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Abstract 

A wide bandgap is one of the essential requirements for metal iodates to be used as non-

linear optical materials. Usually, the bandgap of these materials decreases under the 

application of pressure. Herein, we introduce the first case in which the bandgap energy 

of a hydrated metal iodate, namely Ca(IO3)2∙H2O, has been successfully increased, 

from 4.52 eV to 4.92 eV, by applying external pressure without showing sign of 

saturation upon increasing pressure. The pressure-induced nonlinear bandgap opening 

correlates with the pressure-induced shortening of the average I-O bond distance, as 

obtained from X-ray diffraction measurements. In addition, two pressure-induced 

isostructural phase transitions are observed in the pressure regions of 6.6-8.0 GPa and 

13.0-15.5 GPa. These two isostructural phase transitions cause a nonlinear pressure-

induced evolution of the bandgap energy and crystal lattice parameter, as well as the 

occurrence of several extra peaks and peak splitting in Raman spectra.  
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Ⅰ. INTRODUCTION 

Due to the existence of the stereochemically-active lone electron pairs and the non-

zero dipole moment in the iodate group, [IO3]-, iodates of metals (known as metal 

iodates) typically crystallize with non-centrosymmetric crystal structures and exhibit a 

large second-harmonic generation response [1]. By carefully designing and 

manipulating the orientation of the polar units, it is possible to synthesize metal iodates 

with an ultrahigh second-harmonic generation response. For example, the second-

harmonic generation responses of BaNbO(IO3)5 and LiMg(IO3)3 are respectively 

about 14 and 24 times larger than that of KH2PO4, the most widely used second-order 

non-linear optical material [2,3]. 

In order to be successfully implemented as non-linear optical materials, a 

compound needs to have: (ⅰ) A large second-harmonic generation response; (ii) a 

moderate birefringence; (iⅱ) a wide transparency region; (iv) a high laser damage 

threshold; and (v) a good chemical stability. The large second-harmonic generation 

response is needed for a highly efficient laser conversion and the moderate 

birefringence for an optimized phase matching. The wide transparency region (large 

bandgap) is needed to allow the converted laser light to exit the non-linear optical 

crystal without being absorbed by promoting electrons from the valence band to the 

conduction band. Finally, the good chemical stability is needed for practical 

applications and the high laser damage threshold (also related to a large bandgap) is 

needed to avoid damage of the non-linear optical material by laser irradiation. In 

summary, a wide bandgap energy is essential for the implementation of metal iodates 

as non-linear optical materials.  

As our previous studies have shown, there are two important factors to consider in 

the design of wide bandgap metal iodates [4,5]: (ⅰ) Avoiding the use of partially filled 

transition metals, because the 3d state of the partially filled metal will contribute to 

either the valence band maxima or the conduction band minima, and thus narrow the 

bandgap energy [5]. Some partially filled 3d states with appropriate coordination can 

also exhibit photo-absorption related to internal d-d transitions [6]. (ⅱ) Minimizing the 

I-O bond distance, because there is an inversely proportional relationship between the 

bandgap energy and the I-O bond distance in non-transition metal or closed-shelled 

transition metal iodates [4]. This means that shortening the I-O bond distance increases 

the bandgap energy of metal iodates.  
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Pressure is an efficient and clean external parameter for manipulating the 

interatomic distances in materials and, therefore, also for tuning the bandgap energy. 

Indeed, we have found that the bandgap energies of Zn(IO3)2 [4], Mg(IO3)2 [4], 

Fe(IO3)3 [5], and Co(IO3)2 [6], all decrease under compression. Moreover, we have 

demonstrated a relation between the decrease of the bandgap with pressure in those 

compounds and the pressure dependence of their I-O bond distances. Since the crystal 

structures of each of these four metal iodates share the similar feature of layers 

containing IO3 pyramids, and since all the IO3 units are aligned in a parallel manner, in 

all four of these iodates the average bond distance between I and the 3 nearest neighbor 

O atoms expands under compression due to the pressure-induced approach of the 3 

next-nearest O atoms from the neighboring IO3 layer. Therefore, in the case of the four 

previously studied metal iodates, pressure shortens the large I-O next-nearest neighbor 

bond distance whilst enlarging the shorter I-O nearest neighbor distance. This 

enlargement of the short I-O bond distances causes the narrowing of the bandgap energy 

with increasing pressure in the four aforementioned metal iodates.  

