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We present an experimental set-up developed to perform optical spectroscopy experiments (Raman scattering
and photoluminescence measurements) with a micrometer spatial resolution, in an extreme environment of low
temperature, high magnetic �eld and high pressure. This unique experimental setup, to the best of our knowl-
edge, allows us to explore deeply the phase diagram of condensed matter systems by tuning independently
these three thermodynamic parameters, while monitoring the low-energy excitations (electronic, phononic
or magnetic excitations), to spatially map the Raman scattering response or to investigate objects with low
dimensions. We apply this technique to bulk FePS3, a layered antiferromagnet with a Néel temperature of
T ≈ 120 K.

I. INTRODUCTION

Extreme conditions of low temperatures, high mag-
netic �eld, high pressure or high doping, in condensed
matter physics are sought-after as they allow us to drive
electronic systems into exotic electronic ground states
that cannot exist/emerge in other conditions. Relevant
examples of such ground states include the appearance
of superconductivity in metals at cryogenic temperatures
or in ultra-doped two dimensional semiconductors1, mag-
netic orders that build up in magnetic materials below a
critical temperature and once established, require high
external magnetic �elds to be altered2, pressure induced
superconductivity such as, for instance, in Fe-based com-
pounds like FePSe3

3, or the coupling between di�erent
electronic ground states such as superconductivity and
charge density wave in transition metal dichalcogenides
like TaS2

4. Particular condensed matter systems also
exhibit a rich phase diagram with a triple quantum criti-
cal endpoint that can only be established in well-de�ned
pressure-temperature-magnetic �eld conditions5. Reach-
ing such extreme experimental conditions to perform spa-
tially resolved optical spectroscopy can be a real chal-
lenge, and combining them within the same experiment
is of course even more challenging.
In the last �fteen years, microscopic techniques

have been implemented in low-temperature and high-
magnetic-�eld environments produced by resistive
solenoids, mainly thanks to the development of com-
mercial piezo inertial motors6 compatible with cryo-
genic temperature and high magnetic �elds, and allow-
ing for sub-micrometer displacements7�9. This opened
the possibility to perform spatially resolved experiments
at low temperatures such as magneto-photoluminescence,
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-re�ectance, -Raman scattering, also with time resolu-
tion10. High pressures can be obtained using a Diamond
Anvil Cell (DAC)11, which is also compatible with optical
measurements as diamond is transparent over a broad in-
terval of energy including the visible and infrared ranges.
A recent example is the optical investigation at room
temperature of a van der Waals heterobilayer in a DAC
for pressures up to ∼ 4 GPa, see Ref. [12]. Low tem-
peratures for optical measurements with a DAC can be
achieved in He4 environments with13 or without14 mod-
erate magnetic �elds.
In this manuscript, we present an experimental setup

for optical measurements with a micrometer spatial res-
olution in an extreme environment of low temperature
(He4 cryostat), high magnetic �elds (compatible with 50-
mm bore resistive magnets at LNCMI-Grenoble produc-
ing �elds up to B = 31 T) and high pressure with the use
of a DAC. This system allows for spatial mapping of the
optical response in such conditions, or to investigate the
optical response at a speci�c location (nanostructures,
patterned surface, etc ...) while tuning the extreme con-
ditions.

II. EXPERIMENTAL SETUP

Our experimental setup is presented in Fig. 1a and was
conceived to be used in a 50 mm bore resistive magnet
at LNCMI-G. This environment imposes a strong spa-
tial constraint as the �eld center is located ∼ 450 mm
from the top of the magnet, within a bore of 50 mm.
Our setup includes a miniaturized optical table �xed at
the top of the experimental probe, and a 1.6 m tube
with an inner diameter of 16 mm, and hosting the sam-
ple holder. We use a monomode optical �ber, at room
temperature, to connect the excitation laser source to the
top of the probe in order to minimize the e�ect of vibra-
tions caused by the large �ow of deionized water15 (up to
1000 m3.h−1) used to cool down resistive magnets. The
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Figure 1. a) Schematics of the experimental setup where L
is a laser system, BF a Bragg �lter to spectrally clean the
excitation laser, P are polarizers or optical �lters, OW an
optical window, BS a 30/70 (R/T) beam splitter and M a
metallic mirror. For re�ectance measurements, BF is changed
for a metallic mirror and the laser is replaced by a white
light source. The magnet is presented in purple. b) Optical
photograph of the pressure cell with a 1 Euro cent coin. c)
Schematic of the sample holder showing the long working dis-
tance objective (blue), the pressure cell (orange) attached to
its holder (grey) and the piezo stages (red).

