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General relationship between the band-gap energy and iodine-oxygen bond distance in metal iodates
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A wide band gap is a fundamental requirement for an ideal nonlinear optical material. A two-step investigation
has been implemented to determine the relationship between the band-gap energy and the iodine-oxygen bond
distance in optically nonlinear metal iodate materials. Firstly, we utilized high-pressure conditions on Mg and Zn
iodates to correlate the pressure-induced changes in band-gap energy with changes in the iodine-oxygen bond
distances. On both cases, the band-gap energy shows a nonlinear decrease under compression. The nonlinear
behavior is a consequence of the interplay between the pressure-induced increase of the first-nearest neighbor
iodine-oxygen bonds, which favors a narrowing of the band gap, and the decrease of the second-nearest neighbor
iodine-oxygen bonds, which favors an opening of the band gap. The inverse correlation between the band-gap
energy and the iodine-oxygen bond distance is confirmed in the second part of the investigation by collating
and comparing the band-gap energies and corresponding average iodine-oxygen bond distances of the metal
iodates reported in the literature. In the comparison, only nontransition and closed-shelled transition metals were
included, without regard for their chemical formula, crystal structure, or stoichiometry.
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I. INTRODUCTION

The search for the next-generation nonlinear optical (NLO)
materials has driven the synthesis and characterization of nu-
merous new metal iodates, wherein the metal element covers
alkali metals [1,2], alkaline-earth metals [3,4], transition and
post-transition metals [4,5] as well as lanthanide elements
[6]. In these different compounds, the iodate molecules ex-
hibit different configurational geometries, such as isolated
[IO3]" trigonal pyramids [7,8], [[oOs] [3], [130s]™ [5.,9], and
[[,011]%> dimeric chains [3]. An ideal NLO crystal should
have a high laser damage threshold (LDT), an excellent ther-
mal stability, a wide transparency window which means a
wide band-gap energy, and a large second-harmonic genera-
tion response (SHG) [10]. Notably, control of the band gap in
the designed NLO materials is essential because the band gap
directly determines the transparency. In addition, a large band
gap may achieve a high LDT [11], and, typically, the band gap
has a significant effect on the SHG response [12]. Therefore,
it is important to understand which general factors affect the
band-gap energy in the various metal iodates which have dif-
ferent chemical formula. Here, we use pressure to investigate
the band-gap change of metal iodates because pressure is an
efficient tool to manipulate the interaction between atoms
and, therefore, to engineer the band gap in semiconductor
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materials [13,14]. In a previous work we found that iron
iodate, Fe(103)3, has the smallest band gap (2.1 eV) amongst
the studied iodates reported in the literature [15]. We also
explained the observed pressure-induced band-gap evolution
in the same material [15]. By comparing the band gap of
Fe(103); with that of other metal iodates reported in the liter-
ature, we have established that the main factor narrowing the
band-gap width in transition-metal iodates is the contribution
of partially filled d states from the transition metals to either
the valence-band maxima (VBM) or conduction-band minima
(CBM) [15]. In contrast, in nontransition or closed-shelled
transition-metal iodates, the VBM and CBM are dominated
by contributions from O-2p and I-5p orbitals and band-gap
energies are generally larger.

Since the conclusions of our previous study [15] suggest
that transition metals are best avoided if you wish to engineer
a wide band gap, we have moved the focus of our research
to the study of nontransition (Mg) and closed-shelled transi-
tion metal (Zn) iodates: Mg(IO3), and Zn(IO3),. There are
some advantages to choosing Mg(IO3), and Zn(IO3), as rep-
resentative metal iodates: (i) Their high-pressure behaviors,
including crystal structures, equations of state, pressure-
induced phase transitions, and atomic vibrations have been
well characterized and reported [16,17]. This enables us to
analyze the pressure-induced band-gap changes of Mg(103),
and Zn(I03), from the perspective of the crystal structure,
using available information on the iodine-oxygen bond dis-
tance. (ii) Their chemical formulas are simple and they are
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FIG. 1. The crystal structure of the low-pressure (LP) phase of
Mg(I103), projected (a) along the b axis and (b) along the ac plane,
approximately along the a axis, to emphasize the layered structure.
The crystal structure of the LP phase of Zn(IO3), projected (c) along
the ¢ axis and (d) along the a axis. Pink, dark blue, green, and light
blue spheres represent Mg, Zn, I, and O atoms, respectively.

isostructural. Both compounds have related crystal structures,
which facilitates comparison to find the factor which governs
the band gap. (iii) Their bulk moduli are small, 22.2 GPa [17]
and 21.6 GPa [16] for Mg(I03), and Zn(I03),, respectively.
Therefore, the application of pressures smaller than 20 GPa
can cause significant changes in the crystal structure, resulting
in observable changes in the band gap.

