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Ultrafast coherent excitation and probing of molecular vibrations with isotopic substructure
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Adjacent vibrational modes of different isotope species are coherently excited by an in-
tense ultrashort light pulse. The free decay of the vibrational system is observed by co-
herent probe scattering of a second delayed interrogating pulse. Coherent superposition
of the excited vibrational states gives rise to a beating effect of the collectively vibrating
isotope components. The phenomenon is observed for the first time in several tetrahalides
on a time scale of several 10 sec. The experimental information obtained by the probing
technique depends on the wave-vector geometry of the material excitation and the inter-
rogating pulse: One individual vibrational component is studied under a selective k condi-
tion while coherent superposition of the vibrational components is observed for nonselec-
tive k matching. Our technique provides new information on the vibrational system which
is not obtained by other experimental methods.

I. INTRODUCTION

In a series of papers it has been recently demon-
strated that molecular vibrations in liquids are ef-
fectively excited by ultrashort light pulses. ' ' Two
aspects of the vibrational excitation were investi-
gated yielding different information on the vibra-
tional dynamics of the system. Observation of the
excess population of the upper vibrational state
gave for the first time values of the energy relax-
ation time (population lifetime) in the electronic
ground state. ' From measurements of the coher-
ent vibrational excitation (q)', on the other hand,
the vibrational dephasing time T was directly de-
termined. ' For a number of liquids the dephasing
time fully accounts for the vibrational linewidth
observed in spontaneous Raman spectroscopy. "
Additional line-broadening mechanisms do not con-
tribute significantly to these vibrational modes.

In this paper more complicated molecular vibra-
tions with considerable overlap between adjacent
components will be investigated. Such a situation
occurs, for example, for vibrational modes with
isotopic components, where the isotope structure
often cannot be resolved by spontaneous spectros-
copy. ' New possibilities of the coherent excita-
tion of inhomogeneously broadened, multiple
structured bands will be discussed theoretically
and experimentally. It will be shown that a strong
phase correlation between adjacent vibrational
modes is established by the transient stimulated
Raman excitation process. This specific prepara-
tion of the molecules gives rise to an interesting
beating phenomenon between the individual vibra-
tional modes during the subsequent relaxation. We
report on the first experimental observation of
such a beating effect between different isotope spe-
cies of several tetrachlorides.

Experimentally the coherent anti-Stokes Raman
scattering of weak probing light pulses" was mea-
sured. Very important in our investigations is the
wave-vector condition (k matching) in the stimu-
lated excitation and in the coherent probing pro-
cess. It will be shown that high selectivity in k

space can be experimentally achieved by the co-
herent probing process. As a result, individual

isotope species in the sample are readily studied.
We have investigated the dephasing time of individ-
ual molecular species in isotope mixtures with
natural abundances. Experimental data will be
presented for vibrational systems where the iso-
topic line structure cannot be resolved in sponta-
neous Raman spectroscopy. These results dem-
onstrate the high resolution potential of our pico-
second technique which allows us to study the
physical event of interest simultaneously in time
and k space.

II. TRANSIENT STIMULATED RAMAN EXCITATION OF
ADJACENT VIBRATIONAL MODES

We have carried out a theoretical investigation
of transient stimulated Raman scattering of neigh-
boring vibrational levels. The present discussion
extends a previous treatment" for a single vibra-
tional transition to the case of several molecular
species, e.g. , isotope components.

We start with the description of the electromag-
netic fields. The propagation of the light pulses
through the sample and the interaction with the vi-
brating molecules is represented by the nonlinear
wa.ve equation

4~ ~
AE ——,—,(n'E) =—,—,Pc' ~t2 c' ~P

E denotes the total electric field; n is the index of
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P =—E Nq,
J

The Raman polarizability an/aq is taken to be iso-
tropic, i.e. , our calculation refers to highly polar-
ized Raman lines. It has been shown in Ref. 10
that the vibrational amplitude (q, ) of the molecula. r
species j obeys the material equation1a, 1 —2n a~—,(q &+—(q &+~'(q &= —E'.J 7- gt J J J 2~ (4)

, . represents the transition frequency of the indi-
vidual molecular component j. n denotes the small
occupation probability of the upper vibrational
state, n«1. For simplicity we assume equal val-
ues for the dephasing time ~, the reduced molecu-
lar mass m, and for the coupling parameter So/Sq
of the various species j. Equation (4) describes
the coherent interaction of a molecular vibration
with a coherent light field, assuming a two-level
system; this is well justified by the anharmonicity
of the molecular vibrations. The quantum-me-
chanical expectation value (q,.) representing the
vibrational excitation can be visualized in the clas-
sical picture as ensemble average of the vibration-

refraction. The nonlinear polarization P in Eq.
(1) accounts for the interaction of the light field
with the material excitation. We make the usual
assumptions that the total light field consists of
several plane waves with different frequencies and
time-dependent amplitudes. The investigated stim-
ulated light scattering occurs very near the for-
ward direction. Stimulated backward scattering is
negligible on account of the short duration of the
pulses considered here (-10 " sec). For a propa-
gation of the light fields in the x direction we write

E(x, t) = z(E~ exp[i(k~x —&u, t)]

+ E~ exp[i(k~x —~ ~t)]] + c.c.
The subscripts I. and S refer to the incident laser
field and the generated Stokes field, respectively.
Higher-order Stokes and anti-Stokes components
are omitted in Eq. (2); this assumption is correct
since we restrict the present discussion to a small
Stokes conversion of a few percent.

The interaction between the electromagnetic field
and the vibrating molecules is described by the
nonlinear polarization PN, which is proportional
to the polarizability tensor an/aq and the vibra-
tional coordinate q. Extending earlier results" "
to the case of several molecular species j of num-
ber density N,.(e.g. , isotope components), we intro-
duce the expectation value (q, ) of the displacement
operator q,. of the individual components and find
for the nonlinear pola, rization P "

al displacement q,. ; (q, ) contains the phase and
amplitude of the individual oscillating molecular
component. In a manner similar to that used for
the light fields, we write for the vibrational ex-
citation

(q,. & =,'-q,. exp[i(k, x —~,t)]+c.c. (5)

The wave vector k,. describes the collective vibra-
tion within the excited volume; k,. represents the
phase relation between the molecules at different
points x in the sample. Neglecting second-order
derivatives, Eqs. (1)-(5) lead to the following set
of differential equations for the generation of the
Stokes pulse and the vibrational excitation in the
transient stimulated Raman process:

(
d 1

+——E = i~ E VN g-* exp(-. ih. &u t) (6)S I . ~ J'-J J'

S J

3 1—+
2 Q, =is,E~E~~ exp(-team, .t), (7)

t

where we use the abbreviations

~, = —[4m((u, —(u, )]- .sr(J(Jq ~ Q 8 n —1

Qq
' ~ gq

(6)

6(d, = ~~ —+~ —w,. denotes the frequency mismatch
between the frequency difference w~ —~s of the
light fields driving the individual vibrational com-
ponent and the resonance frequency cu, Phase
matching k,. = k~ —k~ is established for all species
in the stimulated excitation process.

