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Asymmetric line shapes and time-resolved measurements:
Vibrons in n-Ar (N2)1 mixed crystals
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High-resolution Raman measurements were performed on the N2 vibrons and the N2 internal
vibration in mixed crystals of n (N-2)p, pip( Ng) p, 937Arp, ps. In contrast to what was assumed
for the analysis of previous time-resolved coherent anti-Stokes Raman-scattering measurements,
asymmetric line shapes are found. We relate the asymmetry to inhomogeneous broadening resulting
from perturbations of the perfect lattice structure by the Ar substitution. We discuss the consistency
of these frequency-domain results with those of previous time-resolved measurements and finally show
how the asymmetry is contained in the time domain.

We have recently performed a time-resolved coherent
anti-Stokes Raman-scattering (TR-CARS) study of the
dephasing relaxation of the Nq vibrons —vibrational
excitons —in n-Ar~(N2)i ~ mixed crystals. The TR-
CARS signals could be fitted with satisfactory results
using the product of an exponential and a Gaussian de-
cay. This decay curve is obtained if a Voigt profile (con-
volution of a Lorentzian and a Gaussian) is pragmatically
assumed in the frequency domain. The characteristic de-
cay time of the exponential function corresponds to the
homogeneous (Lorentzian) linewidth in the frequency do-
main, while the width of the Gaussian decay factor can
be related to the inhomogeneous (Gaussian) line broad-
ening. Two k 0 vibron modes (A9 and T9 symme-
try) with a small frequency difference of 1 cm 1 are
excited by the pump pulse. The resulting beating pat-
tern was described by an additional cosine modulated
contribution. This fitting function has been very succes-
ful for the analysis of the decay of the vibrons in pure
N2 crystals and of the N2 stretching vibration in the
isotopically mixed crystals. Very good agreement was
obtained with frequency domain measurements in pure
n-N2. ' Simulations have shown that our fitting method
failed for large homogeneous and inhomogeneous line
broadening, resulting in an effective decay rate close to
the time-resolution (5—7 ps) of the setup.

In this paper, we present high-resolution sponta-
neous Raman measurements on mixed crystals of o.-

( N2)p p13( N2)Q 937Alp p5 at 16 K. High resolution was
obtained by the use of a Fabry-Perot interferometer to
analyze the scattered light. A small concentration of

N2 molecules was added, allowing us to probe the dy-
namics of their localized vibrational states. The concen-
tration of the isotopic species was chosen to be sufBciently
small in order that the inhuence on the coupled vibron
states is much smaller than that of the 5% Ar doping. i 3

Comparison of the dephasing of the coupled and isolated
states provides direct information on the amount of exci-
tonic character of the coupled vibrations under study. 3 5

The obtained high-resolution spectrum of the 4N2 vi-

in which y is the linear optical susceptibility depending
parametrically on the nuclear coordinates. The sponta-
neous Raman spectrum is given by

I(Ace) oc B(Ace, T) dt cos(Au)t) d(t), (2)

where B(A, T) is the Boltzmann factor governing the
population of the vibrational states (with an energy hA)
for a given temperature T.

Let us assume an oscillatory function d(t)
A(t) exp[iAt + O(t)j + c.c., with 0 the vibrational fre-

brons (A = 2328 cm ) is shown in Fig. 1. The vibra-
tional line shapes are clearly asymmetric, both for the A~
and the Tz vibron. The line shape for the isolated N2
vibrations (0 = 2249 cm ) is shown in Fig. 2. The
line shape is also asymmetric, which clearly shows that
the asymmetry of the line shapes is not due to excitonic
effects, but is independent of the coupling between the
vibrational states. We relate it to differences in local con-
figurations of the N2 molecules and the Ar atoms. For an
Ar concentration of 5'%, the probability7 for dimers of Ar
atoms is 24% and for trimers 10.1%. These large proba-
bilities, combined with the mismatch (relative difference:
6%) in lattice parameter, may already cause local dis-
tortions of the ideal fcc lattice, shifting the vibrational
frequencies slightly, resulting in an asymmetric, inhomo-
geneously broadened line shape.

