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Preface

The International Conference on Lasers and Applications was held in Rio de
Janeiro, Brazil from 29 June to 3 July 1980. This conference was held to
commemorate the memory of Professor Sergio Porto who died suddenly about one
year earlier while attending a laser conference in the Soviet Union. The sub-
Jject matter covered the active areas of laser devices, photochemistry, non-
linear optics, high-resolution spectroscopy, photokinetics, photobiology,
photomedicine, optical communication, optical bistability, and Raman spec-
troscopy.

The conference was attended by over 150 people including scientists from
Japan, France, England, West Germany, Norway, Italy, Brazil, Chile, Argentina,
India, Canada, and the United States. A memorial session attended by members
of the Porto family and ranking Brazilian government dignitaries preceded the
start of the conference.

The location of the conference in Rio de Janeiro, Brazil, was chosen be-
cause it was in the homeland of Sergio Porto and provided an opportunity for
his friends, colleagues, and countrymen to pay homage to him. The setting on
Copacabana Beach afforded access to the lovely beaches, restaurants, and
nightlife of one of the most beautiful and exciting cities of the world. There
were tours of the city together with a banquet that featured a performance by
one of the best Samba Schools in Rio.

Financial support from many sponsors in Brazil and the United States is
gratefully acknowledged in making this working conference a fitting tribute
to the memory of Professor S.P.S. Porto.

January, 1981 W.0.N. Guimaraes
C.T. Lin
A. Mooradian
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Surface Brillouin Scattering

R. Loudon
Physics Department, Essex University, Colchester C04 3SQ, UK

1. Introduction

During the past 20 years, since the invention of the laser, light scattering
has become an increasingly powerful means of measuring the spectra of systems
in thermal equilibrium. Sergio Porto played a leading role in the development
of techniques to take maximum advantage of the properties of laser 1ight in
its application to light scattering, and he and his collaborators made many

of the first observations of the spectra of excitations which thereby became
accessible to this kind of measurement. The power spectra of the thermal
fluctuations of almost all dynamic variables in solids and liquids can be
studied by 1light scattering over part of the range of frequency and wavevector.

Most Tight scattering work of the past two decades has been concerned with
excitations in bulk materials but there has been a parallel interest in the
spectra of surface excitations. For example, in the case of light scattering
by thermally-excited surface waves on a liquid, where experimental observations
date back to 1913 [1], the first measurements of the ripplon frequency spectra
were made in 1967 and 1968 [2,3], followed by more detailed investigations
[4]. The measurements are made on flat surfaces; we consider only this case.

It is possible to distinguish two effects that arise in the presence of a
surface. Firstly, the fluctuations associated with the bulk modes of excita-
tion are modified close to the surface because of the boundary conditions
imposed on the dynamic variable concerned. Secondly, there are usually new
modes of excitation whose fluctuations have significant amplitude only at or
very close to the surface. For a liquid, the longitudinal acoystic waves are
bulk modes while the ripplons are surface modes.

2. Surface Fluctuations

The total surface fluctuation in a dynamical variable is calculated, as in the
bulk case [5], from the energy of a static displacement of the variable con-
cerned. Fig. 1 shows the co-ordinates and geometry to be used throughout, with
the z=0 plane as the surface of the undisturbed medium, and the excitation
wavevector taken as (Q, 0, q). Consider a static ripple on a liquid, with
vertical displacement

uZ(O) = U, cos Q x uy Q << 1, (M

To Towest order in Ugs the increase in area of a large section of the surface
of area A is
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/////////////r/j::zzzi Fig.1. Surface light-scattering
/// / geometry
AA = % ug Q2 A . (2)

The energy of the ripple is given by a sum of the gravitational and surface-
tension contributions,

1
AE = Z Ug A(Dg + GQZ) s (3)

where o is the surface tension and p is the density. The classical thermal
excitation factor exp(—AE/kBT) then leads to a mean-square displacement

GO g = 5 2> = kyT/A(eg + o2) - (4)

This is the integrated surface displacement spectrum for ripples with a given
direction of surface wavevector Q.

