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We report a combined experimental/theoretical high-pressure study of Na3Bi(IO3)¢ under compression to 11.2
GPa at ambient temperature. Through a combination of single-crystal and powder synchrotron X-ray diffraction,
optical absorption measurements and ab initio density functional theory calculations we unambiguously show a
first-order pressure-induced phase transition at around 9.5 GPa from the ambient pressure phase, referred to here
as a-NagBi(I03)g, to a new crystalline structure referred to here as -NasBi(I03)s. The triclinic (P-1) to triclinic
(P1) phase transition is characterised by a doubling of the primitive cell volume, whereby the crystallographic b-
axis doubles in length, and by a decrease in the volume per formula unit of approximately 3 %. The phase
transition is also characterised by an indirect — indirect electronic bandgap decrease of approximately 0.1 eV as
measured by absorption spectroscopy (3.44(1) — 3.32(1) eV) and calculated via density functional calculations
(2.48 — 2.33 eV). We also report the pressure evolution of the crystal lattice parameters and isothermal
compressibility tensor of the ambient pressure phase a-NasBi(I03)s, which reveals highly anisotropic
compressibility and a bulk modulus of 30.4(7) GPa.

Phase transitions
High pressure
Synchrotron X-ray diffraction

Introduction properites [5,6]. Recently the alkali metal bismuth iodate NagBi(I03)g

was synthesised with the specific aim of exploring the effect of high

Iodate materials exhibit a wide variety of chemical compounds and
structural polymorphs due to the variety of possible I°* coordination
configurations. Typically, the I°" cation adopts a three- or four-
coordinated configuration, resulting in 103 and 104 fundamental units
respectively. The IO3 unit possesses a lone electron pair (LEP), making it
electrically polar, which leads to interesting and valuable macroscopic
anisotropic effects in 103 materials such as: photocatalysis, second
harmonic generation (SHG) and optical birefringence [1-4]. The
anisotropic properties can be enhanced by combining the IO3 unit with
other chemical species which have LEPs, such as the Bi®* cation, and in
fact bismuth iodates have been shown to have strong non-linear

* Corresponding author.
E-mail address: robin.turnbull@uv.es (R. Turnbull).

https://doi.org/10.1016/j.rinp.2022.106156

pressure on the optical bandgap [7]. This compound has been shown to
exhibit a highly intriguing crystal structure, with one-dimensional
BilgO13 chains that strongly affect the optical response both at
ambient pressure and as a function of pressure. However, much work
remains to be done in order to fully understand how high pressure af-
fects the optical and structural properties of NagBi(IO3)¢ and, in
particular, to determine the crystal structure of the high-pressure pha-
ses. In the present work, we investigate the compression behaviour of
the alkali metal bismuth iodate Na3Bi(IO3)e by single crystal and powder
X-ray diffraction, single crystal optical absorption measurements and ab
initio density functional theory calculations.
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Methods
Sample preparation

Submillimetre pale-yellow single crystals of Na3Bi(I03)e were syn-
thesised following the hydrothermal method of Ref. 7. The precursors,
0.351 g (6 mmol) of NaCl (Shanghai Aladdin Biochemical Technology
Co., 1td, 99.0 %), 1.283 g (6 mmol) of NalO4 (Sinopharm Chemical
Reagent Co., ltd, 99.0 %), 0.466 g (1 mmol) of Bi,O3 (Sinopharm
Chemical Reagent Co., Itd, 99.9 %), 1.368 g (6 mmol) of HsIOg (Sino-
pharm Chemical Reagent Co., 1td, 99.9 %), and 3 ml H,0 were sealed in
a 25 ml Teflon-lined autoclave. The autoclave was then heated to 230 °C
and held at this temperature for 4 days. After those 4 days, the autoclave
was cooled slowly to room temperature at a rate of 5 oC/h to obtain the
single crystals. The crystals can be seen in Supplementary Fig. 1 in
addition to a Le Bail fit of polycrystalline diffraction data acquired at
ambient conditions. Polycrystalline NagBi(I03)g samples were prepared
by grinding the aforementioned single crystals in a pestle and mortar for
10 min under a 4:1 methanol-ethanol mixture.

