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ABSTRACT
We describe a new integrated optical spectroscopy facility for high-pressure research in materials research and mineral science located at the
beamline BL01B of the Shanghai Synchrotron Radiation Facility. The system combines infrared synchrotron Fourier-Transform spectroscopy
with broadband laser visible/near infrared and conventional laser Raman spectroscopy in one instrument. The system utilizes a custom-built
microscope optics designed for a variety of diamond anvil cell experiments, which include low-temperature and ultrahigh pressure studies.
We demonstrate the capabilities of the facility for studies of a variety of high-pressure phenomena such as phase and electronic transitions
and chemical transformations.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5109065., s

I. INTRODUCTION

Studies at extreme conditions including ultrahigh pressures are
thriving now, revealing unexpected diversity and uniqueness of the
documented phenomena.1,2 Application of high pressure on mate-
rials results in a profound modification of interatomic interactions,
which often result in a tremendous structural complexity and diver-
sity and change in chemical bonding, stable chemical composition,
and electronic properties.3–7 The newly synthesized materials at such
conditions reveal unprecedented physical and chemical properties8,9

guiding the design of novel functional materials, for example, room-
temperature superconductors. The great majority of these phenom-
ena can only be studied at the extreme conditions of high pressure
(P) and variable temperature (K) in situ as the unique properties
commonly revert on pressure release. This justifies the development
of novel and improvement of previously built in situ high-pressure
probes.

Probing materials in the infrared (IR) spectral range that covers
from 700 nm in near IR to 1 mm in far IR uncovers the interaction

with materials vibrational, electronic, charge, and spin excitations.
It is especially sensitive to the elementary excitations that involve
a change in the dipole moment of the system, making this kind of
spectroscopy complemental to the widely used Raman technique,
which probes a change in polarizability. IR spectroscopy provides
important information about materials vibrational and electronic
properties, which are intimately connected to the materials struc-
ture and composition making it a versatile tool to apply for in situ
studies at high pressures. In fact, IR spectroscopy was one of the first
experimental techniques applied for the research in a diamond anvil
cell (DAC).10 However, due to a large probe wavelength, IR spec-
troscopy has an intrinsic drawback for the high-pressure research
because of limited dimensions of samples that can be pressurized.
Samples in the DAC assembled to reach pressures in excess of
100 GPa (1 Mbar) are of a few tens of micrometers in dimension,
which is in the proximity to the diffraction limit for mid- and far IR
probes, thus making them challenging. Application of the Fourier-
Transform infrared spectroscopy (FT-IR) for high-pressure stud-
ies provides an important gain as it naturally records a broadband
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spectrum at once (the multiplex or Fellgett’s advantage). The gain-
ing signal by increasing the optical throughput (Jacquinot’s advan-
tage) is limited in DAC operation because of small sample dimen-
sions and the DAC stability requirement, which limits the working
distance and numerical aperture of the microscope objective lens
and, thus, the effective F-number of the interferometer. To improve
the applicability of the technique, especially in far IR, where the
diffraction effects are the most severe, brighter light sources are
needed.

IR spectroscopy utilizing synchrotron radiation11,12 for high-
pressure research has emerged naturally, as synchrotron radiation
is many orders of magnitude brighter than the common IR thermal
light sources and they are commonly broadband. This technique has
been pioneered at the National Synchrotron Light Source, and it has
demonstrated its applicability to a variety of high-pressure research
including materials science and mineral physics.13,14 Over the time,
this technique became an important research tool, now operating
at many existing synchrotron facilities.15–19 However, application of
this research tool alone limits the impact of the research, as IR spec-
troscopy cannot be used effectively for assessing the sample struc-
ture and composition. In addition, IR spectroscopy itself cannot
be readily applied to determine pressure in the DAC, especially at
very high pressures. X-ray synchrotron diffraction and spectroscopy
tools have demonstrated their unique applicability in these respects
for the high-pressure DAC investigations in materials and miner-
als,20–22 thus opening new opportunities for combined research due
to proximity X-ray beamlines to an IR beamline. To this end, IR
spectroscopy investigations would naturally benefit from combining
them with the optical spectroscopy measurements in other spec-
tral ranges and Raman spectroscopy. In this paper, we report a new
integrated optical spectroscopy system combining IR synchrotron
spectroscopy with complementary visible and Raman probes,
which provide additional sample characterization and pressure
metrology.

