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Even afler sixty years since the discovery'.' of the Raman Effect in 1928, Raman spectro- 
scopy continues to be an exciting field of research, covering an increasingly wider spec- 
trum of extremely important problems in physics, chemistry, biology and other branches 
of science and technology. Ordinarily, this should not be surprising because the 
frequency-shifted Raman lines, corresponding to inelastic scattering of incident photons 
by a material medium, directly give the most basic information about the possible excita- 
tions in the system. This is obviously very uscful in determining the structure and the 
nature of the material medium at the microscopic level. However, the spontaneous 
Raman scattering is a very weak second-order electronic process; the scattering cross- 
section for the Raman process involving vibrational excitations in a typical liquid being 
only of the order of 10-30cmZ per molecule. The signal is extremely small, if the 
scattering volume is small or  the observation time isvery short. Moreover, in most cases, 
while detecting the Raman signal one is faced with a large unwanted fluorescence back- 
groutld arising from the two-step real absorption and emission of photons by impurities, 
etc., in the sample. In spite of these difficulties, the reason for Raman spectroscopy to 
remain so popular and extensive is, of course, due to major revolutionary developments 
which are taking place in optics since the discovery of lasers in the early sixties. These 
not only relate to the availability of powerful laser sources which can be tuned in a wide 
range of frequencies and also generated as ultrashort picosecond and femtosecond 
pulses3, but also to the development of extremely sensitive optical photon-detection 
systems and multi-channel analysers4. They have indeed opened up a vast range of new 
possibilities in the field. 

The main aim of this presentation is not to attempt an exhaustive review of all the 
recent important developments in the field, but to  select an illustrative list of some of 
these topics for discussing their importance as well as typical results obtained so far. 
Hopefully, this would bring out, at least partially, the flavour of present trends in re- 
search, in modern Raman spectroscopy. 

In recent years, there has been a greater emphasis on the use of Raman spectroscopy 
to study the dynamin of a given system and its excitations, instead of just its structural 
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medium. Usu:tlEy. ;I stl-rq: tylic:tI pumppulse was used to prepare the initial state of the 
system by cxcititl:! cdiercnt vihralton;ii modes in liquids like CN3CCI3 or phonons in 
solids like diamond. ?Irn)rigla thc  stimuiiati.d Ramanscattering process or resonant infra- 
red absorpthm. A scrics of bw:rk prohe pulses at different tinle delays was then used to 
measure thc vihrarional dc~ i~asEr~g  time (7;) or the population life-time (T,), using 
coherent R:irnarr scatter-iiig or thc usual incoherent antiStokes Raman scattering. In 
chemistry, i t  is exrrerndy impwtrmt to determine the flow of energy between different 
degrees of freedom in :t chemical solution, i.e. the complete pathways for T,-relaxation. 
Molecules in solutions can remain in nonequilibrium (hot) for hundreds of picoseconds. 
For proper undcrslanding of cheniical rcactions in solutions, one has to study thc vibra- 
tional mode frequencies and their dynamics by determining the changes in the potential 
function fbr the nuclear. motion due to the presence of solvent and other molecules. In 
general, the investigzation o f  chemical reaction dynamics and the decay of transient 
species is very important fbr time-resolved Raman studies in chemistry9. Reccnt in- 
coherent pump-proha Knman experiments, with picosecond-time resolution, have 
shown that it is indecd possible to obtain such information in a wide range of systems, 
including pyrrolc. hi~cnroglohin, etc. In such a pump-probe technique, the pump beam 
merely acts to prepare the system far from equilibrium involving incoherent super- 
position of various excilations, and the weak probe beam monitors their population as a 
function of time viu Raman scattering from these excitations. 

