximately 1 cm

modes involving several quanta are also present and that
these modes are accessed via both thermal and optical
effects.

One should note that this localization is observable in
this instance only as a result of the essentially fortuitous
existence of the instability of the 49/42 cm mode in l-
alanine which produces an observable 7-cm ' frequency
shift. The intrinsic frequency shift occurring upon locali-
zation would in all probability be beyond the resolution
of this experiment. While we acknowledge that dynamic
localization is far from proven, this combination of insta-
bility plus localization, as a model, is thus far the only ex-
planation we have found consistent with our experimen-
tal results.

We have considered such nonlinear effects as Fermi
resonances in order to find alternative explanations for
our results. However, for a Fermi resonance to produce

our measured temperature dependence, both a pathologi-
cal Raman cross-section variation with temperature and
a very strong and unexpected temperature variation of
the potentials would be required. Other nonlinear effects
are also hard to justify because we know that at low tem-
peratures, coherent anti-Stokes Raman spectroscopy '

(CARS) measurements of lifetimes indicate that only one
optically generated phonon is present at any given time.
If any kind of temperature-dependent mode coupling
were at work here we would expect an anoma1ous tem-
perature dependence in the linewidths. Figure 5 shows
the linewidths of the 42-cm and the 49-cm ' bands,
determined by Gaussian fit, as a function of temperature;
we see no evidence of mode coupling. We can rule out
defect and impurity effects because of the large 42-cm
intensity at 20 K.

Although the data here are suggestive, clear1y more
work must be done to fully understand the Raman spec-
tra of l-alanine. We are now in the process of using ul-
trasound, coherent anti-Stokes Raman scattering, isoto-
pic substitution, and neutron scattering measurements to
provide us with a more complete characterization. Of
special importance is a determination of the full disper-
sion curve for the 49-cm ' phonon. This will enable us
to develop predictive models which can be used to fur-
ther clarify this effect.
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