Measurements

Angle-dispersive single-crystal XRD data were acquired in the X-ray
Diffraction Service (SIDIX) at the University of La Laguna. CrysAlisPro
[8] was used to collect, index, scale and apply numerical absorption
corrections to the data. Single crystal diffraction measurements (SC-
XRD) were performed at room temperature using a Rigaku SuperNOVA
diffractometer equipped with an EOS CCD detector and Mo radiation
micro-source (1 = 0.71073 }o\). All measurements were processed with
the CrysAlisPro software version 1.171.40.71 (Ref. 8). Numerical ab-
sorption correction based on Gaussian integration over a multifaceted
crystal model was applied using the ABSORB-7 program|[9]. For HP
measurements we used a Mini-Bragg DAC from Almax-EasyLab, with an
opening angle of 850 and anvil culets of 500 um diameter, fitted with a
stainless-steel gasket containing a hole of 200 um diameter and 75 pm
depth. A 4:1 methanol-ethanol (ME) mixture was used as PTM[10]. The
sample was placed on one of the diamonds anvils (diffracted side)
together with a small ruby sphere as pressure sensor[11]. The structure
was refined, for each pressure, using previous results as starting point,
on F? by full-matrix least-squares refinement using the SHELXL program
[12].

Polycrystalline XRD data were acquired at ALBA Synchrotron[13]
(Barcelona, Spain) on the BLO4 - MSPD beamline at using a mono-
chromatic beam 4 = 0.4246 A focused to a spot size of 20 x 20 pm. A
SX165 Rayonix Mar CCD detector was used to record the data.

The optical absorption spectra were acquired using the sample-in
sample-out method on the in-house optical set-up at the University of
Valencia, consisting of: a visible-near IR spectrometer (Ocean Optics
Maya2000 Pro), a tungsten filament lamp, fused silica lenses and
reflecting optical objectives. The intensity of the light transmitted
through the sample (I(w)) was normalised against the intensity of the
light transmitted through the 16:3:1 methanol-ethanol-water PTM
(Io(w)). Single crystals of NagBi(I03)g, approximately 100 x 100 x 40
um” in size, were loaded into membrane driven DACs with culet sizes of
500 pym. Tungsten gaskets were pre-indented to 50 pm thickness, then
sample chambers 250 pym in diameter were drilled prior to loading the
crystals. Ruby crystals were included in sample chamber for use as a
pressure gauge. The indirect bandgap energies at different pressures
were determined via Tauc plot analysis of the absorption spectra[14],
wherein for each spectrum a linear fit of the high-energy part of the (a)!/
2 ys ho plot is interpolated to the x-axis, (i.e. zero absorption,) where a is
the absorption coefficient, h is Planck’s constant, and v is the photon
frequency.

Equations of state (EoS) were fitted to the volume-pressure data
using EosFit7-GUI[15] whereby the EoS were constrained to second or
third-order Birch-Murnaghan equations[16,17].
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Ab initio density functional theory calculations

The simulations of the different crystalline phases of NagBi(I03)g
were calculated within the framework of density-functional theory
(DFT)[18], using the Vienna Ab-initio Simulation Package (VASP)
[19,20] to perform simulations with the projector augmented-wave
(PAW)[21,22] scheme including the following configurations for Bi
(5d106526p3), I(5 s> 5p5), 0 (2s? 2p4), and Na (2p6 3sh) pseudopo-
tentials. Accurate convergence of the total energy, stress, and forces was
achieved with a plane-wave cut-off of 540 eV. The exchange—correlation
energy was described with the generalized-gradient approximation
(GGA) functional with the Armiento-Mattsson prescription (AMO5)
[23,24]. The sampling of the Brillouin-zone (BZ) was performed with
Monkhorst-Pack[25] grids of 4 x 4 x 2and 4 x 2 x 2 for the low («) and
high (B) pressure phases respectively.