At ambient pressure, both Mg(I03), and Zn(IO3), crys-
tallize in monoclinic crystal structures (space group: P2)).
They are represented in Fig. 1. The main difference between
the structures in Fig. 1 is the fact that the crystallographic a
axis of Zn(IO3), doubles in length to become the same axis
of Mg(103),. In Figs. 1(a) and 1(c) it can be seen that Zn
and Mg are each coordinated by six oxygen atoms forming
an octahedron. Additionally, in both compounds, iodine is
bonded to three oxygen atoms, forming a trigonal pyramid.
The metal octahedra, MOg, and iodate units, [I03]~, are con-
nected to each other by corner-sharing oxygen atoms, and
the metal octahedra are linked to each other by two [103]~
units. When viewed along the a axis, Mg(I03), [Fig. 1(b)] and
Zn(I103), [Fig. 1(d)], can be described by structures formed
by layered [1O3]™ units [the Mg(IO3), structure in Fig. 1(b)
has been rotated slightly around the b axis to better show the
layered structure]. Each of the [I03]™ units has a lone electrons
pair (LEP) from the iodine atom which points towards the
opposite side of the base of the pyramid [8], i.e., towards
the neighboring layer. This LEP orientation means that the
interlayer distance is easily reduced under compression. Con-
sequently, upon compression the distance between the iodine
atoms and their second-nearest neighboring oxygen atoms is
reduced, leading to a gradual increase in the coordination
number of iodine and the suppression of the LEPs [16,17].
In order to accommodate the new I-O bonds, the length of
the original in-layer iodine-oxygen bonds slightly increases
under compression [16,17]. This behavior has been concluded
as a common feature of the metal iodates under pressure
[16-21], and it leads to the occurrence of subtle phase tran-
sitions, which do not exhibit volume discontinuities. As we

structure (space group: P2;, LP phase) to a trigonal structure
(space group: P3, HP phase) in a pressure range from 7.5 to
9.7 GPa. The phase transition was characterized by the means
of high-pressure synchrotron x-ray diffraction, Raman scatter-
ing, the infrared spectroscopy experiments, and first-principle
calculations. The structures of both the LP and HP phases
were obtained from the refinement of the polycrystalline x-ray
diffraction data collected at ambient pressure and high pres-
sures, respectively. As we show later in the present work, the
band gaps of these metal iodates change continuously under
compression even across the phase transitions.

In this paper we report a two-step investigation into the
high-pressure behavior of the electronic band gap of non-
transition and closed-shelled transition-metal iodates. In the
first step, we determine the band-gap energies of Mg(I03),
and Zn(I03), under compression up to 18 GPa via optical
absorption experiments. The results are compared with results
we obtained from first-principle calculations. An analysis of
the change of iodine-oxygen bond distances has been used to
explain the observed band-gap changes under compression. In
the second step, we collate and compare the band-gap energies
and corresponding average iodine-oxygen bond distances of
the metal iodates reported in the literature. In the comparison,
only nontransition and closed-shelled transition metals were
included, without regard for their chemical formula, crystal
structure, or stoichiometry. The validation of our conclusions
provides a rational criterion for designing metal iodates with
band-gap energies tailored for applications.

II. EXPERIMENT AND CALCULATION DETAILS

A. Sample synthesis

Zinc chloride (99.9%, CDH), potassium iodate (99%,
Merck), and sodium meta silicate nanohydrate (Na,SiO3
9H,0, CDH) were used as the starting materials for synthe-
sizing zinc iodate crystals. High-quality single crystals of zinc
iodate were grown by single-diffusion gel technique at room
temperature and hydrosilica gel was used as the medium of
crystal growth. Gel of predetermined specific gravity 1.03—
1.05 g/cc was prepared by dissolving the required amount of
sodium meta silicate (SMS) in bidistilled water. The amount
of potassium iodate corresponding to 0.5 M was dissolved in
the SMS. The resulting gel was acidified with glacial acetic
acid to obtain a pH in the range 4-7. The resulting solution
was transferred into the sides of test tubes with internal diam-
eter 2.5 cm and length 20 cm to avoid air bubbles in the gel
medium and to keep the medium undisturbed for gelation. An
aqueous solution of zinc chloride was poured slowly over the
set gel to prevent gel breakage. The zinc ions slowly diffuse
through the narrow pores of the hydrosilica gel and react with
the iodate ions present in the gel leading to the formation
of high-quality, white zinc iodate single crystals over a time
period of 3 weeks.

