
PHYSICAL REVIEW B VOLUME 48, NUMBER 1 1 JULY 1993-I

Dynamics of the low-frequency optical phonons of 1-alanine

Robert A. Crowell and Eric L. Chronister
Department of Chemistry, University of California, Riverside, California 92521

(Received 26 January 1993)

The temperature-dependent (1.1—100 K) dephasing rates of the two lowest-energy optical phonons of
I-alanine (42 and 49 cm ') are obtained from picosecond coherent Raman measurements. The anoma-
lous Raman intensities reported for these modes have been attributed to a thermally induced instability
in the 49 cm mode, as well as dynamic localization at low temperature [A. Migliori, P. M. Maxton, A.
M. Clogston, E. Zirngichi, and M. Lowe, Phys. Rev. B 38, 13 464 (1988)]. In the present study, thermal-

ly induced line broadening is used as a probe of the phonon dynamics, including anharmonic-phonon re-
laxation.

I. INTRODUCTION

Intermolecular-hydrogen-bonding interactions in mole-
cular crystals can give rise to unique phonon dynamics.
The resulting nonlinear phonon interactions can lead to
relatively long-lived optical phonons, ' vibrational soli-
tons, ' anomalous Raman intensities, and anomalous
thermal conductivities. In addition, intermolecular hy-
drogen bonding can play a crucial role in determining the
molecular crystal structure, and the phonon dynamics
can serve as a model for low-frequency dynamics of pro-
teins. In this paper we present temperature-dependent
picosecond Raman measurements of the phonon dynam-
ics in crystalline l-alanine as a means of investigating the
proposed instability in the lowest-energy optical pho-
nons.

L,-alanine forms large optically clear orthorhombic
crystals with four molecules per unit cell in a Dz space
group. Due to the low symmetry of the crystal structure,
the arrangement of the molecules within the crystal can
be viewed as a quasi-one-dimensional chain of hydrogen-
bonded molecules. A chain of hydrogen bonds link the
molecules along the c axis of the crystal, while two other
hydrogen bonds bind these chains together in a three di-
mensional network.

An analysis of the phonon dynamics in l-alanine is
simplified by the fact that the intramolecular vibrational
frequencies are much higher than the frequencies of the
external phonon modes, indicating that the external pho-
non motions are essentially rigid molecule translations
and rotations. There are 3 acoustic modes and 21 exter-
nal optical phonons (4 molecules/unit cell), consisting of
9 translational optical phonons and 12 librons. Polarized
single-crystal Raman studies of the lattice modes of l-
alanine' ' have been used to assign the phonon modes
and calculate a crystal potential-energy surface in reason-
able agreement with the observed phonon frequen-
cies."' Although the exact phonon eigenvectors are not
known, the librons have been visualized in terms of hin-
dered rotations about three perpendicular principle axes
u, U, and w defined such that u is nearly parallel to the

hydrogen-bonded chain (and the crystal c axis), v is along
the long molecular axis, and w is perpendicular to the
plane of the molecule. ' Although some of the higher-
energy B symmetry phonons are difficult to assign, ' the
42 and 49 cm ' modes have been assigned to w-axis libra-
tions.

The anomalous temperature-dependent Raman intensi-
ties of the two lowest-frequency optical phonons in I-
alanine have been attributed to an instability in the 49
cm ' mode which causes the mode frequency to drop to
42 cm ' when the occupation exceeds seven quanta()350 cm '). This instability is also believed to give
rise to localization of vibrational energy in the 42 cm
mode at low temperature. ' The sum of the Raman in-
tensities of the 42 and the 49 cm ' modes has been fit by
a Boltzmann population for a single phonon mode, sug-
gesting that these modes may involved the same degree of
freedom. However, the Raman intensity study was un-
able to resolve the narrow Raman linewidths at low tern-
peratures.

The thermal conductivity of a simple dielectric crystal
is proportional to the specific heat, the sound velocity,
and the phonon scattering time. ' Although heat conduc-
tion in an insulator can be carried largely by the acoustic
phonon modes, in l-alanine —,

' of the heat is believed to be
carried by low-energy optical-phonon modes. ' ' Recent
thermal conductivity measurements in crystalline l-
alanine yielded an exponential decrease with tempera-
ture, instead of the expected I/T dependence, from
which anharmonic lattice interactions were inferred. If
the thermal conductivity of l-alanine is in fact reduced by
anharmonicity in the lattice forces, then anharmonic-
phonon interactions should be reAected in the phonon re-
laxation and scattering times.