For each volume (pressure) structural relaxations were performed on
the experimentally determined crystal structures allowing the cell pa-
rameters and the atomic positions to change during the relaxation until
the forces on atoms are lower than 0.003 eV/A and the stress diagonal
tensor is isotropic and converged to below 0.1 GPa. From our simula-
tions we obtain a set of volume, energy, and pressure data that can be
fitted using a third-order Birch-Murnaghan[16] EOS to obtain the
equilibrium volume, bulk modulus, and the pressure derivative. To
provide insights regarding thermodynamic stability of the analysed
phase for increasing pressure we compare the enthalpy curves (H=E +
PV).

The electronic band structures were obtained with the VASP pack-
age. For these calculations the k-path was chosen with the SeeK-path
package[26].

Results and discussion
Crystal structure

Until the present work, NasBi(IO3)s had only been investigated at
high pressure conditions via infra-red and Raman spectroscopy, which,
according to Ref. 7, indicated two pressure-induced phase transitions, at
1.9 and 8.2 GPa, based on the (dis)appearance/splitting of vibrational
modes. In this work we use single crystal and powder synchrotron X-ray
diffraction data to confirm the higher-pressure phase transition (~ 9
GPa) and we solve the high-pressure structure for the first time. The XRD
data, combined with the single crystal absorption data, also show that no
phase transition occurs at lower pressure, which contradicts the findings
of Ref. 7. The findings of Ref. 7 are rationalised in terms of the high-
pressure response of the PTM. The higher-pressure phase transition (~
9 GPa) is also characterised bandgap closure of ~ 0.1 eV according to
both experiment and ab initio density functional calculations.

The crystal structures of the low-pressure a-NagBi(I03)g and the new
high-pressure f-NagBi(I03)s polymorphs were confirmed/determined
based on single-crystal XRD data as discussed in this paragraph.
Refinement of experimental single crystal XRD data unambiguously
confirms that, at ambient pressure and temperature, NasBi(IO3)g crys-
tallizes in the triclinic (P-1) crystal system as determined in the initial
publication to report the synthesis of this compound|7]. This ambient
pressure structure, herein referred to as a-NagBi(I103)s, is shown in Fig. 1
a. The ambient pressure diffraction data were integrated with a very low
Rint = 0.0264 for 3848 unique reflections. Details of the XRD data
collection and refinement for a-Na3Bi(I03)e are provided in Supple-
mentary Tables 1-5. With increasing pressure, the single crystal XRD
results reveal that no phase transition takes place until between 8.8 and
9.5 GPa wherein a-Na3Bi(IO3)¢ exhibits a first order phase transition
(from P-1 to P1). The pressure induced transition from a-Na3Bi(I03)g to
the new high pressure phase, herein referred to as -Na3Bi(IO3)¢ (shown
in Fig. 1b), is characterised by a doubling of the primitive cell volume,
(because the b-axis doubles in length, becoming the new c-axis,) and by a
decrease in the volume per formula unit of approximately 3 %. The new
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Fig. 1. Crystal structures of NagBi(I03)e determined from single crystal XRD. (a) The low pressure structure: a-NasBi(I03)s. (b) The high pressure structure: f-NagBi
(I03)6. (c) The pressure-induced evolution of the effective coordination number of the NaO,. and BiO, polyhedra according to Vesta[27]. The atoms Nal, Na2 Na3 and
Bil are labelled in Fig. 1a. In the - phase, the Na and Bi atoms are all unique, therefore the average effective coordination for the corresponding polyhedra is shown.
(d, e) The a-phase projected along the axis of major compression, X;, clearly displaying the layered structure. (f) The a-phase projected with the X; compression axis
parallel to the page (pointing from left to right). Yellow/Grey/Purple/Red spheres represent Na/Bi/I/O atoms. The principal compression axes (X3, X» and X3) are
shown for a-NasBi(IO3)e. The X; compression axis is twice as compressible as X, and X3. The crystal structures were rendered in Vesta?”. Supplementary crystal-
lographic data for both a-and $-Na3Bi(I03)e structures can be obtained free of charge from the Cambridge Crystallographic Data Centre (CCDC) under deposition
numbers 2162824-2162844. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Na3Bi(IO3)e reciprocal-space precession images constructed from single-crystal X-ray diffraction data. (a-c) The low pressure structure, a-NazBi(IO3)e, at 1.45
GPa. (d-f) The high pressure structure, $-Na3Bi(I03)e, at 10.07GPa. Saturated reflections (white) correspond the diamond anvils of the DAC. The Debye-Scherrer rings

