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Laser Raman Spectroscopy

The field of Raman spectroscopy has
increased greatly in activity in the last
few years primarily as a result of the
development of reliable, high-power,
continuously operating lasers (/). The
study of many new fundamental proc-
esses in solids, liquids, and gases has
been made possible by the use of lasers
and modern light-scattering techniques.
In this article I shall describe the tech-
niques of laser Raman spectroscopy as
well as some of the fundamental physi-
cal processes which can be and have
been studied by their use.

Theory

Raman-scattered light is usually quite
weak (typically 10—6 or less of the in-
cident intensity) and is shifted from the
laser frequency by some characteristic
excitation frequency of the substance.
Raman scattering can occur from such
excitations as molecular vibrational
modes, lattice vibrational phonon modes
in solids, plasma modes in solid-state
and gas plasmas, spin wave modes in
magnetic solids, and from transitions
between energy levels of an atom.

Raman scattering may be thought of
as arising from an induced polarization
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P of the medium by the electric field
E of the laser beam (2). This polari-
zation is written as

P=oE (1)
where « is the polarizability tensor of
the medium which has a static compo-
nent «, and, to a first order, small time-
varying components «, which oscillate
at the fundamental excitation frequen-
cies of the medium, o, Equation 1
is then

P = (a0 + Zan sin wnt) Ei cos wit =
n

_ ooy oS wif +
VE Y an [sin(wi + @)t — sin(wr — @a)1]
" (2)
Both energy and momentum are con-
served in the scattering process and
may be written as

ki —_ ks =q»r (33)

and
(3b)

where k; and k, are the momenta and
o; and o, are the frequencies of the
incident (i) and scattered (s) photons,
respectively, ¢, is the momentum
change, and o, is the frequency of the
excitation.

Equation 2 describes the familiar sit-
uation of an amplitude-modulated radio
wave whose two side bands occur at
0;— o, and o;+o,. In Raman scatter-
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ing, these side bands correspond to the
Stokes and anti-Stokes components,
and are associated with the emission
and absorption, respectively, of a
quantum of some elementary excita-
tion. The intensity of these components
depends on the number of excitations,

N = [eXP( e )— 1

present in thermal equilibrium, being
proportional to (n.+1) for the Stokes
components and to n. for the anti-
Stokes components. Here % is Planck’s
constant, T is the absolute temperature,
and k is the Boltzmann constant. At
low temperatures, n. approaches zero,
and the anti-Stokes intensities become
very small while the Stokes components
still remain.

Experimental Methods

In early studies of Raman spectros-
copy investigators used the excitation
lines from a high-pressure mercury arc
lamp; this technique had the disadvan-
tage of requiring long exposure times
for the photographic detection and
there is also the difficulty of separating
the weak Raman components from the
Hg emission spectra. With the use of
a laser as a Raman excitation source
the spectral source has a much higher
purity, intensity, polarization, and di-
rectionality. With the rapid develop-
ment of lasers in recent years a wide
variety of wavelengths have been made
available for use in specific experiments.
Table 1 lists a number of lasers that are
commercially available for wuse in
Raman spectroscopy, together with their
useful output wavelengths and powers.

When the frequency of laser excita-
tion is close to some absorption band
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in the material there usually occurs a
strong increase or “resonance enhance-
ment” of the scattering efficiency. The
study of such resonance scattering proc-
esses is of fundamental importance in
light scattering. The large number of
discrete output lines of argon and
krypton lasers have been used effec-
tively for studies of resonance scatter-
ing in solids (3). The use of semi-
conductor injection lasers has proven
"quite promising for such studies, as the
output wavelength of a single injection
laser can be temperature-tuned, and a
broad range of wavelengths is available
if alloy lasers are used (4). Semicon-
ductor injection lasers are small, effi-
cient, and relatively inexpensive. Dye
lasers and parametric laser oscillators,
although somewhat more complicated,
can also be tuned in wavelength for
such studies.

