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We present an optical setup for spectroscopic measurements in the infrared and of Raman shift under
high pressure and at low temperature. Using a membrane-driven diamond anvil cell, the pressure can
be tuned in sifu up to 20 GPa and the temperatures ranges from room temperature down to 18 K
in transmission mode and 13 K in reflection mode. In transmission, the setup is entirely working
under vacuum to reduce the water absorption features and obtain a higher spectral stability. Since the
infrared throughput obtained with a thermal source is limited, the use of a synchrotron source allowed
to enhance the performance, as illustrated with results obtained with various materials. The analysis
of the reflectivity is adapted so that it benefits from ambient pressure data and produces quantitative
optical conductivity curves that can be easily compared to the results at ambient pressure. © 2015 AIP

Publishing LLC. [http://dx.doi.org/10.1063/1.4931990]

I. INTRODUCTION

Temperature-dependent optical infrared and Raman spec-
troscopy allows one to probe low-energy vibrational, elec-
tronic, and magnetic excitations present in a large variety
of systems. Applying pressure modifies the inter-atomic dis-
tances and it can also change the crystal structure of the mate-
rial. Therefore, pressure can be thought of as a dial knob of
the electronic band structure of materials. Thus, interactions
between charge carriers can be probed, without the often-
unknown effects present when chemical doping is used.

However, such experiments are challenging, in partic-
ular, in view of the equipment needed to reach these extreme
conditions: high pressure cells reaching several GPa limit the
sample size way past sub-millimeter. In particular, this plays
against the reachable spectral range in the far infrared due to
diffraction limit and, most of all, limits the optical throughput
thus rendering unavoidable the use of focusing optics and
eventually the necessity to access a synchrotron light source.
The optical throughput issue is in fact accentuated by the
presence of diamond as both anvils and optical windows in
the pressure cell (diamond anvil cell (DAC)). High pressure
work at room temperature has become more accessible as an
increasing number of infrared beamline are now equipped with
DAC:s.

Another concern originates from the limited working dis-
tance (usually up to few centimeters) of commercially avail-
able infrared reflective objectives, which combined with the
DAC’s thickness, hinders the convenient placement of an op-
tical windows fixed on a vacuum shroud that still allows the
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precise positioning of DAC in the optical path. There are
however groups getting round this problem, some using lower
magnification coefficient objectives or custom-made reflective
objectives with significant longer working distances (which
also renders such objectives much bulkier and more delicate
to integrate into a compact optical path) and other using DACs
with a much lower profile (often at the expense of the in situ
pressure tuning capability).

This space issue, combined with intrinsic difficulties of
low temperature work at high pressure, renders high pressure
optical studies difficult and reduced its diffusion as standard
experimental method thus explaining the few reports of such
work. Among them, the investigation of insulator-metal tran-
sitions in vanadium oxide compounds' and hybridization in
heavy-fermion CeColns? in the infrared, and solid ammonia®
and MgB,* in Raman.

The lack of space around the DAC motivated us to
conceive and build an optical setup in which both a membrane-
driven DAC and focusing optics are placed in a custom vacuum
shroud designed for transmission measurements and allowing
to reach low temperatures using a commercial cold-finger.
Reflectivity measurements are done with a commercial Bruker
infrared microscope in a low-profile custom-made shroud by
a simple exchange of the cold-finger-DAC assembly.

Here, we describe in detail our optical, low-temperature
high pressure experimental setup. Results obtained on liquid,
powder, and single-crystal samples measured at the X01DC
infrared beamline of the Swiss Light Source are briefly pre-
sented to illustrate the overall performance.

The unusual sample environment drastically complicates
the data analysis and requires an elaborate calibration proce-
dure which will be described further.

©2015 AIP Publishing LLC
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Il. SETUP

The description of the setup is divided in three parts.
First, we describe the pressure cell, second, the cryogenic
part, and finally, the coupling to the optical platform provided
by the vacuum IR spectrometer or the nitrogen-purged IR
microscope.

