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Brillouin spectroscopy has been widely used for the investigation of acoustic properties of condensed matters in the hypersonic 

region. A high-pressure Brillouin spectrometer was set up by combining a diamond anvil cell and a tandem multi-pass Fabry-Perot 

interferometer. It was successfully applied to liquid ethanol, and the pressure dependence of the sound velocity, the refractive 

index and other acoustic properties were derived based on the measurements. The detailed optical setup and experimental 

procedure are described. 
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I. INTRODUCTION

Brillouin scattering belongs to the inelastic light scattering 

phenomena, which are caused by inelastic scattering events 

between the incident photons and low-energy excitations 

thermally excited in condensed matters. This interaction 

changes the energy of incident photons, and the corresponding  

frequency shift, which is usually in the hypersonic region, 

can be measured accurately by a Fabry-Perot interferometer.
[1]
 

Propagating density fluctuations in fluids and acoustic phonons 

in solids are representative examples that are investigated by 

Brillouin spectroscopy. On the other hand, the optic phonons 

at the center of the first Brillouin zone can be probed by 

Raman spectroscopy. The sound velocity, the elastic constants, 

and the acoustic attenuation coefficient can be obtained in the 

gigahertz (GHz) frequency range. This method can be combined 

with the ultrasonic technique operating in the megahertz (MHz) 

range to investigate the acoustic dispersion effect. The Brillouin 

scattering phenomenon was theoretically predicted by Brillouin 

in 1922,
[2]
 and was experimentally confirmed by Gross in 1930.

[3]

The advent of coherent laser light source made a breakthrough 

in inelastic light scattering spectroscopies such as Raman and 

Brillouin spectroscopies.
[4]
 The introduction of the tandem 

multi-pass Fabry-Perot interferometer made it possible to 

obtain high-resolution light scattering spectra in a wide 

frequency range.
[5, 6]

 In addition, elastic properties of small-size 

samples, the dimensions of which are the order of a few 

micrometers, or microheterogeneity of condensed matters could 

be investigated thanks to the development of the micro-Brillouin 

spectrometer.
[7-9]

 Quantized vibrations of nanomaterials could 

also be probed by using micro-Brillouin spectroscopy.
[10]

 

Moreover, an angular dispersion-type Fabry-Perot interferometer 

combined with an area detector can be used to monitor 

real-time changes in the acoustic properties.
[11-13]

 Excellent 

review articles on Brillouin spectroscopy can be referred to 

for more details.
[14-17]

One of the main areas to which Brillouin spectroscopy has 

been applied is the physics of phase transitions.
[18, 19]

 Structural 

phase transitions caused by the change in a certain thermo-

dynamic variable have attracted great attention from fundamental 

physics and applications as well. Temperature and pressure 

are the main two thermodynamic variables that are used to 

control the phase transition. Temperature variation can be 

easily achieved by an appropriate temperature controller, while 

pressure variation needs a special design of a high-pressure 
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(a) (b)

FIG. 1. (a) Forward, symmetric scattering geometry and (b) backscattering geometry. The green and red arrows denote the directions of the 

laser beam and the scattered light, respectively. ki, ks, and q are the wavevectors of the incident light, the scattered light, and the acoustic 

phonon, respectively. The lower part of this figure is the extended cross-section of the sample confined in the gasket hole. See the text for 

more details.

cell such as a diamond anvil cell (DAC). High-pressure Brillouin 

spectroscopy has been a powerful tool in the investigation of 

equation of state and/or pressured-induced structural phase 

transitions of condensed matter.
[20-29]

 In addition, the application 

of a laser heating technique to DAC may give us a chance of 

controlling both temperature and pressure of the sample. 

Recently, Kim et al. successfully developed a high-pressure 

Brillouin spectrometer and applied this technique to some 

amorphous materials.
[30, 31]

 The purpose of this study is to 

report the detailed optical configuration of the high-pressure 

Brillouin spectrometer set up at Hallym University, to describe 

the concrete experimental procedure in more detail, and to 

discuss the experimental results of acoustic properties of liquid 

ethanol under high pressure obtained by using this spectrometer. 