The above result suggests that if pressure is applied on non-transition or closed-

shell transition metal iodates, in which not all IO3 units are aligned along the same 

direction, the average I-O bond distance could be shortened by external pressure and 

the bandgap energy could be opened as pressure increases. Consequently, we chose 

Ca(IO3)2∙H2O to perform this high-pressure study of a non-transition metal iodate. The 

hydrated calcium iodate crystallizes in a monoclinic structure at ambient conditions 

(space group: P21/c, No. 14, see Fig. 1) [7]. The alkaline-earth metal (calcium) is 

bonded with eight oxygen atoms forming a CaO8 polyhedron, while iodine is bonded 

with three oxygen atoms forming a triangular pyramid with short I-O bond distances 

ranging from 1.7 to 1.9 Å. The CaO8 polyhedron and IO3 pyramid are bridged by 

sharing one oxygen atom between them. Along the b-axis, there is an alternating 

arrangement of CaO8 and IO3 layers. Within the IO3 layers, all the IO3 units are 

oriented in different directions. It is this atomic arrangement which ultimately leads to 

the unexpected pressure-induced opening of the bandgap of hydrated calcium iodate, 

which supports the model we previously developed to explain the bandgap of metal 

iodates [4–6]. 

In this work, we report a pressure-induced nonlinear bandgap opening, from 4.52 

eV at ambient pressure to 4.92 eV at 18.7 GPa, in hydrated calcium iodate, making it 

one of the widest bandgap metal iodates reported in the literature [4]. The bandgap 
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behavior under compression is correlated with the pressure dependence of the I-O bond 

distance as determined from high-pressure powder X-ray diffraction measurements. 

These measurements, complemented with high-pressure Raman scattering experiments, 

have allowed us to identify two pressure-induced isostructural phase transitions that 

cause the nonlinear behavior of the bandgap under compression.  

Ⅱ. METHODS 

A. Sample synthesis 

The single diffusion gel technique is found to be a simple strain free method for 

synthesizing single crystals with high purity, optical perfection, and wide morphology 

at room temperature. The gel having density 1.03 g/cm3 was prepared by dissolving 

sodium meta silicate Na2SiO3∙9H2O in double distilled water. Potassium iodate having 

molarity 0.5M is incorporated into the gel medium. The above prepared gel medium 

was acidified by adding glacial acetic acid to get the pH value 4.2. This acidified gel 

solution is transferred through the sides of the test tubes which is 20 cm in length and 

2.5 cm in diameter to avoid the air bubbles inside the gel medium. These test tubes were 

kept undisturbed for three days to set the gel solution. Over this set gel 10 ml of 0.25 

M calcium chloride solution was added. The test tubes were sealed to avoid the 

contamination. This setup was kept undisturbed for the growth process to be completed. 

Hexagonal shaped white transparent good quality single crystals were obtained within 

one week. The fine powder sample was obtained by grinding a single crystal sample 

under a liquid medium (to obtain a smaller and more homogenous particle size) in a 

pestle and mortar. To avoid contamination, we used the same liquid mixture used as 

pressure-transmitting medium in high-pressure experiments. 

B. Optical absorption experiments at high pressure 

A membrane-type of diamond anvil cell was used to generate the high-pressure 

environments, and the culets of the diamond used in the diamond anvil cell were 400 

μm in diameter. Stainless-steel was used as the gasket material. The gasket was pre-

indented to a thickness of 40 μm and a 200-μm hole, drilled in the center of the 

indentation area, served as the sample chamber. A single crystal sample, with a 
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thickness of 10 μm, was selected and placed into the sample chamber together with a 

ruby sphere. A photograph of the loading at the lowest pressure can be found in the 

insert image of Fig. 2a in the main manuscript. The ruby fluorescence method was 

employed for the pressure calibration [8]. A mixture of methanol, ethanol, and water in 

a ratio of 16:3:1 was chosen as the pressure-transmitting medium, which can provide 

the hydrostatic conditions up to around 10 GPa [9]. 

