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ABSTRACT: Low-dimensional organic−inorganic hybrid perovskites
have attracted much interest owing to their superior solar conversion
performance, environmental stability, and excitonic properties compared to
their three-dimensional (3D) counterparts. Among reduced-dimensional
perovskites, guanidinium-based perovskites crystallize in layered one-
dimensional (1D) and two-dimensional (2D). Here, our studies
demonstrate how the dimensionality of the hybrid perovskite influences
the chemical and physical properties under different pressures (i.e., bond
distance, angle, vdW distance). Comprehensive studies show that 1D
GuaPbI3 does not undergo a phase transition even up to high pressures
(∼13 GPa) and its band gap monotonically reduces with pressure. In
contrast, 2D Gua2PbI4 exhibits an early phase transition at 5.5 GPa and its
band gap follow nonmonotonic pressure response associated with phase
transition as well as other bond angle changes. Computational simulations reveal that the phase transition is related to the structural
deformation and rotation of PbI6 octahedra in 2D Gua2PbI4 owing to a larger degree of freedom of deformation. The soft lattice
allows them to uptake large pressures, which renders structural phase transitions possible. Overall the results offer the first insights
into how layered perovskites with different dimensionality respond to structural changes driven by pressure.
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■ INTRODUCTION

The organic−inorganic hybrid halide perovskites have
attracted much scientific interest owing to their superior
optical properties and promising applications in energy
conversion and light-emitting diodes technologies.1−6 A large
number of studies to date have established outstanding three-
dimensional (3D) bulk organic−inorganic hybrid perovskites
such as MAPbI3, FAPbI3,

7,8 where MA represents CH3NH3
+

and FA represents NH2CHNH2
+. These hybrid perovskites

exhibit stellar solar efficiencies as new-generation solar cell
devices. According to previous studies on crystal synthesis,9,10

metal halide perovskites may crystallize in the zero-dimen-
sional (0D) to 3D form based on the Goldschmidt tolerance

factor,11 = +
+t r r

r r2 ( )
A X

B X
, where rA, rB, and rX are the effective

radius of cations, metals, and halides. While 0.8 < t < 1
generally ensures a 3D cubic/tetragonal structure, the cation
becomes too large to be contained in 3D structure when t > 1.
Thus, perovskites form in one-dimensional (1D) ribbons or
two-dimensional (2D) layered structures. Because of thermal
and moisture instability of 3D hybrid perovskites,12−14 there is
an increasing research effort to the synthesis and application of
these low-dimensional organic−inorganic perovskites for
higher stability.15,16 To achieve 1D or 2D nature, organic

spacers or larger cations are usually employed to create van der
Waals (vdW) gaps. Recent studies have further shown that
these low-dimensional counterparts exhibit higher stability,
larger exciton binding energy, and longer diffusion length,17−20

making them ideal candidates for studying intriguing physical
properties under high pressures associated with the change of
the interatomic distance, bond angles, and lattice constants.
Guanidinium (Gua) is a nonpolar cation and GuaPbI3 has a

tolerance factor of 1.03 in the assumed 3D perovskite form.
Since the tolerance factor is greater than 1, it crystallizes in the
non-3D form. Indeed, the synthesized GuaPbI3 takes the 1D
form with face-sharing octahedra, while Gua2PbI4 crystallizes
in 2Ds with corner-sharing octahedra.21,22 This enables the
Gua-Pb−I system to take different dimensionality with the
same type of cation, metal, and halide and thus is a great
candidate material system to study the dimensionality and
structural transformation effects.
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■ EXPERIMENTAL SECTION
Synthesis of 1D and 2D Guanidinium-Based Perovskites.

Lead (II) oxide (PbO, 99.9%), hydroiodic acid (HI, 57% w/w aq),
and hydro-phosphorous acid (H3PO2, 50% w/w aq) were purchased
from Alfa Aesar. Guanidinium carbonate (Gua2CO3, 99%) was
purchased from Sigma-Aldrich. All chemicals were used without
further purification.
GuaPbI3 (1D Ribbon). Five milliliters of HI and 0.1 mL of H3PO2