A. Pressure application
1. General aspects

In order to apply pressure to a sample under study, we use
the well-established membrane DAC device.® IR transparent
diamonds (type Ila from Almax Industries) with 550 ym diam-
eter culets are squeezed together by a helium gas inflated mem-
brane. We use a commercial model from BETSA as shown
in Fig. 1. The sample under study is enclosed inside a thin
(210 pm thick) gasket and placed in between the two diamond
culets (see Figs. 1(b) and 2(b)). As the membrane inflates,
the motion of the diamonds causes sealing of the chamber
and produces the expected volume reduction from which a
pressure increase is obtained.

2. Cell preparation

Gaskets are usually made out of small metallic discs.
Several parameters are responsible for the actual sample thick-
ness and the pressure range that a particular experiment can
reach. The thickness of the disc, the material’s hardness, the
external pressure applied to the membrane, as well as the diam-
eter of the hole drilled in the gasket, which forms the actual
sample chamber, are main parameters. Gasketing is exten-
sively discussed in the two articles of Dunstan and Spain.”*

As an example, in our case, indented Copper Beryllium
discs of 15 mm diameter and 150 um thickness were drilled
by spark erosion with a tip of 200 m which produces sample
chamber holes of about 250 um diameter.

Membrane
Upper anvil —
Gasket —

Lower Anvil
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3. Pressure measurement

It is impossible to predict the pressure within the cell
solely by the knowledge of the pressure applied to the mem-
brane. Thus, the pressure P near the sample is determined
by measuring the wavelength A of the R; ruby fluorescence’s
line, hence its pressure-temperature-dependent shift 64 = A
— A, withrespect to ambient conditions. We use an HR2000+
spectrometer from Ocean Optics optimized for fluorescence
measurement with a 25 um slit and a 1800 mm™' grating,
a green 532 nm 15 mW laser as an excitation source, and a
Lakeshore 332 for temperature control. The pressure in GPa
is calculated’ with

P(SA,R)) = 1884 94 1+5.5 04y 1
oary=isss () s ()]

1 1
where 64, = 64 — 6 A7 is the only pressure-dependent contri-
bution to the wavelength shift and dAr is the temperature
dependent shift expressed in A as'”

{—8.9, ifT < 50K,

0dr =1 6.67 7 2.3 , ()
AT + —AT?> - == AT

102 108 107

where AT =T — T,y for T < 300 K and T,y is the tempera-
ture at which A, is taken at ambient pressure. The pressure
can be determined in real-time thanks to an automated work-
flow (available upon request) performing in a loop the follow-
ing operations: temperature and fluorescence measurements,
multi-peaks fitting for the determination of the position of the
R line, and finally, the calculation of the pressure.“

4. Sample environment

Hydrostatic (or quasi-hydrostatic) conditions cannot be
reached for samples in direct contact with both diamond an-
vils. Thus, samples are embedded by appropriate substances
acting as pressure transmitting media. Liquids are the best
choice for their ease of use and hydrostaticity. Because of their
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FIG. 1. BETSA DAC. (a) Cernox on the lower rocker. (b) Gasket’s hole.
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Il.Reflectivity

FIG. 2. Transmission setup and reflectivity setup in 3D cut view. Infrared is in red, laser excitation in green, ruby fluorescence in orange, and visible light
collected by camera in blue. (I) Transmission. (a) Gasket hole with synchrotron light spot next to crystal sample (reference spectrum), as seen with camera (11).
(b) Cut view of the sample environment with light passing through the sample (sample spectrum). (IT) Reflectivity. (c) Hyperion’s camera view of sample area
delimited by field-stop blades (sample spectrum). (d) Shared parts (purple) with the transmission setup. (e) Sample environment in cut view with light reflected

by the sample.

chemical composition infrared absorption can be strong in the
MIR region, reducing their usefulness. However, if the spectral
range of interest lies in the far infrared, Daphne oil 7474 is, for
instance, believed to be a good candidate.'? The same is valid
in the NIR above 4000 cm™".