The high-pressure optical absorption experiment was conducted in a bespoke 

optical system, which contains a mercury lamp (the range of the lamp is down to 220 

nm), fused silica lenses, reflecting optics objectives, and a visible near-Infrared 

spectrometer (Ocean Optics Maya2000 Pro). The sample-in and sample-out method 

was used to collect the absorption spectra, in which the intensity of the light transmitted 

through the sample [I(ω)] was normalized against the intensity transmitted through an 

empty area in the pressure-transmitting medium [I0(ω)]. 

C. Powder X-ray diffraction experiments at high pressure 

High-pressure angle-dispersive powder X-ray diffraction was performed at the 

BL04-MSPD beamline in ALBA-CELLS synchrotron [10]. A membrane-type 

diamond anvil cell was used to generate the high-pressure environment and the culets 

of the diamond were 500 μm. The preparation of the gasket used here is the same as 

that in the high-pressure optical absorption experiment. A mixture of methanol, ethanol, 

and water in a ratio of 16:3:1 was used as pressure-transmitting medium, a copper grain 

was loaded in the sample chamber with the powder sample and the equation of state of 

copper was used as the pressure calibration [11]. The wavelength of the monochromatic 

X-ray beam was 0.4246 Å, and the size of the beam spot is 20 × 20 μm (full width at 

half maximum). The sample-to-detector distance was calibrated by the high purity 

LaB6 powder, and the diffraction image was recorded with a Rayonix SX165 charge-

coupled device detector. The diffraction image was integrated to the two-dimensional 

X-ray diffraction pattern by using the DIOPTAS program [12]. The Rietveld 

refinement of the powder pattern was performed in the FullProf suites [13].   

D. Raman scattering experiments at high pressure 

These experiments have been performed using a single crystal sample. A 

membrane-type of diamond anvil cell with the diamond culets of 500 μm was used to 
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generate the high-pressure environments. Here, the preparation of the gasket is the same 

as that in the high-pressure optical absorption experiment. A mixture of methanol, 

ethanol and water in a ratio of 16:3:1 was used as pressure-transmitting medium, and 

the ruby fluorescence method was used as the pressure calibration [8]. A He/Ne laser 

with a wavelength of 632.8 nm of 20 mW power was used as the light source and the 

microspectrometer was a HORIBA Jobin Yvon LabRAM HR UV model. A 

thermoelectrically cooled multichannel charge-coupled device detector with a 

resolution better than 2 cm-1 was used to collect the signal. The setup was calibrated by 

helium plasma lines for the spectra in the ruby fluorescence region and silicon Raman-

active modes for the Raman spectra region.   

E. Calculation details 

The ab initio total-energy of Ca(IO3)2∙H2O was calculated based on density 

function theory [14] as implanted in the Vienna Ab initio Simulation Package 

(VASP) [15], where with the pseudopotential method according to the projector-

augmented wave scheme [16] to treat the full nodal character of the all electron charge 

density in the core region. The basis set of the plane waves was extended with to a 

reasonable energy cut off 500 eV to achieve an accurate description of the electronic 

properties. The exchange-correlation interaction was considered in the generalized- 

gradient approximation, which is parametrized with the Perdew-Burke-Ernzerhof 

function [17]. For optimized configurations, the forces on the atoms were less than 

0.0001 eV·Å-1, and it is worthy of note that all the simulations were performed at zero 

temperature (T = 0). In order to determine the interaction between different atoms, we 

calculated the crystal orbital overlap population by the Lobster code [18]. 