were mixed together in a glass vial. Typically, 144.2 mg of G2CO3 (0.8
mmol) was added to the mixture to produce guai. Then, 922.0 mg of
PbI2 (2 mmol) was added in, mixed, and put in an autoclave for
hydrothermal synthesis. The reaction temperature was raised in 4 h
till 100 °C, kept for 2 h, cooled to 45 °C in 6 h, and further cooled to
25 °C in 8 h.
Gua2PbI4 (2D Layers). Five milliliters of HI and 0.1 mL of H3PO2

were mixed together in a glass vial. Typically, 540.5 mg of G2CO3 (1.5
mmol) was added to the mixture to produce guanidinium iodine
(GuaI). Then, 922.0 mg of PbI2 (2 mmol) was added in, mixed, and
put in an autoclave for hydrothermal synthesis. The reaction
temperature was raised to 100 °C in 4 h, kept at 100 °C for 2 h,
then cooled to 55 °C in 6 h, and further cooled to 25 °C in 8 h.
Theoretical Simulation. Our theoretical calculations were

obtained via first-principles pseudopotential calculations that were
based on density functional theory (DFT), including spin-orbit
coupling (SOC) effects. These calculations were performed within the
generalized gradient approximation (GGA), taking into account van
der Waals (vdW) corrections, for which we used the DFT-D223

method of Grimme. Projector augmented-wave (PAW) potentials
were used, and we approximated the exchange-correlation potential
using the Perdew−Burke−Ernzerhof (PBE) functional.24,25 For these
numerical calculations, we used the Vienna ab-initio simulation
package (VASP).26 The plane-wave basis set kinetic energy cutoff was
chosen to be 500 eV. We used the Monkhorst−Pack scheme27 with a
γ-centered mesh to sample the Brillouin zone using a 6 × 6 × 6 k-
point grid for 1D GuaPbI3 and a 4 × 2 × 3 grid for 2D Gua2PbI4. To
optimize atomic positions at each value of volumetric strain on the
lattice, we used the conjugate gradient method, which allowed us to
minimize the ground-state energy and atomic forces for each
configuration. The starting geometries prior to atomic relaxation for
1D and 2D structures were obtained from ref 22. The convergence

requirement between any two steps in the energy optimization
procedure was chosen to be 10−5 eV. In addition, we used the
Gaussian smearing method with a smearing width of 0.02 eV for all
density of states calculations. To visualize crystal structures, we used
the VESTA software.28

In-situ Characterization in a Diamond Anvil Cell. A diamond
anvil cell is a device to allow control over pressure. Guanidinium-
based perovskites (1D GuaPbI3 and 2D Gua2PbI4) were placed in the
gasket hole with 0.21 mm diameter. NaCl is used as pressure media to
introduce pressure. Ruby is used as a pressure gauge to regulate the
pressure. PL spectra were measured with 355 nm UV laser and Raman
spectrum were measured with 532 nm green laser in backscattering
configuration with 1200/mm grating. The spot size is ∼2 μm and
laser power is 1.3 mW for Raman and 320 μW for PL measurement.
Micro-absorption spectrum was obtained through a home-made
spectrometer in backscattering configuration. Tungsten light is used as
a light source. The spectrum range is from 400 to 750 nm, and the
spot size is around 20 μm.

Optical Characterization. UV−vis absorption spectrum was
obtained by a Lambda 950, Perkin-Elmer spectrophotometer.
Deuterium and tungsten halogen light are used as the light source
for UV and visible. A 5 mm × 5 mm perovskite sample is attached to
the aperture. The spectrum range is from 250 to 800 nm, in the step
of 2 nm. SEM samples were prepared by drop casting (perovskite
samples) directly on a 300 nm oxide thick Si/SiO2 substrate. The
substrate was sonicated with ethanol and IPA to remove any organic
contaminants followed by a 15 min Ar plasma treatment. The samples
were sputtered with Au/Pd prior to the measurement to make the
surface conductive. The thickness of the sputtered film was about 10
nm. SEM and EDX were performed using a Zeiss Auriga FIB-SEM at
20 KV acceleration voltage from a field emission source and collected
using a back-scattered electron detector and a 30 μm aperture. The
collection bias was maintained at 300 V throughout the measurement.
X-ray diffraction was performed on Siemens D5000 with Cu source.