A typical pump-probe set-up is shown in fig. 1, in which both the strong pump and the 
weak-probe pulses are  generated by the same laser beam, but the probe beam is delayed 
with respect t o  the pump beam by introducing an additional variable optical length in its 
path. Ideally, one would like to avoid the detection of the Raman signal arising from the 
Pump beam by choosing the probe frequency quite different than the pump-laser fre- 
quency. However, because of technical difficulties, it may not be possible to do so in 
many situations. In such a case, the real Raman signal from the probe beam is,discrimi- 
nated against the pump scattering by using different polarizations for the pump and 
probe beams dictated by appropriate polarization selection rules for the excitationsL0. 
The dependence of Raman scattering signal from the probe beam on the delay time td at 
which the probe beam is switched on for a short time tp arising from a given excitation 
mode A of k q u e n c y  @A decay constant TA and occupation number %(t), is approxi- 
mately determined by the temporal functions 

where ws and -,are scattered and incident frequencies, respectively1"12. If one assumes 
that dunng the short-probe pulsewidth, the system properties includ~ng nA(t) do not 
change appreciably, the above expressions lead to the signals proportional to nA(td) + 1 
and nA(t,), with  ma^ lines of width d t ,  at the frequencies as = o, T a*, respectively, 
for large compared to the pulsewidth tp. This implies that for spectral re~olution of 
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FIG. 1. 'Typsol pump-probe Raman schemc 

a t  least lopcm-l, one can not use pulses shorter than 200 femtosecondsl'. For shorter 
pulses, one can only monitor much higher frequency vibrational modes or electronic 
excitations, because of the uncertainty principle. 

Recently, dynamics of nonequilibrium carriers and LO-phonons have been studiedl3.l4 
in several polar semiconductors like GaAs, InAs, AI,Ga, - ,As and In,Gal -,As, using 
subpicosecond pump-probe Raman technique. A very short laser pulse, with photon 
energy above the band gap of the intrinsic semiconductor, pumps electrons from its 
valence bands to the conduction band with carrier densities in the range of 1016 to 
1018cm-3, depending on the total pump-laser energy. Because of the strong Frohlich 
interaction of carriers with LO-phonons, electrons and holes relax towards band extrema 
by emitting long-wavelength LO-phonons on a time scale of 150 to 200 femtoseconds. 
Since the lifetime of the generated LO-phonons is much longer (several picoseconds), 
their occupation number first increases from its equilibrium value as a function of time 
td, before decreasing towards the equilibrium value. The Raman signal of the probe 
beam, either on the anti-Stokes side or on the Stokes side, directly monitors this 
temporal evolution as a function of the time delay td. The initial rising slope gives the 
electron-LO-phonon scattering time (about 160 ferntoseconds in GaAs) and the later fall 
determines the LO-phonon decay time, for different lattice temperatures of the sample. 
Because of the current interest in fabricating fast electronic devices, these studies are 
also being extended to quantum-well and superlattice structures of GaAs and AlAs. 



Xwur Kpnls 03 psn uaaq seq SX~S .aTeasqnS pyoS aqi PUe aln3aIo,m @ pamloj 
xaldruos a3epns aq] ~o pueq ~ajsueit-aZ.req~ aql W!M 10 UJn!P3m W13o sapom uoiye[od 
-uoarseld-ase31ns 3gauBeruoipa[a aqi qqfi sa!3uanba~$ pa1a)less WPue luaPgu! aq13o 
asueuosaJ ol anp ',,sapajow aql~o saporu leuo!ierq!A snouen 103 suo!)3as-ssoJ3 uemet( 
$0 Juaura3uequa a8.1~1 e s! araql '.3)3 'lv '1J 'nV 'ZQ aY!I sleiaW uo PaqJ0spe saps 
-alom Kuem log ,sanb!uqsai uo!l3alap-le3!1do aa!i!suas Ll@!q Mau aql Pue (SXEK) ddox 
-0q3ads mma pa3uequS-a3epnS palle3-os aq? 30 iuamdo~a~ap aql3o asne3aq 'sxeaL 
lUa33J ul alqpsod ammaq seq siopupuoqas pua slelam $0 saaepns aql uo saln3alom 
30 ~la,(el ~o laqmnu lpurs han e jo s3!rueuLp uo!laeaI pue uo!idlospe lo Lpnls aq~ 

