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Pressure-induced phase transition and increase of oxygen-iodine coordination in magnesium iodate
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The structural and vibrational behavior of Mg(IO3), under compression has been investigated via a combi-
nation of high-pressure (HP) synchrotron x-ray diffraction (XRD), Raman scattering, and infrared spectroscopy
experiments as well as first-principles ab initio calculations. In this paper, we reveal that Mg(I103), undergoes
a pressure-induced phase transition between 7.5 and 9.7 GPa at ambient temperature from a monoclinic (space
group P2;) to a trigonal (space group P3) structure. Mg(103), also exhibits the gradual formation of additional
bonds between iodine and oxygen atoms in neighboring IO units with increasing pressure, thereby increasing
the oxygen-iodine coordination from 3 to 6. The bond formation under compression is a consequence of the
existence of lone electron pairs on the iodine cation. To accommodate the additional bonds, the I-O bonds
within the original [IO;] trigonal pyramids increase in length under increasing compression. The appearance
of additional Raman modes at 7.7 GPa and infrared modes at 9.6 GPa supports the phase transition observed in
XRD experiments. Interestingly, the lengthening of I-O bonds causes a softening of several Raman modes under
compression. We provide the crystal structure of the HP phase, the pressure-volume equations of state for both
low- and HP phases, and the symmetry assignment of the Raman- and infrared-active modes of both phases.

DOLI: 10.1103/PhysRevB.105.054105

I. INTRODUCTION

Metal iodates have recently attracted great interest in ma-
terials science, and they have been synthesized with a range
of metal cation atoms, including alkali metals, alkaline-earth
metals, transition metals, posttransition metals, and lanthanide
elements. The properties of metal iodates, particularly their
crystal structure, electronic structure, and second harmonic
generation (SHG), have been well studied at ambient pres-
sure [1-8]. Such research is significantly motivated by the
search for a generation of high-performance nonlinear optical
(NLO) materials and their potential application in photonic
technologies. Due to the existence of a lone electron pair
(LEP) on the I°* cation, both the metal cation and the iodine
cations are centered in asymmetric oxygen environments. The
presence of such asymmetric units enhances the polarization
effect in the noncentrosymmetric crystal structure of metal io-
dates, favoring a large SHG response [9,10]. By manipulating
the direction of the polarization from the asymmetric coor-
dination polyhedra, it is possible to produce polar materials
with very large SHG responses. For instance, by introducing
Nb>* cations in metal iodates, Sun er al. [3] successfully
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synthesized BaNbO(IO3)s, which has a SHG response 14
times larger than that of the currently widely used NLO
materials, i.e., potassium dihydrogen phosphate (KH,PO,),
usually known as KDP. Moreover, metal iodates usually ex-
hibit transparency in a wide wavelength region [11,12], high
optical-damage thresholds, and high thermal stability [5,6,13],
which make them the choice for the next generation of NLO
materials.

Since the crystal structure plays a significant role in the
SHG performance and electronic structure of metal iodates
[14], one important question about them is how stable they are
under external stimuli, particularly under stress and compres-
sion. In this context, it is important to investigate the behavior
of magnesium iodate under compression. Moreover, pressure
is an ideal external parameter to modify the crystal and elec-
tronic structure of Mg(I103),. Pressure allows the shortening
of interatomic distances and consequent modification of in-
teratomic interactions. Therefore, high-pressure (HP) results
will help to improve the understanding of the main physical
properties of Mg(I03), and other iodates. They will allow us
to obtain a deeper understanding of the role played by bonding
and iodine LEPs [15], which could lead to unusual behaviors
at HP [14,16-19].

The crystal structure of Mg(IO3), at ambient conditions
was reported by Liang et al. [20] based on powder x-ray
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diffraction (XRD). According to these results, it belongs to
the hexagonal space group P63. The reported unit cell pa-
rameters are a = 5.4777 A and ¢ = 5.1282 A. This structure
is isomorphic to that of «-LilOs, but the Mg atoms are lo-
cated at the 2a Wyckoff position in a 0.5 partial occupation.
Recently, Phanon et al. [21] have reported that the crystal
structure of Mg(103), is better described by a pseudohexag-
onal structure of monoclinic symmetry (space group P2;)
with similar lattice parameters: a = 10.952 A, b=>5.117 A,
¢ =10.959 A, and 8 = 120.01°. In this structure, all atomic
positions are fully occupied. Despite this disagreement in the
literature, it is clear that the crystal structure of Mg(IO3),
is formed by asymmetric MgOg octahedral units, which are
each connected to six trigonal 103 pyramids, via the oxygen
atoms at the octahedral vertices. This structure is qualitatively
like that of Zn(103),, Co(I03),, and other metal iodates. The
framework of interconnected octahedra and trigonal pyra-
mids makes these iodates very anisotropic and compressible
[16,17]. Additionally, HP Raman scattering (RS) and Fourier
transform infrared (FTIR) spectroscopies have shown soft
high-frequency phonons and phase transitions at relative low
pressures (LPs; P < 10 GPa) [16-18].

In this paper, we report a combined experimental and
theoretical study of Mg(103), under compression. HP-XRD,
HP-RS, and HP-FTIR measurements have been combined
with density functional theory (DFT) calculations to system-
atically investigate the pressure-induced structural evolution,
the stereochemically active LEP of I’*, and the atomic
vibrations of Mg(I03),. Here, we present evidence of a
pressure-induced monoclinic-to-trigonal phase transition be-
tween 7.5 and 9.7 GPa, which has been confirmed by each
of the four diagnostics used. The detailed crystal structural
information and vibrational behavior for both the LP and
HP phases are reported. We present evidence of a signifi-
cant oxygen coordination increase in iodine at HP, which is
explained by a shortening of the atomic distance between
iodine, the oxygen in the second neighboring layer, and the
decrease of the stereoactivity of the iodine LEP. We also
show that this phenomenon causes the softening of sev-
eral Raman modes and favors the occurrence of the phase
transition.