Low-Temperature and Power-Dependent PL Measurement.
Our low-temperature and power-dependent PL measurements were
carried out in a home-built micro-spectroscopy setup: a cryostat (Janis
ST-500) to cool the sample at low temperature with liquid helium
flow; the long working distance objective lens (NIKON Plan Fluor
ELWD 40×) with a numerical aperture NA of 0.6 and objective
correction collars for localizing the samples in the cryostat; and a 2D

Figure 1. Crystal structure and basic characterization of 1D GuaPbI3 and 2D Gua2PbI4. (a, b) Crystal structures of 1D GuaPbI3 and 2D Gua2PbI4.
(c, d) SEM images of GuaPbI3 and Gua2PbI4 (high-resolution SEM image as inset). (e, f) Powder X-ray diffraction of GuaPbI3 and 2D Gua2PbI4.
(g, h) Raman spectrum of GuaPbI3 and Gua2PbI4.
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EMCCD array camera with a spectragraph (Andor spectrometer) was
used for the signal detection. For the measurements, a continuous-
wave laser (473 nm) was used as the pump source. The motorized
half-wave plate was used to control the incident power for the power-
dependent measurement, and edge filters were put in the detection
path to remove any pump signals.

■ RESULTS AND DISCUSSION
Here, a diamond anvil cell (DAC) allows us to change the
interatomic distance, bond angles, and lattice constants on
demand by applying high pressures to explore the phase
transformation and band renormalization effects. To date,
several studies have been carried out for 3D organic halide
perovskites and unique phase transition caused by PbX6
rotation has been reported.29−31 However, the high-pressure
response and origin of phase transition for low-dimensional
perovskites, especially the dimensionality (1D vs 2D) effects,
are still remain challenging. In this work, we report on the
synthesis and optical characterization of pseudo-1D GuaPbI3
ribbons and 2D Gua2PbI4 layers and access their high-pressure
(up to 15 GPa) behavior using DAC integrated with Raman,
photoluminescence (PL), and microabsorption spectroscopy
setup. Experimental results together with comprehensive
density functional (DFT) simulations first establish how
bond angles, distance, and overall octahedra deform under
pressure for 1D and 2D perovskites and how the
dimensionality influences the phase transition and band
renormalization (tuning) effects.
The organic perovskites are synthesized by solution-based

methods32 (see Experimental Section) following established
protocols, and the crystal structures of 1D GuaPbI3 and 2D
Gua2PbI4 are schematically shown in Figure 1a,b. In the 1D
case, the PbI6 octahedra extend and form 1D chain along the c-
axis direction, wherein these pseudo-1D chains are coupled
together through weak vdW forces. On the contrary, the
double chain of inorganic PbI3

− are separated by Gua
(guanidinium) cations22 to form 2D layers (lattice), which

are stacked along the b-axis again coupled through vdW forces
much similar to inorganic vdW crystals such as graphite, MoS2,
and others. The scanning electron microscopy (SEM) image of
1D GuaPbI3 and 2D Gua2PbI4 (Figure 1d) highlights the 1D
and 2D vdW nature of these as-synthesized layers. The XRD
spectra collected from 1D GuaPbI3 and 2D Gua2PbI4 match
well with the previously reported work.22 Finally, the Raman
spectroscopy spectra of 1D GuaPbI3 and 2D Gua2PbI4
obtained at ambient pressure exhibit three prominent low-
frequency peaks at 26, 37, and 58 cm−1 for GuaPbI3 and four
peaks located at 27, 35, 46, and 57 cm−1 for 2D Gua2PbI4.
These low-frequency Raman peaks can be attributed to zone-
folded LA phonons or optical modes.33

We start our discussions on the high-pressure behavior of
these vdW halides with 2D Gua2PbI4. To investigate the
pressure dependence of guanidinium-based perovskites, we
applied pressures (0−15 GPa) on 2D Gua2PbI4 and carried
out photoluminescence and microabsorption measurements
under different applied pressures. 2D Gua2PbI4 thin flake
(lateral size ∼100 μm and thickness ∼50 nm) was exfoliated
from as-grown crystals and transferred into DAC (see the
schematic in Figure 2a). Standard ruby fluorescence was used
as the pressure gauge to determine the pressure inside the
DAC chamber.34 We also note that sodium chloride is highly
preferred over methanol/ethanol media to eliminate the
possibility of chemical reactions between perovskites and
pressure transmitting media. In all of the measurements, the
behavior was monitored both during compression and
decompression to ensure that the results are accurate and are
fully reversible.
Under ambient pressure, in Figure 2b, photoluminescence