Two previous time-resolved coherent anti-Stokes
Raman-scattering (psCARS) studies have been reported
for the low-energy Raman-active phonons of l-alanine. '
These studies preceded the report of thermal anomalies in
the Raman intensities and focused primarily on the
correlation of low-temperature phonon linewidths with
phonon energy. In the present study, temperature-
dependent psCARS measurements are used to obtain the
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phonon dephasing rates (i.e., linewidths) for the two
lowest-frequency optical modes as a probe of the unique
anharmonic-phonon interactions in this system.

II. ANHARMONIC-PHONON INTERACTIONS

The optical-phonon mode-Gruneisen parameters are a
measure of anharmonic interactions. Furthermore, the
instantaneous strain developed by an optical phonon can
be used to estimate the magnitude of anharmonic cou-
pling matrix elements. ' Even without a quantitative
measure of the anharmonic interactions, the dependence
of the low-temperature phonon relaxation rate on the fre-
quency of the phonon mode can be obtained, assuming
that the optically excited phonon decays into counterpro-
pagating Debye acoustic modes. ' An optically excited
phonon mode with negligible crystal moment (k-0) can
decay into two acoustic Debye modes through a cubic
anharmonic interaction, where conservation of energy
and crystal momentum simplifies the low-temperature re-
laxation process to, co(0)~—,'co(k)+ —,'co( —k). Low-
temperature relaxation measurements of optical phonons
in hydrogen-bonded crystals appear to be well described
by optical to acoustic relaxation mechanisms. ' The
optical-phonon lifetimes TI in alanine and in a variety of
other amino acid and peptide crystals have been observed

I

to decrease with increasing optical-phonon frequency as
z

—4 1,2
~OP~

A. Optical-phonon relaxation

For a lattice of rigid molcules, the crystal potential en-
ergy V can be expanded as a power series in terms of
molecular displacements (Refs. 17 and 18), V=+„V„,
where V„ involves n normal coordinates. Although the
harmonic Hamiltonian only involves quadratic terms
(i.e., V2), the potential energy associated with molecular
displacements in a real crystal contains cubic and
higher-order terms which can lead to an interchange of
energy between lattice phonons. Anharmonic theories of
lattice dynamics treat the crystal as a system of interact-
ing phonons and cubic phonon interaction terms often
dominate the anharmonic Hamiltonian. '

Calculations of phonon lifetimes have been performed
using the methods of second-order perturbation
theory' ' ' and temperature Green's functions, ' and
yield the same result if the anharmonic expansion does
not exceed cubic and quartic terms. The translational
symmetry of a crystal requires that crystal momentum be
conserved (i.e., k=k, +kz for a cubic process), resulting
in a relaxation rate for the phonon co (k) of branch j and
wave vector kp' ' '.

I (co)= g g ~
V(jk, j,k„j2kz)~ ((n; & +n & +1)[5[co—co,(k, ) —co2(k2)]]

18 2

kIk2 3I,J

+(n; I, n; q )—I 5[co+co,(k, ) —co2(k2)] —5[co—co, (k, )+co2(k2)] [ ),

where the function V(jk, jiki, j2k2) is related to the cu-
bic anharmonicity V3 of the lattice intermolecular
potential-energy function, and njz =

I exp[ficoj(k)/
kT] —1 J

' is the thermal average occupation number for
a phonon from branch j with wave vector k. ' Each
term in the above sum involves a matrix element that
couples a mode co (k) from phonon branch j with a com-
bination of two other modes co (k&)+coj. (k2). An accu-

Jp

rate knowledge of the intermolecular potential-energy
function is necessary for a quantitative determination of
the V coeScients and of phonon relaxation rates in
molecular solids. '

The magnitude of anharmonic interactions can be
qualitatively related to static anharmonic parameters
such as the mode-Griineisen constants. If one assumes a
static strain equal to the instantaneous strain of the opti-
cal mode, a one-dimensional model yields a relaxation
rate which is sensitive to the relative frequency of the op-
tical and acoustic modes at the zone boundary, ' and pre-
dicts a reduced relaxation rate if the optical and acoustic
force constants are similar. ' In a three-dimensional
molecular crystal such as l-alanine, many of the band-
edge librational optical-mode frequencies are less than for
some of the acoustic modes.