In order to show the physical concept we first
discuss the limiting case of a very short excita-
tion pulse, where ~De, t~~ &(1. It is read. ily seen
from Eqs. (6) and (7) that in this case the factors
exp(-id', .t) are approximately equal to unity and
may be neglected. As a result, the coherent am-
plitudes Q, build up according to Kqs. (6) and (7)
with equal gain, and we obtain ~Q,. ~

=Q. In addi-
tion, the short excitation pulse prepares the dif-
ferent molecular species with approximately equal
initial phases.

When the incident pump pulse has passed the me-
dium the stimulated excitation process rapidly ter-
minates within a time ts t~ and the molecular com-
ponents relax freely. Equations (5) and ("I) yield
the following time dependence:

(q,.) CC exp(-i&u, t) exp(-t /2~),

i.e. , the collectively vibrating components oscil-
late with their resonance frequencies ~,. and they
decay with the dephasing time T. For vibrational
species of constant frequency difference Ace, a
beating phenomenon is expected with maxima oc-
curring after time intervals of 2v/Au&.

We discuss now the excitation process with mod-
erately short pulses, ~s&u t~~ s 1. This cas.e cor-



A. I.AUBEREAU, G. %QCHNER, AND %. KAISER

responds to the experimental conditions discussed
below. Introducing a phase factor 4,. for the indi-
vidual vlbratlonal comPonenty Q~ fx exP l 4» y we ex-
pand Eqs. (6) and (7) to first order in the factors
containing the various phases 4,. Rnd arrive at the
following set of equRtlorls:

8 1 8—+— F. =&ME@ex v~et

(10)

84, tc,E~E~
( )

(12)

(13)
q,. = iq exp(i4, .),

N,.~
i

N=P& N~ is the number density of molecules, v~
denotes the group velocity of the Stokes pulse, and

E~, E~, and Q represent real quantities without
loss of generality. Equations (9) and (10) show
that phase-dependent terms have canceled in first
order. As a result, the individual components are
excited with equal absolute value Q of the vibra-
tional amplitude [see Eq. (12)]. Equations (9) and

(10) are identical to the case of a single vibration-
al mode; they can be solved independent of Eqs.
(11) and (12); i.e. , a Stokes pulse is produced in
the same way as in stimulated Raman scattering
of a single molecular vibration. Solutions of Ez
and Q have been discussed in the literature" "in
terms of Bessel functions of complex argument.
The transient stimulated Stokes emission gxows
as if the small frequency shifts 6&& were absent.
Knowing F~ and Q the coherent amplitude Q,. of the
indivi. dual species is evaluated as a function of
time with the help of Eqs. (11) and (12). It should
be noted that the total number density N enters
the stimulated gain factor"*" |"in the px'esent cal-

~= 47&xx2E~M, whex'e l denotes the in-
teraction length [see Eqs. (9) and (10)]. This re-
sult differs from the steady-state stimulated Ra-
man process (t~» ~}, where the most abundant iso-
tope species ¹,„determines the gain factor.

Detailed calculations of the excitation of adja-
cent vibrational modes via transient stimulated
Raman scattering give the following results:

(i) The coherent Stokes emission is centered
at the frequency so~ of optimum gain indicated by
Eq. (13). For a symmetric Raman band the Stokes
frequency is situated at the centex of the band.

(ii) During the stimulated excitation process,
the vibx'ating molecules do not oscillate exactly
with their individual resonance frequency. In fact,
the situation is similar to the well-known behav-
ior of the harmonic oscillator, which is excited

under off- resonance conditions. Integration of
Eq. (11) for the phase factor yields

4' ~ = -440~1+ $~ y
(14)

exp

The molecular species are coherently driven with
the frequency difference op~ —u~ of the total ex-
citing field. The phRse fRctor 4„contains the term
-h~, t, which corrects our ansatz with frequency
&o,. [see Eq. (5)]. g& denotes the phase shift between
the individual vibration and the driving force; it is
only weakly time dependent during the stimulated
excitation process. Equations (14) and (15) indi-
cate that the phase factors 4,. are xeadily evalu-
ated after the vibrational amplitude Q is deter-
mined from Eqs. (9) and (10). It should be noted
that ( P~ ( «2v is required inorder to stay within the
range of validity of Eqs. (6)-(15).

The magnitude of p, depends on the ratio t~/7,
pulse duration to dephasing time. For shorter ex-
citations smaller values of g,. are expected. This
point is illustrated by the following numerical ex-
amples. In the steady-state situation, f~/~»1,
Eq. (15}yields g,. =2d,~,.7. In the transient case we
find values of $,. = 0.86+,-7, 0.26(d,.T, and 0.046',.w,

respectively, for Gaussian pulses of duration f~/T
= 5, 1, and 0.2.

%'hen the excitation process has terminated,
each vibrational component oscillates with its res-
onance frequency &u, , and its phase factor 4~ [see
Eq. (14)] reaches a constant value (f ~ t~)

I dt tEz, E„~exp(t/2T)
' f"„dt's,Z, ex(pf/~2)

'

~q„,~' is plotted as a, function of time in Fig. 1
(solid curve). t=0 marks the maximum of the ex-

Equation (16) allows us to calculate the well-de-
fined phase relation between the different vibra-
tional components at the beginning of the free re-
laxation process.

In Fig. 1 the coherent excitation calculated from
Eqs. (8)-(15) is presented. Calculations were
made for three molecular species of relative abun-
dance 1:0.5:0.5 and the parameter values 6+7

n, t~/7 = 1. The parameters chosen are simi-
lar to the isotopic line splitting of the tetrahedron
vibration of carbon tetrahalides. The vibrational
excitation Q„,is represented by the coherent su-
perposition of vibrational states of number density
N, ,

q...= P~„.&q, )
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tp/T, = ~

h4)'K = TK/2

appears rapidly within 10 "sec in condensed mat-
ter. We shall discuss next coherent Rarnan scat-
tering of probing light pulses which allows the di-
rect observation of the vibrational beating effect.

l0

-2
i0

10

&0

Time tl tp

FIG. i. Calculated coherent vibrational excitation of
three molecular species (relative abundance 1:0.5:0.5)
as a function of time t jt&. The solid curve, represent-
ing the coherent superposition of vibrational states

~ ~giV,. (V,.) (1, displays an interesting beating
effect; the envelope curve (broken line) indicates the
vibrational excitation Q of an individual molecular com-
ponent. An excitation pulse of Gaussian shape and equal
frequency spacing of the vibrational species are assumed.

citation pulse. The vibrational excitation rapidly
rises to a delayed maximum at i/i~ = 0.9. For
lax'ger values of t the stimulated process rapidly
terminates and the three isotopic components re-
lax freely. It is interesting to see the beating phe-
nomenon which is superimposed on the exponen-
tial decay of the vibrational excitation according
to the dephasing time (note the broken envelope
line). The oscillatory behavior shown in Fig. 1
is a direct eonsequenee of the phase relationship
established in the excitation process and the fre-
quency spacing ~re of the isotopic species. The
~Q„,~' curve in the figure displays the resulting
lllRX1111R Rlld minima wltil beat peI'1od of 2''/n(d.