Ⅲ. RESULTS AND DISCUSSION 

A. Bandgap behavior under pressure 

Fig. 2a shows the absorption edge of Ca(IO3)2∙H2O. The measured absorption 

edge is shaper and has a weaker absorption tail than in our previous experiments in 

other iodates [4–6] because in the present study a single crystal was used for the 

measurements whereas in the previous experiments we used platelets obtained from 
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compressed powder. The absorption edge of Ca(IO3)2∙H2O shows a blue shift under 

pressure (Fig. 2a), indicating a pressure-induced bandgap opening (Fig. 2b). Our 

theoretical calculations of the electronic band structure (Fig. S1 in Supplemental 

Information (SI) [19]) show that Ca(IO3)2∙H2O is an indirect bandgap material at 

ambient pressure. Therefore, the Tauc plot for indirect bandgap materials was used (Fig. 

S2 in SI [19]) to obtain the bandgap energy at each pressure [20]. The high-energy part 

of the (αhν)1/2 vs hν has been fitted by a linear function and extrapolated to zero. α, h, 

and ν are the absorption coefficient, Planck’s constant, and the photon frequency, 

respectively. As plotted in Fig. 2b, the bandgap of Ca(IO3)2∙H2O is 4.52 eV at ambient 

pressure and increases under compression to 4.70 eV at 7.9 GPa (Phase Ⅰ). Upon further 

compression the bandgap energy shows an almost pressure independent behavior up to 

15.3 GPa (Phase Ⅱ). Finally, in Phase Ⅲ, the bandgap energy increases dramatically 

from 4.79 eV at 16.3 GPa up to 4.92 eV at 18.7 GPa. The bandgap of diamond in the 

diamond anvil cell precluded acquisition of data at higher pressures [21]; however, 

based on the results shown in Fig. 2b and the crystal structure evolution, which we will 

show later, we expect the bandgap of Ca(IO3)2∙H2O to increase continuously and 

become larger than 5 eV above 20 GPa. 

B. Crystal structure evolution under compression 

Powder X-ray diffraction patterns of Ca(IO3)2∙H2O collected at high pressure are 

shown in Fig. 3a up to 19.7 GPa. No extra reflections, reflection splitting, or 

disappearing reflections are observed over the whole pressure range. In fact, all patterns 

can be indexed with the original monoclinic P21/c structure [7] as shown by the 

Rietveld refinements [13] of the representative powder X-ray diffraction patterns 

collected at the lowest pressure (0.4 GPa) and highest pressure (19.7 GPa) in Fig. 3b. 

The pressure-induced changes of the X-ray diffraction patterns are totally reversible 

upon sample decompression. The pattern collected after decompression (see Fig. 3a) 

and the Rietveld refinement (see Fig. 3b) support this conclusion. The quality factors 

of the Rietveld refinement are Rp=1.35%, Rwp=2.12% (0.4 GPa), Rp=12.4%, Rwp=12.2% 

(19.7 GPa) and Rp=1.15%, Rwp=1.71% (ambient pressure released), respectively. All 

peaks shift to higher angles due to the contraction of the three lattice parameters (Fig. 

3c) of the crystal structure under compression. At pressures higher than 12 GPa, the 

intensity of the peaks decreases dramatically, and the peaks become broadened, which 
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is attributed to the gradual solidification of the pressure-transmitting medium used in 

the high-pressure experiment [9].  

A monotonic decrease in the lattice parameters with small changes of slope as 

pressure increases are observed (Fig. 3c). The changes of slope correlate with strong 

changes in the slope of the monoclinic angle at similar pressures regions (Fig. 3d). In 

particular, the drastic slope changes occur in the pressure region of 7.0-8.0 GPa and 

13.0-15.0 GPa. This can be interpreted because of the occurrence of two pressure-

induced isostructural phase transitions. Similar pressure-induced isostructural 

transitions have been observed in other metal iodates, for instance, Fe(IO3)3 [22], 

Zn(IO3)2 [23], and Co(IO3)2 [24]. More evidence of the occurrence of the isostructural 

phase transitions can be found in the Raman spectra presented later. Notably, the 

pressures at which the slope change in the lattice parameters and monoclinic angle agree 

with those at which changes happen in the bandgap energy. Here, following the name 

assignment used when describing the optical studies, we name the three phases as 

Phases Ⅰ, Ⅱ, and Ⅲ.  

