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We demonstrate here a newphase-coherent light scattering method. Spontaneous Brillouin scattering
is caused by thermally excited phonons whose phases have no physical meaning because of
random, incoherent nature. However, coherent phonons havingphaseinformation can be generated
resonantly by an optically induced scanning interference pattern, when the dispersion relation
phonons is satisfied. By a phase-sensitive detection of the light scattered by optically generated cohe
phonons, we have succeeded in measuringcomplex resonance spectra of acoustic phonons, which we
call complex Brillouin spectra, with an ultimate signal-to-noise ratio. [S0031-9007(97)03706-X]

PACS numbers: 62.60.+v, 33.20.Fb, 42.65.Es, 78.35.+c
t

h

i

e
nt
is
so-
rot
h

d
et-
o-
w

al
a

a-

ral
n,
on
et-
nce
sis
ti-

s,
by
g
eo-
g
t
ct-

o

Dynamic light scattering is one of the most powerfu
experimental means to study the dynamics of condens
matter, including simple liquids, complex fluids, and solid
[1]. This method measures the spectrum of light scatter
by thermally excited modes such as diffusion modes a
propagating sound modes. Since the phase of any th
mally excited mode is inevitably random in principle, th
conventional light scattering method can measure only t
power spectrum of these modes.

In general, we can measure a response function of
material by two methods: (i) measurement of the pow
spectrum of thermal fluctuations and (ii) measureme
of the response function to an external field. Here w
consider the applicability of method (ii) to the ligh
scattering measurement of acoustic phonons, using
simplest equation of a damped oscillator as an example

≠2r

≠t2
1 G

≠

≠t
r 1 V2r ­ Fstd , (1)

where r is the density,G is the damping constant, and
V is the angular eigenfrequency. This equation becom
a Langevin equation ifFstd is the random stochastic
noise satisfying the fluctuation-dissipation theorem. T
resulting density fluctuations have the following powe
spectrum as a function of the angular frequencyv:

kr2
vl ­ VkBTr2xT Re

∑
1

2v2 1 V2 1 iGv

∏
, (2)

wherexT is the isothermal susceptibility. On the othe
hand, it becomes the equation of a forced oscillat
for Fstd ­ F0e2ivt . In this case, the density of thev
component,rv, is directly given by

rv ­
F0

2v2 1 V2 1 iGv
. (3)

Thus, in principle, we can measure the complex spectra
phonon resonance by inducing the forced oscillation via
coherent external field.

The measurement of such complex spectra has two
portant meanings: (i) observation of complex resonan
spectra itself and (ii) realization of the ultimate signa
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to-noise ratio (SNR) and frequency resolution. Since w
already explained point (i) above, we briefly explain poi
(ii) below. The scattering intensity of thermal phonons
determined solely by the temperature and frequency re
lution of the measurement [see Eq. (2)]. The Fabry-Pe
interferometer [2] provides us with the relatively hig
SNR by sacrificing the frequency resolution (.100 MHz,
typically). A superheterodyne Brillouin scattering metho
expands the frequency range of the usual optical h
erodyne method [3]. However, its high frequency res
lution s,1 MHzd makes the measurement over a fe
GHz extremely difficult. The only way to increase SNR
is to use optically generated phonons instead of therm
phonons. Along this line, we have recently developed
forced Brillouin scattering method using optical gener
tion of phonons [4]. However, SNR is still not good
enough to increase the upper frequency limit over seve
GHz. To realize both high SNR and frequency resolutio
which are fundamental requirements for high-precisi
spectroscopy, we need another breakthrough. In this L
ter, we describe how we can measure complex resona
spectra of acoustic phonons experimentally on the ba
of the above principle, and how we can realize both ul
mately high SNR and frequency resolution.