Figure 1 is a block diagram of a
typical laser arrangement for Raman
spectroscopy. The angle between the
point of collection of the scattered light
and the incident laser beam is usually
90 degrees from the direction of the
incident laser beam, and the scattered
light is analyzed by a high-resolution
grating spectrometer. One technique
not in common use that allows scattered
light to be collected from a complete
solid angle of 4r is the use of an
ellipsoid of revolution. The geometrical
properties of the ellipse make it possible
to direct all rays emitted from one
focal point through the other focal
point. If the sample is placed at one
focal point, all of the scattered light
will eventually be emitted from an
opening at one end of the ellipsoid,
collected by a lens, and then focused
into the spectrometer. Reflection losses
can be eliminated in the case of crystal
samples by filling the ellipsoid with a
liquid that has the same refractive index
as that of the sample. The intensity of
scattered light can be further increased
by redirecting the laser beam back
through the sample several more times
since each pass of light adds to the
Raman signal. In fact, some samples
whose optical loss is low can be put
into the laser “cavity” where the cir-
culating power is very high. This sys-
tem is ideal for detecting signals from
weak scatterers such as gases, or from
impurities or pollutants in various ma-
terials, although at present levels of
pollution in our environment such a
detection level might be unnecessary.

One of the most difficult experi-
mental problems of light-scattering
spectroscopy is that of eliminating the
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unwanted laser radiation that enters the
spectrometer in intensities larger than
the rejection capabilities of the instru-
ment. This laser radiation will appear
at all wavelength settings of the spec-
trometer, being most intense near the
laser line itself. If one uses two or even
three spectrometers in tandem, some of
the unwanted laser radiation can there-
by be rejected. Several electronic and
optical subtraction techniques have also
been successfully employed with the
best commercial Raman spectrometers
to eliminate this unwanted radiation
that occurs principally from imperfect
gratings (5).

In one of the most sensitive methods

of detecting scattered light one uses
photon-counting techniques with a pho-
tomultiplier tube which can achieve
sensitivities on the order of one photon
per second in the ultraviolet and visible
spectral regions. At present, improved
phototubes for use in Raman spec-
troscopy have the new “S-25” photosen-
sitive surfaces which have an extended
response in the red end of the spectrum
out to greater than 9000 angstroms.
This type of tube is particularly ideal
for the study of large frequency shifts
when one uses an argon-ion laser in-
stead of the more conventional S-20
type tubes. The ultimate (near 100
percent quantum efficiency) photon

Table 1. Lasers useful in Raman spectroscopy.

Wavelength Power Remarks
YAG:Nd* solid-state laser
12?; Lt I Second harmonic frequencies
1336 Z} 50 watts in the red and green
0.946 u 1 Mw Q-switched operation at liquid
nitrogen temperatures
Gallium arsenide semiconductor injection laser
8370 A 1 watt Continuously temperature-tunable over
to indicated range; single longitudinal
9050 A mode operation at reduced power;
other wavelengths with alloy lasers
Argon gas laser
3511 A 100 mw 1
3638 A 100 mw
4579 A 400 mw
4658 A 150 mw
4727 . A 250 mw [ Wavelengths selectable with
4765 A 500 mw intercavity prism
4880 A 2 watts
4965 A 800 mw
5017 A 400 mw
5145 A 2 watts
2573 A 50 mw Second harmonic of 5145-A line
Krypton gas laser
3507 A 100 mw
3564 A 50 mw
4762 A > 100 mw
4825 A 20 mw Wavelengths selectable with
5208 A >200 mw intercavity prism
5682 A 100 mw
6471 A 500 mw
7993 A 100 mw
Neon gas laser
3324 A 50 mw
Cadmium gas laser
4417 A 50 mw
3250 A 15 mw
CO, N, gas laser
~ 60 lines 100 watts Plasma tube cooled to liquid
between 5 nitrogen temperatures
and 6.2 g
CO,, N, gas laser
10.6 4
oe M} >1kw
He-Ne gas laser
6328 A 100 mw
1.15 p 50 mw
3.39 u 20 mw
Xenon gas laser
9698 A 10 mw
8716 A 3 mw
Nitrogen gas laser
3371 A 100 kw Pulsed operation, 100 pulses
5401 A 10 kw per second
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Fig. 2

(right). Stokes Raman spectra of (a) trigonal, (b) amorphous, and (¢) a-monoclinic forms of selenium taken at 10°K with a

1.06-micron YAG laser.

detector of the future may well be
semiconductor avalanche photodiodes,
which are the solid-state equivalent of
photomultiplier tubes. Devices of this
type presently available suffer from
too low a gain to compete with a
phototube in sensitivity. For lasers op-
erating beyond the region of phototube
sensitivity, photoconductive detectors
have been successfully employed.