B. Optical-phonon dephasing

1 =exp
&T2

—Ace (5co~ ) T,',

kT I+(5' T* )

where Tq* is the phonon relaxation time of mode q&, and

5co is the shift in phonon frequency of mode qI when
q&

mode q is vibrationally excited. ' A quartic anharmon-
ic term of the form V(qj, qj, qi, q2) can also give rise to
pure dephasing of the phonon q-, yielding

In addition to energy relaxation processes, there are ex-
change and pure dephasing mechanisms which can result
in coherence loss without energy relaxation. ' A high-
frequency phonon q - can couple to a low-frequency
phonon qI through a quartic anharmonic term
V( q~, qj, q I, q I ) resulting in a frequency shift to the q &

Inode when the q. mode is excited. The resulting ex-
change modulation by the low-frequency phonon can give
rise to a temperature-dependent pure dephasing, charac-
terized by a dephasing time Tz given by '
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1 =g n (n +1)~ V(q, q. , q„q~)~ 5(co —co ) .

(3)

If such a mechanism involves a small number of phonon
modes of similar energy, the resulting thermally induced
line broadening of mode q. will have the form
I ~

(T)=a V n2(n2+1) where V is an effective quartic
J

coupling constant. Quartic pure dephasing processes,
such as those described by Eqs. (2) and (3), are expected
to be most important when cubic phonon processes are
forbidden, such as in vibrationally sparse systems.
However, since the magnitude of the anharmonic cou-
pling matrix element decreases exponentially with the or-
der of the interaction process (i.e., ~ V3~ ))

~ V~~), cubic
processes such as those described by Eq. (1) typically
dominate phonon dynamics.

C. Vibrational localization

The effect of vibrational localization on the Raman
linewidth is less clear ' than for its effect on the Raman
mode intensity. Qualitatively, one might expect the
lifetime of an optical phonon to be comparable to that of
a local phonon mode of the same frequency, since the
strain field of a local mode is similar in character to that
of an optical mode. ' However, the theoretical descrip-
tion of the lifetime of a local versus a delocalized pho-
non is different since relaxation of a delocalized optical
phonon' ' requires that crystal momentum be con-
served. Raman intensity measurements have been used
to conclude that the two lowest-energy optical phonons
of I-alanine involve the same normal coordinates and that
a red shift of the 49 cm ' mode occurs when the mode
population reaches seven quanta, giving rise the observed
42 cm ' mode. The temperature-dependent phonon de-
phasing measurements presented in this study are aimed
at investigating the proposed dynamic localization of the
42 cm ' mode at low temperature.

A simple model that gives rise to vibrational localiza-
tion is a linear coupling Hamiltonian,
H =g„(H'n '+H'"'+H „",' ), where the Hn term
represents a harmonic mode of frequency 0 on molecule
n plus nearest-neighbor dipole-dipole coupling, and the
term H represents a harmonic phonon of frequency co .
In the linear coupling model, the modes 0, and co are
coupled through H;„,=g y (a„.+a„)A J A„, where
a ~,a„and A ~, A„are the creation and annihilation
operators for the co and 0 modes, respectively, and
where g~ is the linear coupling constant. This model
yields an energy redshift which gives rise to vibrational
energy localization, and it predicts a narrower bandwidth
for the localized vibration. In such a model, a large
linear coupling constant reduces the low-temperature Ra-
man intensity and increases the lifetime of the localized
state due to changes in phonon Frank-Condon factors.

The minimum time scale for the self-trapping of vibra-
tional energy is the time required for the mediating pho-
non to propagate from one molecule to another. When
localization is mediated by acoustic phonons this time

can be very fast (e.g. , r-co ' —1 ps), and such a process
has been postulated as a significant contributor to the Ra-
man linewidth of the amide-I band in acetanilide. " The
resulting redshift in the optical-phonon frequency may
localize the excitation if its energy drops below the low-
amplitude phonon band. Nevertheless, if the trapping
time is slower than the lifetime of the optically excited
phonon mode, then the Raman linewidth of the higher-
energy untrapped mode will be unaffected by the localiza-
tion process. Since both the 49 and 42 cm ' modes can
be optically excited, Raman dephasing measurements
provide a probe of the different phonon relaxation mech-
anisms expected for a delocalized versus a localized pho-
non.