The principle of our method is to directly measurecom-
plex resonance spectra of acoustic phononsunder forced
oscillation by a light field. This is essentially differ-
ent from the conventional Brillouin scattering method
which measure the power spectrum of light scattered
acoustic phonons with a finite lifetime (spatially decayin
propagating sound waves). We describe here the th
retical background of our coherent Brillouin scatterin
method (COBS). It is well known [5–7] that coheren
acoustic phonons can be optically generated by interse
ing two coherent lasers (L1 and L2) in a sample. The
light intensity distribution in the region where the tw
beams intersect is given byIs$r, td ­ I1 1 I2 1 dIs$r, td
with dIs$r , td ­ Ref2E1E2eis $k?$r2vtdg. Here the intensity,
angular frequency, and wave vector ofLi si ­ 1, 2d are
© 1997 The American Physical Society 881
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i (Ei: electric field strength),vi, and

$ki , respectively. $k ­ $k2 2 $k1, andv ­ v2 2 v1. This
relation implies that a scanning interference pattern w
a phase velocity of$kyv is produced. Thus, if there exis
any mechanisms that induce variations of the density cor
sponding todIs$r, td, the sound waves of frequencyv and
wave vector$k are excited resonantly under the conditio
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that the phase velocity of the scanning interference pat
is nearly equal to the phonon velocitycs, i.e., v . csk,
wherek ­ j $kj.

The changes in the densityrs$r, td and the temperature
T s$r , td induced by the light intensity modulationdIs$r, td
are given by the following equations, including both ele
trostriction and thermal-expansion effects [8]:
,

≠2r

≠t2 2
c2

s

g
=2r 2

h

r0

≠

≠t
=2r 2

c2
s br0

g
=2T ­ 2

1
4p

µ
n2 2 1

2

∂ µ
n2 1 2

3

∂
=2dI , (4)

r0Cy

≠T
≠t

2 l=2T 2
Cysg 2 1d

b

≠r

≠t
­

1
4p

ncadI , (5)

wherer0 is the equilibrium value ofr, n is the refractive index,Cy is the specific heat at constant volume,l is the thermal
conductivity, a is the light absorption coefficient,c is the speed of light,b is the coefficient of volume expansion
h is the damping constant, andg ­ CpyCy (Cp : the specific heat at constant pressure). The phonon lifetimet is
given byt , r0yhk2. The steady-state solution of Eqs. (4) and (5) for the dynamic perturbationdIs$r , td is given by
rs$r, td ­ Re fr1s$k, vdeis $k?$r2vtdg, where

r1s $k, vd ­
E1E2

4p

ncabr0c2
s k2

g 1 s n221
2 d s n212

3 dk2sir0Cyv 2 lk2d

s2v2 1
c2

s

g k2 2
h

r0
k2ivd sir0Cyv 2 lk2d 1 i

sg21d
g r0Cyc2

s k2v
. (6)
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This expression gives us the theoretical basis for co
plex Brillouin spectra. In the linear-response regime, t
above complex resonance spectra of phonons under fo
oscillations are equivalent to Brillouin spectra of therm
phonons. Equation (6) tells us that the phase of den
oscillations is different between electrostriction and th
mal expansion effects [see the numerator on the right-h
side of Eq. (6)]. This fact can be used to obtain physi
information on the mechanisms of phonon generation
addition to information on phonon dynamics.

Figure 1(a) indicates a block diagram of our syste
The details of the optical configuration are schematica
shown in Fig. 1(b). We used two lasers (Model 14
0532-100 and 140-0532-10, Lightwave Electronics) th
are single axial mode, continuous wave output, freque
doubled (green) Nd-YAG (neodymium yttrium aluminum
garnet) lasers. As previously described [3,4], the tuna
ranges of the two lasers have an overlap. The beat
quency between the two lasers can be controlled to be
value between 0 and 10 GHz, and, further, be exten
over 60 GHz with several mode hoppings. Thus, we c
produce coherent phonons having a desired frequenc
a sample, according to the principle described above.
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Next we describe how to measure the real and ima
inary parts ofr1s$k, vd separately, instead of the power
spectrumjrs $k, vdj2. We develop a newphase-sensitive
optical heterodyne methodto measure both the real and
imaginary components of coherent density oscillation
described by Eq. (6). The probe light is scattered b
coherent phonons produced by the laser beamsL1 and
L2. A component of the scattered electrical field with po
larization $nl at the detector position$R, Ess $R, td, is given
by [1]

Ess $R, td ­ 2
k2Ep $np ? $nl

4pe0R
eif $k? $R2sv112pfdtg ≠e

≠r

3 r1sk, vde2ivt , (7)

where $np and $nl are the polarization unit vectors of the
probe and local light, respectively. We defineEp andEl ,
respectively, as the electric field strength of the probe a
local light. Since the total electrical field on a photodiod
(PD2) is given by the summation of the local and scattere
light as $Es $R, td ­ $nlfEle2iv2t 1 Ess $R, tdg, we obtain the
output current of the photodiodeiout as
ioutstd ­ QEEp ­ dc 1 2Q