II. METHODS
A. Sample preparation

Samples of Mg(103), were synthesized from an aqueous
solution with a mixture of potassium iodate KIOj3 (99.5%
purity, Sigma Aldrich) and anhydrous magnesium chloride
MgCl, (= 98% purity, Sigma Aldrich). Potassium iodate was
first dissolved into concentrated nitric acid (2 mmol of KIO3
in 10 mL of 7N nitric acid) and then added to an anhydrous
magnesium chloride solution (1 mmol in 10 mL of 7N nitric
acid). After being stirred thoroughly, the reaction mixture was
slowly evaporated and maintained at 60 °C for a few days.

B. HP-XRD measurements

A membrane-type diamond anvil cell (DAC), with di-
amond culets of 400 um, was used to generate the HP
conditions. A stainless-steel gasket was first pre-indented to

40 pum in thickness, and a 180-pm-diameter hole was drilled
to serve as the sample chamber. Pressure was measured us-
ing the equation of state (EOS) of copper [22] and a 16:3:1
methanol : ethanol : water mixture (MEW) was used as the
pressure transmitting medium (PTM) [23].

In situ angle-dispersive powder HP-XRD data were
collected at the BLO4-MSPD beamline of synchrotron ALBA-
CELLS [24]. The monochromatic x-ray beam with a wave-
length of 0.4642 A was focused on a 20 x 20 wm spot (full
width at half maximum). The diffraction data were recorded
with a Rayonix SX165 CCD image plate, high purity LaBg
powder was used as the standard for sample-to-detector dis-
tance calibration, and the powder HP-XRD patterns were
integrated by using the DIOPTAS program to obtain a two-
dimensional (2D) XRD pattern [25]. The FULLPROF program
was used to analyze (Rietveld refinement) the 2D XRD pat-
terns [26].

C. HP-RS measurements

In the HP-RS experiment, a membrane-type DAC with the
diamond culets of 500 um was used to generate the HP condi-
tions. A stainless-steel gasket was pre-indented to a thickness
of 40 um, and a 250-um-diameter hole was drilled in the
gasket to be used as the sample chamber. The PTM used in
HP-RS experiment is the same as what we used in HP-XRD
(16:3:1 MEW), and a ruby sphere was loaded, together with
the sample and PTM, to determine the pressure by using the
ruby fluorescence method [27]. Measurements were carried
out in a backscattering geometry employing a He/Ne laser
(632.8 nm) light source and a HORIBA Jobin Yvon LabRAM
HR UV microspectrometer. Signal was recorded with a ther-
moelectrically cooled multichannel CCD detector, and the
spectral resolution is better than 2 cm™'. Before the HP-RS
experiment, the setup was calibrated by using the He plasma
lines for pressure calibration and with the Si Raman-active
mode for RS measurements.

D. HP-FTIR measurements

For HP-FTIR measurements, Mg(IO3), powder was
pressed into compact 10-pum-thick platelets before being
loaded in a DAC equipped with IIAC diamonds with culets of
300 pm. Cesium iodide CsI was used as the solid PTM since
it is transparent to a wide frequency range of IR light [28].
Notice that this PTM and MEW becomes nonhydrostatic in
the pressure range of the experiments. However, we found a
remarkable agreement between the three types of experiments
and DFT simulations (which are done under fully hydrostatic
conditions) suggesting that the influence of nonhydrostatic
effect in the behavior of Mg(103), up to 24 GPa is not as
relevant as in other materials [29]. A stainless-steel gasket,
which was pre-indented to a thickness of 40 um and drilled
with a hole in the center of 150 yum, was used as the sam-
ple chamber. The ruby fluorescence method was employed
for the pressure calibration [27]. HP-FTIR microspectroscopy
measurements in transmission mode were conducted at the
MIRAS beamline of the ALBA-CELLS synchrotron [30].
The size of the masking aperture is 50 x 50 cm?, and the
beam current was 250 mA. The measurement was performed
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FIG. 1. Crystal structure of the low-pressure (LP) phase of
Mg(103), (space group P2;) (a) along the b axis and (b) perpendic-
ular to the b axis. Crystal structure of the high-pressure (HP) phase
of Mg(103), (space group P3): (c) along the ¢ axis and (d) perpen-
dicular to the ¢ axis. Purple circles represent Mg atoms while green
and sky-blue circles represent I and O atoms, respectively. Bonds
between cations and oxygen are also shown. Polyhedral coordination
is shown in (a) and (c).

in a Hyperion 3000 microscope coupled to a Vertex 70
spectrometer. The data were collected by a He-cooled bolome-
ter detector, and the resolution of the spectra was 4cm™,
The used setup has a wave number cutoff of 700cm™.
More experimental details can be found in our previous

works [17,31].

E. First-principles calculations

The ab initio simulations were performed within the frame-
work of DFT [32] using the Vienna Ab initio Simulation
Package [33] with the projector augmented-wave pseudopo-
tentials [34,35]. Computer simulations were carried out using
the primitive cell of the crystal structures. The plane-wave
kinetic energy cutoff was large enough 530 eV to ensure
highly converged results. Benchmark calculations showing
the convergence of the simulation results with respect to the
cutoff energy are provided in the Supplemental Material, Fig.
S1 [36]. The Monkhorst-Pack scheme was employed for the
Brillouin zone (BZ) integrations with a 6 x 4 x 6 (6 x 6
x 4) grid of k-special points [37] for the LP (HP) phase.
Exchange-correlation energy was described using the general-
ized gradient approximation with the Armiento and Mattsson
AMOS [38,39] prescription.