A second-order Birch-Murnaghan equation of state (wherein the pressure 

derivative of the bulk modulus, B0
’, is fixed equal to 4.0) [25] as incorporated in EoSFit 

7c [26] was used to fit the lattice parameters of Phase Ⅰ (Fig. S3 in SI [19]). The zero-

pressure value obtained from the fits for the three axis were: a0 = 8.532(2) Å, b0 = 

10.069(1) Å, and c0 = 7.545(1) Å. The bulk moduli of the lattice parameters a, b, and c 

were 52.8(9) GPa, 33.2(2) GPa, and 26.5(2) GPa, respectively. This means that the most 

compressible axis is the c axis. Notably, the crystal structure of Ca(IO3)2∙H2O shows a 

smaller anisotropic behavior than other metals iodates, such as Zn(IO3)2 [23], 

Co(IO3)2 [24], and Mg(IO3)2 [27]. We ascribe this feature to the different orientations 

exhibited by the IO3 pyramids in Ca(IO3)2∙H2O. In the Zn, Co and Mg iodates, the IO3 

units are aligned in the same direction and there is a large gap between the [IO3]- layers 

which is not exhibited in Ca(IO3)2∙H2O.  

No apparent volume discontinuity occurs at the mentioned transition pressures in 

Ca(IO3)2∙H2O, as shown by the unit-cell volume obtained from the Rietveld 

refinements (Fig. 3e). In fact, the combined data for all 3 phases can be described with 

a single third-order Birch-Murnaghan equation of state with a volume at zero pressure 

(V0) of 641.8(5) Å3, a bulk modulus (B0) of 39.0 (7) GPa and a pressure derivative (B0’) 

of 4.0(1); i.e. the obtained equation of state is compatible with a second-order equation 

(B0’ = 4.0). The bulk modulus is larger than those of Zn(IO3)2 (21.6 GPa) [23], 
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Co(IO3)2 (29.8 GPa) [24], Mg(IO3)2 (22.2 GPa) [27], α-LiIO3 (34 GPa) [28], and 

KIO3 (24.3 GPa) [29], but smaller than that of Fe(IO3)3 (55 GPa) [28].                 

In order to determine the pressure dependence of the I-O distances, and to study 

their relation with the observed changes in the bandgap, we have to consider that the 

iodine atoms are located at two different Wyckoff positions in the crystal structure of 

Ca(IO3)2∙H2O. For both iodine atoms, there are two types of I-O distances at ambient 

conditions (Fig. 4a): i) Three short I-O distances in the range of 1.7 to 1.9 Å that 

constitute the short I-O bonds that exist at room pressure and lead to threefold 

coordination of I atoms. ii) Three long I-O distances in the range of 2.8 to 3.2 Å that do 

not form bonds at room pressure, but they do at high pressure and leading to a six-fold 

coordination of I atoms. Our previous studies on metal iodates showed that formation 

of the three long I-O bonds are a consequence of the presence of a lone electron pair in 

the iodine atom and that pressure helps to transform the lone electron pair into three 

additional bonds [5,22].  

In Ca(IO3)2∙H2O, the average long I-O bond distance shortens under compression 

from the ambient pressure up to around 13.5 GPa and remains insensitive to pressure 

between 13.5 GPa and 18 GPa (Fig. 4d). On the other hand, the average short I-O bond 

distance shows a less sensitive behavior of pressure from the ambient pressure up to 

around 7.5 GPa (in this pressure range changes are comparable to error bars) and a 

slight increase in the pressure region of 7.5-13.5 GPa, which is followed by a 

considerable decrease between 13.5 GPa and 18 GPa (Fig. 4c). The slope changes 

observed in the average long/short I-O bond distance occur at the same pressures as the 

slope changes in the bandgap energy (Fig. 2b) and the slope changes in the lattice 

parameters and monoclinic angle (Figs. 3c and 3d). 

In order to correlate changes in the bandgap and in the I-O bond distances, we 

have calculated the electronic density of states (DOS), the projected density of states 

(PDOS, Fig. S4 in SI [19]), and the crystal orbital overlap population (Fig. S5 in SI [19]) 

between the iodine atom (I2) and the six nearest oxygen atoms. In this way, we have 

been able to depict the molecular orbital diagram of Ca(IO3)2∙H2O at ambient pressure 

(Fig. S6 in SI [19]) and its detail near the Fermi level (Fig. 4b). Since the observed 

phase transitions are isostructural, it is not expected that pressure would induce a 

substantial change in the topology of the band structure as was found in Fe(IO3)3 [5]. 