The polycrystalline Mg(IO3), used in the present work
is the same as used in our previous work [17]. While the
synthesis method is summarized here, sample purity and
crystal structure information can be found in Ref. [17].
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FIG. 2. Optical absorption spectra of (a) Mg(IO;), and (b) Zn(I0;), at selected pressures. The insets are the Tauc plots at the lowest

pressure.

Polycrystalline Mg(I03), was synthesized by adding potas-
sium iodate (99.5% purity, Sigma-Aldrich) dissolved into
concentrated nitric acid (2 mmol of KIO3; in 10 mL of 7N
nitric acid) to anhydrous magnesium chloride (98% purity,
Sigma-Aldrich) dissolved in concentrated nitric acid (1 mmol
in 10 mL of 7N nitric acid). The mixture was thoroughly
stirred and then the solvents were left to slowly evaporate for
a few days at 60 °C.

B. Optical absorption experiments under high pressure

Membrane-type diamond-anvil cells have been used
to generate the high-pressure sample environment. The
polycrystalline Mg(IO3), sample was first pressed into
compact transparent 20-um-thick platelets, and for the
single crystal Zn(IO3),, a piece of sample with a thickness
around 20 pum was selected. In two separate experiments,
the sample was loaded in 200-pm-diameter holes drilled in
a stainless-steel gasket which has been precompressed to a
thickness of 45 um. A mixture of methanol, ethanol, and
water in a ratio of 16:3:1 was used as the pressure transition
medium (PTM) in the experiment of Zn(I103),. For Mg(I103),,
the solid potassium bromide (KBr) was used as PTM in the
high-pressure optical absorption experiment, as it can provide
quasihydrostatic environment up to 11 GPa [22] and it is
transparent in a wide range from 0.23 to 23 pm [23]. In all
the experiments, the ruby fluorescence method was employed
for pressure calibration [24]. [See the completeness of the
loading for those two samples found in the inserted optical
micrographs in Figs. 3(a) and 3(b).]

The sample-in and sample-out method was used to acquire
the optical absorption spectra at each pressure, in which the
intensity of the light transmitted through the sample [/(w)]
was normalized against the intensity of the light transmitted
through the PTM [Iy(w)]. The experiment was conducted on
a bespoke optical setup consisting of a tungsten lamp, fused

silica lenses, reflecting optics objectives, and a visible near-IR
spectrometer (Ocean Optics Maya2000 Pro). More details can
be found in earlier works [13,25].

C. Calculation details

Ab initio simulations were carried out within the frame-
work of density-functional theory (DFT) [26], with the Vienna
Ab initio Simulation Package (VASP) [27]. The projector
augmented-wave and pseudopotentials were employed and
the plane-wave kinetic cutoff was extended up to 540 eV
to ensure highly converged results. The exchange-correlation
energy was described within the generalized gradient approx-
imation (GGA) with the Perdew-Burke-Ernzerhof (PBE) for
solids prescription (PBEsol) [28]. The integrations over the
Brillouin zone (BZ) were carried out with a dense k-point
grid as described in Ref. [16] for Zn(I03),. For Mg(I03);3
the integrations over the BZ were performed witha 6 x 4 x 6
sampling of k-special points. At selected volumes, the struc-
tures we adopted for Mg and Zn iodates were fully relaxed
to their optimized configuration through the calculation of the
force and the stress tensor. Not only the calculated equilibrium
lattice parameter at ambient condition, but also the pressure
dependence of the lattice parameter and equation of state
show good agreement with that obtained from experiment
both for Mg(IO3), [17] and Zn(IO3), [16]. The electronic
band-structure calculations were performed using the k path
chosen with the SEEK-PATH tool [29], and the band-structure
analysis was carried out with the SUMO package [30]. The
crystal orbital overlap population (COOP) calculations were
performed using the LOBSTER software [31].