The unit cell parameters and the atomic positions were
fully optimized to obtain, at selected volumes, the relaxed
structures requiring that the forces on the atoms were <0.003
ev/A and that the deviations of the stress tensors from a di-
agonal hydrostatic form <0.1 GPa. The simulations provide a
set of volume, energy, and pressure (from the stress tensor),
which are fitted with a Birch-Murnaghan EOS to obtain the
theoretical equilibrium volume, the bulk modulus, and its
pressure derivatives.

Lattice-dynamic calculations of the phonon modes were
carried out at the zone center (I point) of the BZ with the
direct force-constant approach [40]. These calculations pro-
vide not only the frequency of the normal modes but also

TABLE I. Crystal structure information of the LP and HP phases
obtained from the Rietveld refinement of the XRD respectively at
ambient pressure and 10.5 GPa.

Atom Wyckoff X y Z

Ambient pressure, space group P2,, a = 11.2563 A, b = 5.0497 A,
c=11.2128A, 8 = 119.8256°

Mg, 2a 0.508 0.426 0319
Mg, 2a —0.008 0.920 0.402
I 2a 0.159 0.503 0.097
I, 2a 0.327 0.008 0.401
I; 2a 0.826 0.014 0.419
L 2a 0.661 0.510 0.066
(o} 2a 0.464 0.610 0.170
0, 2a —0.086 1.017 —0.212
0; 2a 0.261 0.658 0.306
(o 2a 0.390 0.122 0.211
Os 2a 0.103 0.245 0.420
O¢ 2a 0.415 0.188 0.554
0, 2a 0.547 0.174 0.325
Os 2a 1.240 —0.421 0.737
0y 2a 1.047 0.178 0.239
O1o 2a 0.707 0.721 0.209
Oy 2a 0.894 0.745 0.132
On 2a 0.503 1.238 —0.213
P = 10.5 GPa, space group P3, a = 9.8336 A, ¢ = 3.8652 A

Mg, 1b 0.333 0.667 0.628
Mg, le 0.667 0.333 0.128
Mg, la 0.000 0.000 1.000
L 3d 0.334 0.977 0.095
L 3d 0.676 0.019 0.604
0, 3d 0.984 0.053 0.680
0, 3d 0.110 0.933 0.926
0; 3d 0.577 0.127 0.224
(o 3d 0.540 0.846 0.719
Os 3d 0.197 0.720 0.301
O¢ 3d 0.809 0.290 0.859

their symmetry and their polarization vectors. This allows us
to identify the irreducible representations and the character of
the phonon modes at the I point.

III. RESULTS AND DISCUSSION
A. HP-XRD measurements

1. Pressure-induced phase transition

Based upon Rietveld refinements of the XRD pattern of
Mg(103), at ambient pressures (Supplemental Material, Fig.
S2 [36]), we ruled out the hexagonal crystal structure pro-
posed by Liang et al. [20], which fails to describe all of the
diffraction peaks. Instead, we found that the XRD pattern of
the LP phase corresponds to the monoclinic structure (space
group P2;) reported by Phanon et al. [21]. The crystal struc-
ture is shown in Figs. 1(a) and 1(b). Structural information
on the crystal structure of the LP phase is given in Table 1.
When viewed along the b axis, the crystal structure consists of
two asymmetric polyhedral units. One is the distorted MgQOg
octahedron with an off-centered Mg atom. The other is the
10; trigonal pyramid. This is a polar molecule, where the
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FIG. 2. Selections of high-pressure x-ray diffraction (HP-XRD) patterns. (a) Representative HP-XRD patterns of Mg(103),. The XRD

patterns of different phase are shown in different colors. Pressures are given in the right of each pattern in gigapascals. The black diamond shows
the evolution of peak (311) under compression. (b) Rietveld refinements at 0.1 and 10.5 GPa. For the HP phase, we show refinements with
the low-pressure (LP) and HP crystal structures to support the assignment of the trigonal structure. Black dots show experimental data, orange
lines are the refined patterns, ticks show the positions of diffraction peaks, and blue lines show the residuals. (c) and (d) Experimental and
calculated pressure dependence of the different lattice parameters which are indicated in the figure. In (d), the inset is the pressure dependence
of the monoclinic angle S. (e) Unit cell volume per formula unit as a function of pressure obtained from experiments and calculations. In

(c)—(e), the phase transition region is marked as a grey rectangle.

three O atoms form the base of the pyramid, the I atom
is located at the vertex, and the nonbonding LEP of the
IP* ion points in the opposite direction to the base of the
pyramid. In Figs. 1(a) and 1(b), each MgOg octahedron is
surrounded by six 103 pyramids due to the sharing of one
O atom and every two MgQOg octahedral units were bridged
by two 103 units. When viewed perpendicular to the b axis,
the structure of Mg(IO3), can be described as a 2D crystal
structure, where layers of 103 pyramids are linked by MgOg¢
octahedra.

Representative HP-XRD spectra of Mg(103), are shown in
Fig. 2(a). Rietveld refinements of the XRD patterns collected
at 0.1 and 10.5 GPa are shown in Fig. 2(b). At pressures up
to 8.5 GPa, XRD patterns can be well refined by the ambient-
pressure monoclinic crystal structure (space group P2;) [21].
This is illustrated by the Rietveld refinement at 0.1 GPa which
is shown in Fig. 2(b) (R, = 9.23% and Ry, = 8.85%). Under
compression, most diffraction peaks shift to higher angles
because of the unit cell contraction, but many diffraction
peaks evolved in a different way, an indication of anisotropic
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TABLE II. EOS of Mg(I03), as determined by experiment and theoretical calculation for LP and HP phases, respectively.