JO uo!$ezye[odap leymd e 01 speal qwfi 'spurnas ,,..01 30 lap10 aql $0 awl 
Zu~seqdap aq] $0 antea e an@ sain3a[om ~U~AIOS q~!fi SUo!s!l[o3 pue uo~elo~ aleis-pazpxa 
aqL .ale~s 3!uo~pala ale!pamalu! aq130 am!% Burseqdap aqi uo L~~erluassa spuadap sxx 
30 L3ua!qa aql asnmaq 'sp!nbg u! sassaso~d [euo!si[P %seJ uo elep ~uei~odrul hraa ah@ 
"83 U! so!lel uo!]ezue~odap aqi 30 luamalnseau aql 'V~J UI 'sdars uo!sspra pue 
~oydrosqe aw uaafilaq 1ehIajuf amp aqi Buunp alelo1 plno3 sajnaalom aql J! luasa~d s! 
suo!,erqp lepxqom 111013 pB!s uaruex a~ueuosa~ aql $0 uo!lez~ie1odap [eqri?d '~8~ U1 
,s3!weuhp u~alo~d jo sa!pn,s panlosas-auq aql qp sxx aidno3 0% a~wsod uaaq osle seq 
I! 'lase1 mappu! oqlSu!sp~d ha .,,aleis 3!uombla puno~8 aql~o sfanat leuo!)erq?a palpxa 
61q8!q pue XqamoaB awls-papxa aql ul sazueqs au!urialap ol Sax-,in JVJ guy apem 
uaaq osp aneq '.ala 'uaZLxo 'e!uomme 'sanpen!Jap auazuaq 'auazuaq $0 hpnp Mau 
'srualsks palela1 pue sp!dg 'samanns ppe slapnu $0 sa!pnis Jaqlo moq mdv .,,suog 
-epxa An pue a[q!s!n Zu!sn pale8psanu! dpua3ai uaaq aneq sluamuol!nua Xaldmo3 u! 
saioqdoruonp qeruo~e pue 'sailua~ uol-[eiaru pue p!ni 'u!hnU 'way si? qsns sdno18 
qlaqlsord ,sassa3ord pue sapalom [e3!8o1oq meuodm! ducur jo dpnrs aql pamqp 
seq Lsuanbai~ luappu! aqr3o uo!%ar (~n) ia[o!nei$Iu aqt ol dn $8~ 30 uysuajxa oq~ 

.u alejs 3!uo113a1a aie!pacu~aiu~ aqz jo qlp!~ uoqsueil aq~ s! "'JY 
amp 'i("'~~)/Z(~my) K[a)eur!xo~ddn 30 1013ej e Lq pasvalsu? nq ui?s paSp nt41 '(SX~) 
ddo3son3ad~ ueursx ameuosax pap-os aqi u! reql s! 8upd [n!!uasso nqd, 'urapds aql~o 
ams aie!paruialu! 3!uo~3a1a ue oi asap s! sm lo /m u34~ nrnwnrls axn:rrosaJ a osle seq 
rro!pas ~~013 aqx '(sm) uoloqd palaxpas aql pus (im) sooloqd Iunppu! lqi g3!~ mals,(s 
aql uf suo~l3a1a aqr $0 uo!owalu[ aq) BU!A~L'AU! ssa.~).rd iro~ir:qm~~ad ~ap~ct-puo3as 
e s! h!j!qezpelod uO!i!SUeJl uewq asu!S .Xpnls mpun lun!pnul Jqa JO sn$i?ls ale!pam 
-Jalu! 3!uowala aql ~o auo oi asop huanbaq rasni luappoj aij~ Bu!onl i(q apnl!uflem 
$0 slaplo (manas Kq j1asq ssaao~d %u!raur?sr; ur:rue>l .ysi.q ail1 nou1:qua ppo~ auo leql 
pas!!e= sefi I! 'sawahas Apes pue sa!lx!s ale{ aql u! smq qqwnl jo Lr!y!qr:rIene isea 
WM 'pueq JaQo aql uo 'Kpnls lapun sl qsym 'jlss~! iua~.;Ls nqi jo Jsnleu aql Ja$[e pue 
leaq UU3 leql asne~aq d~()rsuaw! lase1 luappur aqj Su~simnu! ui suo!lnl!urg 3.mhaS sax$ 
auo 'smatsLs Pns UI .sawnIon Bu!~alle~s Iprus Xsch Borqonu? snxjms pqor 113 sassa3ord 
Bu!Lpnls 103 ru sruaids le3Fmaqa pue [es!Zolo?q wqap riul:u~ &~j~i:i?!is~i~uj 903 lqasn 