Therefore, the molecular orbital diagram can be used to explain not only the bandgap 

at ambient pressure but also over the complete pressure range covered by our study, as 
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seen in Mg(IO3)2 and Zn(IO3)2 [4]. The molecular orbital diagram near the Fermi level 

reflects that the bandgap energy is largely determined by the p-p orbital interaction 

between iodine and oxygen atoms (the full discussion of the complete molecular orbital 

diagram of the interaction between iodine and oxygen could be found in SI [19]). In 

particular, the valence band maximum in the electronic band structure is dominated by 

O-2p non-bonding orbitals and the conduction band minima is dominated by anti-

bonding O-2p and I-5p orbitals. This profile of the band structure is consistent with the 

common feature of the band structure for non-transition metal iodates [4,5]. In summary, 

the bandgap of Ca(IO3)2∙H2O is primarily determined by the energy difference between 

the O-2p non-bonding state and the anti-bonding state of the p-p interaction between 

iodine and oxygen atoms.  

Since the pressure-induced opening or closing of the bandgap is mainly related to 

the different shift rates of the conduction band minima with respect to the valence band 

maximum, the pressure-dependence of the bandgap is, to a first approximation, 

dominated by the behavior of the average distance of short I-O bonds under 

compression, since the interaction in the short I-O bonds is much stronger than that in 

the long I-O bonds (Fig. S5 in SI [19]). The contribution of the change of the average 

distance of long I-O bonds under compression will, therefore, be of a second order. 

However, if the short bonds are little affected by pressure, then a large change in length 

of the long I-O bonds will affect the behavior of the bandgap energy. Notice that, if the 

I-O bond distance shortens under compression, the hybridization of the p-p interaction 

between iodine and oxygen is enhanced, increasing the separation between bonding and 

anti-bonding states, and thereby opening the bandgap. In contrast, the expansion of the 

I-O bond distance will cause a decrease of the bandgap energy. In Phase Ⅰ of 

Ca(IO3)2∙H2O, the changes of the average short I-O distances are much smaller than in 

other iodates; indeed, changes are comparable to error bars (Fig. 4c); i.e. they can be 

considered to remain nearly constant under pressure. Thus, the large decrease observed 

in the average long I-O distance (Fig. 4d) will cause the observed increase of the 

bandgap energy (Fig. 2b). In Phase Ⅱ, the slight increase of the short I-O bond distance 

narrows the bandgap energy, compensated by the effect from the shortening of the long 

I-O bonds. In summary, the bandgap shows an independent behavior in this pressure 

region of Phase II (Fig. 2b). In contrast, in Phase Ⅲ, the short I-O bond distances 

decrease with increasing pressure (Fig. 4c) dominating the behavior of the bandgap and 

causing a very rapid opening of the bandgap energy in this pressure region (Fig. 2b).  
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C. Evidence of the pressure-induced isostructural phase transition 

from Raman experiments 

Finally, it should be stressed that Raman spectroscopy is an efficient tool for the 

detection of the local rearrangement of atoms and for the characterization of pressure-

induced phase transitions [30,31]. The Raman spectra of Ca(IO3)2∙H2O at selected 

pressures are plotted in Fig. 5a. A waterfall plot of all the Raman spectra collected 

under high pressure could be found in Fig. S7 in SI [19]. The Raman spectra collected 

at ambient pressure shares the same features as in Zn(IO3)2 [23], Co(IO3)2 [24], and 

Mg(IO3)2 [27] and can be divided into three regions. The high-frequency region is 

located from 700 to 800 cm-1 and Raman modes in this region have been assigned to 

the symmetric and asymmetric stretching of [IO3]- units [24,27]. The most intense peak 

is usually observed in this region [22–24,27]. The middle-frequency region is located 

between 300 to 400 cm-1 and Raman modes in this region are attributed to the 

symmetric and asymmetric bending of [IO3]- units [24,27]. Finally, the low-frequency 

region is located below 300 cm-1 and the Raman modes of this region can be related to 

the translational and rotational motions of the iodate molecule as a rigid unit. 