LP phase (Z = 4)

HP phase (Z = 3)

/

Data source Vo/Z (A%) By (GPa) Vo/Z(A?) By (GPa) B,
Experiment 138.2 22.2(0.8) 4.2 (0.4) 123.2(0.1) 63.6 (0.4) 3.3(0.1)
Calculation 135.0 26.4 (0.8) 2.9(0.2) 121.3 (1.5) 44.4 (2.4) 3.6 (0.4)

behavior. For instance, the peak (002) almost remains un-
changed at HP up to the highest pressure in our experiment,
but the strongest peak (210) shifts continuously to higher
angles, merging with peak (402) at HP. There is no obvious
evidence of a structural phase transition up to 9.7 GPa. Above
this pressure, peak (111) exhibits a sudden change in its shift
rate under compression from 8.5 to 9.7 GPa (Supplemental
Material, Fig. S3 [36]). On top of that, peaks (111) and (311)
disappear. These and other subtle changes in the XRD pattern
suggest an increase of symmetry of the crystal structure >9.7
GPa. In fact, the P2, space group predicts reflections that are
not present in the XRD patterns beyond 8.5 GPa, as noted in
the Rietveld refinement at 10.5 GPa in Fig. 2(b). These facts
indicate the occurrence of a phase transition that has been
further confirmed by the HP-RS and HP-FTIR measurements
and DFT calculations discussed later.

Indexing the XRD pattern measured at 10.5 GPa leads
to hexagonal or trigonal structures for the HP phase of
Mg(103),. After several attempts, we successfully refined the
XRD pattern at 10.5 GPa by adopting the trigonal space group
P3. The obtained refinement (R, = 10.6% and Ry, = 10.1%)
is shown in Fig. 2(b). The refined crystal structure parameters
of the HP phase at 10.5 GPa are given in Table 1. The crystal
structure of the HP phase is shown in Figs. 1(c) and 1(d).
When viewed along the ¢ axis (which is equivalent to the b
axis of the monoclinic structure), the HP phase shows MgQOg
octahedra surrounded by six distorted 10¢ octahedra (two O
atoms are shared between each octahedron). In this context,
the oxygen coordination of I increases from threefold in the
LP phase to sixfold in the HP phase (if we chose 2.48 A
as the bonding limitation between iodine and oxygen atoms)
[16,41]. When viewed perpendicular to the ¢ axis, the HP
phase of Mg(I03), shows the transformation from the 2D
layered structure of the LP phase to a three-dimensional struc-
ture. This is caused by the formation of extra bonds between
iodine and oxygen atoms of the neighboring 103 layer. The
I coordination change in the HP phase is discussed in detail
later. We found that the pressure-induced structural phase
transition in Mg(I0O3), is reversible, as seen in the XRD col-
lected after fully releasing pressure [top pattern in Fig. 2(a)].
More evidence of the reversibility can be found in the HP-RS
and HP FTIR experiments later discussed.

2. Compressibility

From experiments and calculations, we determined the
pressure dependence of the lattice parameters and unit cell
volume of the LP and HP phases. Results are shown in
Figs. 2(c) to 2(e). The agreement between the experimental
and calculated lattice parameters reflects the reasonable de-
scription provided by ab initio calculations for the crystal

structure behavior under compression. In the LP phase, the
crystal structure exhibits an unusual expansion of the @ and
¢ axes, which gradually become equivalent. In contrast, ac-
cording to experiments (calculations), the lattice parameter
b shows a dramatic shrinkage from 5.1 A (52 A) at am-
bient pressure to 4.0 A (4.4 A) at 6.6 GPa. This implies a
21.6% (15.4%) reduction that contrasts with the much smaller
changes of the other two axes (1.4 and 1.7%, respectively,
for a and ¢ according to experiment). Thus, the behavior
of the crystal structure of the LP phase of Mg(IO3), is
highly anisotropic under compression. The large compress-
ibility along the b axis is a consequence of the layered
characteristic of the crystal structure, which consists of layers
stacked along to the b axis [see Fig. 1(b)] with a relatively
large empty space between each layer due to the alignment
of the iodine LEP along the b axis. Regarding the mono-
clinic angle of the LP phase, it increases from 119.8° at
ambient pressure to ~120° at 1.4 GPa in experiment, and
after that, it becomes roughly constant within the experimental
accuracy. Similar behavior is observed in the calculated mon-
oclinic angle [see Fig. 2(d)]. Notice that, at 8.5 GPa, the unit
cell parameters a and ¢ are nearly identical, i.e., the crystal
structure can be described as pseudohexagonal. Interestingly,
>8.5 GPa, the phase transition to the trigonal phase takes
place.

In the HP phase, both lattice parameters a and c are less
sensitive to pressure than the unit cell parameters of the LP
phase. For instance, the lattice parameter ¢ of the HP phase,
which corresponds to the b parameter of the LP phase, shows
a reduction of 8.8% (11.4%) from 10 to 22 GPa according to
experiments (calculations). This means that the compressibil-
ity of ¢ in the HP phase is half that of the equivalent parameter
of the LP phase. The fact that HP phase is less compress-
ible than the LP phase also causes an increase of the bulk
modulus, as can be seen in Table II, where we have summa-
rized the zero-pressure volume (V}), bulk modulus (By), and
its pressure derivate (Bé,) for both phases. Parameters in Ta-
ble II were obtained from fitting the P-V data for both phases
using a third-order Birch-Murnaghan EOS [42,43] with the
EOSFIT7C-GUI software [44]. To better compare both phases,
we have used the volume per formula unit in both Fig. 2(e)
and Table II. The bulk moduli for the LP phase obtained from
experiments and calculations, 22.2 4 0.8 and 26.4 £ 0.8 GPa,
respectively, are in good agreement and are like those of the
LP phase of KIO3 (24.3 GPa) [45] and Zn(I103), (21.6 GPa)
[16], slightly smaller than that of the LP phase of Co(I103),
(29.8 GPa) [17] and «-LilO3 (34 GPa) [46], and much smaller
than that of the LP phase of Fe(I03)3 (55 GPa) [19]. The bulk
modulus of the HP phase is almost three times larger than that
of LP phase in experiment. In addition, the bulk modulus of
the HP phase in Mg(103); is close to that of the HP phase of
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FIG. 3. Calculated pressure dependence of (a) Mg,-O and (b) I;-O bond distances. Polyhedral coordination is shown in the figure. The
vertical dash line indicates the phase transition pressure. (c) Calculated distortion index of Mg,O¢ (squares) and IO (circles) octahedral
extrapolated from the calculated structure by using the VESTA software program [50]. For a better comparison of the distortion index of the
oxygen environment in iodine, we used the distortion index of IO units for the whole pressure range.