(PL) peaks and UV−vis absorption show strong absorption at
2.5 and 2.55 eV, respectively. To extract out the band gap from
the UV−vis absorption spectrum, we use direct band fitting35

(αhv)2 = C(Eg − hv), in which α is absorption coefficient, hv is
the energy, C is the material depending constant, and Eg is the

Figure 2. High-pressure studies on 2D Gua2PbI4. (a) Schematic of a diamond anvil cell. (b) Photoluminescence and UV−vis absorption spectrum
of 2D Gua2PbI4. (c−e) Stacking PL, microabsorption, and Raman spectrum of 2D Gua2PbI4 at high pressures.
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band gap of the material. The extrapolation result shows that
the band gap from the UV−vis spectrum locates at 2.5 eV,
which matches well with the PL data. We also note that the
energy difference (50 meV) between the PL peak (2.50 eV) at
absorption increase (2.55 eV) is related to the Stokes shift
phenomena as previously discussed in the literature.36

We find that the 2D Gua2PbI4 band gap has an unusual
pressure response. The prominent PL peak first red-shifts from
2.50 to 2.34 eV at a rate of −28.3 meV/GPa (Figure 2c). This
red shift response with pressure is usually observed in
conventional material systems such as porous silicon, As2S3,
GaAs, 2D ReS2, ReSe2, and other traditional semiconduc-
tors.37−40 Further applied pressure above 5.9 GPa causes PL
emission from 2D Gua2PbI4 to blue shift from 2.34 to 2.45 eV
as the pressure increases from 5.9 to 9.8 GPa (+30.8 meV/
GPa) and remains nearly constant from 10.8 to 13.8 GPa with
a minuscule change from 2.45 to 2.46 eV.
Microabsorption measurement, a more direct gauge of band

gap values, at different pressures (Figure 2d) agrees well with
the PL response. Similar to trends in Figure 2c, the band gap
extracted from the microabsorption spectra first red-shifts (up
to 5.1 GPa from 2.55 to 2.33 eV, rate: −47.8 meV/GPa)
followed with blue shift in the band gap (from 2.32 to 2.45 eV
with a rate of 30.2 meV/GPa in the 6.1−10.4 GPa range), and
finalized with the pressure-independent regime from 11.1 to
13.6 GPa with small band gap change (2.46−2.50 eV). The
summarized values from PL and microabsorption studies show
remarkable agreement, as shown in Figure 3a. We also note
that the onset at which this unusual reversal behavior is
observed (5.9 GPa) coincides well with the sudden change in
the Raman spectra shown in Figure 2e. To be more specific,
starting from 3.7 GPa, a new peak emerges at 25 cm−1 and
becomes dominant with compression. Before the transition,
there are three peaks located at 45, 52, and 64 cm−1; after the
transition, there are four major peaks located at 25, 43, 54, and
74 cm−1. All of the peaks are stiffening with increasing
pressure. This suggests that the observed behavior might be

associated with the pressure-induced phase transformation, as
depicted in Figure 2d.
To understand the origin of the pressure-induced structural

phase transition and band gap variation in 2D Gua2PbI4 layers,
we performed comprehensive DFT calculations including the
spin-orbit coupling (SOC) correction. Since the unit cell
involves a large number of atoms, we present the total density
of states (DOS), atomic projected DOS (PDOS), as well as the
orbital contribution at the valence band maximum (VBM) and
conduction band minimum (CBM) in Figure 3d. We note that
SOC-included DFT (1.63 eV direct band gap at the Γ point)
underestimates the band gap compared to experimental values
(2.5 eV). Here, the atomic contribution at the VBM is mostly
coming from iodine 5p (overlap of px, py, pz) orbitals, whereas
the 6p (mostly pz with a small overlap from px and py) orbitals
of Pb contribute to the CBM position.
To mimic high pressure, volumetric compressive strain was

applied to the lattice (decreased a, b, and c by an equal
amount). Atomic positions and lattice vectors were allowed to
relax while keeping the volume constant at each strain value for
up to 20% strain with ∼1% strain increments, as shown in
Figure 3b. Similarly to the experimental data (Figure 3a),
theory predictions show that the band gap does not linearly
red-shift, but instead, the trend suddenly reverses at a critical
strain value (∼13%), as depicted in Figure 3b (see details in
Figure S1). Although DFT band gaps are significantly lower
than the measured values, which are due to the DFT
approximations used (GGA functional which systematically
underestimates the band gap), overall trends are in great
agreement with measured band gap trends.
Interpreting these nonmonotonic trends requires a detailed