For our MIR experiments, we used KBr as a pressure
medium. This mineral is transparent in the MIR region and
is less prone to chemically react with the sample under study.
Fine KBr powder was heated above 100 °C for at least 24 h to
minimize water content.

One disadvantage of KBr (beside being driven away from
hydrostatic conditions) is that loading a sample into the hole of
the gasket is difficult: KBr grains agglomerate, tend to move
the sample, and cannot always be distinguished easily from
ruby chips and the entire loading process needs to be swift
in order to limit water up-take.'> Moreover, the sealing of
the gasket requires higher pressure applied to the membrane
and the maximum pressure achieved with KBr is smaller than
for loads using liquid pressure transmitting media. From the
optical point of view, the presence of interfaces and gaps
between grains of the medium causes a diffusive effect greatly
decreasing the intensity of the signal in transmission geom-
etry, as represented in Fig. 2(c), which lasts until the gains
are more tightly put together with increasing pressure. This
somewhat reduces the possibility of using transmission data
as an input for a quantitative analysis under pressure. How-
ever, strong qualitative spectroscopic features can be easily
followed during the pressure run. On the other hand, in re-
flectivity geometry where the sample kept in contact with
one of the anvil as represented in Fig. 2(e) such diffusion is
avoided as light does not pass through the pressure transmitting
medium.

B. Temperature measurement

The DAC is clamped to the cold-finger of a commercially
available liquid helium flow cryostat, model ST-100 from Ja-
nis. The stainless steel capillary line used to adjust the pressure
into the membrane is thermally anchored with several wind-
ings along the thermal gradient of the cryostat. Temperature 7’
is monitored with two thermometers: one is placed on the cold-
finger (original diode sensor) and another (small factor bare
chip CX-1070-BC-4L Cernox sensor) inside the DAC attached
on the lower rocker close to one of the diamonds as shown in
Fig. 1(a). The lowest achieved temperature is 18 K and 13 K
in transmission and reflection geometries, respectively.

C. Optical paths
1. Transmission

The transmission setup shown in Fig. 2(I) is designed to be
placed directly into the sample compartment of a commercial
Bruker FTIR 66 v/S spectrometer. The IR incoming (1) beam’s
nominal focal point (3) provided by this instrument is steered
to the upper vacuum chamber of our setup and steered back
to the nominal optical path of the spectrometer by two 1-inch-
diameter gold plated mirrors on kinematic mounts (2). This
pair of mirrors can be easily slid away using a translation
stage in order to recover the original beam path, useful for
initial adjustment. The guard vacuum of the cryogenic part
of our setup needs to be better than the ~5 mbar reached by
the spectrometer (due to the gas bearings of the interferometer
scanner. Therefore, the upper chamber is separated from the
compartment chamber by a pair of appropriate IR transparent
windows (5): quartz, KBr, and polypropylene for the NIR,
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MIR, and FIR spectral regions, respectively. At the equivalent
focal point, there are variable size diaphragms (4) used to
adjust the diameter of the illuminated area within the sample
chamber inside DAC (8) in the focal plane of Cassegrain objec-
tives (7). The beam is further steered into the right 15X magni-
fication coeflicient Cassegrain objective, numerical aperture
0.5, mounted on a 3-axis translation stage. The mirrors of this
Cassegrain are aluminum-coated to also optimize the spectrum
in the visible range for the fluorescence measurement. Original
housing (20) of cold-finger (9) is attached to a custom-made
XYZ-manipulator, designed to withstand the force exerted by
the atmospheric pressure, and used to position with precision
the sample into the focal point delivered by the Cassegrain
objective. It is of utmost importance to be able to move the
DAC independently from the optics, in order to perform refer-
ence and sample measurements as shown in Figs. 2(a) and 2(b).
On the left side of the DAC, the outgoing light is collected by
second Cassegrain objective (7) with gold coated mirror and
otherwise same specifications. The IR beam is then steered
back into the original spectrometer’s nominal beam path to-
wards detector chamber (21). The combination of a helium-
cooled bolometer and nitrogen-cooled MCT detectors allows
to cover a spectral range from 50 cm™! to 12 000 cm™! and the
use of a silicon diode extends this range in the visible up to
25000 cm™'.