Co(I03), (70.8 GPa) [17] and the HP phase of Fe(I03); (73
GPa) [19].

3. Oxygen coordination increase of iodine

In this section, we demonstrate the pressure-induced oxy-
gen coordination increase of iodine. The calculated Mg-O and
I-O bond distances as a function of pressure are shown in
Figs. 3(a) and 3(b). In the LP phase, Mg atoms are bonded
to six O atoms in six different Wyckoff positions. All six

Mg-O bond lengths are different from each other, resulting
in a distorted MgOg octahedron. On the other hand, the iodine
atoms are only bonded to three O atoms; however, for a better
comprehension of changes in iodine coordination, we will
consider in our analysis 104 units by including the distances
between the iodine atom and the three second nearest neigh-
boring O atoms, which in the case of 11 are O4, O11, and
the second nearest neighboring O, [see the long I-O bonds
in Fig. 3(b)]. Due to the large difference between the three
short and the three long I-O bond distances, the distortion

Raman shift (cm™)
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FIG. 4. Background-subtracted Raman spectra of Mg(IO3), at selected pressures in two different wave number ranges. Experimental
results are shown in gray dots, and the fitting of Raman peaks via a Voigt profiles is shown with solid lines of different colors. The intensity
axis of (a) is multiplied by a factor of 10 relative to (b) to show Raman-active peaks more clearly.
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TABLE III. Frequency (w), pressure coefficient (dw/dP), and Griineisen parameters (y) for different Raman-active modes of the LP
phase. The pressure coefficients of each mode shown in this paper were extracted by fitting the Raman shift vs pressure plot in Fig. 5 with
the quadratic function: @ = C + AP + BP?, where C, A, and B are constants, and P is pressure. The Griineisen parameters were calculated by
the expression yy = (By/wo)(dw/dP), where By is the bulk modulus we obtained from the HP-XRD data. For the sake of simplicity, we only
listed the calculated modes that have been tentatively assigned to the modes observed in experiment. All calculated modes can be found in
Table S1 in the Supplemental Material [36].

Theory (ambient pressure, By = 26.4 GPa) Experiment (0.2 GPa, By = 22.2 GPa)

Modes o (cm™) dw/dP (cm™' /GPa) y o (cm™) dw/dP (cm™ /GPa) Y

A 64.34 6.35 2.61 62 7.69 2.75
B 81.49 2.62 0.85 76 8.37 2.45
B 112.08 5.77 1.36 115 12.29 2.37
A 140.00 5.58 1.05 135 8.89 1.46
A 145.67 5.63 1.02 146 11.94 1.82
B 165.81 7.80 1.24 156 14.06 2.00
A 172.45 7.62 1.17 165 12.23 1.64
B 175.35 8.56 1.29 177 5.22 0.65
A 185.73 10.18 1.45 188 10.54 1.24
B 242.47 8.39 091 238 10.67 1.00
B 324.99 5.27 0.43 327 3.72 0.25
A 351.21 6.70 0.50 349 8.91 0.57
B 381.86 8.92 0.62 374 7.84 0.47
A 388.14 9.53 0.65 390 9.31 0.53
B 397.74 8.96 0.59 404 6.22 0.34
A 409.35 9.20 0.59 413 5.42 0.29
A 731.01 —3.78 —0.14 735 —3.85 —0.12
A 736.14 —4.92 —0.18 739 —2.80 —0.08
B 746.28 —3.84 —0.14 755 —5.78 —0.17
A 770.97 —3.58 —0.12 777 —2.21 —0.06
A 796.35 3.01 0.10 796 1.18 0.03
B 810.49 2.19 0.07 813 —1.27 —0.03

index of IOg units is ~0.19 at ambient pressure [see Fig. 3(c)].
Under compression, the distortion index of MgOg and IOg
units decreases, thus indicating the increase of the symmetry
of the structure at HP.

In the HP phase, Mg is in three different Wyckoff positions,
and each of them is bonded with six oxygen atoms in two
different Wyckoff positions. Then there are only two types
of Mg-O bonds in each MgOg octahedron, and the distortion
index of this unit almost remains unchanged after the phase
transition. On the other hand, both the short and long I-O
bonds show a continuous change under compression in the HP
phase, and the distortion index of the 10¢ units continuously
decreases up to ~24 GPa.

An interesting feature regarding the IO¢ units is the op-
posing evolution of the short and long I-O bond distances
[see Fig. 3(b)]. The three short I-O bonds expand under
compression in both the LP and HP phases, while the three
long I-O bonds shrink. Moreover, if we choose 2.48 A as the
maxima bonding distance between I and O atoms [41,47], the
iodine coordination gradually increases and becomes sixfold
in the HP phase. Due to the existence of the iodine LEP,
which will typically point out of the 103 layer [1,15], and the
pressure-induced shortening of the long I-O bond distances,
iodine will gradually bond with the oxygen in the neighboring
105 layer, which will be accompanied by the decrease of
the stereoactivity of the LEP. Therefore, the three oxygen
atoms in the trigonal 103 pyramid will be pushed away from

iodine to accommodate the additional three incoming oxygen
atoms. A similar increase of the I coordination to O atoms
has also been reported in other metal iodates, like Fe(I03)3
[18,19], Zn(I03), [16], Co(103), [17], KIO3 [48], and in 2D
bismuth-based materials, like Bi,O,S [15]. As the new I-O
bonds are formed and the Mg-O bond distance also shortens,
the repulsive interaction between atoms becomes significant
and resists the external compression. Eventually, the crystal
structure of the HP phase becomes less compressible, and the
bulk modulus in experiment (By = 63.6 £ 0.4 GPa) becomes
three times higher than that of the LP phase.