The following question now arises: How can the
beating effect be detected'P There are three prob-
lems connected with the observation of this phe-
nomenon. First, for line splittings of h~-1 cm '
the beat periods are of the order of 10-" sec,
which is beyond the time resolution of standard
photodetectors. Second, vibrational modes, which
are Raman but not infrared active, do not radiate,
and third, the vibrational excitation decays with
the dephasing time 7; i.e. , the phenomenon dis-

III. COHERENT ANTI-STOKES RAMAN PROBE

SCATTERING

The coherent interaction of a properly delayed
probe pulse with the vibrational excitation is
treated in this section. The probe wave is scat-
tered by the coherent material excitations, giving
rise to the observed anti-Stokes radiation. The
electromagnetic field of the probing process has
the form

Ep„=-,'
E~2exp i k'~2x —~2t

9 1 8—+ —E„s,= -ift,'NqE~s(t —tn)
&X VAS 8t

x Q, exp(ink, x), . (19)

&k, = kate+ ks —ks kAs, ~ toss, ——u&s, + te, (20)

to denotes the time delay between the maxima of
the pumping and the probing pulse. Group velocity
dispersion between the anti-Stokes scattered pulse
and the Stokes pulse of the excitation process wiQ
be neglected, i.e., vA~= v~. This approximation
is valid for interaction lengths between probing
pulse and vibrational excitation of a few centime-
ters, a condition which is readily fulfilled in our
experiments. On the other hand, color dispersion
has to be considered in the last factor of Eti. (19).
The wave-vector mismatch Ak,. has a different
magnitude for the individual components j. This
point is important for the subsequent discussion.

g EAsj e p(i(k ss, x tees, i)l-+ c.c.

(19)
The subscripts L,2 and ASj refer to the incident
pl'obe pulse and the anti-Stokes scattered lights
x'espeetlvely Plopagatlon lrlto the x direction ls
assumed; i.e. , we consider scattering in the for-
ward direction. Extension to an off-axis scattering
geometry will be discussed below. For every vi-
brational species j we obtain a corresponding anti-
Stokes field. A negative sign of the complex am-
plitudes EAS,. was chosen in order to take into ac-
count the proper phase of the anti-Stokes field.
The interaction of the probe pulse with the coher-
ent vibrational excitation is calculated with the
help of Etis. (1), (3), (5), and (18). Using similar
approximations as for the derivation of Etl. (6) (the
Stokes process) we find for the components E„„
of the antj. -Stokes scattered field *



2216 A. LAUBEREAU, G. WOCHNER, AND W. KAISER 13

x P E„s~exp[-i[4k, x+ (&u, —cu )t]] .
(21)

We derived Eq. (21) in a manner analogous to the
derivation of Eq. (7) in Sec. II. Equation (21) in-
dicates that the generation of the anti-Stokes field
leads to a loss of the vibrational component Q .
This result is expected from energy-conservation
arguments of the scattering process; the probe
and vibrational quanta produce the anti-Stokes ra-
diation [Eq. (20)].

Two points should be noted concerning the coher-
ent probe scattering technique:

(i) We restrict our discussion to probe pulses of
small peak intensity. From Eqs. (19) and (21) it
can be shown that negligible loss of vibrational ex-
citation is introduced if

4rK,'z2Ns. l~E~, ~' «1, (22)

where Al denotes the effective interaction length
of the probe scattering. This condition is readily
fulfilled in experimental investigations using probe
pulses of much smaller intensity than the excita-
tion pulse, IE~,

~
« ~E~ ~' . Condition (22) ensures

that no disturbance of the vibrational excitation re-
sults from the use of the probing light pulse.

(ii) It has to be ascertained that additional non-
linear processes do not generate radiation in the
frequency range of interest. In particular, the

Different values of Ak,. are calculated for the vi-
brational species of frequency w, [See Eq. (20)
with k„s,. = &oA~&n„z/c.] It should be recalled that
the stimulated Stokes process generate!' identical
wave vectors k~ = k~ —k~ of the material excitation.
The factor v,' in Eq. (19) combines several mate-
rial parameters; it is obtained from the corre-
sponding parameter z, in Eq. (8) repla. cing uz and
k~ by &o„zand kAs respectively (&a„z~—-~„~).

Equation (19) shows that a coherent anti-Stokes
field builds up by the interaction of the probe pulse
E~, with the coherent vibrational excitation of the
sample. This scattering process affects the vibra-
tional excitation. After the excitation, i.e. , for
probe pulses delayed by tD t~, we find

a 1—+—Q =iz'E*(t —t )m 2 L2

probe scattering mechanism has to be distin-
guished fzom stimulated four-photon parametric
interaction of the excitation and probing light
pulses. ""The latter process can produce radia-
tion at the anti-Stokes frequency position of the
probe pulse for times when the excitation and
probing light pulses overlap, i.e., for small val-
ues of tD. The four-photon parametric process is
not connected with the coherent vibrational excita-
tion and has to be avoided. This difficulty can be
eliminated by choosing different polarization di-
rections for the exciting and probing pulses.

Experimentally we observe time-integrated
scattering signals. We calculate the coherent
anti-Stokes probe signal at the end of the sample
(x= l):

' ('~) =
8, "' pEAs, exp'(kAsyl- ~As, l)]

Q' ~ exp(x/nl) . (24)

Al denotes the effective excitation length and is
readily estimated for a Raman generator setup.
For this experimental situation a large amplifica-
tion of -exp25 is required to build up the intense
stimulated Stokes radiation from quantum noise
in a sample of length l; the excitation length Al
= ~l denotes the interval at the end of the interac-
tion path where the maximum excitation occurs.

Of special interest for relaxation studies is the
time region tD~ t~, where the excitation process
has terminated and where we have constant phases
4,.„.From Eqs. (12), (16), (19), (23), and (24)
we find for the coherent probe scattering signal

(23)

Evaluation of the anti-Stokes components E„g,en-
tering Eq. (23) is carried out by the help of Eq.
(19). A general analytic solution is not possible,
since Q(x, t) and C,.(x, t) have to be found from nu-
merical calculations. For several special cases,
however, approximate expressions can be derived
which reveal the relevant properties of the coher-
ent probe signal S""(tD).

The integration of Eq. (19) is facilitated using the
properties of stimulated Raman scattering. We
know that the coherent vibrational amplitude Q
grows approximately exponentially with distance:

S-"(lD)= "'~"r P It dl E„(l l,)Q(l, f) QN-, [I+(2nk, ni)2]-' 'e~[l(n~, .i+6,.)] ',
2r (25)

where

(26)6, = —arctan(2d, kraal )+4, „

denotes a phase factor of E„s, Equation (25) in-

I

dicates that the probe scattering signal increases
quadratically with interaction length b, l, field
amplitude E~, of the probing pulse, and coher-
ent vibrational amplitude Q. In addition, the
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~nu, . —ny, .„jnf« I. (27)

This condition corx'esponds to the relation
n, ~nln»/c «1 for the collinear }t-vector geome-
try. All vibrational species j contribute accord-
ing to their individual nuxnbex density N,. if Eq.
(27) is valid. We observe directly the superposi-
tion of the vibrational species each oscillating with
resonance frequency &u, Equation (25) now yields
for the probe signal

S""(&D)= const&[1+ (2Akal)'] '
t1»o

dt E1,(t —ta)Q g X, exp(inrun, i+i 5;)

probe signal S""is seen to depend strongly on the
phase-matching situation via the texms Ak»hl. Ac-
cording to Eq. (20), the }t-vector mismatch of two
neighboring vibrational components (frequency
spacing na&) differs by a&un„~/c A. s a, result the
product (n}t,.n, l)' may vary strongly for different
vibrational species. This fact enables us to obtain
djfferent physical information by cohex'ent probe
scattering. %e will discuss two limiting cases.

a. Supexposition of vibrational components. Se-
lecting a short effective intex'action length hl, the
k-matching situation can be made very similar for
the different vibx ational components,

tjons of the vibrational species j& I disappeared
because of the phase-matching condition. The
scattering signal results from a single vibrational
component (j =m) which is isolated with the help
of the highly selective k geometry.