Phonons

Selenium is an ideal material to use
as an example for Raman scattering
from vibrational modes in a solid (6)
since it is an elemental semiconductor
which can exist in three different forms:
trigonal, e-monoclinic, and amorphous.
The crystalline form (trigonal) of
selenium consists of parallel spiral
chains of selenium atoms at the corners

and center of a hexagon. Every third
atom in a chain completes one revolu-
tion of the spiral so that the projection
of the atoms on a plane perpendicular
to the chain axes consists of equilateral
triangles. The a-monoclinic selenium is
a molecular crystal which has a unit
cell containing four Seg “puckered”
ring molecules bound to each other by
van der Waals forces. Amorphous
selenium is thought to be composed of
a disordered mixture of Seg ring mol-
ecules and long spiral chains similar
to those of the trigonal form.

All of these forms of selenium are
opaque to visible lasers but are trans-
parent at the 1.06-micron output wave-
lengths of the yttrium-aluminum-gar-
net: Nd3+ (YAG:Nd) laser. Figure 2
shows the Stokes components of the
Raman spectra taken at 10°K with a
1.06-micron exciting source for the
three forms of selenium. The trigonal

form shows three first-order Raman
modes that were predicted from sym-
metry (one determines the symmetry
type of each mode from the polariza-
tion properties of the light scattered
from it). The modes of the «-mono-
clinic selenium are primarily due to
vibrations within the Seg ring mole-
cules. Vibrations between molecules
themselves would be at much lower fre-
quencies than those observed here be-
cause of the larger mass and smaller
binding forces that exist between mole-
cules. The spectrum of amorphous
selenium shows modes characteristic of
both the Seg ring molecules and the
trigonal chain structure despite the
broadening present from the disorder.
In addition to making it possible for
one to determine the exact vibration
frequencies and their symmetries, Ra-
man scattering also affords one the
opportunity to determine the structure
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Fig. 3 (left). Raman spectrum of indium arsenide taken at 300°K with the 4880-angstrom line of an argon lon laser. The large
number of lines appearing near the base of the laser line are grating ghosts which could be eliminated by use of electronic sub-

traction techniques. The 2LO peak on the anti-Stokes side was too weak to observe.

Fig. 4 (right). Electronic Raman scat-

tering from cadmium impurities in gallium arsenide at 1.6°K; the cadmium concentration is 1 X 10 per cubic centimeter.
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of the amorphous form of selenium.
Although most scattering experiments
are usually performed in materials that
are transparent at the laser and Raman
frequencies, it has been possible to
observe Raman scattering from pho-
nons in materials, such as metals and
semiconductors above the optical gap
(7), in which the laser penetrates only
a few hundred angstroms. The low
values of the signal intensities that
would normally be expected from such
small interaction volumes are increased
in part because the laser is in a region
of strong absorption where a large
“resonant” enhancement of the scatter-
ing intensity occurs. Figure 3 is an ex-
ample of surface scattering in indium
arsenide measured with the 4880-ang-
strom emission line from an argon
laser. The two peaks labeled TO and
LO are due to scattering from the
transverse and longitudinal optic pho-
nons, respectively, and the 2LO peak
is an overtone process in which two
longitudinal optic phonons are gen-
erated in the scattering process. The
generation of as many as nine such
overtone LO phonons has been ob-
served in scattering from cadmium sul-
fide (8) when the laser is close to a
resonant absorption of the crystal. The
theory of such processes is still being
investigated, and the investigation
should reveal fundamental new infor-
mation about the detailed absorption
and scattering processes of crystals.