excitation beam at the output of the �ber is collimated
by an optical lens, cleaned by a re�ection on a volume
Bragg �lter for photoluminescence or Raman scattering
experiments, and then, it is sent to the sample holder via
a carbon-�ber tube, after a re�ection on a 30/70 beam-
splitter. For re�ectivity measurement, the volume Bragg
�lter is replaced by a mirror and the laser source by a
white lamp. Polarization optics and optical �lters can be
used in the excitation or in the collection path.
A circular or linear polarization can be imposed before

the last re�ection on the beam splitter. The collimated
excitation beam is then focused on the pressure cell with
a 12 mm working distance objective of numerical aper-
ture NA=0.35. The spot size o�ers a micrometer spatial
resolution. A schematic of this part of the probe is pre-
sented in Fig. 1c. The DAC is of the Tozer design16.
It is made of Cu-Be and it weights around 7 g in total
(see Fig. 1b). This small weight allows us to mount it on
piezo stages and to move the DAC below the laser spot
with a sub-micrometer spatial resolution. Spatially re-
solved and hyperspectral images of the optical response
of the sample within the DAC can then be reconstructed
by spatially scanning the DAC below the laser spot. The
optical response is collected with the same objective, goes

Figure 2. a) Raman scattering spectrum of the pressure
transmitting medium (Eth:Meth (1:4)) at T = 4.5 K and
P = 0.9 GPa. Inset: zoom on the 0 − 800 cm−1 part of the
spectrum. b) Photoluminescence spectra of ruby crystals at
three di�erent pressures and at T = 4.5 K.

through the beam splitter and is sent to the detection
system using free beam optics. For low-energy (below
100 cm−1) Raman scattering measurements, we use three
volume Bragg �lters in series before the detection system
to reject the stray light. For low temperature experi-
ments, the tube holding the objective-DAC-piezo stages
is placed in a closed metallic tube (32mm diameter) �lled
with 100 to 200 mbar of helium exchange gas for an e�-
cient thermal coupling. The tube is then immersed in a
bath of liquid helium in a 48 mm cryostat routinely used
in the 50 mm bore of resistive or superconducting mag-
nets. A local heater/thermometer is inserted below the
DAC to allow for tuning temperature up to T ∼ 80 K in
the previously described conditions.

The gasket has been indented and compressed down to
a thickness of 85 µm and a hole of 250 µm was drilled
in its center. The test sample, a triangular �ake of bulk
FePS3, a layered antiferromagnet, was placed in the hole
together with two ruby balls used to measure the pres-
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sure17. DAC require the use of a pressure transmitting
medium (PTM) and we have used a liquid PTM, a mix-
ture of ethanol and methanol (1:4 in volume) expected
to remain hydrostatic up to ∼ 10 GPa, see Ref [18]. At
T = 4.5 K, the Raman scattering response of this PTM
in the pressure cell is displayed in Fig. 2a. The phonon
of diamond is clearly visible at ∼ 1340 cm−1, together
with the response of the PTM19. Two energy bands are
a�ected by the response of the PTM, a weak intensity
band between 870 and 1550 cm−1 and a more intense
band between 2770 and 3050 cm−1. In the inset, we high-
light the fact that the optical response of this PTM close
to the laser line (below 800 cm−1 where most phonon and
magnon energies in condensed matter system are found)
is nearly featureless, being only composed of a smooth
background and allowing for low-energy Raman scatter-
ing experiments, see the inset of Fig. 2a. These signals
are negligible when looking at luminescence signals from
direct-band-gap semiconducting materials. The pressure
value can be determined by placing the laser spot on the
ruby crystal and measuring its photoluminescence sig-
nal20. Fig. 2b shows three low temperature spectra of the
ruby crystal in the pressure chamber, at selected pressure
values.
Finally, despite the fact that our experimental setup is

not confocal, still, the optical response has a depth selec-
tivity which allows us to identify, from the response, if we
are focusing on the pressure chamber or not. This can
be seen in Fig. 3 which displays two characteristic Ra-
man scattering spectra of the top diamond of the DAC.
At T = 4.5 K, depending on the relative distance be-
tween the objective and the pressure cell, we can observe
changes in the energy position of the doubly degenerate
LO-TO phonon at the Γ point of diamond, representative
of the strain. The strain evolves continuously when fo-
cusing deeper into the top diamond, as it is shown in the
inset of Fig. 3, and reaches a maximum at the pressure
chamber location ∼ 2 mm below the top surface of the
top diamond of the anvil. This e�ect allows us to identify
the correct objective-DAC distance in our experimental
setup in which no optical imaging is implemented. After
�xing the focus distance, one can spatially map the op-
tical response to locate the ruby crystals in the pressure
chamber.