B. HP-RS measurements

According to group theory, the LP phase (space group P2;)
has 54A 4 54B modes at the BZ center. One A and two B
modes are acoustic vibrations. The remaining 105 modes are
optical modes, which are both Raman- and IR-active modes.
On the other hand, the HP phase (space group P3) should
have 27A + 27E vibrational modes at the BZ center. In this
case, one A and one E modes are acoustic modes. Again, the
remaining 52 modes are both Raman- and IR-active modes.
It must be noted that, since all modes in both phases are
both Raman- and IR-active, they are polar and can show
a transverse optical—longitudinal optical (TO-LO) splitting.
Therefore, up to double the number of modes can be observed
in the spectra.
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FIG. 5. Calculation (solid lines) and experiment (dots) deter-
mined pressure dependence of the Raman modes; the vertical dashed
line indicates the phase transition pressure. For the low-pressure
(LP) phase, A and B symmetry modes are shown in green and red,
respectively. For the high-pressure (HP) phase, A and E symmetry
modes are shown in green and blue, respectively. For the sake of
simplicity, we only plotted the calculated modes which correlate to
the experiment observed modes. The theoretical results of the HP
phase at wave numbers > 600 cm™ have been upshifted by 70 cm™
to match with the experimental results.

Raman spectra of Mg(IO;), at selected pressures are
shown in two ranges: from 200 to 550 cm™' [Fig. 4(a)] and
from 600 to 900cm™ [Fig. 4(b)]. The entire range of the
Raman spectra (from 10 to 1000 cm™) at selected pressures
can be found in the Supplemental Material, Fig. S4 and Table
S1 [36]. We only present these two ranges in this paper be-
cause they provide the most interesting information regarding
the HP behavior of Mg(I03),. The spectra are split into two
different plots because of the intensity difference between the
modes in the two ranges.

Near ambient pressure (0.2 GPa), a total of 22 Raman-
active modes have been detected (see Table III). The
symmetries of the different Raman-active modes have been
assigned with the help of calculations because calculated fre-
quencies show a rather good agreement with experimental
ones. Moreover, the experimental pressure dependence of the
frequencies of the Raman-active modes is well described by
calculations (see Fig. 5). Seven modes are observed in the
midfrequency range (200 to 550 cm™') and six in the high-
frequency range (600 to 900 cm™).

Thanks to calculations, the atomic displacements asso-
ciated with the observed Raman-active modes have been
obtained. Raman-active modes of the midfrequency range are
associated with the internal bending of [IO3]~ polyhedron,
while modes of the high-frequency range are associated with
the internal stretching of 103 units. On the other hand, the
modes < 200cm™! are associated with the translational and
rotational motions of iodate as a rigid unit. This result is
like those previously found in other metal iodates, such as
KIO; [48], Mn(103), [49], Fe(103); [18], Zn(103), [16], and
Co(103), [17].

In the midfrequency range [Fig. 4(a)], the strongest mode
near ambient pressure is ~349cm™' and has been assigned
to the I-O symmetric bending mode of the [IO3]~ unit. The
modes at 374, 390, and 413cm™! are also assigned to the
I-O symmetric bending modes, and the modes at 327 and
404 cm™" are assigned to the I-O asymmetric bending modes
of the [I03]™ unit. All these modes of the midfrequency region
stiffen under compression. Notably, the mode at 327 cm™!
splits beyond 4.1 GPa as a consequence of the different pres-
sure dependence of two constituent modes which have almost
the same frequency at 0.2 GPa (see Fig. 5).

Above 7.7 GPa, two additional Raman peaks appear [see
arrows in Fig. 4(a)]. The intensity of these two peaks grows
with increasing pressure. We consider these modes are an
indication of the onset of a phase transition, which agrees
with the results of HP-XRD. By using the same symmetry
assignment provided by calculations, the Raman modes of
the HP phase at 7.7 GPa and their vibration symmetry have
been determined (see Tables IV and S2 in the Supplemental
Material [36]). There are three Raman peaks that become
more evident near 17 GPa at ~ 250cm™!, but we interpret
that these modes are not an indication of any structural change
since we consider that these modes are predicted by calcula-
tions for the HP phase. We consider that these modes already
exist >7.7 GPa, but unfortunately, they are too weak to be
accurately determined, so they are not included in Fig. 4. Ac-
cording to calculations, these modes have a nonlinear pressure
dependence (see Fig. 5), with a softening from 7.5 to 12 GPa
and then a subsequent hardening.

In the high-frequency range [Fig. 4(b)], the strongest
Raman peak, which also is the strongest Raman peak
of the spectrum, is located at 777cm™ at 0.2 GPa in
LP phase. The frequency of this mode is comparable
with that of the strongest mode of Zn(IO3), (782cm™)
[16], Fe(103); (790cm™) [18], Co(I03), (765cm™) [17],
Mn(I103), (774 cm™") [49], and KIOs3 (750 cm™") [48]. This is
reasonable since, in all the above-mentioned compounds, the
strongest mode corresponds to the same internal I-O stretch-
ing vibration of the [IO3]™ unit. Thanks to calculations, we
have assigned the modes at 735 and 755 cm™! to the asymmet-
ric I-O stretching modes of [I03]” and the mode at 777 cm™!
to the symmetric I-O stretching mode of [IO3]™. It is worth
noting that the three modes soften under compression. At 7.7
GPa, we found three extra Raman peaks. They are marked by
arrows in Fig. 4(b). In addition, there is an intensity drop of
the mode 755 cm™! (at 0.2 GPa), and the modes at frequencies
> 777cm™ disappear. The changes observed in the high-
frequency range of the spectrum also support the occurrence
of the phase transition we found in HP-XRD. Interestingly,
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TABLE IV. Frequency (w), pressure coefficient (dw/dP), and Griineisen parameters (y) for different Raman-active modes of the HP
phase. More details can be found in the caption of Table III. All theoretical predicted modes at 8.5 GPa can found in Table S2 in Supplemental
Material [36]. The miss of the pressure coefficient and Griineisen parameters for the experimental mode at 231 cm™ is due to insufficient data
at HP.