Electronic Raman Effect

Raman scattering can also occur
from the excited electronic energy
levels of an atom or molecule (7, 4).
In such a case, the scattered light is
shifted in frequency by the difference
in energy between the ground state and
various Raman-allowed excited states
of the atom. Information obtained from
electronic Raman scattering is comple-
mentary to that obtained from pure
dipole absorption measurements because
the initial and final states of the Raman
process are of the same parity whereas
those of the absorption process are of
different parity. An example of elec-
tronic Raman scattering is shown in
Fig. 4 for cadmium impurities in gal-
lium arsenide. The behavior of impur-
ities in semiconductors can resemble
that of a hydrogen atom with a bound
charge orbiting in the dielectric back-
ground of the host lattice. The sharp
excitation line of the impurity is clear-
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ly observable along with a continuum
that extends beyond the LO and TO
phonon lines. This continuum arises
from the unbound states of the atom
in which the electron is torn completely
free of the nucleus.

Plasmas

Light-scattering studies of plasmas
have proven quite useful for the study
of elementary plasma excitations and,
in addition, have served as an excellent
diagnostic probe of plasma properties.
Microwave radar beams were first used
(9) to scatter radiation from the elec-
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Fig. 5. Raman spectra of gallium arsenide
taken at 300°K with a 1.06-micron YAG
laser. The recorder traces are uncorrected
for system response. (a) Trace for a pure
GaAs sample with the laser light polarized
in the plane formed by the direction of
the incident laser light and the scattered
light (which are 90 degrees apart here).
(b) Trace for the same polarization of
laser light showing the single-particle elec-
tron scattering for a doped sample con-
taining 1.75 X 10" "electron per cubic
centimeter. (c) Trace for the same doped
sample with the laser light polarized nor-
mal to the scattering plane showing the
scattering from the collective plasma mode
superimposed on the single-particle spec-
trum. The phonon scattering is suppressed
in this geometry in agreement with pre-
dictions of symmetry.

tron-ion plasma of the earth’s iono-
sphere. A pulsed ruby laser was later
used (10) to scatter radiation from a
pulsed discharge plasma of hydrogen.
Both experiments demonstrated the na-
ture of the fundamental excitation
modes of these gas plasmas. Plasmas
also exist in semiconductor crystals
and have the advantage of being a
convenient source of a confined plasma
having many of the interesting prop-
erties of a gaseous plasma. Several
recent experiments (4, 11) have been
carried out in which the dynamical
properties of the solid-state plasma
were investigated along with the influ-
ence of the host crystal lattice on the
plasma.

A simple plasma consisting of free
electrons in a uniform background of
fixed positive ions has two modes of
excitation: (i) the collective excitation
and (ii) the single-particle excitation
(12). The collective mode occurs when
the electrons move together and oscil-
late against the fixed positive ion back-
ground at the characteristic plasma fre-
quency given by

__[4mne\ %

wp =
e €x

4)

In Eq. 4 n is the electron density, m,
is the electron mass, ¢, is the optical
dielectric constant of the medium, and
e is the electron charge. Single-particle
excitations occur when the electrons
move about independently of one an-
other. :

The spectrum of scattered light from
a simple plasma has a peak due to the
plasma mode which is shifted from the
laser line by a frequency given by
Eq. 4 and a width determined by the
damping processes within the plasma.
The single-particle line shape is a con-
tinuum spectrum that starts at a fre-
quency shift of zero from the laser
and is essentially a measure of the
electron velocity distribution in view of
the fact that the scattering occurs from
moving electrons which produces a
Doppler shift of the laser light.

Figure 5 shows the Raman spectra
of gallium arsenide at room temper-
ature taken with a 1.06-micron YAG
laser. Two polarizations of the laser
clearly show the collective plasma mode
(which appears in one polarization)
and the continuum single-particle spec-
trum (which appears in all polariza-
tions). The incident laser beam and the
scattered light are propagated at right
angles to each other along symmetry
axes of the crystal. Suppression of the
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Fig. 6. Raman scattering from two-mag-
non excitations in RbNiF; at (a) 15°K,
(b) 140°K, and (c) 200°K. The sharp
peaks are due to one-phonon Raman
scattering, whereas the magnon scattering
(low-temperature peak at 570 cm™)
grows stronger as the temperature drops
below the Néel point (from reference 13).
[Courtesy of Springer-Verlag]

optical phonon modes in the lower .