In the remainder of this paper, we will address the
following questions: (i) Is the information concerning the
asymmetry of the line shape also contained in the time-
domain dephasing measurements ? (ii) Are the time-
domain measurements compatible with the present ones
in the frequency domain 7

In transparent materials, applying the Born-
Oppenheimer approximation, both spontaneous and
stimulated Raman scattering can be described by the nu-
clear Raman response function:

d(t) = ([ (t) (0)))
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quency, and A(t) and 4(t) slowly varying envelope and
phase shift functions. Symmetrical and asymmetrical
line shapes correspond to C (t) = const and more compli-
cated phase functions, respectively. The pertinent com-
ponent of the third-order nonlinear susceptibility y& ~,

which governs CARS, is proportional to d(t). Since
for the CARS intensity Sc;Ans(t) oc iy& )i oc iA(t)i,
the CARS results are insensitive to the phase C (t), and
cannot discriminate symmetrical from asymmetrical line
shapes.

Techniques which detect the nonlinear signal in a het-
erodyne way are capable of measuring at the same time
the phase of the signal. ~o One of these is time-resolved

~-(«N, )„„("N,)„,„Ar„, .

FIG. 1. High-resolution Raman scattering of the N2

vibrons (0 = 2328 cm ) in a mixed crystal of n-

( ""N2)p Q$3( N9)Q, 937Arp, ps. The free spectral range (FSR)
of the Fabry-Perot interferometer is 1.83 cm '. The (still
present) elastic scattering is about 20 times more intense than
the Raman signal. The resolution of our measurements is
shown. Ag and Z~ modes corresponding to the same order of
interference are indicated,

stimulated Raman gain (TR-SRG), ~~ in which the
probing process is effectuated by the interaction of the
coherent vibration in the sample with a replica of the
pump pair. A small portion of the dephasing curve of
the v~ vibration of CS2 has already been measured in
this way, showing the full potential of this technique.

In order to verify the consistency of our TR-CARS
measurements and the high-resolution Raman measure-
ments, we have Fourier transformed the latter. In Fig. 3,
the envelope function of the obtained decay curve is plot-
ted together with the obtained TR-CARS decay for the
4N2 vibrons in o.-( N2)p ssArp ps mixed crystals (Ref.

1). The comparison between the two techniques suffers
on the one hand from the small number of points ob-
tained for iy(s) (t) i2 after performing the Fourier trans-
form and on the other hand from the presence of a co-
herent spike at t = 0 in the time-resolved measurements.
The latter may be due to electronic contributions to the
third-order susceptibility or to instantaneous CARS sig-
nals caused by the interaction of one of the pump beams
and the probe beam. It remains, however, clear from
Fig. 2 that the frequency-domain and the time-domain
results are in excellent agreement. Taking the effective
decay constant (corresponding to a 1/e decay) to charac-
terize the decay, the Fourier transformed curve (70 + 15
ps) is in good agreement with our TR-CARS measure-
ment (66 + 5 ps).

This information clearly shows one drawback of the
time-resolved measurements: incomplete information is
obtained for nonsymmetrical line shapes. Indeed, the as-
signment to either homogeneous and inhomogeneous line

broadening for Ar concentrations ) 5%, as in Ref. 1, is
very doubtful. For a-N2, no asymmetry in the line shape
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FIG. 2. High-resolution Raman spectrum of the
' N9 stretching vibration (A = 2249 cm ) in a n-

( N2)Q. Q$3( N2)Q937Arp, ps mixed crystal. The free spectral
range (FSR) of the Fabry-Perot interferometer is 1.83 cm
The intensity of the elastic scattering is about three orders
more intense than the Raman signal. The resolution of our
measurements is indicated in the figure.

FIG. 3. Fourier transform (0) of the high-resolution
spectrum and TR-CARS decay (~, taken from Ref. 1) of
the N9 vibrons in o.-( N9)p. pi3(' N2)Q. 937Arp. p3 and
(' N9)p 93Arp, ps mixed crystals, respectively. Both measure-
ments were performed at T = 21 K.
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was observed in frequency-domain measurements, s and
this is probably so for low Ar concentrations. Heterodyne
measurements have not yet been performed on nontrivial
systems and promise to be very difficult, since they nec-
cesitate a very high stability of the optical paths, up to
fractions of the wavelength of the light, for long record-
ing times. This paper shows that for complicated systems—having non-Lorentzian line shapes —simple sponta-

neous Raman measurements may provide more informa-
tion than elaborate time-resolved experiments.
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