∑
k2

8pe0R
≠e

≠r
s $np ? $nldElEphRefr1sk, vdg coss2pftd 2 Imfr1sk, vdg sins2pftdj

∏
, (8)
the
; a
.
d

of
where e0 is the dielectric constant of vacuum andQ is
the quantum efficiency. Thus, the lock-in detection ofiout

with a reference signal of coss2pftd gives us Refr1sk, vdg
and Imfr1sk, vdg, respectively, as the in-phase and out-o
phase components of the signal. In conventional pha
insensitive heterodyne methods [3,9–11], on the oth
hand, only the power spectrumjr1s $k, vdj2 has a physical
f-
se-
er

meaning. There the square-law detected signal through
bandpass filter is measured as a function of frequency
spectrum analyzer has often been used for this purpose

Here we explain how the above principle is realize
experimentally. The light output of the master laser
frequencyn1s­ v1y2pd (100 mW) is transformed into
two collinear orthogonally (vertically and horizontally)
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FIG. 1. (a) A block diagram of our experimental system
PBS stands for polarizing beam splitters, AOM for acoust
optic modulators, and HP for half-wave plates.k shows light
with horizontal polarization, while' shows light with vertical
polarization. A unit for frequency control of the two laser
is not indicated in this figure (see Ref. [3] for details). (b) A
schematic figure explaining the extremely high stability of bo
frequencies and phases of the beat signals for lock-in detect

linearly polarized beams with a frequency difference
f ['sn1d1 ksn1 1 f d] (see Fig. 1). We setf to 2 MHz
by using two acousto-optic modulators, whose modulati
frequencies are 80 and 82 MHz, to satisfy the followin
two competing conditions:f needs to be high enough to
avoid the harmful1yf-like amplitude noises below 1 MHz
of the laser light itself and low enough for a direct lock-i
detection. On the other hand, the light output of the sla
laser of frequencyn2 ­ sv2y2pd (10 mW) is transformed
by the half-wave plate into two collinear orthogonall
(vertically and horizontally) linearly polarized beams wit
the same frequency ['sn2d1 ksn2d] (see Fig. 1). The
two beamsL1 f'sn1dg and L2 f'sn2dg, intersected in a
sample cell, produce a scanning interference pattern, wh
generates sound waves in the sample. The light compon
of ksn2d is used as a local beam for the heterody
detection, and that of'sn2d is cut by a polarizer before
a photodetector (PD2). The probe light ofksn1 1 f d is
diffracted by excited phonons of a frequency ofsn2 2

n1d. This diffracted lightfksn2 1 f dg is mixed with the
above local lightfksn2dg on a p-i-n photodiode (PD2)
with a low-noise, transimpedance amplifier (Hamamats
S2858). The output signal of PD2 that includes the be
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signal of frequencyf is fed directly into a two-phase
lock-in amplifier. As a reference signal for the lock-in
detection we make a sinusoidal wave of frequencyf by
mixing the excitation lightL1 f'sn1dg and the probe light
fksn1 1 f dg on another photodiode (PD1) after changin
their polarization directions by a polarizer to produce th
beat signal of frequencyf. Thus, the in-phase and out-
of-phase components of the lock-in detected signal gi
us, respectively, the real and imaginary parts of comple
Brillouin spectra given by Eq. (8).

Next, we describe a technical, but crucially importan
point of our method. In the above discussion, we negle
the possible phase and frequency noises of lasers. Th
noises usually lower the SNR because they lead to the
crease in the detection bandwidth. In reality, however,our
method is free from the effects of these noises of laserson
SNR; namely, the linewidth of the lasers (,150 kHz in
our lasers) does not lower SNR, although it limits the fre
quency resolution of the measurements,300 kHzd. This
can be explained as follows [see Fig. 1(b)]: Replaceme
of ni by ni 1 di [di: laser noises of laseri si ­ 1, 2d] does
not affect the final beat frequencies of both signal and re
erence for lock-in detection, which are exactly equal tof
without noise effects.This can be realized because we
use the same laser sources for both phonon generati
and phonon detection.The signal is almost ad function
centered atf, and it is detected, including the phase, by
narrow-band detector that has a window ofd function cen-
tered atf. This fact makes it possible to almost realize th
theoretical limit of SNR, as described below.