trace is in accord with the theoretical
predictions and assures correct align-
ment. The line shape of the single-par-
ticle spectrum is consistent (within a
few percent) with a Maxwellian veloc-
ity distribution in thermal equilibrium
at room temperature. Light scattering
is one of the few experimental methods
of determining the electron velocity
distribution in a solid. In fact, non-
equilibrium distributions obtained by
the application of an electric field, for
example, can be determined in the
same manner and should prove quite
valuable to theorists interested in the
mechanisms of electron dynamics of
solid-state microwave oscillators.

Spin Waves

Spin waves exist in magnetic crystals
where neighboring atoms having non-
zero spin can be aligned either parallel
or antiparallel to one another. These
spins interact with one another in such
a way that a disturbance of spin align-
ment can propagate through the spin
lattice in a periodic fashion similar to
that of a phonon wave. This alignment
of spins occurs below a certain critical
temperature (Curie-Néel temperature)
and is destroyed above this temperature.
Raman scattering from spin waves has
been observed recently in several mag-
netic crystals by means of laser excita-
tion (13).

Processes in which both one quantum
and two quanta of magnetic spin wave
excitations (called magnons) are in-
volved in the scattering have been ob-
served. Figure 6 shows the Raman
spectra of RbNiF;, which demon-
strates the existence of a two-magnon
peak that appears and grows below
the Curie-Néel transition temperature,
which is about 200°K for this ma-
terial.

Brillouin Scattering

Brillouin scattering (74), the scatter-
ing of light by sound waves in ma-
terials, differs from Raman scattering
in that the frequency shifts involved
are usually less than 1 reciprocal centi-
meter. For such high-resolution work,
a scanning Fabry-Perot interferometer
is usually used as the spectrometer, and
a laser operating in a single longitudinal
mode will provide the sufficiently nar-
row spectral source.

Sound waves consist of propagating
density fluctuations in a medium. In
the light-scattering process it is the
density fluctations which absorb the
momentum change of the incident pho-
ton of the laser. From the conditions of

f f =15 gigacycles |

SN

Stokes of Anti-Stokes
previous order line

Unshifted
Tyndall - line
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Stokes

scattering

Fig. 7. Brillouin scattering from pure water (from reference 16). The Stokes and
anti-Stokes peaks shown occurring from the next and previous orders of the Fabry-
Perot interferometer are a repeat of part of the main spectral scan range. [Courtesy

of the American Institute of Physics]
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Fig. 8. Experimental arrangement for the
heterodyne detection of scattered light.

energy and momentum conservation of
Eq. 3 the frequency of the Brillouin-
scattered light is given by

ve .6
m—ws_—_Z?wi Sin ? (5)
where v, is the sound velocity, ¢ is the
velocity of light in the medium, and @
is the angle between the incident and
scattered wave.

Light can also scatter from nonprop-
agating density fluctuations in a me-
dium, and these fluctuations will give
rise to a scattered light component
whose peak is unshifted from the laser
line. This unshifted component is
known as Rayleigh scattering. The rel-
ative intensities of the Rayleigh and
Brillouin components of scattered light
are related to known thermodynamic
quantities and are given by the Landau-
Placzek relation (75)

2Is Cy (6)

where I; is the integrated Rayleigh
intensity, 2Iy is the integrat=d inten-
sity of both (Stokes and anti-Stokes)
Brillouin components, and ¢, and ¢,
are the specific heats at constant pres-
sure and volume of the medium, respec-
tively.

Measurement of Brillouin- and Ray-
leigh-scattered light provides an accu-
rate measurement of sound velocities
as well as thermodynamic parameters.
Measurements of these parameters are
especially interesting near critical phase
transformation points of materials (Z6).