The signal decays with the relaxation time v of
the coherent vibrational excitation. It is impor-
tant to note that selective phase matching RQows
the measurement of the homogeneous line bx'oad-
ening 1/7 within complicated vibrational distribu-
tions.

Typical numerical results for the coherent probe
scattering signal 3""(ta) are shown in Fig. 2. The
physical situation assumed was discussed in con-
text with Flg 1» Knowing Q» from numex'lcRl so-
lutions of the stimulated excitation process [see
Eqs. (12), (14), and(15)], we computed the coherent
scat'teX'lllg 8 (fg)) wltil the help of Eqs. (19) RIll
(23). The broken line represents the scattering
signal for selective phase matching [Eq. (29)] cor-
responding to an isolated component of the isotopic
mixture. The decaying part of the signal cuxve

(28)

The sum on the right-hand side of Eq. (28) contains
oscillating terms ~ cosh&ta. It is important to
note that for the phase-matching condition dis-
cussed here the probe signal S""displays a beat-
ing phenomenon originating from the coherent su-
pel position Gf the excited vlbx'RtlonRl components.
8ince Q'~ exp(-f/7') in Eq. (28), the scattering sig-
nal decays with the tjme constant y. The magni-
tude of S""(fD) depends upon the phase mismatch.
For hkAla 0.5 with h,0» = hk effective probe scat-
tel'lng will occux'

b. Selection of one vibrational state. Undex"

proper experimental conditions, k-vector match-
ing is achieved fox only one vibrational compo-
nent ng, Ak =0, while 69»10 for j4ppg. Now, with
the help of a sufficiently large interaction length
A, we can find a selective phase-matching situa-
tion where

Ch

)0
4A

6
Delay Time to/tp

« l&12QI'

~ exp(-t~/~) . (30)

It is interesting to see from Eq. (30) that contribu-

hk hl«1 and b, k&b, /»1 (j &m). (29)

The x'esultlng plobe scRtteling signRl is found
fI'0111 Eq (25), for fez tp,

FIG. 2. Calculated probe scattering signal 8 of the
vibrational excitation of Fig. i as a function of delay
time tr /g&. The broken curve indicates the scattering
signal of an isolated molecular coxnponent under selec-
tive k-matching conditions. Solid and dash-dotted curves
represent the beating effect due to the coherent super-
position of the vibrational species calculated for non-
selective phase matching, Curves are calculated for
probe pulses of Gaussian shape and of duration t& (solid
and broken curves) and 2t& (dash-dotted curve).
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IV. %(AVE-VECTOR GEOMETRIES

It is apparent from the previous sections that the
phase-matching situation between the probe pulse
and the k's of the material excitation are of major
importance for the generated scattered signal. We
now discuss in more detail the angular dependence
of the generated coherent anti-Stokes signal. It
will be shown that the proper choice of phase
matching and observation geometry allows the se-
lective observation of one molecular component.
With this technique the dephasing time of one iso-
tope species was studied while the neighboring
four-isotope components did not contribute to the
measured scattered signal.

k~

S J

kL2 k)

kASj

-k =k.

'p

b

kAS)

kAS2

FIG. 3. Wave-vector geometries of the excitation and
probing processes (schematic). {a) Collinear geometry;
(b) noncollinear k matching with probe angle P be@veen
excitation (kL) and interrogating pulse (k&&) and for
Stokes emission angle n; (c) noncollinear k matching for
two vibrational species; the anti-Stokes emission occurs
under different angles y& and y2 with respect to the inci-
dent probe beam; (d) wave fronts of the interfering anti-
Stokes beams.

provides directly the dephasing time v' of the mo-
lecular vibration. Probe scattering wi'3 nonse-
lective % matching is shown by the solid curve in
Fig. 2. It is interesting to see the mini'~a and
maxima of 8""(t~) which reflect the beating phe-
nomenon of the coherent vibrational excitation;
the beats occur with time intervals of 2v jA&u.
Comparison of the vibrational excitation (Fig. 1)
and the probe scattering (Fig. 2) shows less-pro-
nounced minima of S~~(tn). This result is ex-
plained by the finite duration t~ of the probe pulse
in the probing process. To illustrate this point
the scattered signal is calculated for two durations
of the probe pulse, t~ and 2t~ (f, is t-he pulse dura-
tion of the pumping pulse). Stronger oscillations
of the signal curve result from shorter probe
pulse s.

In Fig. 3(a) the collinear R geometry is depicted.
Parallel laser and Stokes waves produce the wave
vector F, =k~ —K~ of the material excitation which
also points in the forward direction. The probe
pulse with parallel wave vector R~, coherently in-
teracts with the vibrational excitation generating
scattered light in the forward direction with wave
vector kAS. This geometry is convenient for theo-
retical descriptions of the probing process; its
experimental verification, on the other hand, turns
out to be difficult. The wave-vector mismatch
rA~ [compare Eqs. (20), (27), and (29)] can be var-
ied for a given sample by changing the wavelengths
of the excitation and probing pulses.

Phase matching can be achieved for the noncol-
linear wave-vector geometry in Fig. 3(b). It is
known that in the stimulated Raman process Stokes
light is generated within a cone of small angles cy

with respect to the forward direction. " One
roughly estimates that Stokes gain occurs for n
& 0j21, where d denotes the beam diameter of the
laser pulse. Corresponding to the cone of wave
vectors k, (n) the vibrational excitation of compo-
nent j displays a distribution of wave vectors K, (n)
=k~ —R~(o.) of different directions. Note that the
magnitude of (%„.(o.) ~

depends on the off-axis angle
o, while the values of ~R

~
and ~E (n)~ are inde-

pendent of e and are determined by their frequen-
cies and indices of refraction, k~ ~ = &a~ ~s~ ~jc.
The interaction of the incident probe pulse (k~,)
with this cone of material wave vectors k,.(n) de-
pends on the resulting mismatch Ak,.(o.). The an-
gle between the exciting and interrogating beam
is denoted by P in Fig. 3(b). For a proper choice
Df probe angle p, perfect matchlllg 6k) (Q~, ) —0
can be achieved for part of the R distribution.
These wave vectors k~(n= n~,~,) contribute
dominantly to the probe scattering. The highly
collimated anti-Stokes emission occurs under
angle y~ with respect to the probe pulse [see Fig.
3(b)]. Experimentally the angles n, P, and y,
amount to a few degrees. Equations (19), (23),
(28), and (30) derived for the probe signal 8""(t~)
are approximately valid for these small angles.