This paper will be a complementary work to our previous 

report on the high-pressure Brillouin spectroscopy.
[30]
 The 

acoustic properties obtained will be compared to previous 

studies on ethanol.
[32, 33]

II. EXPERIMENT

2.1. Diamond Anvil Cell, Sample Loading, and Pressure 

Measurements

The diamond anvil cell used in this study has a wide, 

symmetric aperture, the angle of which is 98
o
. Figure 1 

shows the cross-section of the DAC. It consists of one 

diamond pair, between which a stainless gasket is inserted. 

The center of the gasket with a thickness of 250 μm is 

preindented to a thickness of 50~100 μm, and a circular hole 
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(a) (b)

FIG. 2. (a) A photo of the gasket hole in DAC where a few ruby chips can be seen in ethanol. Small spheres are ruby chips immersed in 

methanol for pressure measurements. (b) The ruby fluorescence spectra at a few pressure values. The inset shows the dependence of the 

pressure on the wavelength shift of the R1 line. 

of a diameter of approximately 200 μm is made by using an 

electric discharge machine (Micro EDM System, Hylozoic 

Products). The ethanol of high purity (better than 99.9%, 

Aldrich) was injected into the gasket hole by using a microliter 

syringe (75N, Hamilton). The four screws of DAC were 

rotated incrementally to put pressure onto the two diamond 

anvils, the gasket and the sample in the hole. At each step, 

the ruby fluorescence spectrum was measured to estimate the 

pressure as described below.

Two scattering geometries are usually adopted to measure 

the Brillouin spectrum of the sample in the DAC. In the case of 

the forward, symmetric scattering geometry shown in Fig. 1(a), 

the laser beam with a wavelength of λ  and the wavevector 

of ki is incident on the flat surface of one of the diamond 

pair with an incident angle of θ , and is refracted and 
scattered in the sample. The observation angle for collecting 

the scattered light with the wavevector of ks is usually set to 

be the same as the incident angle θ . In this case, the 
refractive index of the sample is not necessary for the 

calculation of the sound velocity. Let α  be the refraction 

angle in the diamond as shown in the lower left part of Fig. 1, 

which is the incident angle at the diamond-sample interface. 

Let β  be the refraction angle in the sample. According to the 
Snell’s law, the following relationship is established,

s in s in s in
d s

n nθ α β= = (1)

where nd and ns are the refractive indices of the diamond and 

the sample, respectively. Therefore, the magnitude of the 

phonon wavevector, which is defined by q=ks-ki according to 

momentum conservation, is given by the following equation 

based on the assumption of ki≈ks≡k(=2π /λ ). 

πβ θ θ
λ

= = = 4
2 sin 2 sin sin

s
q n k k (2)

In the present experiment, the incident angle θ  was 30o. 
The wavevector direction of the scattered light is opposite to 

that of the incident laser beam at the backscattering geometry, 

as can be seen from Fig. 1(b). In this case the magnitude of 

the phonon wavevector becomes maximum and is given by 

π
λ

= = 4
2

s

s

n
q n k

. (3)

Pressure measurement was carried out by inserting a few 

ruby chips in the gasket hole. Figure 2(a) shows the photo of 

the gasket hole in which ruby chips were immersed in the 

liquid methanol. Since the ethanol has a high tendency for 

crystallization at low pressures, we used methanol as the 

pressure medium for checking the relationship between the 

ruby fluorescence spectrum and the pressure in a wide range. 

It is known that methanol can be compressed to high pressures 

going through the glass transition.
[32]
 The ruby luminescent R 

lines, excited by the same laser beam as that used for 

Brillouin scattering, were measured by using a diffraction 

grating-based spectrometer. Figure 2(b) shows the fluorescence 

spectrum emitted from the ruby chips at several pressure 
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FIG. 3. A schematic diagram of the optical setup for high-pressure Brillouin spectroscopy.

values up to 9.3 GPa. All spectra exhibit two separate peaks 

called R1 and R2 lines with decreasing wavelength. Among 

the two emitting peaks, the R1 line was found to shift with 

pressure P according to the following equation;
[34]
 

δλ⎡ ⎤⎛ ⎞
⎢ ⎥= + −⎜ ⎟
⎢ ⎥⎝ ⎠⎣ ⎦

1904
1 1

694.24

B

P
B

(4)

where P is given in GPa, δ λ  is the wavelength shift of the 

R1 line in nm, and B is 7.665 for quasi-hydrostatic conditions. 

