
Application of Terahertz Synchrotron Radiation at
UVSOR-II

Shin-ichi Kimura∗,† and Takafumi Mizuno†

∗UVSOR Facility, Institute for Molecular Science, Okazaki 444-8585, Japan
†School of Physical Sciences, The Graduate University for Advanced Studies (SOKENDAI), Okazaki 444-8585,

Japan

Abstract. The infrared-terahertz beamline at UVSOR-II has been upgraded in 2004 for covering very low energy region
below 0.3 THz (= 10 cm−1). At the beamline, several characteristic experiments in the terahertz region are performed. Two
examples of such experiments, reflectivity measurements at low temperatures and at high pressures are reported.
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INTRODUCTION

Recently, electromagnetic waves in the terahertz region
(THz) attract attention because it will become a new
probing light source for non-destructive examinations in
place of the x-ray. The THz light can also reveal the
low energy excitation of materials, for instance, vibration
modes of large molecules such as proteins, weak bond-
ing between surfaces and adsorbed molecules, and the
electrodynamics of quasiparticles of solids and so on. To
study such basic sciences, the firstly dedicated infrared
synchrotron radiation beamline (BL6A1) has been con-
structed at UVSOR about two decades ago [1] and so
many scientific activities have been produced from the
beamline. In 2003, UVSOR was upgraded to the low-
est emittance ring (27 nm rad) among small SR’s with
the acceleration energy below 1 GeV and the name was
also changed to UVSOR-II [2]. Simultaneously, BL6A1
was also upgraded to the new IR-THz beamline (BL6B)
with high brilliance and high flux as shown in Fig. 1 [3].
To obtain the higher performance, we employed a so-
called “magic mirror” with a large acceptance angle
(215(H)× 80(V) mrad2), which has been successfully
installed at the infrared beamline of SPring-8 [4], for the
first mirror [5]. The upgrading of the beamline gives us
that the photon flux and brilliance of BL6B become four
and 102 times larger than BL6A1, respectively. The spec-
tral intensity in the THz region becomes very high as a
Si bolometer saturates.

At the present, two permanent end stations are
equipped at BL6B. One is the apparatus for reflection-
absorption spectroscopy of solid samples with mm-size
constructed two decades ago [1]. The apparatus can be
removed and replaced to apparatuses brought by users,
for instance, a magneto-optical apparatus [6] and an
infrared reflection-absorption spectroscopy apparatus

for adsorbed molecules [7]. The other is a THz micro-
scope for the reflection and transmission spectroscopy of
small samples with the diffraction-limit resolution [7].
The microscope covers down to 30 cm−1 (= 3.7 meV)
that is lower wavenumber than that of a commercial
infrared microscope because large Schwarzschild mir-
rors are employed. At an infrared beamline BL43IR of
SPring-8, there is also a microscope which covers down
to 100 cm−1 (= 12 meV) [8]. Since the brilliance in the
THz region of BL6B of UVSOR-II is higher than that of
BL43IR of SPring-8, the accessible lowest wavenumber
of BL6B is lower. This is the advantage to investigate
the electrodynamics of solids under pressures and other
functionalities. These two permanent end stations are
opened for users.

In this paper, we present two experimental results ob-
tained by using the two permanent end stations at BL6B
of UVSOR-II. One is the electromagnetic dynamics of
strongly correlated insulator, SmB6, at low temperature.
The other is the insulator-metal transition of SmS under
pressures using the THz microscope.

TERAHERTZ SPECTROSCOPY OF
SMB6 AT LOW TEMPERATURES

SmB6, which is one of typical Kondo semiconductors,
has been studied over two decades. In the previous stud-
ies, two different energy gap size were proposed, one is
about 5 meV and the other about 15 meV [9]. However,
a recent study using higher purity samples reveals that
the lower energy absorption band originates from im-
purities because the lower energy absorption becomes
small [10, 11]. The higher energy gap is concluded to be
intrinsic and to originate from the hybridization between
the localized Sm4 f state and the Sm5d conduction
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FIGURE 1. The top view (left) and the picture (right) of the infrared-terahertz beamline (BL6B) at UVSOR-II.
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FIGURE 2. (a) Temperature dependence of reflectivity spec-
trum of SmB6 in the THz region (thick lines) and fitting func-
tions by the combination of a Drude and two Lorentz functions
(thin lines). Successive curves are offset by 0.03 for clarity. (b)
Obtained parameters of the effective electron number (Ne f f)
and the relaxation time (τ) of the Drude function as a function
of temperature.

band, so-calledc f–hybridization [12]. In the case of the
c f–hybridization, a regid band model is suitable to ex-
plain the physical properties. However, the specific heat
curve cannot be explained by a rigid band model [13].
This means that there is the temperature dependent pa-
rameters in the electronic structure as well as in the
charge dynamics.