The total mean-square surface displacement obtained by summation over all
wavevectors is

Q
m
<uz(0)2> = (A/4n2) f <12(0)2>Q 2n Q d Q
o}
~ (kBT/4n a)log(a Q;/gp) . (5)

If the maximum wavevector is taken to be that for which the viscous damping
rate equals the ripple frequency, then numerical values for mercury at room
temperature give

Q. ~ 3 x 10° m 20D i 1.4 x 100w, (6)

a root-mean-square displacement of about 3 Bohr radii. The wavevectors Q
accessible to light-scattering spectroscopy lie typically in the range

105 m1 < Q < 107 m—1 , (7)

where the surface-tension energy greatly exceeds the gravitational, and (4)
can be written



@2(0)2>Q = kgT/A o Q2 . (8)

The results for other kinds of surface fluctuation are obtained in a simi-
lar manner. Thus for surface ripples on an isotropic solid, where the re-
storing force results from the elastic stiffness expressed in terms of the
Lame parameters ) and u, the mean-square surface displacement is

QZ(O)2>Q = kgT(A + 2u)/2Ru(x + u)Q . (9)

The root-mean-square displacement obtained by summation over all wavevectors
gives

i (0)3 ts23x10 " m (10)

for aluminium, equal to about one half the Bohr radius. Note that for a
liquid where the shear stiffness u is zero, the fluctuations become unre-
strained unless surface tension is included.

Electromagnetic fluctuations can be treated similarly. The perpendicular
component of the electric field at the surface of a dielectric with static

relative permittivity Ko has a mean-square fluctuation

0D 0 = kgT Uy Axg(l +xg) - (1)

The fluctuations may be associated with surface plasmons or polaritons.
Finally, for a ferromagnet with applied field H_ and spontaneous magnetiza-
tion M_ parallel to the y axis, the magnetizati8n perpendicular to the sur-
face hls a mean-square fluctuation

Z
m (02> = kgT v My/ug A pd(v H, + D 02)E (12)
where y is the gyromagnetic ratio and D is the exchange stiffness.

The varying dependence of the strength of the fluctuations on Q has
important consequences for light-scattering experiments. For ripples on
liquids, where the surface tension energy proportional to Q2 is confined to
the surface itself, the same factor Q2 appears in the denominator of (8).
For ripples on solids the elastic energy in a layer of given z-co-ordinate
is also proportional to Q2. However, the distortion now penetrates some
distance into the bulk material with a spatial dependence that includes a
term of the form

u?(z) = u, exp(Qz) cos Qx . (13)

The penetration depth is thus proportional to 1/Q, and the volume-integrated
elastic energy is proportional to Q, giving the factor Q in the denominator
of (9). Similar qualitative remarks apply to the other examples. We note
that the spatial dependence (13) occurs in the static limit for any excita-
tion whose total wavevector is proportional to a positive power of the fre-
quency.

The common thermal factor k,T in the fluctuations is a consequence of the
classical statistics, and the ﬁesu1ts are incorrect when the main contribu-
tions occur at angular frequencies comparable to or larger than k,T/h. The
main contributions to the electric-field fluctuations associated Eith surface
polaritons usually occur at angular frequencies of order 1072 Hz, when (11)
is invalid. Such frequencies correspond to Raman scattering rather than
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Brillouin scattering and we consider this case no further. For comparison,
with a surface wavevector Q of order 107 m—*, the main acoustic-wave contri-
butions to the surface ripple spectra occur at angular frequencies of order
101° Hz for both solids and Tiquids, and the ferromagnetic spin wave fre-
quencies are also in this region. The liquid ripplon frequencies are of
order 108 Hz. The classical statistics are valid in these cases.

3. Kinematics and Techniques

For the scattering of light by an excitation of surface wavevector Q and
freguency w, the incident and scattered optical wavevectors and frequencies
are related by

X
k] = kg * Q (14)
wp = wg E W, (15)

where the upper (lower) signs refer to the Stokes (anti-Stokes) components of
the scattered light.