originate from the stainless-steel gasket surrounding the sample.
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B-NasBi(103)g crystal structure of is described for the first time in this
publication. At 9.5 GPa the diffraction data of f-Na3Bi(I03)s phase were
integrated with a very low Ry = 0.0462 for 2812 unique reflections.
The reflections were indexed to a triclinic lattice with unit-cell di-
mensions of: a = 6.7545(4) A, b = 13.5350(9) &, ¢ = 16.288(2) A, a =
104.895(10)°, f =93.952(11)°, y = 91.515(6)° and V = 1434.2(3) Adat
9.52 GPa. Details of the XRD data collection and refinement for 5-NagBi
(I03)g are provided in Supplementary Table 6. Reconstructed reciprocal-
space precession images for both phases are shown in Fig. 2. Both a-and
p-structures are characterised by layers of polyhedra following stacking
sequence (I03, NaOy, 103, BiOy, ...). The layers of NaOy and BiOy are
interconnected by I03 pyramids. In a-Na3Bi(I03)e the layers are oriented
perpendicular to the crystallographic b-axis as shown by the purple
(02-1) planes in Fig. 1d and 1e. The effective coordination of the sodium
atoms Nal and Na3 (see Fig. 1a) increases gradually from around 5 to
around 6 between 0 GPa and the transition pressure at 9 GPa. The
effective coordination of Na2 stays relatively constant around 6, while
that of Bil increases gradually from 6.5 at ambient pressure to almost 7
after the phase transition (see Fig. 1¢). At ambient pressure none of the
MO, polyhedra (M = Na, Bi) share mutual edges, and they only corner-
share with IO3 units. The pressure induced increase in coordination
results in edge-sharing of BiO, and NaOy polyhedra in the g-phase which
is not exhibited in the a-phase. Also, in the a-phase the 103 units only
corner-share with the NaOy and BiOy polyhedra, however, in the s-phase
some of them exhibit edge-sharing. Basic crystallographic information
for both a-and $-NagBi(IO3)g structures is presented in Table 1.

In addition to the results of single crystal XRD, the a-and $-NagBi
(I03)¢ structures were investigated via DFT calculations and poly-
crystalline (powder) XRD. In particular, the relative stability of the two
phases at high pressures was investigated as shown by the relative
enthalpy plot shown in Fig. 3a. The a — f phase transition pressure,
according to the single crystal XRD experiments, is 9.2 GPa. According
to the DFT calculations the p-phase becomes the more stable phase
above 9.25 GPa, in excellent agreement with the experimental results.
Additionally, the calculated evolution of the lattice parameters (next
section) shows also excellent agreement between experiment and
calculation (see Fig. 3b — 3d).

Pressure evolution of lattice parameters and compressibility

The crystal lattice parameters, as determined from the high-pressure
single crystal XRD experiments, are plotted in Fig. 3 (solid symbols). The
volume per formula unit plotted as function of pressure for both a-and
f-Na3Bi(103)e phases is shown in Fig. 3b. The data for the low pressure
(a) phase were fitted with a 3rd order Birch-Murnaghan (BM) equation
of state (EoS), resulting in converged parameters of: Vo = 437.4(4) A3/Z,
By = 30.4(7) GPa, By’ = 6.3(2). Exactly the same values were also ob-
tained using the PASCal calculator[28]. The EoS was constrained to

Table 1

Basic crystal data for a-and p-Na3Bi(I03)¢ based on single crystal XRD.
Comprehensive experimental crystallographic information is provided in Sup-
plementary Tables 1-6.