The scattered-light spectrum (17) of
pure water (Fig. 7) shows the Stokes
and anti-Stokes modes of the sound
wave having a frequency of 6311
megahertz and a velocity of 1504
meters per second. The relative inten-
sity of Rayleigh scattering as given in
Eqg. 6 is negligible, as ¢, and ¢, are not
much different for water, and the small
unshifted component which appears is
Tyndall scattering which is due to
scattering from small suspended im-
purities in the water.
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Heterodyne Spectroscopy

Heterodyne spectroscopy is another
very useful way of detecting very small
frequency shifts from the laser line
which arise from Brillouin and Ray-
leigh scattering. In this method one uses
basically the same techniques as those
employed in standard radio receivers,
namely, the mixing of the incoming
signal (scattered light) with a local
oscillator (laser) in a nonlinear detector
to permit detection at the difference
frequency. The frequency range of de-
tection of such systems is usually lim-
ited to the response time of phototubes
(on the order of a few hundred mega-
cycles). The resolution of such a sys-
tem can be very high, typically in the
range of 108 to 1014, Resolution of a
normal Raman spectrometer, for ex-
ample, is only about 105,

The experimental arrangement for
heterodyne detection of scattered light
is shown in Fig. 8. Such a system is
capable of a resolution of only a few
hertz in Rayleigh-type scattering mea-
surements (/8). One disadvantage of
heterodyne spectroscopy of this type is
that the detection range is limited to
within a few hundred megahertz of
the laser line. In principle, this can be
overcome by the use of a tunable laser
as the local oscillator. Newly developed
lead telluride—tin telluride semiconduc-
tor injection lasers have recently been
used for heterodyne detection of CO,
lasers (19) with a copper-doped germa-
nium photoconductive detector cooled
to liquid helium temperatures having
a frequency range of as much as 2
gigahertz. The output of a single injec-
tion laser can be continuously swept
over several hundreds of wave numbers
by means of temperature-tuning or
magnetic-field-tuning and an appropri-
ate frequency range can be obtained by
a suitable choice of lead-tin composi-
tion. Of course, some other laser (say,
CO,) is still necessary to do the scatter-
ing. Such a tunable spectrometer sys-
tem would also work over a large
dynamic range if frequency-tunable
parametric laser oscillators or dye
lasers were used.

Stimulated Scattering
Stimulated Raman scattering (SRS)

or stimulated Brillouin (SBS) scatter-
ing occurs in many materials when the
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incident laser intensity is very high
(usually in excess of 107 watts per
square centimeter). For such high laser
pump intensities, sufficient number of
Stokes photons are generated to pro-
duce gain at the Stokes frequency. The
gain for stimulated scattering is de-
scribed in terms of the intensity of
the scattered wave

S o expl(a — )] )
where

®)

[
ax =
is the gain and B is the loss at the
shifted frequency. Here, I is the inten-
sity of the laser, o is the spontaneous
scattering cross section, Av is the half-
width of the spontaneous Raman or
Brillouin line, and / is the length over
which gain occurs. Conversion effi-
ciencies to the scattered radiation have
been observed to be as high as 95
percent.

Stimulated scattering has proven to
be a practical method of generating
other laser frequencies. In addition to
the large number of materials in which
stimulated Raman scattering occurs at
discrete frequencies, it may be possible
to produce a continuously tunable laser
source by stimulated scattering from
elementary excitations whose frequen-
cies can be varied by the application
of a magnetic or electric field or by a
suitable choice of scattering geometry
within the material. Stimulated infrared
emission has also occurred in the case
of a Raman-active mode which is
simultaneously active in the infrared
region (20).

Applications of Raman
Spectroscopy

Light-scattering spectroscopy is being
used extensively in the study of funda-
mental excitation of materials. The
study of many new fundamental proc-
esses not accessible by any other tech-
nique has been made possible by laser
light-scattering  spectroscopy. These
studies have opened up promising new
ways of producing new laser frequen-
cies which might continuously span a
wide range of optical frequencies.

The use of Raman spectroscopy in
chemistry and biology has been ex-
cluded from the present discussion.
Chemists have used Raman spectros-
copy as a tool in the analysis of chem-

ical compounds for a good many years.
With the commercial availability of
relatively inexpensive and reliable argon
lasers, high-quality Raman spectropho-
tometer systems should soon become
available to the analytical chemistry
and biology laboratories of the world,
not only for research applications but
also for routine analytical measure-
ments.
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