Theory (8.5 GPa, By = 44.4 GPa) Experiment (7.7 GPa, By = 63.6 GPa)

Modes o (cm™) dw/dP (cm™' /GPa) y w(cm™) dw/dP (cm™' /GPa) Y

A 88.39 1.93 0.97 82 0.45 0.35
E 113.68 2.38 0.93 105 1.72 1.04
E 118.12 3.40 1.28 123 1.56 0.81
E 131.76 1.59 0.53 130 0.82 0.40
A 136.93 2.35 0.76 144 0.07 0.03
E 187.53 4.95 1.17 177 2.70 0.97
A 228.93 0.06 0.01 231 X X

E 271.82 2.32 0.38 286 4.20 0.93
A 325.46 4.08 0.56 320 4.05 0.81
A 340.00 6.22 0.81 353 2.81 0.51
A 353.44 5.79 0.73 358 3.72 0.66
E 371.86 6.33 0.76 369 3.09 0.53
A 412.55 4.62 0.50 399 3.46 0.55
E 411.22 5.92 0.64 410 4.19 0.65
A 469.89 4.30 0.41 451 4.66 0.66
A 624.40 —6.21 —0.44 678 —3.20 —0.30
E 661.56 —5.81 —0.39 701 —-2.16 —0.20
E 692.15 —3.77 —0.24 726 —0.98 —0.09
A 728.70 —4.30 —0.26 755 —0.62 —0.05
E 766.70 —3.26 —0.19 785 0.71 0.06
A 780.14 —6.10 —-0.35 803 0.88 0.07

in both the LP and HP phases, several high-frequency modes the soft behavior of the Raman modes in Mg(103); is caused
show a soft behavior (see Fig. 5). As we have previously by the enlargement of the three short I-O bonds under com-
demonstrated in Zn(IO3), [16], for the internal I-O stretching pression to accommodate the three additional oxygen atoms.
modes of [I03]", w2/ shows a linear relationship with the This observation agrees with the results shown at the bottom
average [-O bond. Therefore, it is reasonable to conclude that of Fig. 3(b), and it is expected that the increase of the short I-O

a b
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FIG. 6. Infrared (IR) spectra of Mg(IO;), at selected pressures. (a) Background-subtracted IR spectra at the lowest pressure in our
experiment (0.7 GPa); experimental data are shown by gray dots, the fitting of the experimental data with Voigt profiles is shown by the
orange line, and the individual Voigt peaks are shown in light blue. (b) Infrared spectra collected at selected pressures. Red (green) color
indicates the low-pressure (LP) [high-pressure (HP)] phase. Pressures are indicated, the units for pressure are gigapascals, the up arrows at 9.6
GPa mark extra IR peaks, which are a sign of the phase transition. (c) Contour plot of the same data in (b); the horizontal dash line indicates
the start of the phase transition.
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TABLE V. Frequency (w), pressure coefficient (dw/dP), and Griineisen parameters (y ) for different IR-active modes of the LP (top) and
HP (bottom) phase. More details can be found in the caption of Table III. The miss of the pressure coefficient and Griineisen parameters for the
experimental modes 156, 182, and 189 cm™ is due to insufficient data at HP. The complete theoretical predicted modes for LP and HP phases

can found in Tables S1 and S3 in Supplemental Material [36].

Theory (at 0 GPa, By = 26.4 GPa)

Experiment (at 0.7 GPa, By = 22.2 GPa)

Modes ® (cm™1) dw/dP (cm™' /GPa) y ® (cm™) dw/dP (cm™' /GPa) y

B 135.69 5.46 1.06 139 7.84 1.25
B 142.20 2.98 0.55 156 X X

A 155.07 5.01 0.85 172 7.22 0.93
A 163.35 5.63 091 182 X X

A 172.45 9.10 1.39 189 X X

A 184.56 9.89 1.41 198 6.56 0.74
B 211.11 10.62 1.33 222 9.72 0.97
B 220.82 9.24 1.10 238 5.96 0.56
B 242 .47 7.45 0.81 259 9.39 0.80
B 324.99 4.70 0.38 329 2.20 0.15
A 342.87 5.53 043 353 5.05 0.32
A 364.69 4.66 0.34 380 4.39 0.26
A 409.35 8.92 0.58 408 2.22 0.12
A 416.32 8.89 0.56 429 1.25 0.06

Theory (at 10.0 GPa, By = 44.4 GPa) Experiment (at 9.6 GPa, By = 63.6 GPa)

A 199.40 297 0.66 204 4.96 1.55
A 224.96 2.34 0.46 236 0.97 0.26
E 259.91 6.91 1.18 259 8.21 2.02
E 281.96 7.02 1.10 279 5.92 1.35
E 320.46 332 0.46 321 0.82 0.16
E 360.82 5.99 0.74 355 5.49 0.98
E 411.78 6.68 0.72 396 9.72 1.56
A 430.23 8.63 0.89 423 9.57 1.44
E 477.20 6.03 0.56 463 8.78 1.21

bonds finishes when the 104 unit becomes more regular, i.e.,
with almost a single I-O bond distance at ~48 GPa by fitting
the calculation data. From the Raman spectra collected after
releasing pressure (Supplemental Material, Fig. S4 [36]), the
phase transition is reversible, as found in HP-XRD.