D. Optical-phonon relaxation in l-alanine

The low-temperature relaxation of the lowest-energy
optical phonons can occur by fission into two lower-
energy acoustic modes. The relatively long optical-
phonon lifetimes in hydrogen-bonded molecular crystals
at low temperature (versus van der Waals crystals) may
be due to the reduced density of acoustic modes resulting
from the typically higher Debye frequencies. ' ' In ad-
dition, the slight negative c axis thermal expansion of l-
alanine may indicate a coupling between thermally ex-
cited molecular lib rations and translational acoustic
modes. Although fission of optically excited librations
into two acoustic phonons of one-half the energy is be-
lieved to be the relaxation mechanism for the optical pho-
nons in amino acid crystals, ' in more complex
hydrogen-bonded crystals, optical to optical phonon re-
laxation mechanisms are important.

III. EXPERIMENT

L-alanine (Aldrich 99%) was dissolved in deionized
water and recrystallized three times. The inhomogeneous
contribution to the phonon line shapes decreased upon
recrystallization in doubly deionized water; however no
further improvement in crystal quality was observed for
more than three recrystallizations. L-alanine single crys-
tals were grown by slow evaporation (2 —3 weeks). Eva-
poration times of less than one week increased the inho-
mogeneous contributions to the psCARS decays. Sample
crystals were grown to a size of about 5 X 5 X 2 mm. The
clearest crystals were selected and cleaved to a thickness
of about 0.5 mm along either the bc or ac crystal planes.

The psCARS experiments were performed using a
custom-built mode-locked and Q-switched Nd+: YAG
laser (where YAG represents yttrium aluminum garnet)
which synchronously pumped two cavity dumped dye
lasers. The Q-switch repetition rate was 600 Hz, produc-
ing dye laser pulses tunable from 555 to 630 nm with
pulse energies of 5 —10 pJ, pulse widths of 30—40 ps, and
a bandwidth of 1 cm . The polarizations of the excita-
tion and probe pulses were aligned using half-wave plates
(Oriel) after which they were focused through a 20 cm
lens into the sample. The l-alanine single crystals were
either held in thermal contact with the cold tip of a
closed cycle helium refrigerator (Helix CTI-2) for temper-
atures in the range 9—325 K or immersed in a pumped
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liquid helium Dewar for measurements at 1.1 K. Stray
light rejection from the pump and probe lasers was
enhanced using a high-finesse cutoff filter (Omega 560
EFSP). The CARS signal was dispersed with a 1.5 m
monochromator (Spex 1704), detected with a thermoelec-
trically cooled photomultiplier (Thorn EMI 9635QB) and
a lock-in amplifier (Stanford Research Systems SR-510),
and digitized and stored (Data Translation DT2821-
A/D, IBM/AT-PC). The CARS intensity was measured
as a function of probe pulse optical delay using a 1.5 m
long stepper motor controlled delay line
(Velmex/Unislide) yielding an experimental delay time
range of 0—10 ns.

T=1.1 K
AvG

10 crn

hvL

10 crn

T= 10-100
CO

cm ' cm

42cm '

49 cm
2.4
1.8

1.0+0.5
2.3+0.5

70+3 0.70

TABLE I. The homogeneous (Avt ) and inhomogeneous
(Eve) contributions to the phonon linewidths are obtained by
fitting the low-temperature (T=1.1 K) psCARS results to Eq.
(4), as shown in Fig. 1. In addition, an "activation" frequency
(co,*) is defined by fitting the temperature-dependent
(T=10—100 K) homogeneous Raman linewidths to Eq. (5), as
shown in Fig. 2.

IV. RESULTS AND DISCUSSION

A. Low-temperature Raman lineshapes

ALANINE 42 cm

0—

a2
M
CI

O

c

-6—

-8

Ti= 41ps I Ti=

PROBE DELAY TIME (ns)

FICx. 1. The decay of the CARS intensity with probe delay is
shown for the 42 cm ' optical phonon of I-alanine at tempera-
tures of 1.1, 14, 18, 39 and 60 K. The extremely long phonon
lifetimes make the dephasing of these phonon modes very sensi-
tive to crystal inhomogeneities. The smooth curves are fits of
the data to Eq. (4) using a fixed inhomogeneous linewidth
AvG =2.4 X 10 cm ', yielding the thermally induced homo-
geneous linewidth hvL =(2~cT&) ', where T, is the phonon
lifetime.