II. SYNCHROTRON INFRARED TECHNIQUE

Synchrotron source characteristics of the beamline BL01B of
the Shanghai Synchrotron Radiation Facility are described by Zhou
et al.23 With an opening angle of 40 × 20 mrad, the BL01B beam
collected from both edge and bending magnet radiation is suitable
for mid- to near-IR studies, as described below. The central instru-
ment of the facility is a Nicolet 8700 FT-IR spectrometer equipped
with KBr and CaF2 beam splitters. The collimated synchrotron beam
is guided into the entrance port of the FT-IR spectrometer, and the
divided by the interferometer beam feeds a custom-built IR micro-
scope (Fig. 1). The all-mirror microscope is confocal, and it is capa-
ble of measuring both transmission and reflectivity spectra using
the same mercury-cadmium-telluride (MCT) detector with the
0.05 × 0.05 mm2 crystal dimensions. The reflective objective lens
(commercial lenses of Cassegrainian type with the magnification of
×10 and ×15, NA of 0.23 and 0.3, and working distances of 30.6 and
24 mm, respectively) facing the sample from both sides are cho-
sen to match a most common symmetric DAC of 48 mm in DI
and 36 mm in length. Other kinds of symmetric cells (e.g., BX-90)
can also be used in the same geometry. The symmetric DAC in
a He continuous flow cryostat24 can be used with a commercial
10× objective from one side and a custom ×8, NA = 0.25, a work-
ing distance of 50 mm, reflective objective used before at NSLS,14

and the IR system at the Geophysical Laboratory.25 To match the
collimated synchrotron beam, which is about 30 mm in diameter,
to the entrance pupil of the objective lens (about 7 mm in diam-
eter), the beam is contracted using two off-axis parabolic mirrors
(PM) of 275 and 125 mm focal lengths (Edmund Optics) (Fig. 1).
The confocal aperture (optional) is positioned is the common focal
point of these mirrors. This design provides a favorable use of syn-
chrotron beam and flexibility in using various objective lenses (OB)
including the custom one with a larger entrance pupil used with
a cryostat (see above). The objective lenses are being set in the

FIG. 1. Optical layout of a combined infrared FT-IR, broadband supercontinuum (SC) laser visible/near IR, and Raman system at the beamline BL01B of the SSRF. Optical
elements shown in a light blue color correspond to synchrotron IR, while light green and light yellow mark the optical elements, which belong to Raman and visible/near
IR parts of the system, respectively. BE stands for beam expanders, OB for objective lenses, PM for off-axis parabolic mirrors, AP for apertures, M for IR mirrors, RM for
Raman mirrors, and SCM for visible/near IR (supercontinuum) mirrors. The following optical elements are positioned on the transition stages and can be positioned/removed
reproducibly to change the mode of operation: OB2-OB3, M4, M7, M9, RM4, SCM2, SCM5, and AP1-AP3.
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collimated beams providing flexibility in using different measure-
ment modes such as reflectivity vs transmission and various spec-
troscopy techniques such as Raman vs visible/near IR/mid-IR optical
properties. The IR objective lens focusing the incoming IR beam
in the DAC cavity in the transmission geometry is positioned at
a fine manual (optionally motorized) XYZ translation stage. The
IR objective lens facing the DAC (which can also be finely posi-
tioned in three coordinates) from the opposite side is stationary.
It collimates the IR beam that passes the sample in the transmis-
sion geometry, or it focuses the IR beam and collects the reflected
off the sample signal in the reflection geometry using a D-mirror
as a beam splitter. The signal IR beam is expanded using a pair
of off-axis parabolic mirrors (identical to those in the incoming
beam path) with an optional spatial filter and is focused to the MCT
IR detector using an off-axis parabolic mirror of the 50 mm focal
length.

A part of the IR microscope system is also used for visible/near
IR broadband optical transmission and reflectivity spectra measure-
ments. A white light laser [supercontinuum (SC), 400–2400 nm
bandwidth, Leukos] beam is expanded using a pair of achromatic
lenses to a diameter of 10 mm and is directed to the IR microscope
via a flipping mirror following after that the IR beam paths in trans-
mission and reflection geometries. The signal beam is directed to
a visible/near IR grating spectrograph equipped with a variety of
diffraction gratings (on the turret); the spectra are recorded with
array CCD (200–1100 nm) and InGaAs (900–1650 nm) detectors
(Princeton Instruments PIXIS and NIRvana, respectively).

The Raman system has a separate refractive optics. The IR
objective lens can be reproducibly substituted by a long-working
distance refractive objective lens (Mitutoyo super-long working dis-
tance ×20 or ×50), and the Raman optical path is diverted to the vis-
ible/near IR grating spectrograph via a flipping mirror. The Raman
system can interchangeably use 2 excitation wavelengths, 561 and
660 nm of single frequency solid-state lasers. The separate optical
paths for each wavelengths have confocal apertures (only one opti-
cal path is shown in Fig. 1). The laser beam is injected in the optical
path via a notch filter (OptiGrate), which reflects it off to the objec-
tive lens toward the sample. The scattered backwards Raman signal
is separated from the elastic scattered radiation using three notch fil-
ters: one before the confocal aperture and two after in the collimated
beam path. The system is equipped with 3 optical CCD cameras
for visualizing the samples in the DAC (one for each side of the
IR/visible system and the other in the Raman path) coupled to light-
emitting diode (LED) illuminators. Pellicle beam splitters installed
on the transition stages allow the observation of the samples and the
IR/SC/Raman probe beams in the focal plane of the objective lenses
(not shown in Fig. 1).