As an example we consider now the phase match-
ing geometry for two different vibrational species
labeled 1 and 2. Figure 3(c) shows schematically
that the probe pulse (k~,) has to interact with K's
of different directions of the two vibrational ex-
citations in order to make Ek& —-O. As a result,
the anti-Stokes wave vectors k~si and kAs2 of the
two vibrational components have slightly different
~les p y and y2, respectively. The anti-Stokes
scattering signal contains different information
as a function of emission angle y with respect to
the incident probe pulse. Using highly collimated
beams of the excitation and probing pulses, and
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selecting the angle of acceptance with the help of
an aperture, the angular dispersion of the probe
scattering can be used to isolate a single vibra-
tional component.

For a sufficiently large angle of acceptance the
light beams scattered from different vibrational
species are simultaneously detected. Beating of
the vibrational states corresponds to the inter-
ference of the anti-Stokes field components. Fig-
ure 3(d) illustrates the situation for two vibration-
al species. It is readily seen that the xesulting
scattering signal depends on the beam diameter
&As and the angle ~& =~, —~, between the anti-
Stokes components. For a beam diameter

dAS ~~AS/+Y y

phase differences of the interfering beams at dif-
ferent points of the instantaneous wave fronts in
Fig. 3(d) are of minor importance, i.e. , a beating
phenomenon [Eq. (28)] can be observed. Using
green probe light (X = 0.5 p, m) and ny = 10 ' we es-
timate dAs& 500 p, m. Experimentally we axe able
to work with beam diameters as small as 30 p, m.

Figures 4(a) and (b) illustrate the phase match-
ing of the probe scattering process. Pump and
px'obe beams of equal frequency v~ = v,~
= 18910 cm ' and the physical situation of the sym-
metric tetrahedron vibration of SnBr4 at 30 C are
considered. The two isotopes "Br and "Br pro-
duce five lines around 221 cm ' in the vibrational
spectrum of this substance (see below). Figure
4(a) refers to parallel pump and probe beams P
=0. The wave-vector mismatch Ak,. = lk~, +k~ —k~l
—k»&, calculated from refractive index data, "is
plotted in Fig. 4 as a function of the Stokes emis-
sion angle a for the five-isotope components j

= 1-5. It is readily seen that the 4k,. curves dis-
play minima in forward direction n = 0 and rise
significantly with increasing Stokes angle. Four
species display perfect phase matching 6k=0, at
Stokes emission angles of n, p$

1.8, V.3, 10.0,
and 12.6 mrad, respectively. It is interest-
ing to note that color dispersion incidently leads
for the component j = 4 to almost perfect phase
matching, b,k4= 0.3 cm ', in the forward direc-
tion, while substantial mismatch, Ak, = -7.8 cm ',
is found at a = 0 for the most abundant isotope
component, j = 3. This fact can be used for a col-
linear geometry where the Stokes divergence is
made very small (e.g. , 5a s 3 mrad) in order to
create a highly selective phase-matching situa-
tion. Off-axis phase matching for the components
j& 4, on the other hand, does not contribute to the
probe scattering, since the required off-axis wave
vectors (o. & 5n) are not generated in the stimulated
excitation process for the small Stokes divergence
assumed.

Figure 4(b) shows the phase-matching situation
for an angle p=2.6'between pump and probe beam.
The wave-vector mismatch hk, . of the five SnBr4
species is plotted versus Stokes emission angle a.
It is readily seen that the AA,. curves rise rapidly
as a function of Stokes divexgence. Phase match-
ing Ak,. = 0 occurs at different values of Stokes an-
gle n for the individual molecular species j. For
example, values of n = 2.8, 1.9, and 1.0 mrad are
found, respectively, for j=1, 2, and 3 in Fig.
4(b). The anti-Stokes probe emission of the indi-
vidual components occurs in slightly different di-
rections, y,. =2.1, 1.3, and 0.5 mrad for j =1, 2,
and 3, respectively. These numbers indicate that
coherent superposition for the vibrational compo-
nents of SnBr4 may be experimentally observed
for the discussed off-axis k geometry.
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FIG. 4. Wave-vector mismatch ~ of the material ex-
citation and the probing process vs Stokes emission angle
e. The tetrahedron modes of the five isotope species of
SnBr4 around 22i cm ' with pump and probe pulses of
frequency i8 910 cm ~ are considered. (a) Parallel ex-
citation and probing beams, P=O; (b) probe angle P=2.6';
note the different abscissa scales.

Our experimental systems for coherent probe
scattering with off-axis and collinear wave-vector
geometry are depicted schematically in Figs. 5(a)
and 5(b). For the generation of the ult:rashort
light pulses we use a mode-locked Nd:glass laser
system emitting at 9455 cm '(A = 1.06 pm). " In
order to obtain reliable expeximental data, it is
important to work with mell-defined single pico-
second pulses of known pulse dux'ation, pulse
shape, peak intensity, and frequency width. " The
entire mode-locked pulse txain cannot be applied
in our investigations, since the pulse parameters
vary from the beginning to the end of the pulse
train. "" Pulses at an early position of the train
are known to display optimum properties. " In our
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experimental setup a single pulse of transform-
limited frequency width is cut from the leading
part of the pulse train with the help of an electro-
optic switch. The selected pulse subsequently
passes an optical amplifier with a gain of approx-
imately 100. A KDP crystal converts the pulse
frequency to its second harmonic. The important
parameters of the excitation and probe pulse are
as follows: frequency v~ =18910 cm ', frequency
width 5v~= 5 cm ', pulse duration t~=3-4 psec,
and approximately Gaussian shape. TEMpp mode
emission of the laser system is achieved by a
small diaphragm in the oscillator cavity. Satel-
lite pulses on a picosecond time scale are avoided
by a contacted dye-cell configuration. " The pulse
energy of -1 mJ and the quality of the mode lock-
ing are monitored with a fast photodiode and a
traveling-wave oscilloscope with a time resolu-
tion of -0.5 nsec. Pulses which show evidence of
satellites are rejected. It should be noted that the
reliability and reproducibility of our picosecond
pulses have been tested in numerous investiga-
tions. '4 An experimental time resolution of better
than 0.5 psec has been achieved with these ultra-
short pulse s.25

Figure 5(a) shows the experimental setup with
noncollinear wave-vector geometry. The power-
ful green-light pulse is directed into a cell with
the liquid sample. The peak intensity of the pulse
is adjusted by a lens of long focal length (-30 cm)
and neutral-density filters. Stimulated Raman
scattering is effectively generated in a cell of typ-
ically 2 cm. The stimulated Stokes pulse is de-
tected with a fast photodiode, oscilloscope, and
suitable filters. The energy conversion efficiency
of laser to Stokes emission is kept at a few per-
cent in order to stay within the validity of our cal-
culations. Two beam splitters provide two pulses
of small intensity, approximately 10 ' of the ex-
citing pulse. One pulse with variable time delay
tD serves as an interrogating pulse. It interacts
with the instantaneous coherent vibrational excita-
tion in the sample. Coherent anti-Stokes Raman
scattering is observed close to the forward direc-
tion with the help of a grating spectrometer and
photomultiplier. The spectrometer serves as a
transmission filter for the anti-Stokes frequency
position, with a bandwidth of approximately 20
cm '. An aperture determines the solid angle of
acceptance of the detection system. The second
weak light pulse (not seen in Fig. 5) with fixed
time delay is used to produce a reference scatter-
ing signal improving the accuracy of the measure-
ment. The optical delays were carefully deter-
mined taking the group velocities in the optical
components into account. The accuracy of the tD

scale is better than 2/&. The phase matching of the
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FIG. 5. Experimental systems (schematic) of the co-
herent probe scattering technique, showing (a) off-axis
and (b) collinear wave-vector geometry. A single pico-
second pulse enters from the left-hand side. Variable
delay VD, fixed delay FD, filter F, —,'A, plate, polarizer
P, lens L, photodetector PD, spectrometer SP, photo-
multiplier PM, and digital peak voltmeter DPV are
shown. Selective k matching may be achieved for the
noncollinear geometry (a) with the help of the aperture
A and for the collinear geometry and (b) with sufficiently
long sample cells.

probe scattering depends considerably on the color
dispersion and Raman shift (i.e. , vibrational fre-
quency) of the specific sample. The relevant ex-
perimental parameters which determine the de-
sired off-axis k-matching situation are sample
length I, beam diameter d (determining the inter-
action length hl and the Stokes divergence 5u),
probing angle P, and solid angle of detection AQ;
experimentally we typically have 6n = 2' and P
=3.