The fluorescence spectrum was fitted by using two Voigt 

functions, and the center wavelength of the R1 line was 

obtained. The pressure was obtained by using Eq. (4). The 

inset shows that δ λ  is approximately linearly proportional to 

the pressure when the wavelength shift δ λ  is small.

2.2. Optical Setup for High-Pressure Brillouin Scattering

Figure 3 shows a schematic diagram of the optical setup 

used for the present study. A conventional tandem six-pass 

Fabry-Perot interferometer (TFP-1, JRS Co.) was used for the 

measurement of scattered light. This interferometer is suitable 

for high-pressure Brillouin spectroscopy because of the high 

contrast which is usually the order of 10
12
. A diode-pumped 

solid-state laser (Excelsior 532-300, SpectraPhysics) operating 

at a wavelength (λ ) of 532 nm was used as the excitation 

source. A conventional photon-counting system combined 

with a multichannel analyser was used to detect and average 

the signal. Each Brillouin spectrum was obtained for 1024 

channels after a few hundred repetitions of accumulation with 

a gate time of 500 ms for one channel. A micro-Brillouin 

spectrometer was used for the backscattering experiment, 

where a modified microscope (BX-41, Olympus) was 

adopted.
[35]
 A backscattering experiment along with either the 

DAC or compact temperature chambers (THMS 600 or 

TS1500, Linkam) can be carried out. The forward, symmetric 

scattering experiment can be done on the rotation stage on 

which the DAC can be installed vertically. A compact 

temperature chamber (FTIR600, Linkam) can also be used on 

this stage for temperature variation during the experiment. 

The two scattering geometries described in Fig. 1 can be 

easily switched by using the translational stage located in 

front of the entrance pinhole of TFP-1. Another advantage of 

the present setup is that it can be used for the pressure 

measurement by using the same microscope and the 

excitation source. One difference of this optical setup from 

our previous one
[30]
 is that a right-angle scattering experiment 

can be carried out at the furnace location in Fig. 3 without 
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TABLE 1. The list of equipment which can be combined with the Brillouin spectrometer to control either temperature or pressure in a certain 

range. The possible scattering geometries attainable by each piece of equipment are also included

Thermodynamic variable Equipment Measurement range Scattering geometries

Pressure
Diamond Anvil Cell

(symmetric, wide-aperture type)
0.1 MPa~50 GPa

Backward
a) 
(Micro-Brillouin)

Forward, symmetric
b)

Temperature

THMS 600 (Linkam) -196~600℃
Backward (Micro-Brillouin)

TS1500 (Linkam) 25~1500℃

FTIR 600 (Linkam) -196~600℃ Backward, Forward, symmetric

HC-4 MKI (APD cryogenics) 10~300K Backward, Forward, symmetric

Right-angle
c)

Homemade furnace 25~900℃

a)
backward scattering geometry as shown in Fig.1(b) 

b)
forward, symmetric scattering geometry as shown in Fig.1(a) 

c)
right-angle scattering geometry with a scattering angle of 90

o 

FIG. 4. Brillouin spectra of ethanol at a few pressure values. The 

inset shows the Brillouin spectrum measured at 4.1 GPa. 

changing the remaining setup. A furnace and a He-recycled 

cryogenic system can be used to change the temperature 

above and below the room temperature, respectively. The 

available equipment, which can be combined with the 

Brillouin spectrometer shown in Fig.3 for controlling either 

pressure or temperature, is listed in Table 1.

III. RESULT AND DISCUSSION

Figure 4 shows the Brillouin spectrum of ethanol at several 

pressure values. Each Brillouin spectrum consists of one 

Brillouin doublet corresponding to the longitudinal acoustic 

(LA) mode in addition to the unshifted elastic scattering line. 