Due to the extremely long low-temperature lifetimes of
the low-frequency optical phonons of l-alanine, it is
necessary to characterize inhomogeneous contributions
to the psCARS decays due to the inherent imperfections
in crystals grown by evaporation, as shown in Fig. 1.
Low-temperature (1.1 K) lineshape measurements have
been used to obtain the temperature-independent inho-
mogeneous Gaussian contribution to the line shape,
which enables a more accurate determination of the
temperature-dependent homogeneous linewidth. Such
effects are hard to observe in a frequency domain spon-
taneous Ram an spectrum due to the very narrow
line widths involved. However, characterization and
deconvolution of inhomogeneous effects in a psCARS
measurement is straightforward due to the relatively long
dephasing rate. We found that the optical delay range of
-2 ns used in previous experiments' was insufhcient for
an accurate determination of the homogeneous and inho-
mogeneous contributions to the dephasing rate at low

temperatures. Data acquired with too small a time win-
dow appeared exponential even in the presence of inho-
mogeneous broadening and yielded inaccurate linewidths
at low temperature. Therefore, the measurements in this
study have been performed using an optical delay time
window of 10 ns, enabling deconvolution of inhomogene-
ous dephasing contributions.

The logarithm of the psCARS intensity decay can be
deconvoluted using Eq. (4) to obtain the inhomogeneous
and homogeneous contributions to the lineshape,

ICARS(t)
ln (4)

Io

where t is the delay time and AvL and AvG are the
Lorentzian and Gaussian full width at half maximum
contributions to the linewidth in (cm ), respectively.
The resulting low-temperature (1.1 K) psCARS measure-
ments of the homogeneous and inhomogeneous
linewidths of the 42 and 49 cm ' modes are listed in
Table I. The inhomogeneous contribution to the
psCARS decay AvG is determined at low temperature
(1.1 K) and once this temperature-independent inhomo-
geneous contribution is known, Eq. (4) is used to deter-
mine the temperature-dependent homogeneous dephasing
rate, as shown by the smooth curves in Fig. 1. Although
the inhomogeneous contributions to the Raman line
shape has been quantified, it still leads to significant un-
certainty in the homogeneous linewidth at low tempera-
ture. For example, the low-temperature homogeneous
linewidths for the 42 and the 49 cm ' modes are
1.0+0.5 X 10 and 2.3+0.5 X 10 cm ', respectively.
These extremely small and comparable linewidths suggest
similar relaxation processes for these two modes.

ETC AVG

ln2
(2vrb. vL )—t—

B. Temperature-dependent phonon relaxation.

The psCARS decay rates are found to increase with in-
creasing temperature, as shown in Fig. 1. The higher-
temperature psCARS decays have also been fit using Eq.
(4) with the inhomogeneous contribution b, vG fixed from
the low-temperature fit. This procedure has been used
to obtain the temperature-dependent homogeneous
linewidths for both the 42 and the 49 cm ' phonon
modes, plotted in Fig. 2. The facile thermal dephasing of
these phonons requires that the temperature dependence
extend to very low temperatures (1.1 K). This low activa-
tion energy can be contrasted with the higher activation
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TABLE II. Band-center frequencies (13 of 21 possible) of the
optical phonons of 1-alanine at 130 K (from Ref. 10).

cm

41
49
76
88
96
103
105
108
119
137
145
150
167

0.00:=
0 20 40 60 80

I

100 120

TEMPERATURE ( K )

FIG. 2. The homogeneous linewidth of the 42 cm ' (solid
circles) and the 49 cm ' (open circles) phonon modes vs temper-
ature. The upper curve is a fit of Eq. (5) to the data, using
co, =cob =23 cm ', co, =70 cm ', cod =116 cm
I 0=2.2X10 ' cm ', and I =0.70 cm '. The phonon
linewidth contribution from stimulated phonon emission is
minimal, as indicated by the lower dashed curve.