On the other hand, the magnetic excitation at 14 meV
grows up with decreasing temperature below 20 K
observed by a neutron inelastic scattering [14]. The
magnetic excitation energy is similar to the energy
gap observed in optical spectra. Therefore, if thec f–
hybridization bands exist at the energy gap edge, the
character of carriers should have the same temperature
dependence. Optical reflection spectroscopy is one of
good probes to investigate the character of carriers. In the

SmB6 case, the signal from the thermally excited carri-
ers appears in the THz region. The change of the fitting
parameters of the Drude function as a function of tem-
perature must reflect the property at the energy gap edge.
Then we measured the temperature dependence of the
reflectivity spectrum in the THz region.

Figure 2(a) indicates the temperature dependence of
reflectivity spectrum [R(ω)] of SmB6 by thick lines. At
T =5 K, the reflectivity does not approach to unity with
decreasing photon energy. This indicates the insulating
character. With increasing temperature, the reflectivity
grows up from the lower energy side. The high reflec-
tivity originates from the Drude component due to ther-
mally excited carriers. The Drude component indicates
the electronic structure thermally excited area near the
energy gap edge.

The fitted curve using one Drude and two Lorentz
functions are indicated by thin solid lines in Fig. 2(a).
The fitting function is as follows;

ε̂(ω)= ε∞− 4πNe f fe2

m(ω2− iω/τ)
+

n

∑
i=1

4πNie2

m{(ω2
i0−ω2)− iω/τi}

R(ω) =

∣∣∣∣∣
1− ε̂(ω)1/2

1+ ε̂(ω)1/2

∣∣∣∣∣
2

Here, ε̂(ω), n̂(ω) and R(ω) are a complex dielectric
function, a complex refractive index and a reflectivity
spectrum, respectively.ε∞ is the sum ofε1 above the
measured energy region,Ne f f andτ the effective num-
ber and the relaxation time of carriers, respectively,m
the rest mass of an electron,Ni , ωi0 andτi are the inten-
sity, resonance frequency and the relaxation time ofi-th
bound state including energy gaps of electronic structure
and optical phonons, reflectivity. The two Lorentz func-
tions were set to the main gap at 15 meV and to the im-
purity state at 5 meV. The fitting functions can reproduce
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FIGURE 3. Photo of terahertz microscope with a high pres-
sure diamond anvil cell (DAC) at BL6B of UVSOR-II.

the experimental curves well. The obtainedNe f f andτ
derived from the fitting parameters are shown as the func-
tion of temperature in Fig. 2(b). If an activation type be-
havior [Ne f f ∝ exp(−2∆/kBT), where∆ is the energy
gap andkB the Boltzmann constant] is expected,logNe f f
should be proportional to1/T. HoweverlogNe f f is pro-
portional toT as shown in Fig. 2(b). This indicates that
the energy gap can not be explained by the rigid band
model but it may indicate the energy gap shrinks with
increasing temperature. Two-state model might be as-
sumed to explain the behavior [15]. On the other hand,
τ rapidly increases with decreasing temperature below
20 K. The temperature is coincident with that of the
growth of the magnetic excitation at 14 meV [14]. This
means that the thermally excited carriers strongly relates
to the magnetic excitation at 14 meV.

TERAHERTZ SPECTROSCOPY OF SMS
UNDER PRESSURES

The infrared synchrotron radiation (IRSR) is a powerful
tool for microspectroscopy and imaging not only in the
IR but also in the THz regions because of its high bril-
liance. Almost all IRSR beamlines in the world provide
commercial IR microscopes end stations that are easy
to use. Since Schwarzschild mirrors in commercial IR
microscopes are small, the microscope is available only
in the mid-IR region,i.e., it is not suitable for the THz
region. Then, we install a new microscope with large
Schwarzschild mirrors in order to cover the IR region
down to the THz region as shown in Fig. 3.

Some of the main features are; 1) Large working dis-
tance because some specific experiments (at very low
temperatures, under high pressures, a near-field spec-
troscopy, etc.) are planned. 2) We need to cover the THz
region because quasiparticle states of correlated materi-
als and finger print vibration mode of proteins appear

only in this spectral range. In order to achieve these
goals, we use a large-size Schwarzschild mirrors (Diam-
eter = 140 mm, NA = 0.5, working distance = 106 mm,
magnification =×8) to reduce the diffraction effect in the
THz region.