Suppose for example that the incident 1ight beam is normal to the sample
surface and that scattered Tight is collected at angle & to the normal, as
shown in Fig. 1. Then (14) and (15) give

m/wI =+ 1 - (CQ/mI) cosec 6. (16)

Fig. 2 shows the scans across the wQ plane for various scattering angles.
The excitation wavevectors that contribute to the anti-Stokes spectrum are
slightly larger than those that contribute to the Stokes spectrum for a
given 06, but the differences are negligible in a typical Brillouin experi-

ANTISTOKES w/u_ | o1 STOKES

90]175] 6o 45 | 30 15 O 15 30 45160 |75]) 90=6

-1 ] cQ/wI 1

Fig.2. Experimental scans for various scattering angles



ment where w/w; is of order 10-# or less. The most important feature is

the change in “sign of the wavevector of the excitation with which the Tight
interacts between the two sides of the spectrum. Thus although the wave-
vector transfer Q is the same for the entire spectrum, the StokeS side cor-
responds to creation of a quantum of excitation of wavevector Q and the anti-
Stokes side to destruction of a quantum with wavevector -Q. This can lead

to assymetry in the measured spectra around w=0 in systems that are not in-
variant under time reversal, for example ordered magnetic materials or media
with an externally generated flow of accustic waves.

Two main experimental techniques are used to measure surface Brillouin
spectra. For ripplons, with frequency

wp = (0Q3/0)? (17)

and a scattered intensity obtained from (8) proportional to 1/Q2 there are
advantages in achieving small Q, of order 105 m—7 in practice, by scattering
close to the direction of specular reflection of the incident Tight. Then

wy is typically of order 105 Hz and the scattered light is resolved by opti-
cal heterodyne spectroscopy. For the acoustic wave and magnetic spectra,
where the dependences of intensity on Q given by (9) and (12) are less rapid
and the frequencies are generally higher, the spectra are best measured by
Fabry-Perot interferometry. Brillouin scattering measurements in this re-
gime have been dominated by the work of John Sandercock using progressively
refined multipass interferometers.

Theoretical analysis of the measurements requires the calculation of fluc-
tuation spectra, and not merely their integrated values discussed in §2. The
required spectra are readily obtained by linear response theory [6] in terms
of the susceptibility of the excitation variable to a suitable applied force
of frequency w. The imaginary part of the susceptibility (or linear response
function or Green function) determines the frequency spectrum of the excita-
tion via the fluctuation-dissipation theorem.

4. Liquid Fluctuation Spectra

The spectrum of the mean-square surface displacements on a viscous liquid
calculated by linear response theory [7] is

2 2
5 2kgT iq (qr +Q2)
<U (0)2>Q o whi Im — 2 X 2 2
’ (qT - Q2) pw? + qL Q2{4p w2 qT Ey 10‘(qT +Q2) }

(18)

where
q - {(w/V))? -2} (19)
ar = ((ipw/n) - Q23 (20)

are the components of the longitudinal and transverse wavevectors perpendi-
cular to the surface, V, is the longitudinal acoustic velocity, and n is
the shear viscosity. FHg. 3 shows the calculated spectrum for mercury for
Q = 107 m=1. With increasing frequency, the first spectral contribution
comes from the surface modes, centred on the frequency (17) and with a mod-
est width 4nQ2/p. The second much broader contribution, commencing at a
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Fig.3. Calculated surface-ripple spectrum of mercury
frequency
w =V Q, (21)

comes from the bulk modes, the Tongitudinal acoustic waves. The bulk modes
give a broad continuous distribution because for a given Q in (19) the wave-
vector component q, perpendicular to the surface can take all values from 0
to », producing a Fange of frequencies w. The intrinsic damping caused by
the viscosity has a negligible broadening effect on the continuum.

The ripplon part of the spectrum measured experimentally [8,9] is much
broader than expected from the ordinary value of the viscosity, but the mea-
sured acoustic wave part [10] is in close agreement with the calculated spec-
trum. More recent work has studied spectra of fluids covered by monolayers
[11] and there remain various problems in the spectra of more complex fluid
surfaces.

5. Solid Fluctuation Spectra

The spectrum of the mean-square surface displacements on an isotropic solid
has a calculated form almost identical to (18). However, the presence of
shear re$toring forces in the solid causes changes in the interpretation of
some of the symbols. There are now propagating transverse acoustic waves
with velocity VT given by

oV: =, (22)
and their wavevector z component is
ar = {(w/Vp)2 - @23F (23)

replacing (20). The longitudinal velocity is expressed in terms of the Lame
parameters by

2

pVL

The surface displacements are restored by the elastic stiffness forces, much

stronger than the surface tension in a liquid, and o can be set equal to zero
in (18).