The density fluctuation spectrum Ipp  of an isotropic material 

with a refractive index n as a function of the angular 

frequency ω  is given by the following equation via a 

frequency-dependent complex longitudinal modulus M
*
(ω ) = 

M´(ω ) − M˝(ω ),
[17, 36]

 

( )
( ) ( )

0

2 2
2 2

  
/

L

L

MI
I

q M M
ρρ

ω ωη
ω ω ρ ω ω ωη

′′ +
=

′ ′′⎡ ⎤− + +⎡ ⎤⎣ ⎦⎣ ⎦
(5)

where I0 is a proportionality constant, and η L is related to 

the constant, instantaneous damping factor γ 0 via η L = 

γ 0/q
2
.  and q(=4πnsinθ /λ ) are the density and the scattering 

wavevector, respectively. 

 can be approximated by the response 

function of a damped harmonic oscillator (DHO) if the acoustic 

damping is narrower than the dispersion regions, thus M´(ω ) 

and M˝(ω ) can be considered to be constant.
[17]
 The measured 

spectrum was fitted by using a response function of the DHO 

for the LA mode. The Brillouin frequency shift (v B) and the 

full-width at half-maximum (FWHM, Γ B) were obtained as a 

function of pressure from the curve-fitting procedure. The 

inset of Fig. 4 shows the Brillouin spectrum of ethanol at 4.1 

GPa, which exhibits the asymmetric doublet of the LA mode 

in addition to at least two doublets corresponding to the 

transverse acoustic modes. This shows that ethanol is already 

crystallized at this pressure value. Therefore, the analysis of 

the acoustic properties of liquid ethanol was limited at and 

below 2.3 GPa.

Figure 5(a) shows the pressure dependence of v B obtained 

from the backscattering and the forward, symmetric scattering 

geometries along with the values reported by Ahart et al.
[33]

 

The two data sets obtained from the backscattering geometry 

exhibit very similar pressure dependences for the Brillouin 

shift. Γ B shown in Fig. 5(b) also shows an increasing behaviour 

with pressure and seems to reach a maximum at around 

1.5~2.0 GPa. This trend is similar to that in the previous 

report
[33]
 although the absolute value shows some systematic 

difference. Ahart et al. reported that Γ B shows maximum at 

approximately 1.5 GPa in both ethanol and methanol.
[33]
 The 

formation of the hypersonic damping maximum indicates the 
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FIG. 5. Pressure dependence of (a) the Brillouin shift and (b) the FWHM of ethanol obtained from the two scattering geometries. The data 

from Ref.
[33]

 were also shown for comparison. 

FIG. 6. Pressure dependence of the sound velocity of ethanol 

obtained from the two scattering geometries. The data from 

Ref.
[32]

 were also shown for comparison.

proximity of the period of the LA waves to the structural 

relaxation time in ethanol undergoing the pressured-induced 

freezing process. That is, the pressure-induced glass 

transition, which usually makes the coupling between the 

density fluctuations and the structural relaxation process 

stronger, is the main origin of the increasing hypersonic 

damping shown in Fig. 5(b). It is interesting to note that the 

pressure-induced glass transition is accompanied by substantial 

growth of the so-called Mountain peak centered at zero 

frequency, as can be seen from Fig. 5(a). This is additional 

evidence of the increasing effect of the structural relaxation 

process on the density fluctuations spectrum in the hypersonic 

region. Regarding the difference in Γ B between the backscattering 

and the forward, symmetric scattering geometry shown in 

Fig. 5(b), it should be noted that the FWHM of the Brillouin 

doublet is proportional to q
2
/v B. Since the probed phonon 

wavevector becomes maximum at the backscattering geometry, 

it is natural that the Γ B obtained from the backscattering 

geometry is much larger than that from the forward, 

symmetric scattering geometry. 