The synchrotron IR data were collected using ×15 NA = 0.3
objective lenses in the transmission geometry unless it is stated
differently. We have investigated the synchrotron IR beam spot
dimensions in the focal spot (Fig. 2). This has been measured by
collecting IR spectral intensities (a CaF2 beam splitter was used)
approximated via the centerburst amplitude when moving a razor
blade across the beam in two perpendicular directions and then
differentiating the resultant curves. The beam spot is close a cir-
cular of approximately 10 μm FWHM in a mid-IR spectral range.
These results are encouraging for the IR investigations at very high
pressures.

FIG. 2. IR beam intensity at an averaged wavenumber of 5000 cm−1 in the focal
plane of a ×15 NA = 0.3 objective lens.

Many IR experiments at high pressure would benefit from
an enhanced special resolution, which can be achieved using the
double aperture geometry, where both the incoming and transmit-
ted/reflected synchrotron probe beams are subjected to spatial fil-
tering. This suppresses the unwanted spurious and diffracted sig-
nals, effectively increasing the system capabilities to measure very
small transmission signals, thus increasing the limits of measur-
ing large absorption coefficients. This is the most important when
the sample does not cover completely the high-pressure cavity, and
transmission measurements through the surrounding medium are
used as the reference (e.g., Ref. 25). Figure 3 shows how much one
sacrifices in the signal in such a mode of operation. The confo-
cal apertures were of 150 μm in diameter, which corresponds to
12.8 μm at the focal plane using the geometrical optics rules. One

FIG. 3. IR single beam spectra of the IR synchrotron source measured through the
IR microscope using KBr and CaF2 beam splitters with and without spatial filter
apertures.
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can see that introducing the apertures, which are geometrically close
to the IR beam dimensions, results in a substantial reduction of
the signal toward a larger wavelength because of the diffraction
effects. Probing samples with the dimensions that are comparable
to the beam spot and surrounded by a metallic gasket diminishes
the signal in a similar manner. Decreasing the dimensions of the
gasket hole containing the sample with pressure causes the sig-
nal to decrease rapidly making it challenging to sort out the effect
of pressure on the materials properties such as the bandgap clo-
sure. The reference spectrum cannot be measured in such a regime
at the same time as the sample spectrum must be collected at
different conditions (e.g., Ref. 19). The gasket hole serves as an
aperture in this case, thus eliminating the need of the confocal
apertures.

As the IR system including the FT-IR spectrometer reported
here is not air tight, there is a strong absorption by atmospheric H2O
and CO2 (Fig. 3). However, if the reference and the sample spectra
(transmission or reflectance) are measured frequently, these absorp-
tion peaks are largely canceled out as it can be seen in the examples
of the spectra presented below in the paper. Purging of the whole
optical system to increase the signal-to-noise ratio in the spectral
regions of the strong atmospheric gas absorption is planned in the
future.

III. REPRESENTATIVE EXPERIMENTS
IR spectroscopy is a great tool to determine the electronic

properties of materials at high pressure, where the electronic tran-
sitions are quite common such as the insulator-to-metal (IM) and
spin transitions. Other techniques that can probe such transitions
involve synchrotron X-ray spectroscopy, which may have certain
limitations or require an extensive collection time.20,22,26 Moreover,
IR spectroscopy provides unique information, especially concern-
ing IM transitions.27 This issue is of great importance for mate-
rial science, especially in the case of investigating high-pressure
behavior of simple molecules such as hydrogen. Here, we present
two examples of characterization of materials electronic proper-
ties at high pressures. Use of IR radiation is critical in the opti-
cal characterization of materials as the extrapolations of the com-
monly measured optical spectra in visible and near IR spectral
ranges to smaller energies may not be reliable. Here, we report the
extension to mid-IR (Fig. 4) of the optical transmission measure-
ments of compressed graphite in the visible and near IR spectral
range.28 Our measurements demonstrate that the absorption edge
of compressed graphite extends from the visible to near IR spec-
tral range, suggesting a substantial level of disorder in this carbon
modification.29