=)+ 2u . (24)
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Figure 4 shows the measured [12] and calculated [13-16] surface fluctua-
tion spectra of polycrystalline aluminium. Because there is now only one
kind of force in the system, all of the spectrum occurs in the same frequency
region. The surface mode is the Rayleigh acoustic wave; the theory does not
include the anharmonic forces that generate its damping, and the rectangle
in Fig. 4 shows the integrated area of this contribution. The continua to
higher frequencies come from the bulk transverse and longitudinal acoustic
waves.

In the spectra described above, where the media are metals, the coupling
of incident and scattered light occurs via the surface distortion. The cross
section is derived by a generalization of ordinary reflectivity theory, where
the flat surface is perturbed by a travelling ripple [15,17,18]. 1In less
opaque materials, where the incident light penetrates further, the ripple
mechanism is augmented by the elasto-optic mechanism responsible for the
normal bulk scattering, where the coupling of incident and scattered Tight
occurs by way of the acoustic modulation of the relative permittivity. The
elasto-optic mechanism contributes for excitations where the influence of
the surface extends some distance into the bulk material. The surface Bril-
Touin spectra of several solids show the effects of simultaneous scattering
by the two mechanisms [19-22].

Other kinds of surface excitation produce no mechanical distortion of the
surface and their Tight-scattering spectra result solely from the elasto-
optic mechanism. For a solid film mounted on a solid substrate, there are
various modes that have an oscillatory spatial dependence in the film but
decay exponentially with distance into the substrate. With the co-ordinates
of Fig. 1, there are Sezawa waves polarized in the zx plane that produce a
surface rippling and have been observed experimentally [23,24], and there
are Love waves polarized in the y direction that scatter only by the elasto-
optic mechanism [25] and have not so far been observed. This collection of
waves originally discovered in seismic studies is completed by the Stoneley
waves that propagate along the interface between two media and scatter by
both mechanisms [26].
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Magnetic excitations do not of course produce any significant surface
ripple, and their light scattering occurs entirely by the magneto-optical
modulation of the relative permittivity. The cross section is thus deter-
mined not merely by the fluctuations in magnetization at the z=0 surface but
also by their spatial dependence. The bulk and surface mode fluctuations
have different spatial dependences and their relative contributions to the
scattering are sensitive to the optical penetration depth. Surface effects
should occur for all kinds of ordered magnetic material but most work to
date is concerned with ferromagnets.

The surface mode frequency of a ferromagnet in the magnetostatic limit
is

ay = v(Hy + 5 M) (25)

and the associated fluctuations have a mean-square magnetization component
[27]

<MZ(Z)Z>Q,N = (kgT v My Q/ug A wy) exp (202) 6 (u + uy) - (26)

The most intriguing aspect of the magnetic surface spectra is the lack of
symmetry between the Stokes and anti-Stokes sides. Thus in (26), the positive
sign is to be taken in the delta function when the wavevector transfer of
magnitude Q is directed parallel to the x-axis, but the negative sign is to
be taken when the wavevector transfer is directed antiparallel to the x axis.
With a given experimental geometry the surface mode therefore contributes a
peak either to the Stokes or to the anti-Stokes side of the spectrum, but not
to both sides.

Figure 5 shows the calculated spectrum [28,29] for Fe when the wavevector
transfer is positive. Note that the bulk modes contribute more conventionally
with symmetrically placed continua. The calculated magnetic Brillouin spectra
give good interpretations of the measurements [30,31]. There is potential
for further studies of bulk and surface magnetic modes in ordered samples by
Brillouin spectroscopy, particularly to determine the role of surface pertur-
bations [32].

SURFACE MODE

BULK BULK
MODES MODES
1 1 1 11 ] 1 AJ//\T\\T\“1———r-—4
-8 -4 o 4 8
m/tHo

Fig.5. Calculated surface magnetic spectrum of iron (from [22])