The Gold-coated 1 cm? steering mirror (6) in front of
each Cassegrain objective can be replaced (motorized linear
translation stages) by a beamsplitter which is used to visualize
the sample within the DAC with CCD camera (11) placed
after quartz window (10). The translation stages can also
completely clear the optical axis to perform the fluorescence
measurement. This is done in the following way: the parallel
laser beam exiting the collimator of optical fiber (16) is re-
flected by green dichroic mirror (15). Variable size diaphragm
(14) allows tuning the intensity of the beam which is then
collimated by 50 mm achromatic doublet (13) before passing
through second size variable diaphragm (12) controlling the
dimension of the laser spot entering into the right Cassegrain
objective. The fluorescence light is collected in reflection and
shares in reverse the same path up to the green dichroic mirror
that is crossed by the red light which is then collimated by
50 mm achromatic doublet (17) before crossing red dichroic
mirror (18) and finally being fed through another optical
fiber (19) into to the HR2000+ spectrometer.

The optical components from (12) to (19) are mounted in
arigid ensemble whose position can be adjusted to match the
rear focal point of the right reflective objective hence properly
illuminating ruby inside the DAC.

2. Reflectivity

Although the high pressure infrared capabilities in re-
flectivity geometry have already been partially described in
Ref. 14, where a Bruker Hyperion 3000 infrared microscope
coupled to a Vertex 70V spectrometer is used in combina-
tion with a similar DAC, the reflectivity setup presented in
Fig. 2(II) is actually an adaptation of DAC (8) clamped on cold-
finger (9) housing ensemble (20) of Fig. 2(I) to the geometry
of the Hyperion. Parts commonly shared with the transmission

Rev. Sci. Instrum. 86, 105102 (2015)

setup appear in purple in Fig. 2(d). Our home-made vacuum
shroud (22) with a geometry of sufficiently low profile allows
using the standard 15X reflective objective of microscope (23)
with a working distance of about 24 mm thus keeping its orig-
inal IR optical path (24). The positioning of the whole cryostat
is achieved by a triple-axis transition stage allowing to pre-
cisely position the sample at the focal point of the condenser
in order to make the sample and reference measurement. A
coarse adjustment of the tilt along the axis of the cold finger
is possible (25). On the Hyperion, the spectral range covered
by a bolometer and MCT ranges from about 200 cm™' to
8000 cm™!.

As described previously,'* ruby excitation is achieved
by feeding a laser beam directly into the optical path of the
infrared beam at the optical coupling of the spectrometer and
the microscope. Fluorescence light is collected into an optical
fiber through one of the ocular of the Hyperion and then
analyzed by the Ocean Optics spectrometer.

This cryostat can also be used to perform Raman micro-
spectroscopy under high pressure and at low temperature. An
argon laser at a wavelength of 514.5 nm serves as a power-
tunable excitation source. The light passes through a beam
expander and is then condensed at a confocal point of a Le-
ica DM2500P microscope with an Olympus SLMPLN 20x
objective mounted on its turret. The scattered light is collected
in reflection mode and its Raleigh component is rejected with
notch filters before being focused at the entrance slit of a
half-meter monochromator. The grating (1800 grooves/mm) is
mounted on a rotation stage allowing selection of the spectral
range of interest. Detection of the dispersed light is performed
by a 2048 pixels nitrogen-cooled CCD. Control over light
polarization is achieved by two crossed linear polarizers that
are placed before and after the microscope, respectively. A
half-wave plate is placed after the first polarizer on a rotatable
mount. XX parallel polarization is obtained for an angle of
45° between the axis of the first polarizer and the axis of the
half-wave plate. XY crossed polarization is obtained when that
angle is 0. The ruby fluorescence is collected into an optical
fiber through one of the binocular tube whereas the excitation
light if brought by the other. The spectral range spans from
about 50 cm™! to 1400 cm™! (with grating rotation).

lll. EXAMPLES OF MEASUREMENTS

We present below some experiments conducted under
high pressure using the described setup. The analysis per-
formed on these examples is of increasing complexity because
one needs to extract a more quantitative information on the
pressure-induced changes on the optical conductivity.