a-Na3Bi(I03)s $-Na3Bi(I03)s

Phase

Data Experiment DFT Experiment DFT
Pressure (GPa) 0.0 0.0 9.5 9.5
Crystal System Triclinic Triclinic Triclinic Triclinic
Space Group P-1 P-1 P1 Pl

a(A) 7.1986(5) 7.1329 6.7545(4) 6.66815
b (A) 8.9048(4) 8.8062 13.535(9) 13.49488
cd) 14.4889(9) 14.4281 16.288(2) 16.18636
a(®) 105.46(5) 106.15372 104.895(1) 105.12566
@) 94.564(5) 94.56926 93.952(11) 94.46138
r(® 99.325(5) 99.81284 91.515(6) 91.64822
V (A% 875.94(9) 850 1434.2(3) 1400

V4 2 2 4 4
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Table 2

Compressibility data for a-Na3Bi(I03)e determined using data from single crystal
XRD only. The principal compression axes (X;, X» and X3) are represented by
black arrows in Fig. 1a. The data in the table were calculated using the lattice
parameters from the single crystal XRD analysis (Supplementary Tables 1-6) and
the PASCal principal axis strain calculator®®. Not enough data points were ac-
quired to perform a reliable analysis for the high pressure -Na3Bi(IO3)e phase.

a-NazBi Compressibility, K Direction [uv w] Approx.
(103)6 (Gpa™) direction (x,y,
Axis 2)

X, 7.9(1) x 1073 0.9518,-0.1477,-0.2689 10,-1,-3

Xo 4.43(7) x 1073 0.0102,-0.9771,0.2126 0,-5,1

X3 4.36(5) x 1073 —0.6829,-0.5323,-0.5003  —7,—5,—5

second order (i.e. By’ = 4) for the high pressure () phase because only 3
data points were recorded. The determined ambient pressure volume
and bulk modulus are as follows: Vy = 406(2) A3/7 and Bo = 59(3) GPa,
however, due to the very low number of data points for the high pressure
phase these values should only be used as a first approximation. The
calculated DFT data are in excellent agreement with the experimental
data regarding the pressure evolution of the volume and lattice pa-
rameters, except for a 1% underestimation of the total volume (see
Fig. 3, solid lines). Such small difference is normal for DFT calculations.
The experimentally determined volume and lattice parameters deter-
mined from the powder XRD data are also shown in Fig. 3 (open sym-
bols). These data were also fitted with a 3rd order BM EoS, resulting in
converged parameters of: Vo = 442.(2) 10\3/2, Bo = 26(3) GPa, By = 8(1),
which is in excellent agreement with the EoS determined from the single
crystal XRD. Above the phase transition pressure, ~ 9 GPa, the powder
sample became a multi-phase sample of both a-and p-phases, therefore,
and in addition to the fact that both crystal structures have triclinic
symmetry, it was not possible to determine the lattice parameters of
either phase above 9 GPa. The fact that phase coexistence was only
observed in powder XRD experiments suggests that it likely originates
only from stress between grains in powder experiments, which in turn
highlights the importance of single crystal experiments[29]. Impor-
tantly, both single crystal and powder XRD measurements do not show
any evidence of a phase transition at 2 GPa as previously suggested in
Ref. 7.

According to the normalised lattice parameters as a function of
pressure (shown in Fig. 3c) in the low-pressure phase, the crystallo-
graphic a-axis is the most compressible, as seen by the quicker deviation
from its ambient pressure value. This observation is supported by the
principal compression axes which are reported in Table 2. The softest of
the principal compression axes, X, is approximately parallel with the a-
axis because it points in the [10,-1,-3] direction, which has a large a
component. X; has a compressibility of 7.9(1) x 10~ GPa™?, making it
twice as compressible as the other two principal axes (4.43(7) and 4.36
5) x 1073 GPa’l), and making a-NagBi(IO3)¢ an anisotropically
compressible material. This similar compressibilities of X, and X3 is also
mirrored by the similar behaviour of the b and ¢ axes in Fig. 3b, although
the reader should note that the crystallographic axes and the principal
compression axes are only equivalent in crystal systems where the
crystal axes are orthogonal (cubic, tetragonal or orthorhombic). The
excellent agreement between experiment and theory is also seen in the
behaviour of the unit cell angles (Fig. 3c). We find that the angle « in-
creases with pressure, whereas the other two angles, # and y, both
decrease with pressure.