The SNR of the heterodyne detection of light usin
a bandpass filter, including the improvement by tim
average, is generally given by

SNR ­ 2QPsysh̄v
p

Byt d , (9)

where Ps is the power of the detected light signal,h̄v

is the energy of one photon,B is the bandwidth of
heterodyne detection, andt is a period of time average. It
is apparent from Eq. (9) that the smaller theB, the greater
the SNR. For a signal light that is not monochromatic
as in the case of the light diffracted byincoherentthermal
phonons, however,Ps becomes smaller in proportion toB
with a decrease inB whenB is smaller than the spectral
width of the light. Since the denominator of the right
hand side of Eq. (9) becomes smaller in proportion t
only

p
B, the smallerB leads to the smaller SNR under

such conditions. For this reason,B is usually set to be
more than 1 MHz in conventional heterodyne method
[3,10,11] to satisfy the two opposing requirements, hig
frequency resolution and high SNR. In our new metho
on the other hand, the signal intensity does not decrea
by decreasingB since the optically generated phonon
are always coherent to the laser light waves, and a
the optical noises can be canceled out in our optic
configuration as described before. Thus, an ultimate
high SNR can be realized by the direct phase-sensiti
lock-in detection of the heterodyne signal in our method
883
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We demonstrate in Figs. 2(a) and 2(b), respectively, th
complex Brillouin spectra of poly(methyl methacrylate
(PMMA) in a glassy solid state and those of carbo
disulfide sCS2d in a liquid state. The typical behavior
of complex resonance spectra of forced oscillators can
clearly seen. It should be noted that the spectra havi
good SNR, such as in these figures, can be obtained wit
a few minutes. Judging from the phase obtained by fittin
Eq. (8) to the spectra, coherent phonons are produc
dominantly by an electrostriction effect. The above resu
clearly indicates that we can measurecomplex Brillouin
spectrawith very high frequency resolutions#1 MHzd
that is now limited only by the wave-number uncertaint
coming from a finite beam-size effect (beam divergence

The complex spectra do not provide us with physicall
new information on phonon dynamics compared to th
power spectrum in usual cases, except for informatio
on the phonon generation mechanisms, namely, wheth
phonons are generated by electrostriction effects or
thermal expansion due to light absorption. As a result
the phase-coherent measurement, however, both ultim
SNR and frequency resolution are realized. Further, t
fact that we have both real and imaginary parts of spec
increases the accuracy of the determination of the pe
phonon frequency, linewidth, and spectra shape. T
most important advantage over other methods is that o

FIG. 2. Complex (anti-Stokes) Brillouin spectra of PMMA
at T ­ 300 K and ky2p ­ 0.197 mm21 (a), and CS2 at
T ­ 300 K at ky2p ­ 0.197 mm21 (b). Lines are theoretical
curves [see Eq. (8)] fitted to the spectra.
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measurement is not affected by incoherent noises such
slowly fluctuating concentration modes, since our metho
can pick up only the coherent signal to the excitation: Fo
example, we can make the phonon measurement free fr
the intense Rayleigh scattering originating from incohere
fluctuations of order parameter near a critical point, whic
usually makes the accurate phonon measurement diffic
near the critical point.

Finally, we note the following points: (i) Since the
signal intensity is proportional toE1E2ElEp [see Eqs. (6)
and (8)] in our method, the increase in the laser pow
straightforwardly leads to a significant improvement o
SNR. The use of two lasers with a power of 200 mW tha
are now commercially available, for example, increase
SNR by a factor of,100 compared to our present system
(ii) The speed of photodetectors and electric circuits nev
limits the upper frequency bound of our method. Ou
method covers the frequency range from at least 20 MH
to 10 GHz with a frequency resolution of 1 MHz.

In conclusion, we have succeeded in observingcomplex
Brillouin spectra by the phase-sensitive detection o
coherent phonons using light scattering. A light scatterin
method can detect the phase of phonons, in addition to t
amplitude, simply because the scattered light keeps t
phase information of phonons in the scattering proces
Our method has both an ultimate SNR and an extreme
high frequency resolution, which is a factor of,100
better than that of a Fabry-Perot interferometer. W
hope that COBS will be widely applied for studying
the dynamics of acoustic phonons in various condens
matter, superseding a Fabry-Perot interferometer.
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