C. HP-FTIR measurements

Figure 6(a) shows the FTIR spectra of Mg(IO3), at the
lowest pressure (0.7 GPa) in the far-IR range (130-600 cm™).
Table V summarizes the frequencies of the IR-active modes
obtained from a peak fitting performed using Voigt profiles.
The symmetry of the IR-active modes has been assigned
based on calculations as done for the Raman-active modes.
A total of 14 IR-active modes has been determined at 0.7
GPa. Since all optical modes of Mg(IO3), are both Raman
and IR active, we will compare the results obtained from both
techniques. However, it must be considered that usually strong
modes in the Raman spectrum tend to be weak modes in the
IR spectrum and vice versa. In the range of 300-500cm™,
where modes are related to I-O bending vibrations of [103]~
units, six Raman-active modes and five IR-active modes have
been detected. Only two of them have been found at similar
frequencies by both techniques. The Raman-active modes at
327 and 413 cm™' were measured at 329 and 408 cm™' in IR.
The rest of the modes are not the same, so both techniques
can complement to each other. Thanks to calculations, the

IR-active mode at 353 cm™' can be assigned to an asymmetric
I-O bending of 105 units, while the IR-active modes at 380
and 429 cm™' can be assigned to the symmetric 1-O bending
of 105 units. In addition, we found three IR-active modes at
222,238, and 259 cm™' but only one Raman mode in the range
of 200-300cm™! (the mode at 238 cm™). Unfortunately, the
259 cm™! mode cannot be followed at HP.

Figure 6(b) displays the evolution of the IR spectrum of
Mg(IO3), under compression. The experimental cutoff fre-
quency was 700cm™!. In Fig. 6(c), we show a contour plot
of the same data. It can be observed that there are IR peaks
appearing at wave numbers > 600 cm™' in Figs. 6(b) and 6(c)
beyond 6.6 GPa. These are stretching modes originally at
frequencies > 700 cm™! which soften under compression, as
discussed in the Raman section. Remember that all modes in
Mg(IO3); are both Raman and IR active. All IR-active modes
in the medium-frequency range harden in the pressure range
of stability of the LP and HP phases as it was found in Raman
measurements. On the other hand, the IR-active modes of the
high-frequency range soften at HP as it was found in Raman
measurements. The pressure dependence of the frequencies of
the IR-active modes is shown in Fig. 7.

The splitting of the IR peak at 250cm™! is due to the
presence of two modes with a different pressure coefficient.
In addition, there is a significant broadening and merging of
the peaks in the 300-500 cm™' range. The appearance of two
new peaks at 9.6 GPa (with wave numbers 236 and 279 cm™")
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FIG. 7. Experimental (dots) and calculated (solid lines) deter-
mined infrared (IR) modes as a function of pressure. A, B, and E
symmetry are shown in green, red, and blue, respectively. The sym-
metry of the experimentally observed IR modes has been assigned
based on the same method used in the symmetry assignment of
Raman modes; the vertical dashed line indicates the phase transition.

evidences the onset of the phase transition [see arrows in
Fig. 6(b)]. The frequency of one of the extra peaks found in IR
experiments is close to that of one of the extra peaks found in
the Raman spectra at 9.4 GPa [which is shown in dark yellow
in Fig. 4(a)]. A total of nine IR-active modes have been deter-
mined at 9.6 GPa. They are summarized in Table V (and Table
S3 in the Supplemental Material [36]) together with the sym-
metry assignment. The nine modes will merge into four modes
at pressures > 18 GPa. This result agrees with the expected
merging of peaks at HP that will occur because of the equal-
ization of the I-O bond distances in the IO¢ unit, i.e., upon
the increase in symmetry of the IO¢ unit. All the pressure-
induced changes in the IR spectra are reversible, as shown in
Fig. 6(b).

IV. CONCLUSIONS

By combining the use of DACS, synchrotron-based an-
gle dispersion powder XRD, RS, FTIR spectroscopy, and
first-principle calculations, we discovered a pressure-induced
phase transition and oxygen coordination increase (from 3 to
6) of iodine in metal iodate Mg(103),. According to Rietveld
refinements of HP-XRD data, Mg(103), transforms from the
monoclinic LP phase (space P2;) to a trigonal HP phase
(space group P3) between 7.5 and 9.7 GPa. At the transition,
the number of formula units per unit cell changes from 4 to

3: There is no obvious collapse in the volume per formula
unit at the transition. The bulk modulus increases from 22.2
GPa (in the LP phase) to 63.6 GPa (in the HP phase) ac-
cording to experiments. Additionally, the compressibility of
the LP phase is highly anisotropy. The b axis is by far the
most compressible. This is a result of the layered character
of the crystal structure. Calculations revealed that pressure
application leads to increase in the I-O bond length, which
is accompanied by a shortening of the bond distance of iodine
and second neighboring oxygen atoms. This favors a gradual
increase of the oxygen coordination of iodine. This behavior
is caused by the existence of LEP in iodine.

According to HP-RS and HP-FTIR experiments, the phase
transition takes place between 7.7 and 9.6 GPa. The phase
transition is evidenced by the appearance of extra peaks and
the gradually enhancement of their intensity. The vibration
symmetry of all experimentally observed Raman- and IR-
active modes has been assigned by the comparison between
experiments and calculations. In the LP phase, the vibra-
tional modes in the midfrequency range (300-550cm™") are
related to I-O bending motions of [IO3]” units, while those
of the high-frequency range (600-900cm™) are related to
I-O stretching motions of [IO3]” units. While the modes in
the midfrequency range harden at HP, the modes at the high-
frequency range soften at HP in both the LP and HP phases.
This softening is caused by the increase of the I-O bond dis-
tances at HP and the charge transfer from short I-O bonds to
large I-O bonds to form IOg units at HP. The phase transition
found by the three experimental techniques was found to be
reversible.
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