In Fig. 5a, on increasing pressure, there is one Raman peak appearing at the lowest 

frequency in the high-frequency region if we compare the Raman spectra collected at 

ambient pressure and 3.3 GPa (it can be also observed in Fig. S8 in SI [19]). These 

changes cannot be caused by a phase transition since no transition is detected by either 

of the other two diagnostic techniques used in this work. Actually, this vibrational mode 

exists at ambient pressure but it overlaps with the next Raman mode in the same region. 

The pressure dependence of this mode has been shown in red triangle in Fig. S8 in 

SI [19], Therefore, the appearance of the new mode is related to the splitting of 

degenerate modes. Notice that, according to group theory, the studied compound has 

72 Raman-active modes, however only 22 are observed at ambient-pressure because of 

mode degeneracy. The splitting of modes is a typical phenomenon in compounds with 

anisotropic compressibility such as Ca(IO3)2∙H2O. Other changes, like the growing in 

intensity of some Raman modes in the middle- and low-frequency region, observed in 

this pressure range could be related to acquiring Raman spectra from parts of the sample 

with different orientations. Furthermore, the disappearance of some Raman peaks in 

the low- or high-frequency region is caused by merging with the neighboring peaks. 

More intense extra Raman peaks appear at 6.6 GPa at both the high- and middle-
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frequency regions (see upward arrows in Fig. 5a). Moreover, two Raman modes at 

around 750 cm-1 at ambient pressure, show a totally different pressure coefficient before 

and after 6.6 GPa (Fig. 5b and Fig. S8 in SI [19]). All these changes confirm the first 

isostructural phase transition as we found in optical-absorption and X-ray diffraction 

experiments. Notice that the changes in the Raman spectrum are not caused by a 

decrease of the crystal symmetry, (since the phase transitions are isostructural,) but by 

local changes in the atomic coordination due to the anisotropic compressibility of the 

studied material. The changes in the high- and middle-frequency region are related to 

the pressure-induced oxygen coordination increase of iodine. In particular, an increase 

of coordination usually leads to a decrease of the phonon gap between bending and 

stretching modes, as it happens for instance on the transition from scheelite to 

fergusonite [32]. Therefore, the extra modes of the high-frequency region with Raman 

shifts below 700 cm-1 are consistent with the increase of iodine coordination above 6 

GPa. The emerging modes can be interpreted in this way: As the long I-O bond 

distances continuously shorten under compression and the stereo-activity of the iodine 

lone electron pairs decreases, the iodine starts to gradually bond with the oxygen in the 

neighboring [IO3]- units to form additional IO6 units. Therefore, extra internal (both 

bending and stretching) modes of the IO6 units appear in the middle- and high-

frequency regions, respectively.  

Additionally, some Raman mode splitting appears at 14.1 GPa (inset in Fig. 5a). 

This fact coincides with the occurrence of the second pressure-induced isostructural 

phase transition. The reasons for changes in the Raman spectra are related to changes 

in the coordination of Ca and I and not to a changes in the crystal symmetry. According 

to the X-ray diffraction experiments, the crystal symmetry does not change over the 

entire studied pressure range. The lowest energy Raman modes in the high-frequency 

region show a softening behavior in Phases Ⅰ and Ⅱ, which can be observed in Fig. 5b 

and Fig. S8 [19]. This is a result of the enlargement of the short I-O bonds under 

compression since the frequency of the Raman modes correlates with the average I-O 

bond distance as observed in Zn(IO3)2 [23]. The pressure-induced changes in the 

Raman spectra are mostly reversible upon decompression (Fig. S7 [19]), however, upon 

compression a shoulder at the low energy side of the high-frequency region becomes 

more apparent that it initially was at ambient pressure. This mode existed at ambient 

pressure but overlapped with the neighboring Raman modes, and it becomes more 

apparent on decompression due to a slight hysteresis in the sample.  
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Ⅳ. CONCLUSIONS 