The rapid increase in v B is associated with the increase in 

the sound velocity. The sound velocity V can be calculated 

by combining Eq. (2) or Eq. (3) and 2π vB = qV as follows.
[37, 38]

             (backscattering)                                       
2

λν= B

s

V
n

(6)

   (forward, symmetric scattering)                     
2sin

λν
θ

= B
V (7)

Since there is no information of the pressure dependence of 

the refractive index, Eq. (7) with θ=30o should be used to 
calculate the sound velocity in ethanol. The obtained sound 

velocity is shown in Fig. 6 as a function of pressure. The 

measurement error for the scattering angle (2θ ), which is 
approximately 1

o
, induces the uncertainty in the sound 

velocity of 20~40 m/s. The sound velocity increases from 

1630 m/s at 0.1 GPa to 4020 m/s at 2.3 GPa. Previously- 

reported data obtained by laser-induced phonon spectroscopy
[32]
 

were also shown for comparison. Both data sets show similar 

pressure dependences but exhibit a systematic difference of 

approximately 100~300 m/s over the investigated pressure 

range. One possible origin of this difference may be the 

acoustic dispersion effect, because different length (and 

frequency) scales were probed in this study and the work of 

Ref.
[32]
 According to previous studies on ethanol,

[36]
 ethanol 

exhibits several relaxation processes during the vitrification 

induced by quenching. The temperature dependence of the 
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FIG. 7. Pressure dependence of the refractive index of ethanol. The 

inset shows the pressure dependence of density taken from Ref.
[32]
 

relaxation times of these processes may have substantial effect 

on the acoustic properties of ethanol depending on the degree 

of the proximity of the relaxation frequencies and the 

acoustic frequency. That is, depending on the change of the 

relaxation time of the relevant process with respect to the 

inverse of the acoustic frequency, the obtained sound velocity 

may be either a high-frequency or a low-frequency limiting 

value resulting in acoustic dispersion. This indicates that the 

frequency-dependent complex longitudinal modulus M
*
(ω ) 

should reflect the temperature- or pressure-dependent relaxation 

processes in order to carry out quantitative analysis for the 

observed acoustic properties, which could become possible in 

the temperature window.
[36]
 However, there has been no 

systematic report on the pressure dependence of relaxation 

processes inherent in ethanol, which makes it difficult to 

compare the present result with previous study
[32]
 quantitatively. 

One more property we can derive from this study is the 

pressure dependence of the refractive index of ethanol. The 

combination of Eq. (6) and (7) results in the following 

equation,
[37, 38]

( )
( )

180 sin
                                                    

2

ν θ
ν θ

=
o

B

s

B

n (8)

where v B (180
o
) and v B (2θ ) are the Brillouin shift obtained 

from the backscattering and the forward, symmetric scattering 

geometry with a scattering angle of 2θ , respectively. Figure 7 
shows the pressure dependence of the refractive index of 

ethanol. It exhibits a monotonic increase reflecting the increase 

in the density, because the refractive index is directly related 

to the density and the molecular polarizability via the Lorentz- 

Lorenz equation.
[26]
 Since the polarizability is approximately 

independent of pressure in many liquids, the equation of state 

shows pressure and temperature behaviors similar to the 

refractive index.
[37, 38]

 As the Fig. 7 shows, both properties 

show a rapid increase at low pressures below~1 GPa and 

exhibits a relatively mild increase at high pressures. 

IV. CONCLUSION

A high-pressure Brillouin spectrometer was developed for 

the investigation of acoustic properties of condensed matters. 

Brillouin scattering experiments at backscattering, right-angle 

scattering and forward, symmetric scattering geometries, in 

addition to in situ pressure measurement, could be carried out 

on the optical bench without any substantial change in the 

optical configuration. The pressure dependence of the Brillouin 

scattering spectrum of liquid ethanol was measured from 

ambient condition up to 4.1 GPa. The Brillouin shift showed 

monotonic increase while the half width exhibited a broad 

maximum in 1.5~2 GPa, indicating significant coupling 

between the density fluctuations and the structural relaxation 

process. The pressure dependence of the sound velocity and 

the refractive index of ethanol could be obtained. The Brillouin 

spectrum at the highest pressure of 4.1 GPa showed split LA 

and TA modes, which was a signal of crystallization of ethanol. 
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