A. Liquid kerosene and Sr,VO, powders

Since kerosene is at the same time the sample and the
medium of pressure, the entire surface of the gasket’s hole can
be illuminated by IR light'> and the calibration is thus done
against an empty DAC spectrum. Although kerosene!® is not
suitable for FIR measurements in transmission due to its strong
absorption bands,'” it may be used in a higher energy range, for
instance, above 5000 cm™!. The transmission spectrum shown
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FIG. 3. (a) Pressure dependance of the MIR spectra of kerosene up to 10 GPa. (b) Shift of the position of four absorption peaks with pressure. (c) Transmission
of SrpVOy up to 7 GPa. Inset displaying full 1.5 GPa spectrum. (d) Pressure dependance of w;-1,2 3.

in Fig. 3(a) can be fitted with Lorentzians to estimate their
blueshift with pressure as displayed in Fig. 3(b).

Samples that cannot be grown in crystalline form are often
produced in powders which are usually pressed into pellets
prior to optical measurements at ambient pressure. In our case,
we studied powders of tetragonal Mott insulator Sr,VOy. The
blueshift of a series of absorption peaks under increasing pres-
sure P is shown in Fig. 3(c). Due to the very low transmission
of this compound, it has been diluted by KBr.'® The complex
dielectric function €(w, P) is modeled with a sum of Drude-
Lorentz (DL) oscillators,

‘Up,i(P)z
w,i(P)? — w? - iy(P)w’

e(@,P) = €u(P)+ Y 3)

L
where the parameters €(P), wp, i(P)% wo (P)*, and y;(P)
are, respectively, the high-frequency dielectric constant, the
plasma frequency, the transverse frequency, and the linewidth
of the ith oscillator. Oscillators outside of the 760-900 cm™!
range are kept at their ambient-pressure values determined in a
separate reflectivity experiment.'® The parameters are adjusted
so that the measured transmission is well described by

2

T(w,P) — eiw\/e(w,P)d/c , 4)

where c is the speed of light and d the thickness of the KBr-
powders mixture.

The origin of two of these peaks (w; = 808 cm™' and
wy = 874 cm™!) already seen in reflectivity!® has been the
subject of theoretical investigation.?” It was suggested that a
spin order parameter 7 frozen at zero at low temperature and
fluctuating between [0, 7] at room temperature influences the
energy band levels. The two observed peaks were attributed
to electronic transitions between these levels. However, the

pressurized transmission spectrum shows also a third peak
w3 = 836 cm™!, and all these peaks are shifting in the same
way as shown in Fig. 3(d).

B. Single crystals of BiTel

High pressure measurements on sample in single crystal
form are the closest one can get to a classic infrared spectro-
scopic measurement in condensed matter physics: one hopes
to be able to treat the data in the same way. In the following,
we illustrate this with a pressure study of BiTel, which is
a noncentrosymmetric semiconductor hosting up to now the
largest Rashba spin splitting effect for a bulk material.>!~23
Calculations suggest that the system might turn into a topo-
logical insulator by application of pressure via a progressive
closing and re-opening of its energy gap.?* We conducted an
optical high pressure study® of this material that illustrates the
usefulness of our setup. Transmission measurements at room
temperature in Fig. 4(a) indicate a progressive reduction of
the position of the maximum of transmission which lies just
below the gap edge. Such behavior is also exhibited by the low
temperature transmission in Fig. 4(b). As the low temperature
data involved more than one sample, differences in amplitude
arise and thus limit the interpretation to a qualitative level, but
both indicate that pressure continuously reduces and eventu-
ally closes the energy gap. The reflectivity at room temper-
ature is shown in Fig. 4(c). At low pressure, the reflectivity
has a sharp plasma edge which redshifts with the application
of pressure and disappears above 9.5 GPa where the overall
level of reflectivity increases. The low pressure curve shows
oscillations in a transparent region above 0.4 eV which are
due to Fabry-Perot resonances inside the thin sample. As the
transmission geometry is more prone to experimental artifacts
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(mixture of light passing in and around the sample and thick-
ness uncertainty, for instance), only the reflectivity data will
be used as input for a quantitative analysis that we describe
below.