In Fig. 5(b) a different setup used for the col-
linear wave-vector geometry is depicted sche-
matically. A single picosecond pulse at v~
= 18910 cm ' enters the experimental system from
the left-hand side and serves as an excitation
pulse. Stimulated Raman scattering is generated
in two liquid cells of length —,'l each. The double-
cell configuration has the advantage of producing
a highly collimated Stokes emission in the for-
ward direction. The amplification process pro-
ceeds in two steps. The first cell serves as a
Raman generator and produces a. (weak) Stokes
pulse which acts as a input signal for the amplifi-
cation in the second cell. Only the Stokes emis-
sion of the first cell, which travels within the
laser beam, is amplified in the second cell; i.e. ,
the Stokes divergence 5n is determined by the
path length I.+ l in the generator-amplifier setup.
The angle 5o. is estimated to be 5n = dj2(1.+ I), in
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good agreement with experimental findings. For
I = 40 cm, l = 10 cm, and a beam diameter d of
approximately 2 mm a very small Stokes diver-
gence of better than 3 mrad was experimentally
observed in SnBr4. The Stokes pulse is monitored
with a fast photodiode and an oscilloscope. The
total conversion efficiency of laser to Stokes light
is kept at a value of a few percent.

The probing pulse is generated with the help of
a beam splitter; it is properly delayed in a vari-
able-delay system. A second beam splitter allows
the probe pulse to travel collinearly with the ex-
citing pulse through the medium. In this way, we
work with a probing angle P=0. The intensity of
the probe pulse is less than 1/q of the excitation
pulse. The interrogating pulse interacts with the
coherent vibrational excitation, which is strong-
est in the second liquid cell. The coherent probe
scattering in the forward direction is measured
by a grating spectrometer and a photomultiplier.
An aperture controls the solid angle of acceptance
of the detection system. It should be noted that
emission at the anti-Stokes frequency is also pro-
duced during the stimulated Raman scattering of
the pump pulse. " This disturbing background
signal is effectively eliminated (factor &10') with
the help of two crossed polarizers P1 and P2,
shown in Fig. 5(b). The exciting and interrogating
beams have perpendicular polarization direction.
The spectrometer accepts only the scattered anti-
Stokes signal produced by the probing pulse. Spon-
taneous Raman spectra were measured with stan-
dard systems consisting of cw-Ar lasers and pho-
ton counting techniques.

VI. RESULTS AND DISCUSSION

Our ideas of the superposition of vibrational
states and the selection of individual isotope com-
ponents were tested by experimental investigations
of a number of well-known molecules. Liquid
tetrahalides were chosen for this paper. The iso-
tope effect of Cl and Br gives rise to vibrational
multiplicity of the totally symmetric tetrahedron
vibration. Stimulated Raman scattering of these
highly polarized vibrational modes is readily
achieved on account of the large scattering cross
sections. The isotopic line structure of the spon-
taneous Raman spectrum has been extensively
studied for some of these compounds. ' '7 Figure
6(a) presents an example. The line shape of the
tetrahedron A„vibration of CC1, around 459 cm '
is depicted. Distinct line splitting due to the nat-
ural abundance of the two chlorine isotopes "Cl
and "Cl is readily seen. The frequency spacing
of the isotopic species is approximately 3 cm '.
The molecular components C "Cl, (1), C "Cl "Cl,

Qa
2

CClc

«0 ~50 460 470

Frequency v/c Ccm 3

I

215 220
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FIG. 6. (a) Spontaneous Raman spectrum of the totally
symmetric tetrahedron mode of CC14, the isotopic line
splitting is clearly resolved. (b) The same as in
Fig. 6(a), but for SnBr4 at 305 K (solid curve). The band
shape differs notably from a Lorentzian line (dotted
curve). The broken curves represent the Raman lines
of the individual isotope species and were calculated
with the help of our picosecond data. Summation of the
five isotope components (open circles) accounts well for
the measured spontaneous Raman band (see text).

(2), C "Cl, "Cl, (2), and C "Cl,"Cl (4) have con-
centration ratios of 0.772:1:0.486:0.105, in agree-
ment with the respective Raman line intensities
in Fig. 6(a)." The fifth component C "Cl, is not
resolved in the Raman spectrum at room tempera-
ture. The significant overlap of lines in Fig. 6(a)
should be noted; this overlap does not allow an

accurate measurement of the linewidth of a single-
isotope component.

Considerably different is the situation for liquid
SnBr4 at 305 K, where the tetrahedron mode
around 221 cm ' is shown in Fig. 6(b). A sub-
structure of the Raman band owing to the natural
abundance of the "Br and "Br isotopes does not
show up in the spontaneous Raman spectrum. The
smooth line shape in Fig. 6(b) presents no evidence
of the presumed isotope distribution, which is
masked by the homogeneous broadening of the
closely spaced isotope components. The wings
of the observed band shape differ noticeably from
a Lorentzian line (dotted curve). The broken lines
in the figure are calculated curves and will be ex-
plained below.

Experimental results of the picosecond probing
experiment with off-axis wave-vector geometry
[Fig. 5(a)] are discussed first. Figure '7(a) pre-
sents data on an isolated component of the tetra-
hedron vibration of CC14 with natural isotope abun-
dance at 295 K. Selective phase matching was ex-
perimentally adjusted with the help of a small ap-
erture in the probe scattering beam (-2 mrad).
Sample length was l = 5 cm. Wave-vector calcula-
tions indicate that the scattered probe emission
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FIG. 7. Coherent probe scattering vs delay time ~t of
CC14 with natural isotope abundance. (a) Selective k
matching observing a single-isotope component; (b) non-
selective k matching with coherent superposition of
vibrational states. The curves are calculated.

of the different isotopic species occurs in different
cones of -2 mrad under slightly different angles
Ay —- 6 mrad. The observed scattered signal is
dominantly generated by the most abundant species
C "Cl "Cl„while the aperture effectively blocks
scattering from the other isotopic components of
the sample. The coherent probe signal S""is
plotted in Fig. 7(a) as a function of delay time t~
between the interrogating and exciting pulse. tD
=0 marks the maximum of the pump pulse. The
experimental points represent average values of
approximately ten individual measurements and
extend over a factor of approximately 500. The
vertical bars denote a rms deviation of approxi-
mately 20%. The signal points increase to a max-
imum at tD= 5 psec and decay for larger values of
tD. The delay of the maximum is due to the cumu-
lative nature of the excitation process over
the duration of the pump pulse. It is interest-
ing to note the exponential decay of the signal
curve, which starts shortly after the stimulated
scattering has terminated. From the slope of the
decaying part of the signal curve the dephasing
time ~ is directly obtained. A value of v =3.6
+ 0.4 psec is found from the data of Fig. 7(a),
which agrees well with our earlier findings on
CC14.' The broken line in the figure is a theoret-
ical curve which is calculated for selective phase
matching. No fitting parameter enters the calcu-
lation once the dephasing time has been directly
determined. The good agreement with our ex-
perimental points is emphasized.