The bandgap energy of Ca(IO3)2∙H2O has been increased from 4.52 eV at ambient 

pressure up to 4.92 eV at 18.7 GPa, thus making this material becomes one of the most 

transparent metal iodates reported in the literature. The successful engineering of the 

bandgap energy is attributed to the pressure-induced shortening of the average long or 

short I-O bond distance. We explain this phenomenon by building a molecular orbital 

diagram for Ca(IO3)2∙H2O based on density-functional theory calculations. This model 

shows that the bandgap energy of Ca(IO3)2∙H2O is dominated by the non-bonding O-

2p states and anti-bonding states of the p-p interaction between I and O atoms. The 

bandgap energy and the I-O bond distance therefore exhibit an inverse relationship. The 

bandgap also shows a non-linear behavior under compression up to 18 GPa due to the 

existence of two pressure-induced isostructural phase transitions located at 6.6-8.0 GPa 

and 13.0-15.5 GPa, respectively, as evidenced by the non-linear behavior of the lattice 

parameters and by the appearance of extra peaks in the Raman spectra. All changes of 

the structural, vibrational, and optical properties were found to be reversible upon 

release of pressure. 
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FIGURES 

 
 

FIG. 1. (Color online) Crystal structure of Ca(IO3)2∙H2O at ambient pressure.  
 
 

 
FIG. 2. (Color online) a) Optical-absorption spectra of Ca(IO3)2∙H2O at selected pressures. The 
sample pressures associated with the spectra are shown in “GPa” in the legend. The inset shows the 
sample (large crystal) and the ruby chip (small crystal) inside the diamond anvil cell at 0.2 GPa. b) 
The bandgap energy of Ca(IO3)2∙H2O as a function of pressure, which was derived from the optical 
absorption spectra in Fig. 2a using Tauc plots. The bandgap evolution was divided into three regions 
based on the gradient of energy vs. pressure. The vertical dashed lines indicate the transition 
pressures. 
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FIG. 3. (Color online) a) Powder X-ray diffraction patterns of Ca(IO3)2∙H2O at selected pressures. 
Pressures are indicated in the right in “GPa”. b) Rietveld refinements of the X-ray diffraction pattern 
at 0.4 GPa, 19.7 GPa, and ambient pressure after decompression. Experimental data (Yobs), refined 
patterns (Ycalc), positions of diffraction peaks, and the residuals (Yobs-Ycalc) are shown in black dots, 
green solid line, black ticks, and orange solid lines, respectively. “SG” is the space group of the 
crystal structure. c,d,e) Lattice parameters, monoclinic angle, and unit-cell volume as a function of 
pressure. Gray regions indicate the pressure ranges in which the isostructural phase transitions occur. 
The red solid line is the Birch-Murnaghan (BM) fit of the unit-cell volume. In (c) and (e), error bars 
are smaller than symbols.  
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FIG. 4. (Color online) a) Representation of the IO6 polyhedron. The solid bonds are the short 
I-O bonds that exist at ambient pressure, the dashed bonds are the long I-O distances that 
become bonds at high pressure. b) Molecular orbital diagram near the Fermi level at ambient 
pressure. c,d) Pressure dependence of the average short I-O bond distances and average long 
I-O bond distances, respectively. All I-O distances are obtained from Rietveld refinements of 
powder X-ray diffraction patterns. The vertical dashed lines indicate the pressures at which 
slope changes are observed.  
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FIG. 5. (Color online) a) Raman spectra of Ca(IO3)2∙H2O at selected pressures. The inset figure 
shows an enlarged representation of the area marked by a dashed square (100-200 cm-1) for the 
Raman spectra collected at 11.0 GPa and 14.1 GPa. Raman spectra of Phases Ⅰ, Ⅱ, and Ⅲ are shown 
in green, blue, and red, respectively. The upward and downward arrows indicate the appearance of 
the additional Raman peaks. b) Contour plot of the Raman spectra collected at high pressure. The 
horizontal dashed lines labeled as “Pc” indicate the transition pressures. 
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