III. RESULTS

The low-temperature Raman scattering response of
FePS3 includes a doubly degenerate antiferromagnetic
magnon excitation close to 122 cm−1 identi�ed by both
its peculiar temperature dependence21, and recently, by
its evolution with an applied magnetic �eld9,22,23. The
properties of FePS3 under pressure have been described
recently from the viewpoints of X-ray di�raction24 and
of neutron scattering25. We present in Fig. 4a two low-
temperature Raman scattering spectra of FePS3 mea-
sured at ambient pressure (black line), and in the DAC

Figure 3. Raman scattering spectra of the top diamond ob-
tained by focusing on the surface (blue spectrum) or close
to the pressure chamber (red spectrum) showing the e�ect of
strain on the high energy phonon of diamond. Inset: False
color map of the Raman scattering from the high energy
phonon in diamond when focusing from the top diamond sur-
face (z ∼ 2000µm) towards the pressure chamber at z = 0. A
schematics of the top diamond is overlaid on the �gure.

with an applied pressure of 0.9 GPa (red line). The ef-
fect of pressure can be seen through the hardening of
the phonon modes. Our experimental setup allows for a
spatial mapping of the Raman scattering response and
this possibility is displayed in Fig. 4b with a falsed color
spatial map of the energy position of the phonon near
260 cm−1 at P = 0.9 GPa. One can compare this map-
ping of the Raman scattering response with the optical
photograph of the pressure chamber in Fig. 4c. Our Ra-
man scattering data at di�erent pressures up to 8.7 GPa
presented in the inset Fig. 4a, indicate that this phonon
energy changes with a rate of 5.1 cm−1/GPa. One can
clearly see a gradual change of the phonon energy along
the �ake, and hence of the e�ective pressure in the cham-
ber. These data indicate that the pressure is larger in the
middle of the chamber than at its borders, close to the
metallic gasket, and this pressure di�erence is evaluated
to be ±0.1 GPa from the center of the chamber to its
edge.

When applying a magnetic �eld transverse to the
FePS3 layers, the two-fold degeneracy of the magnon ex-
citation is lifted, the energy of one branch increases with
the magnetic �eld while the energy of the other branch
decreases22. When a pressure of 8.7 GPa is set in the
DAC, bulk FePS3 is expected to be in the HP1 phase24.
As can be seen in Fig. 5, the magnon excitation is also
observed in the Raman scattering response, at an energy
very close to that of the magnon at ambient pressure, but
within a phonon spectrum modi�ed by the high pressure.
When applying a transverse magnetic �eld the magnon
splits into two components and we can observe this ex-
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Figure 4. a) Raman scattering spectra of bulk FePS3 mea-
sured at T = 4.5 K and at ambient pressure (black line) and
at P = 0.9 GPa (red line). Vertical dashed lines indicate se-
lected phonon energies without applied pressure. Inset: pres-
sure dependence of the ∼ 260 cm−1 phonon in FePS3, redline
is a linear �t of this evolution with a slope of 5.1cm−1/GPa.
b) False-color map of the energy of the ∼ 260 cm−1 phonon
in FePS3 at P = 0.9 GPa. A gradual change of the phonon
energy from the center of the pressure chamber to its bor-
der clearly indicates a gradient of pressure within the cham-
ber. The color scale is presented as the energy position of
this phonon in cm−1 or as associated relative pressure change
within the chamber in MPa. c) Optical image of the pressure
chamber containing the sample (FePS3, of a triangular shape
in the image), ruby balls (of a circular shape) to measure the
pressure, and loaded with a mixture of ethanol:methanol of
1:4 in volume.

citation up to highest value of the magnetic �eld. This
result illustrates the possibility to probe magnetic and
phonon excitations in the very speci�c environment of
low temperature, high pressure and high magnetic �elds.

IV. CONCLUSIONS

To conclude, we have presented an experimental set-up
for spatially resolved optical investigations (Raman scat-
tering, photoluminescence and re�ectance) of condensed
matter systems in an extreme environment of low tem-
perature, high magnetic �elds provided by the resistive
magnets of LNCMI-Grenoble (France), and of high pres-
sure produced in a diamond anvil cell. This set up allows
for the spatial mapping of the optical response of the sam-
ple with a sub-micrometer resolution at B = 0 or with

Figure 5. Low temperature (T = 4.5 K) Raman scattering
response of bulk FePS3 at P = 8.7 GPa for selected values
of the magnetic �eld up to B = 27 T. Black stars indicate
the energy position of the magnetic �eld dependent magnon
excitation.

an applied magnetic �eld, or to investigate a well-de�ned
location or systems with reduced dimensions such as van
der Waals heterostructures. This work unlocks for con-
densed matter physics the novel and exciting possibility
of inducing exotic electronic ground states at low tem-
perature and high pressure, and to trace the evolution of
their elementary excitations as a function of the magnetic
�eld produced by a superconducting or a resisitive mag-
net, by optical means. Additional functionalities such as
measurements of re�ectance or photoluminescence with a
time resolution are in the process of being implemented.
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