Electronic structure

The bandgap of Na3Bi(I03)s as a function of pressure was determined
by single crystal UV-vis transmission spectroscopy and by DFT calcu-
lations (more details in Section 2.2). At ambient pressure the indirect
bandgap was measured at 3.64(5) eV (3.09 eV) in experiment (calcu-
lations), which falls within the UV region of the electromagnetic
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Fig. 3. Pressure induced evolution of a-and -Na3Bi(I03)¢ enthalpy and crystal lattice parameters. (a) Calculated enthalpy for the triclinic @-Na3gBi(I03)e (P-1) and
the triclinic #-Na3Bi(I03)e (P1) phases. The enthalpy of the low pressure a-Na3Bi(IO3)s phase is taken as reference. (b) Volume per formula unit, (c) normalised lattice
parameters, and (d) normalised unit cell angles as functions of pressure. Solid (open) symbols correspond to monocrystal (polycrystal) XRD measurements.

spectrum. The measured bandgap as a function of pressure is shown in
Fig. 4a. Selected experimental absorption spectra are shown in Fig. 4b.
The bandgap closes with increasing pressure. Between 11.1 and 11.7
GPa a sudden bandgap decrease of 0.07 eV occurs, corresponding to the
a — [ phase transition. The transition pressure observed in this optical
absorption experiment (11.4 GPa) is higher than the transition pressure
observed in the XRD experiments (9.2 GPa). This is a common obser-
vation in optical experiments, since the decreased bandgap of the high-
pressure phase only starts to dominate the absorption behaviour of the
sample once a sufficiently large fraction of material has transitioned to
the new phase.

The calculated bandgap as a function of pressure is shown in Fig. 4c.
Whilst the absolute calculated values of the calculated bandgaps are
lower than those observed in experiment, there is good agreement be-
tween experiment and theory regarding the pressure evolution and
regarding the bandgap difference between the a- and f- phases. In both
experiment and calculations, the bandgap also continues to decrease
with pressure in the HP phase up to the maximum pressures observed.
The displayed transition pressure is based on that observed in the XRD
experiments and predicted by the DFT enthalpy calculations (see Fig. 3a
and 3b). The underestimation of the bandgap by DFT is a common result
related to the approximations used to describe the exchange and cor-
relation energies in the GGA-AMO5 description[30]. However, this
description provides an accurate description of changes induced by

pressure in the bandgap. The decreasing bandgap energy is concurrent
with an increase in the average I-O bond length, as shown in Fig. 4d. This
is consistent with observations from other works[31]. Across the a to f§
phase transition the average I-O bond distance also jumps to larger
values, consistent with the sudden decrease in the bandgap energy.
According to the DFT calculations of Ref. 7, the bottom of the conduc-
tion band is mainly contributed to by I and O orbitals, thereby rein-
forcing the notion that the I-O bond distance plays a key role in the
optical properties of iodate materials.

In Ref. 7 the authors determine the indirect bandgap of a-NagBi(I03)g
to be 3.21 eV at ambient pressure, which is in general agreement with
our experimental (3.64(5) eV) and calculated results (3.09 eV, see
Fig. 5). In Ref. 7 the bandgap of a-Na3Bi(103)¢ was estimated by powder
UV-vis diffuse-reflectance spectroscopy, which tends to underestimate
the bandgap energy due to unwanted transmission of light[32]. In the
current work, the bandgap of a-NagBi(I03)¢ was estimated by single
crystal UV-vis transmission spectroscopy which does not have the same
disadvantage. By comparing the band structures of the low- and high-
pressure phases we can see there is a change in the topology of the
band structure at the phase transition. In the low-pressure phase the
valence band has a very low dispersion. In contrast, in the HP phase the
valence band is much more dispersive. This indicates that at the phase
transition there is an increase of the overlap / hybridization of the states
near the Fermi energy. In NasBi(IO3)¢ these states are mainly
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Fig. 4. NagBi(I03)s bandgap evolution with pressure according to experiment and DFT calculations. NasBi(IO3)e indirect bandgap as a function of pressure
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p-phases. The spectra and linear fits for all pressures are shown in Supplementary Figs. 2 and 3. (c) Na3Bi(103)¢ bandgap as a function of pressure according to DFT
calculations. (d) Average I-O bond length as a function of pressure.