Of special interest are the data observed when
the aperture A in the probe scattering beam is re-
moved [see Fig. 5(a)]. Now the solid angle of ac-

1 Am
(d ~am+km (32)

For SnBr4 the frequency interval of the isotope
components is estimated to be A&a/2vc = 0.67 cm '.
This value is smaller than the width of the Raman
band [Fig. 6(b)] of 6P„,=3.2 cm ' by a factor of ap-
proximately 5.

Our picosecond probing technique is capable of
resolving and studying a single component of the
vibrational mode distribution. As an example,
Fig. 8(a) presents data on SnBr,. The tetrahedron
vibration around 221 cm ' was investigated with
the collinear wave-vector geometry of Fig. 5(b).
Selective phase matching was achieved using an
amplification length of l = 10 cm for the stimulated

ceptance is considerably larger (-10 mrad); probe
scattering components in various directions can
be readily detected and are expected to be strongly
modulated by the beating of the isotope compo-
nents. Figure 7(b) presents the data. The coher-
ent probe scattering S""is plotted versus delay
time tD. The decaying part of the signal curve
differs drastically from the data of Fig. 7(a). Two
minima and additional maxima of the signal curve
are clearly indicated by the experimental data of
Fig. 7(b), monitoring the relaxation process over
four orders of magnitude. The depth of the min-
ima, which are situated approximately a factor of
10 below the envelope curve (broken line), should
be noted. Collective beating of the isotope species
of CCl, is readily seen in Fig. 7(b). The solid
curve is calculated from the theory outlined above
for a nonselective phase-matching geometry, tak-
ing into account the scattering contributions of the
four most abundant isotope species of CC1,. Since
the dephasing time is determined in an independent
experiment [see Fig. 7(a)] the only fitting parame-
ter in the calculation is the frequency distance A~
between neighboring vibrational components, which
is determined with considerable accuracy from the
data of Fig. 7(b). A value of n&o/2vc = 2.9
+ 0.15 cm ' is found, which favorably compares
with the spontaneous Raman data of Fig. 6(a). The
good agreement of the theoretical curve (solid line)
and the experimental points in Fig. 7(b) should be
noted. The broken line is calculated for a single-
isotope component and facilitates the comparison
of the data with the situation of Fig. 7(a).

We turn now to our investigations of tetrabro-
mides, where the isotopic effect is noticeably
smaller on account of the lower vibrational fre-
quencies and the smaller relative mass effect
Am/m of the "Br and "Br isotopes Line s.plitting
is not resolved in the spontaneous Raman spectrum
[see Fig. 6(b)]. For am/m «1, the frequency
spacing is given by'"



ULTRAFAST COHERENT EXCITATION AND PROBING OF. ..

)0

Cyc
Cyi

ch
IA
1

0
Vl

C

-2
10

l

20 30 0 )0 20 M
Delay Time tDCps3

FIG. 8. Same investigations as Ul Fig. 7, but %kith

SnBr4 at 305 K. (a) Selective k Inatching, observing the
homogeneous dephasing time of a single-isotope com-
ponent. (b) Nonselective k matching with coherent super-
position of vibrational states. Comparison of (a) and (b)
directly shows the isotopic substructure of the Haman
band, not resolved by spontaneous Raman spectroscopy.

10
0 l0

excitation process. The effective interaction
length of the probe scattering is estimated to be
al = 0.4 cm. With the help of Fig. 4(a) the wave-
vector mismatch of the component j =4
(Sn81Br,~Br) is found to be 2nk, al=0.24, i.e.,
good phase matching is achieved for this vibra-
tional species. For the two neighboring compo-
nents j = 3 and j = 5 a value of 26kAl = 6.8 indi-
cates a significant mismatch of the relevant wave
vectors. In fact, a negligible contribution of less
than 3% results from these species [see Eq. (25}].
It has been ascertained experimentally that the
chokes divergence of the stimulated excitation pro-
cess is quite small, 5a &3 mrad, i.e., off-axis
phase matching of the other components (j & 4)
does not contribute in our experiment [see Fig.
4(a)].

The measured probe scattering signal 5 " of the
isolated isotope species is plotted in Fig. 8(a) ver-
sus delay time t~. The signal rises to a maximum
at ID = 4 psec Rnd subsequently decreases. It is in-
teresting to see the exponential decay extending
over a factor of approximately 500. The dephasing
time of the single-isotope component is directly
obtained from the slope of the signal curve. A val-
ue of T = 3.0+ 0.3 psec 1s 1nfel'I'ed f10111 Flg. 8(a)
The broken line has been calculated Rnd favoraMy
accounts for the experixnental data. The observed
dephasing time corresponds to a homogeneous line-
width of 1.8 cm . This value is significantly
smaQer than the bandwidth of 3.2 cm ' observed
in the spontaneous spectrum.

Vfe have studied the same vibrational mode of
SnBr, with the off-axis geometry of Fig. 5(a) under

nonselective phase-matching conditions. Coher-
ent superposition of the different isotopic compo-
nents is observed in this case. The picosecond
probe data, S ", are presented in Fig. 8(b). The
scattering signal first rises to a maximum level.
For longer values of t~ the signal decays rapidly
ovex' five ox'dex's of magnitude during a time inter-
val of -18 psec. The beat period for SDBr, is con-
siderably longer Rnd is estimated to be 50 psec.
As a result the signal decays rapidly in Fig. 8(b)
but does Dot leach the fix'st minimum Rnd subse-
quent maxima of the beating curve. In fact, the
b ating

' dt =50p yb
pected to be nine orders of magnitude below the
peak scattering signal, since the vibrational ex-
citation relaxes quickly with ~ = 3 psec [see above
and Fig. 8(a)]. Even the large detection range of
five orders of magnitude shown in Fig. 8(b) does
not R1low one to fully observe the beating effect in
SnBr,. The solid curve in Fig. 8(b) is calculated
fox' the Donselectlve phRse-matchlDg sltuRtloD us-
ing the beat frequency h~ as a fitting parameter
and the measured value of the dephasing time 7.

=3 psec which was determined in Fig. 8(a). Good
agreement of the theoretical curve with the ex-
perimental data (full points) in the figure is ob-
tained for a value of hru j2vc = 0.V+ 0.15 cm ',
which favorably compares with theoretical esti-
mates of n&g,„=0.6V cm ' (Eq. 32).