understanding of how the 2D Gua2PbI4 structure changes with
pressure and how such change influences its electronic
behavior. Here, we first define two critical angles θ1 and θ2
in the 2D Gua2PbI4 unit cell (Figure 3e). The 2D (unstrained)
structure consists of Pb−I chains that are oriented along the c-
axis and chain angles (θ1 and θ2) have a mirror symmetry
about the [010] plane. θ1 represents the Pb−I−Pb angle of the

Figure 3. DFT simulation of band tuning and change of a geometry angle. (a) Experimental band gap extracted from microabsorption and PL. (b,
c) Simulated band gap tuning and the corresponding geometric angle under volumetric strain. (d) Simulated density of states, band structure, and
orbit contribution of 2D Gua2PbI4. (e) Schematic of angles θ1 and θ2. (f) Crystal structures and angle changing of Gua2PbI4 at different strains.
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outside chains, while θ2 represents the angle of the inside
chains within the 2D structure. Figure 3c depicts how θ1 and θ2
change as volumetric strain increases. Up until ∼13% strain,
their response to pressure shows an opposite trend in that θ1
increases and θ2 decreases linearly. Above ∼13% strain, these
two bond angles show a sudden jump in their values, which
suggests a structural phase transition as experimentally
observed within our Raman spectroscopy studies (Figure
2e). After this point, the [010] symmetry is broken in the
structure and neighbor chains begin to rotate counterclockwise
about the c-axis up until 20% strain, as shown in Figure 3f.
The variation of the band gap can best be explained by how

the 6p orbitals of Pb and 5p and of I interact with each other
when θ1 and θ2 simultaneously change during atomic
relaxation, which tunes VBM and CBM levels. As volumetric
strain is applied, the VBM and CBM are shifted simultaneously
due to the interaction of these orbitals induced by structural
distortion. From 0% strain to 13.8% strain, the VBM decreases
by 0.05 eV while the CBM decreases by 0.12 eV, which results
in a net band gap decrease of 0.07 eV. This is primarily due to
shorter Pb−I distances (a 3% reduction in Pb−I distance from
0 to 13.8% strain), which increases the interaction between 5p
orbitals of I and 6p of Pb. As additional strain is applied after
the change to the high-pressure phase (16.3−19.4%), the VBM
decreases by 0.055 eV while the CBM decreases by 0.02 eV,
resulting in a net 0.035 eV band gap increase. In addition to
changes in θ1 and θ2, the dominant VBM change can be best
explained by how interchain distances change as strain is
applied. From Figure S2, we observe that as strain is applied,
the interchain (Pb−Pb and I−I distances) distances both
decrease. After the high-pressure phase is reached, the I−I
distance decreases at a significantly faster rate than the Pb−Pb
distance, which causes increased interaction of 5p I orbitals,

which drive the VBM down (see the Supporting Information
for more details).
How does the dimensionality influence the overall pressure

behavior of these guanidinium-based halide perovskites? To
gain a deeper understanding, we investigated the pseudo-1D
guanidinium lead iodide GuaPbI3, which has the same type of
cations, metals, and halides but different chemical composi-
tions due to reduced dimensionality. Instead of 2D stacking
across Gua2PbI4 layers, PbI6 octahedra extend along the c-axis
and forms 1D ribbons. Interestingly, our DAC measurements
performed on these 1D GuaPbI3 show that the band gap
monotonically red-shifts with pressure as determined from the
pressure-dependent microabsorption studies (Figure 4a). The
extracted band gap versus pressure is plotted in Figure 4b,
wherein the band gap reduces from 2.50 eV at 0 GPa to 2.34
eV at 13.4 GPa with a rate of 11.9 meV/GPa. The UV−vis
absorption spectrum at ambient pressure is intersected in
Figure 4b and shows a band gap of 2.51 eV, quantitatively
matching with microabsorption data. We also note that Raman
studies show that there is no noticeable phase transition with
pressure as evidenced from retained Raman spectra and
symmetry with pressure in Figure 4c. From 0 to 7.2 GPa, four
predominant Raman modes are stiffening (shifts to high
frequencies) and no evidence of phase transition is observed
until all Raman peaks become unmeasurably weak.
It is noteworthy to mention that our studies on 1D GuaPbI3

are mainly based on microabsorption, Raman, and theory
simulation since the PL spectrum is unnoticeable at room
temperature and prevents us from collecting any pressure-
dependent PL spectra. Our theory simulations (Figure 4e)
reveal that 1D GuaPbI3 exhibits an indirect band gap, which
can partially justify the lack of PL signal. More concrete
reasoning for the lack of the PL signal can be clearly seen from
the cryogenic PL studies in Figure 4d. It clearly shows that the