After installation of the THz microscope, we checked
the spatial resolution in the different wavenumber ranges
in which the microscope covers [7]. The THz micro-
scope in conjunction with UVSOR-II covers down to 30
cm−1 in contrast that with a globar lamp covers above
500 cm−1. The spatial resolution and the intensity us-
ing UVSOR-II is much higher than that using a globar
lamp in the whole wavenumber range. This indicates that
the THz microscope using UVSOR-II is a very efficient
means of microspectroscopy in the IR and THz regions.

We started the THz spectroscopy under high pres-
sures. To detect the charge dynamics, the optical reflec-
tion spectroscopy [R(ω)] in the THz region must be per-
formed as mentioned in the previous section. The high
pressure is produced by a diamond anvil cell. Since the
sample area in the pressure cell is smaller than 1 mm in
diameter, we have to use a microscopic technique. Then
the THz spectroscopy under high pressures is difficult to
perform using conventional FTIRs.

A membrane-type diamond anvil cell was employed
to produce high pressures to samples. The schematic fig-
ure combined with THz microscope is shown in Fig 3.
The pressure applied to samples is controlled by the
helium gas pressure filled in the membrane. Since the
areas of the culet plane of diamond and of the mem-
brane are 1.13 mm2 and 1030 mm2, respectively, the
pressure of samples is about 103 times larger than the
helium gas pressure. The sample with a typical size of
0.4×0.4×0.05 mm3 was set in a diamond anvil cell with
Apiezon-N grease as the pressure medium and with a
gold film as a reference and ruby tips as for a pressure
reference. The pressure was calibrated by a ruby fluores-
cence measurement.

SmS is an insulator (it is called “black phase”) with
the gap size of 1000 K at ambient pressure [16]. Above
about 0.7 GPa, the sample color changes to gold (golden
phase) and the Sm-ion changes from the divalence to
mixed valence [17]. To investigate the mechanism of the
transition, we performed the THz reflection spectroscopy
under pressures.

The obtainedR(ω) of SmS at 300 K as a function of
pressure were shown by thick lines in Fig. 4(a). At the
ambient pressure, the spectrum indicates the insulating
character because the low energy limit does not approach
to unity and a clear large peak due to the TO-phonon
between Sm2+ and S2− ions appears. When a pressure
was applied, the background intensity increased with in-
creasing pressure. The background indicates the appear-
ance of carriers. Therefore the carrier density increases
with increasing pressure. The fitting curve of the combi-
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FIGURE 4. (a) Pressure dependence of reflectivity spectrum
[R(ω)] of SmS (thick lines) in the black phase at 300 K. The
fitting curve of the combination of a Drude and a Lorentz
functions are also plotted by thin solid lines. Successive curves
are offset by 0.5 for clarity. (b) Pressure dependence of energy
gap evaluated by the Drude and Lorentz fitting ofR(ω) spectra.
See the text for details.

nation of a Drude and a Lorentz functions is shown by
thin solid lines in the same figure. The Lorentz function
was set to reproduce the TO-phonon. To fit the obtained
spectra, theNe f f in the Drude function is only changed
and the other parameters (τ in the Drude function and
all parameters in the Lorentz function) are fixed. The ob-
tainedNe f f is plotted in Fig. 4(b). ThelogNe f f is pro-
portional to the pressure up to 0.65 GPa. The pressure
dependence indicates that the energy gap closes with in-
creasing pressure. The energy gap size (2∆) at the ambi-
ent pressure was evaluated to be about 1000 K [16]. By
evaluating the gap size fromNe f f, the energy gap at the
black-golden phase boundary is 850 K and then the gap
suddenly closes to 100 K in the golden phase by the first
order transition [18].

CONCLUSION

In conclusion, two examples of research activities of
the terahertz spectroscopy and microspectroscopy at the
infrared-terahertz beamline BL6B of UVSOR-II were re-
ported. The performance of BL6B is excellent compared
with a conventional globar light source. Some other ex-
periments that cannot be performed by using conven-
tional spectrometers, for instance, infrared magnetic cir-
cular dichroism [19], infrared reflection-absorption spec-
troscopy of adsorbed molecules on surfaces [7], sub-
terahertz spectroscopy of superionic conductors and so
on, are performed at the beamline. In the future, new ter-
ahertz spectroscopies will be produced at the beamline.
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