sefi uorl3awp Y asaa s!q~ '~anan\o;{ .311!1ati~3$ WUII:$ sno~u~?juods ayl JOJ 

sleu4!s UT asealsu! #u!iinsa~ aq7 pug 'sqmanbail 3u-pyu! $0 pea.tds mi,.rreu Lpma~lxa ue 
W!fi LWualU! amos pasEaJ3u! pamolle 'salaxrs Kpea aq u~ slaw[ p~rahwd p auanpa au 



important processes at electrodes and in biological molecules. Of course, new optical- 
detection techniques have now allowed observation of veiy we& Raman signals frorn 
adsorbed molecules, even without any apparent resonancc enhancement. 

In polyatomic moiecules, anhannonicity of nuclear motion or! a potential energy hyper- 
surface becomes increasingly important with increasing amplitude of vibration. in fact, 
small amplitude normal-mode picture collapses as the amplitude of vibration approaches 
bond dissociation. Because of the lowering of the restoring force at the cuter turning 
points, the sepa~ation between vibrationai b e i s  in a diatomic molecule decreases with 
increase in vibrational energy. Bn genera;, bond-stretching vibrations deconple from 
other molecular motions and gel localized, if we increase vibrational energy in that 
bond. The measuremenr of overtone vibrational frequencies in the region of very high 
vibrational energies gives essential information in constructing the compdete potential 
energy hypersurface which is important in underatanding the mechanism of any chemical 
reaction invokving such molecules. With increased sensitivity of optical detectors, it is 
expected that the observation of Rarnan scattering from high vibrational overtones will 
complement similar studies using infrared spectroscopy. 

The use of Raman scattering technique for analytical purposes has always been slow 
because of the need to eliminate background fluorescence signal which can sometimes be 
much stronger than the Raman signal. This problem is more severe, if one is not ana- 
lydng samples of single-component compounds. With the development of Fourier-trans- 
form (IT) infrared spectroscopy in recent years, it is now possible to obtain FT Raman 
spectra with almost no fluorescence background. When samples are irradiated in the 
near nnfrared, there is only weak absorption due to excitations of overtones and 
combinations of fundamental vibrations, and fluorescence is almost absent with the 
usual energy of infrared laser being used in Rarnan experiments. Instead of the disper- 
sive elements used in detecting optical signals in the conventional Raman spectroscopy, 
a Michelson interferometer, or other interferometric method is used to detect signals in 
FT-Raman spectroscopy. This results in very high resoiution and allows measurement 
of even very small-frequency shifts, with the possibility of a beiter accuracy in absolute 
frequency measurements. The optimization of various systems in FT-Rarnan instru- 
mentation is still continuing, but its application to various interesting systems in future 
seems very promising. 