I (co~)=I O+I 0(n, +nb)+I *(n, nd), — (5)

where I (co ) is the linewidth of the optically excited
state, I 0 is the low-temperature linewidth (due to spon-
taneous relaxation to lower-energy acoustic modes),
I o(n, +nb) characterizes stimulated phonon emission by
decay into a pair of lower-energy phonons co ~co, +cob,
and I * is the coefficient responsible for absorption of a
thermally populated phonon, co,*+co —+cod. For discus-
sion purposes, Eq. (5) characterizes the summation over
cubic decay pathways given in Eq. (1) by "effective" pho-
non relaxation pathways. If conservation of energy and
crystal momentum requirements restrict the possible re-
laxation channels, and if the energies of the phonons in-
volved are not too different for different relaxation chan-
nels, then Eq. (5) can be expected to model the thermal
broadening of the phonon linewidth.

The temperature-dependent homogeneous linewidth
(obtained from psCARS measurements) for the 42 cm
(solid circles) and 49 cm ' (open circles) modes, are

energies for the thermal dephasing of intrarnolecular vib-
rons (typically temperature independent below 30 K).

In the absence of higher-energy optical-phonon modes,
stimulated emission of acoustic phonons would be the
only thermally induced relaxation process. However, in
complex molecular solids, relaxation due to phonon ab-
sorption (up conversion) processes contribute to the pho-
non dynamics and can dominate at higher temperatures.
Thus, the phonon linewidth can be expressed as a sum of
spontaneous emission, stimulated emission, and phonon
absorption (up conversion) processes,

shown in Fig. 2. Also shown is a fit of Eq. (5) to the data
using the parameters co, =co&=23 cm ', co,*=70 cm
cod =116 cm ', I O=2. 2X 10 cm ', and I *=0.70
crn '. The low-temperature phonon lifetime determines
the coupling coefficient for fission of the optical phonon
into two acoustic modes I o, while conservation of energy
and crystal momentum fixes all the other parameters ex-
cept co,

* and I * (the only parameters adjusted in the fit).
The linewidth contribution due to stimulated phonon
emission is found to be minimal, as shown by the lower
curve in Fig. 2, since I * is over two orders of magnitude
larger than I o. Therefore, the thermal broadening of the
linewidth is largely due to the absorption of a thermally
populated lower-energy mode(s) co,* (i.e., up-conversion
due to a process co +co,*~cod).

The psCARS data are most easily described in terms of
a cubic phonon up conversion of the 42 and 49 cm
modes to higher-energy optical phonons. For example,
the activation energy, co, =70 cm ', is consistent with a
cubic up-conversion process (e.g., 42 cm '+ 70
cm '~112 cm '). The large number of optical-phonon
modes (21, some of which are listed in Table II), and the
dispersion in the mode energies with wave vector, virtual-
ly guarantees that the cubic process can conserve energy
and crystal momentum. For simplicity, the phonon dy-
namics have been analyzed in terms of effective relaxation
pathways, however, the quality of the fit in Fig. 2 was not
significantly improved when additional relaxation path-
ways were included in Eq. (5). Our results are consistent
with a previous study which proposed that the 49 cm
phonon decayed by the absorption of 80 cm ' phonons
at temperatures above 25 K. However, the dynamics of
the 49 cm ' phonon below 25 K has previously been at-
tributed to the absorption of 40 cm ' phonons. Our
lower-temperature data does not indicate a contribution
from such a relaxation mechanism, possibly due to a
better determination of the homogeneous dephasing rate
at lower temperatures.

V. CONCLUSIONS

Raman dephasing measurements have been used as a
sensitive probe of thermally induced phonon relaxation
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processes for the low-frequency optical phonons of l-
alanine. Although the temperature-dependent Raman in-
tensity of the 42 cm ' phonon has previously been attri-
buted to dynamic localization at low temperature, our re-
sults do not provide additional evidence for such a pro-
cess. Since crystal momentum does not have to be con-
served for the relaxation of a localized phonon, different
relaxation pathways should exist relative to a delocalized

phonon of similar energy, and thermally induced relax-
ation processes should be sensitive to these differences.
However, we observed similar temperature-dependent
Raman dephasing rates for the 49 and 42 cm ' phonon
modes, suggesting similar relaxation mechanisms. The
results of this study are most readily explained by up con-
versation to higher-energy optical phonons by the ab-
sorption of thermally populated phonons.
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