1. Data analysis

As one measures the sample reflectivity within a DAC,
one has to modify the method of analysis in order to ac-
count for the sample/diamond interface and also to compen-
sate the renormalisation made against the spectrum of the
gasket instead of a gold mirror. As was already pointed out
by several studies,”®° it is possible to perform a Kramers-
Kronig (KK) analysis based on the calculated reflectance at
the sample/diamond interface

Veaw) - e(w, P)
Vea(w) +/e(w, P)
where €,4(w) is the dielectric function of diamond, which for

the limited spectral range discussed, is effectively constant
and given by e4(w)'/? ~2.4. €(w,P =0) is the dielectric

2

Ry(w, P) = ; &)

function of the material obtained by KK transform at P = 0
of the sample/vacuum absolute reflectivity Ry(w) over the full
energy range in order to numerically restore the phase of the
reflectivity.

The presented method also starts with the calculation of
Rs4(w, P) in Equation (5) via the determination of e(w, P)
which is this time obtained using a KK consistent variational
dielectric function®>*! (VDF) fit at P = 0 reproducing all fine
details of Ry(w), equivalent to a standard KK transform. We
assume that the dielectric function of the sample in the DAC
at P = 0.2 GPa (our lowest pressure curve) is very close to
the dielectric function of the sample in vacuum (P = 0) which
means that the reflectivity calculated and measured at the
diamond interface should also be close. Therefore, we consider
a scaling constant C that is determined with the experimental
reflectivity curves R (w, P = 0.2) and Ry(w, P = 0) which
best satisfies our assumption

R (w,P =0.2) = C- Ry(w,P = 0). )

The introduction of C also serves to compensate the absence
of absolute normalisation. C is assumed to be independent of
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pressure and therefore kept constant for all pressure curves. A
variational fitting is carried out on R (w, P = 0.2) by re-using
the VDF solution for Ry(w), while keeping fixed the oscillators
outside of the measured spectral region of R’/(w,P = 0.2).
The recursive use of the VDF solution at the previous value
of the pressure ensures the convergence of the procedure.

2. Results

The conductivity curve in Fig. 4(d) obtained with the
lowest pressure is quantitatively close to the ambient one.
The Fabry-Perot oscillations visible in the reflectivity curves
(Fig. 4(c)) of the lowest pressures have been filtered out in the
corresponding conductivity curves (Fig. 4(d)). As the pressure
increases, one can follow the progressive filling of the gaped
region up to a point where the overall level of conductivity
increases. This combined with the transmission data unam-
biguously indicates a closing of the energy gap, but not its
re-opening. Instead, this asymmetric behavior of the gap indi-
cates that the high-pressure phase of the material is different.
This structural transition is supported by the observation of
discontinuities in the evolution of vibrational modes as seen
in high-pressure polarized Raman spectroscopy, presented in
Figs. 4(e) and 4(f). We conclude that the increase of the pres-
sure above 9 GPa does not produce a pressure-induced gap re-
opening, thus precluding the high-pressure topological state.
An other high pressure study from Xi et al.* also reported a
change of structure seen in XRD data, but arrived at a different
conclusion regarding the existence of a topological phase at
lower pressure.

IV. SUMMARY AND CONCLUSION

We presented an experimental setup allowing spectro-
scopic measurements under high pressure and at low temper-
ature. It operates in both transmission and reflectivity geom-
etry on separate spectrometers sharing the same coldfinger
and DAC with in sifu pressure tuning. Examples of high-
pressure optical data were presented and a quantitative method
of infrared spectral analysis was described.
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