(a) a-Na;Bi(I0,), at 0 GPa (b) B-Na,Bi(10,)s at 12 GPa
45 -l%ﬁ
;E 38 T —
4 ——— % i = = =——___-——~—~
s ?g:—/f\‘yj == ———
Sp— ——— = §§ %;-_ — . =—
251 4 - %F =
& 1.8
2o 30876y 1 2 ]
% ; € %12 2.250 eV
P g o .
15 I = 04
021
0
0.2
04
0.6
.

Fig. 5. The band structures of a- and f-Na3Bi(IO3) at 0 and 12 GPa respectively. Both a- and p-phases exhibit indirect band structures as indicated by arrows.
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contributed to by the O-2p and I-5p orbitals. In the low-pressure phase,
the 103 molecules are isolated from equivalent molecules and therefore
interactions between neighbouring iodate units will be small (and
consequently orbital overlap between O-2p and I-5p states from neigh-
bouring iodate units will also be small), leading to the reported flat
bands. In contrast, in the HP phase, due to the volume collapse and
structural reorganization, iodate molecules are much closer to each
other, thereby enhancing the interaction among first neighbouring 103
units and increasing the widths of the bands. This fact explains not only
the increase of the bands dispersion but also the decrease of the band-

gap energy.
Conclusions

In this work we have performed a combined experimental / theo-
retical high-pressure study of Na3Bi(IO3)e¢ under compression to 11.2
GPa at ambient temperature. Through a combination of single-crystal
and powder synchrotron X-ray diffraction, single-crystal optical ab-
sorption measurements and ab initio density functional theory calcula-
tions we have unambiguously shown a first-order pressure-induced
phase transition around 9.5 GPa from a-Na3Bi(IO3)e to a new crystalline
structure referred to here as f-Na3Bi(103)e. The crystal structures of both
phases are reported here. The relative stability of both phases at high
pressure was investigated by DFT calculations, which found the g-phase
to be more stable above 9.25 GPa, in excellent agreement with experi-
ment. The triclinic (P-1) to triclinic (P1) phase transition is characterised
by a doubling of the primitive cell volume, whereby the crystallographic
b-axis doubles in length, and by a decrease in the volume per formula
unit of approximately 3 %. The phase transition is also characterised by
an indirect — indirect electronic bandgap decrease of approximately 0.1
eV as measured by absorption spectroscopy (3.44(1) — 3.32(1) eV), in
general agreement with density functional calculations (2.48 — 2.33
eV). The pressure evolution of the crystal lattice parameters and
isothermal compressibility tensor of the ambient pressure phase a-NasBi
(I03)¢ are reported, which reveal highly anisotropic compressibility and
a bulk modulus of 30.4(7) GPa.

Finally, although the a- and p-NagBi(IO3)¢ crystal structures are
unambiguously determined in this work by XRD, thereby demonstrating
conclusively that the a-NagBi(I03)g phase exists from 0.0 to 8.9 GPa, it is
necessary to include a discussion of the previous findings of Ref. 7 in
which they claim to observe a pressure-induced phase transition in
a-NagBi(103)g at 1.9 GPa based on high-pressure Raman spectra, stating,
“With increasing pressure to 1.9 GPa, two new Raman peaks are
emerged at 769 and 709 cm™.” There are two important points to make
about these modes (shown in Supplementary Fig. 4). Firstly, these two
Raman modes respectively coincide with the CHs rocking and SiC,
antisymmetric stretching modes from the silicone oil [33,34] which was
used as a pressure transmitting medium in Ref. 7. Secondly, it is
important to consider overlap of with other modes from a-NagBi(I03)e.
For example, the lower frequency mode around 709 cm™! from SiCy
overlaps perfectly with a vibrational mode from the sample, until the
sample mode red-shifts to lower energies due to increasing pressure,
thereby revealing the SiCp mode. Similarly, the higher frequency mode
around 769 cm ™! from CHg, is hidden in the shoulder of a sample mode
at pressures lower than 1.9 GPa.
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