Development of intense tunable lasers with high spatial and temporal coherence has 
also allowed the use of nonlinear Raman spectroscopies to solve problems w h i c h z o t  
be tackled otherwise. These arise because of the third-order term involving ,y'")EEE in 
the induced-polarization P of the medium. When incident radiation fields at frequencies 
o, and w2 (let w ,  > WZ) are present in coincidence in space and time in the medium, such 
that 01 - w2 is equal to the frequency wit of a Raman-active excitation, because of the 
x ~ ' ( ~ I ,  - 02.0:) term one can study the gain in the amplitude of the wave at the bwer 
frequency m2 (Raman-gain spectroscopy), or a loss at the higher-frequency wave at 
(Inverse Raman spectroscopy), or the growth of the amplitude of a new wave at 2011 - a 2  
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(CARS). Whercas the changes in intensities of the waves at o, and o2 are related to the 

imaginary part x::'", the CARS intensity is related to &LRsl2 = f x N R  2 + 
Xf"12. Here. the signals in these nonlinear spectroscopies are background free because 
of the special nccd f(lr tcmpornl and spatial coincidence of beams in these processes. 
However, due to the rmresnnant contribution x,, in CARS, there are distortions in 
the line shapes in CARS as opposed to, e.g., Raman-gain (amplification) spectroscopy. 
Since gascs can withstand very high power needed in these spectroscopies, they have 
been applied very ~uccessfully in recent years for very high-resolution Rainan studies in 
such systems. Using picosecond-pulsed lasers, Raman amplification technique can also 
be used in the condensed phase, r.g.,  in a single crystal of ion-exchange resin which is 
otherwise extremely fluorescent. In high-order processes beyond X(3), one can generate 
new waves when wl  - wz is equal to a subharmonic of the active Raman mode LO,. For 
example, with ,y$' (w l .  - w , .  - 02, o,)? one creates waves2' at o, - w2 = w,/2. 
However, these signals may not necessarily contain any more information than that 
obtained in the lower-order nonlinear spectroscopies. 

5. Concluding remarks 

Before concluding, let us emphasize here that in this article we have touched upon only a 
very small sub-set of present interesting topics in Raman spectroscopy. Among many 
other important investigations like high-pressure Raman experiments, etc., we have not 
said anything about the beautiful Raman studies of acoustic phonons in periodic semi- 
conductor lattices as well as non-periodic (Fibonacci quasi-periodic, random, etc.) 
lattices. These structures consist of sequences of two building blocks of GaAs and AL4s 
layers of thickness of the order of 20 to 40A or so. Because of zone-folding in the <- 
space, in the direction of the superlattice structure, acoustic phonons have many 
different sets of longitudinal and transverse branches, starting from < = 0, with a much 
shorter first Brillouin-zone in the <-space. Long-wavelength fi+O), finite-frequency 
modes can then be observed via Raman scattering. This provides extremely useful 
information about the structural and elastic properties of these layered materialsz2. In a 
sense, acoustic-Raman scattering studies in a periodic superlattice can approximately 
map the acoustic phonon dispersion relations of the original bulk materials up to the 
large original Brillouin-zone i" the ;-space, in the direction of the superlattice structure. 

Substantial progress has also been made in calculating Raman-scattering intensities for 
vibrational excitations in various molecules, from first principles. Since the computation 
of absolute Raman cross-sections has always been a troublesome theoretical problem, 
one is often content with only relative comparisons of experimental results with theoreti- 
cal predictions. However, recent ab initio calculationsz3 of the polarizability derivatives 
in molecules like HzO, etc., via direct computation of electronic energy derivatives, 
have been quite promising. 

The present activity in the field of Raman spectroscopy is quite vast and very exten- 
sive. Since it covers many diverse disciplines in science, it has been difficult to do justice 
to various exciting developments taking plam in the field, in an article like this. The vita- 
lity of the field is proved by the exciting proceedings of biennial international confe- 
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rences on Raman spectroscopy, and by the increasing number of interesting papers 
being published in the field in a large number of research journass. With the rapid 
growth of sophistication and sensitivity in optical detection and data-processing tech- 
niques, and the progress made in controlling and generating tunable optical sources 
which can be pulsed to the level of a few femtoseconds, different forms of Raman 
spectroscopy are expected to remain in the limelight for decides to come. 
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