The optical properties of the Earth’s lower mantle minerals are
affected by the spin pairing transitions of Fe2+ and Fe3+ ions that
occur in the deep Earth due to an increase in pressure.25,30 This is
of great interest to the Earth’s heat transport properties and his-
tory, especially radiative heat transport. Measurements of the optical
properties of deep Earth’s minerals at extreme P-T conditions may
address this issue. To cover the spectral span of the deep Earth’s ther-
mal radiation, the spectra must be measured in the whole IR/visible
spectral range from the same sample at the identical P-T condi-
tions. We reported here that the combined IR-visible system ideally
matches the requirements for such investigations including those

FIG. 4. IR absorption spectra of graphite compressed to 50 GPa at room temper-
ature. Type II diamonds have been used as the anvils. A noise near 2100 cm−1

is due to a second order absorption of diamonds in this spectral range causing a
large single beam signal reduction.

at high temperatures (a future development). Figure 5 shows the
absorption spectra of Mg0.92Fe0.08O ferropericlase at 45 GPa and
300 K. Based on the spectral observations of two d-d (crystal field)
transitions, the sample is mainly in the high-pressure spin paired

FIG. 5. IR absorption spectra of ferropericlase at 45 GPa in the stability field of the
LS phase. Crystal-field transitions observed in the spectra are assigned according
to Ref. 25.
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FIG. 6. Raman spectra of D2 in phase II along with the
measurements of the stressed diamond.

(low spin) phase in a good agreement with our previous investi-
gations.25 Our results demonstrate the capability of the new sys-
tem in the wide spectral range, which provides an opportunity for
future studies at higher pressures (beyond 100 GPa) and variable
temperatures (10–1000 K).

Phase diagram of hydrogen at high pressures attracts great
attention because of predictions of an exotic state, which com-
bines superfluidity and superconductivity.31 Because of a low
X-ray scattering factor, optical and Raman spectroscopy is the major
experimental tool in investigating hydrogen at ultrahigh pressures
approaching >400 GPa, where hydrogen is expected to metallize

FIG. 7. IR absorption spectra of D2 in phase II in comparison with the mea-
surements, where a strong stress-induced low-temperature diamond absorption
appear. The latter one as well as the IR hydrogen vibron disappears in phase I at
300 K.

(e.g., Ref. 32). The samples of hydrogen that can be investigated at
such high pressures are typically less than 10 μm in linear dimension,
posing experimental challenges, especially for the use of IR spec-
troscopy. Here, we demonstrate our combined Raman/IR results for
deuterium at 60–140 GPa and low temperatures (<80 K), where D2
experiences a symmetry breaking transition to a phase II,33 which
was previously characterized as a state, where quantum rotations
become orientationally ordered.34

Raman spectra of D2 (Fig. 6) collected at the beamline show
the major vibron and roton modes of phase II of D2. The splitting
of rotons and the presence of the vibron sidebands35,36 manifest a
rotationally ordered state. The position of the Raman edge of the
stressed diamond was used to determine the pressure.37

IR spectra (Fig. 7) of the D2 sample, which was nearly 10 μm
long and 5 μm wide, show a doublet of weak peaks that appear in
phase II. The spectral positions of these peaks agree well with IR
synchrotron data of Hemley and Mao,38 while they disagree with
another investigation of Cui et al.,39 which used a tunable IR color
center laser. Our observations of multiple IR vibrons are on-line
with the Raman detection of vibron sidebands (Fig. 6), which have
similar frequencies. Both these observations suggest that the struc-
ture of phase II above 60 GPa is complex, with many molecules in
the unit cell as was proposed previously.35 At pressures higher than
90 GPa, our IR spectra drastically changed, revealing two new strong
bands, which mask the weaker bands of D2. We assigned these
bands to a stress-induced three-phonon absorption of diamond.40

Interestingly, these absorption bands disappear at room temper-
ature as was also noticed previously (Fig. 7). Overall, our com-
bined Raman-IR experiments on hydrogen up to 280 GPa (which
will be published elsewhere) demonstrate a capability of the sys-
tem for future investigations of hydrogen through the transition to
a metallic state.

IV. CONCLUSIONS
Our newly designed and built combined synchrotron IR/

supercontinuum visible-near IR optical spectroscopy/Raman system
provides novel capabilities for investigations of materials vibrational
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and electronic properties in a wide range of pressures and temper-
atures. The optical spectroscopy ranges from 400 nm (25 000 cm−1)
in the visible up to 14 000 nm (700 cm−1). Samples of dimensions
down to 5 μm can be studied in the whole spectral range both in
transmission and reflectivity modes. Raman spectroscopy with 562
and 660 nm excitation wavelengths cover the spectral range from 10
to 4500 cm−1. This new facility enables spectroscopy experiments to
ultrahigh pressures (>300 GPa) and can be in future combined with
XRD experiments at the same synchrotron ring.
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