Figure 4. High-pressure studies on 1D GuaPbI3. (a) Stacking plot of microabsorption spectrum from 0 to 13.4 GPa. (b) Extracted band gap from
microabsorption versus pressure and UV−vis absorption spectrum as the intersection. (c) Stacking plot of Raman spectrum from 0 to 13.4 GPa.
(d) Stacking plot of low-temperature PL spectrum from 10 to 300 K. (e) Calculated band gap at different volumetric strains. (f) Simulated DOS,
band structure, and orbit contribution of VBM and CBM; the angles of Pb−I−Pb are highlighted in cyan.
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PL intensity from 1D GuaPbI3 becomes more efficient
(brighter) at low temperatures, which suggests that phonons
in 1D GuaPbI3 are more active (due to constriction in 1Ds) in
shunting the radiative recombination and promoting the
nonradiative process (see Figures S3 and S4).
Overall findings can be well explained by the theoretical

insights; DFT results first confirm that the 1D structure is an
indirect semiconductor with M → Γ band gap of 2.21 eV. In
contrast to the 2D case, the atomic contribution at the VBM is
mostly coming from 5p orbitals of I (mostly px and py) atoms
and the contribution at the CBM is coming mostly from 6pz
orbitals of Pb atoms. Since 1D GuaPbI3 consists of isolated
chains, we applied strain along the c-axis direction while
relaxing atoms in other directions while keeping the cell shape
fixed. Following this protocol, we further relaxed the structure
by allowing the cell shape and atomic positions to change while
keeping the total volume of the 1D structure fixed. Our DFT
results show that the band gap decreases with pressure at a rate
of 74 meV/% strain, which is in excellent agreement with the
experimental results (see details in Figure S5). This monotonic
reduction in the gap values can be attributed to the structural
changes in each isolated chain. We observe that the Pb−I−Pb
angle (see in Figure 4f) decreases linearly as a function of
strain, measuring 71° at 0% strain and reducing to 66.8° after
8%. Such reduction in the Pb−I−Pb angle primarily changes
the interaction of 5p orbitals of I and 6pz orbitals of Pb. It is
important to note that during volumetric relaxation, the change
in volume is dominated by the compression of the c-axis, not
the change in the a or b-axis. This means that as the c-axis is
compressed, the 6pz orbitals of Pb located at the CBM become
closer together and create a more significant interaction. In
contrast, the change in interchain distances (a or b-axis) and
therefore the distances between corresponding 5p orbitals of I
at the VBM are smaller, resulting in 5p orbitals experiencing
less of an overall interaction. This is confirmed by the Pb−I
bond distances, which do not change significantly as strain is
applied (Pb−I bond length: 3.26028 Å at 0% strain and
3.24118 Å at 10% strain). This is a possible explanation of why
the CBM value monotonically decreases with applied strain,
while the VBM value remains nearly constant. The
combination of reduction in CBM values and pressure-
independent VBM subsequently results in a reduction in the
band gap with pressure as revealed from high-pressure DAC
studies.

■ CONCLUSIONS

Our high-pressure studies on guanidinium-based 1D and 2D
halide perovskites highlighted an unusual pressure response
arising from dimensionality effects. These studies conclusively
show that added degree of freedom in 2D Gua2PbI4 results in a
phase transition and subsequent abnormal band renormaliza-
tion. In reduced dimensions, 1D GuaPbI3 does not experience
any phase transition and instead exhibit monotonic decrease in
the band gap. Together with theory simulation, our
experimental work establishes how these unique 1D and 2D
halide perovskite systems respond to pressure through
comprehensive spectroscopy experiments and first-principles
simulations, the fundamental understanding of their band
structure, leading to potential in a pressure-sensitive device and
discovering new phases.
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