The apparent decay time of the solid curve in
Fig. 8(b) af -1.2 psec does not represent a relaxa-
tion time of the vibrational system. The observed
time dependence results from the destructive in-
terference of the coherently excited vibrational
modes. A relaxation time of 1.2 psec would cor-
respond to a spectral linewidth of 4.4 cm ', which
is noticeably larger than the observed spontaneous
bandwidth of 3.2 cm '. The interpretation of our
data in terms of the collective beating effect is
consistent with time-f x equency uncertainty.

The experimental findings of Figs. 8(a) and 8(b)
reflect the two limiting cases of selective and of
nonselective phase matching. Intermediate situa-
tions for the wave-vector geometry wexe also
created expex'imentally. Correspondingly, the ob-
served curves S""(to)were situated between the
two curves of Fig. 8. These results ax'e well ac-
counted for by theoretical arguments for the co-
herent px'obe scattering.

The following points should be noted concerning
the dRtR of Flg. 8:

(i) Comparison of the probe-scattering data for
different phase-matching conditions (solid and open
circles) gives direct experimental evidence of the
inhomogeneous substructure of the vibrational sys-
tem. For a homogeneously broadened line the
same time dependence of S""(tD) must occur inde-
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pendent of the phase-matching geometry.
(ii) The coherent probe scattering technique al-

lows the direct measurement of the homogeneous
linewidth 1/v. ; this result cannot be obtained from
the spontaneous Raman spectrum of SnBr4.

(iii) The knowledge of the isotopic line structure
is not required to determine the dephasing time 7

from the coherent probe scattering data. From
the effective interaction length al = 0.4 cm, the ex-
perimental resolution in k space is estimated to be
5k;„„,= (2hl) '= 1.2 cm ', which corresponds to a
frequency width of the phase matching of 5v,-„„,
= 6k,„„,/(2nn) = 0.12 cm ' for the collinear geome-
try. These numbers illustrate the high resolution
capabilities of the coherent probing technique;
5v;„,.

„

is smaller than the observed homogeneous
linewidth of 1.8 cm ' by a factor of 15 and smaller
than the frequency interval Au = 0.7 cm '. An in-
dividual-isotope component is completely resolved
by the large k selectivity of the experimental sys-
tem.

Similar investigations were carried out on SiCl,
and SnCl, . The experimental results are summa-
rized in Table I and compared with the information
available from spontaneous Raman spectroscopy.
The first two columns list the four liquid tetra-
halides and the frequencies of the totally syrnmet-
ric tetrahedron vibration investigated here. Val-
ues of the beat frequency ace are indicated in the
third column. These numbers were obtained from
the beating observed in our coherent probing ex-
periments. The data represent the frequency spac-
ing of the three most abundant isotopic species
which dominantly contribute to the observed probe
scattering signals. Our experimental data suggest
that the values of hw are the sane for various
neighboring isotope components; in fact, detailed
models for the isotopic line splitting" suggest dif-
ferences for the individual line spacings of only a
few percent. Our values of 6& compare favorably
with the spontaneous Raman data of the tetrachlo-
rides (column 4). The considerably higher accura-
cy should be noted; this makes the picosecond
technique particularly well suited for the study of
small frequency differences. In SnBr4 the value

of h~ cannot be obtained from spontaneous Raman
spectroscopy.

The last two columns of Table I present a com-
parison of our picosecond data on the vibrational
dephasing time T with calculated values from our
spontaneous Raman linewidth investigations. For
the highly pola, rized Raman lines investigated, T

is estimated from the linewidth 5v (full width at
half-maximum in units of cm ') of the polarized
scattering component using the relation"

~ = (2vc5v) '. (33)

Equation (33) is valid for a, Lorentzian shape of the
spectral line. On account of the overlapping lines,
the line shape is not known and only approximate
values of 5v can be obtained for the individual iso-
tope components [see Fig. 6(a) j. Good agreement
is found for the first three compounds in Table I
between the estimated data on v and our coherent
probing studies.

For SnBr4, on the other hand, the situation is
different. The homogeneous linewidth Gv cannot
be obtained from the spontaneous scattering of
this substance. A comparison of our picosecond
data in Table I with the spontaneous line shape of
SnBr, is shown in Fig. 6(b). Knowing the dephas-
ing time I, the frequency spacing Ace, and the
abundance of the SnBr4 species, the composed
spontaneous line shape was evaluated. The ex-
ponential decay with T = 3.0 psec observed in the
picosecond investigation corresponds to Lorentzian
curves with 6v=1.6 cm ' [broken lines in Fig.
6(b)]. Natural abundance of the two Br isotopes
leads to a relative concentration of the five species
Sn "Br„"Br~,(x= 0-4) of 0.173, 0.685, 1.0,
0.653, and 0.160, respectively. Summing up the
five isotope lines we obtain the open circles in

Fig. 6(b). It is interesting to see that the calcu-
lated points account well for the experimental Ra-
man band shape; i.e. , our picosecond data are
fully consistent with the rather integral inforrna-
tion supplied by spontaneous Raman spectroscopy.

Concerning the physics of the dephasing time ~,
pure dephasing and energy relaxation have to be
considered. It was shown in Ref. 8 that dephasing

TABLE I. Experimental results of four investigated tetrahalides. Center frequency I of
the vibrational system is given, and the measured isotope splitting &~ and the dephasing time
7 are compared with spontaneous Raman data.

V

(cm ')
b, ( /2Trc (cm-i)

This work Spontaneous data
7 (psec)

This work From linewidth

CC14
Si C14

Sn C14

SnBr4

459
425
368
221

2.9+ 0.15
2.6+ 0.15
2.5+ 0.15
0.7*0.15

-2.5
-2.9

3.6~ 0.4
3.0+ 0.5
2.8E 0 ~ 3
3.0+ 0.3

3.8
-2.8
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via adiabatic fluctuations of the normal mode fre-
quencies in eollisionlike interactions of neighbor-
ing molecules plays an important role in the re-
laxation of molecular vibrations in liquids.

Vl&. CONCLUSIONS

The experimental data discussed in this paper
represent the first observation of the collective
beating of molecular vibrations in liquids. The
beating phenomenon originates from the coherent
superposition of the vibrational amplitudes (q, ) of
the excited quantum states. (q, ) is equal to the
expectation value of the displacement operator. "
There are differences from the quantum beats pre-
viously observed in gases" ": (i) The different
excited states belong to various molecular species;
(ii) the vibrational states have no optically allowed
transitions, i.e. , there is no emission to be ob-
served; (iii) The beat frequency is very high, of
the order of 10" sec ', and the dephasing times
are several times 10 " sec. With ultrashort pump

and probe pulses it is possible to study the beating
process in the condensed phase.

Observation of the beating effect gives direct ex-
perimental evidence for the coherent excitation
achieved in the stimulated Raman process; it sup-
ports the interpretation of the dephasing time T in
terms of phase relaxation. ' The phenomenon is
well suited for accurate measurements of small
frequency differences. Application of the effect to
detailed investigations of isotopic line splitting and
of small frequency shifts generated by intermolec-
ular interaction in liquids appears to be a fruitful
enterprise.

The collective character of the molecular exci-
tation in the beating effect is emphasized, leading
to a high k selectivity of the experimental investi-
gations. Our data on SnBr~ clearly demonstrate
the high potential of selective coherent probe scat-
tering. Our new technique allows the investigation
of unknown substruetures of vibrational lines. New
information on vibrational dynamics is provided
which is not attainable by other experimental meth-
ods.
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