III. RESULTS AND DISCUSSION

A. Band-gap energy under compression

Absorption spectra of Mg(I03), and Zn(IO3), at selected
pressures are shown in Figs. 2(a) and 2(b), respectively. Their
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FIG. 3. Pressure dependence of the band-gap energy of (a) Mg(I03), and (b) Zn(I03),. The experimental results (EXP) are shown with
symbols only. The calculated results (DFT) are shown with solid lines and symbols. The insets include optical micrographs showing the sample
loaded in the diamond-anvil cell at the indicated pressures. In (a) the theoretical calculated band gap of Mg(I1O3), has been shifted by —0.5 eV.
In (b) the theoretical calculated band gap of Zn(I0;), has been shifted by +1.0 eV.

absorption edges exhibit a gradual redshift with increasing
pressure. According to the calculated electronic band struc-
tures (Supplemental Material, Fig. S1 [32]) Mg(IO3), and
Zn(103), are indirect band-gap semiconductors. A Tauc plot
analysis for indirect band-gap materials has been used here to
obtain the band-gap energy at each pressure by extrapolating
the linear fit of the high-energy part of the (ahv)!/? vs huv plot
to zero [33], where « is the absorption coefficient, & is the
Planck constant, and v is the photon frequency. Examples of
the Tauc fits are given in the insets of Figs. 2(a) and 2(b).

At ambient pressure the band gap of Zn(103), is 3.90(1)
eV (2.96 eV) according to experiments (calculations). This
value is higher than the previously reported [34] value of 3.53
eV (2.59 eV) according to experiments (DFT calculations).
The difference in observed band-gap energy could be related
to (i) different sample thicknesses used for optical absorption
experiments [35]. For example, a 20-um-thick sample was
used in the present work, the sample thickness used in the
previous study is unknown [34]. It is known that the use
of very thick samples can lead to an underestimation of the
band-gap energy due to misidentification of Urbach tails as
fundamental band-gap absorptions. (ii) According to the cal-
culated electronic band structure, from both this work and
Ref. [34], Zn(IO3), has an indirect band gap. However, in
Ref. [34], a Tauc plot for direct band-gap materials [25,33]
was used.

For Mg(I0O3),, due to the polycrystalline sample used in
our experiments, we could not measure its optical absorption
spectra at ambient pressure. However, using the band gap of
Mg(IO3), determined at low pressures [see Fig. 3(a)] it is
possible to estimate the ambient-pressure band gap by adopt-
ing a linear fit to data obtained from 1.4 to 4.4 GPa. The
estimated ambient-pressure band gap of Mg(103); is 3.00(5)
eV. This value is slightly lower than the band-gap value of

3.4 eV obtained from calculations. The underestimation of
the calculated band gap in Zn(IO3), and overestimation of
the calculated band gap in Mg(IO3), deserves a comment.
The discrepancy in Zn(I03), is typical of DFT calculations
and it is related to the GGA-PBEsol approximations used to
describe the exchange and correlation energies [36,37]. The
underestimation of the band-gap energy is more notorious
when transition metals (like Zn) are present in the compound
and is mostly explained in the literature in terms of the effects
of self-interaction and particularly of the derivative disconti-
nuity of the exchange-correlation energy [38]. However, there
are indeed more than a few examples where the band gap is
overestimated by DFT [39,40]. Mg(I03), seems to be within
these cases. The reasons for band-gap overestimations are
still under debate [41] and they are beyond the scope of this
work. It should be noted here that in spite of the discrepancies
regarding the absolute value of the band gap at zero pressure,
calculations closely reproduce the experimental pressure de-
pendence of the band gap of materials including cobalt iodates
[42]. This is also the case of Zn(I03), and Mg(I03), as we
show in the next section.

The experimental and calculated band-gap energies of
Mg(I03), and Zn(103), are shown in Figs. 3(a) and 3(b) as
functions of pressure. For a better comparison of the experi-
mental and calculated band-gap energy, we have downshifted
the calculated band gap of Mg(IO3), by 0.5 eV and upshifted
the calculated band gap of Zn(IO3), by 1.0 eV. The band gaps
of both compounds decrease under compression and exhibit a
nonlinear pressure dependence. For Mg(IO3),, there are slope
changes around 3 and 8 GPa. We also noticed that the band
gap does not show a discontinuity at the structural phase tran-
sition pressure 9 GPa. This fact is consistent with the gradual
changes associated with the transition. Under pressure, the
band-gap energy exhibits a reduction of 29.3%, from 3.00 eV
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FIG. 4. (a) Molecular orbital diagrams for Mg(IO3), and Zn(IO3), at ambient pressure; here, E, represents band-gap energy. (b) Calculated
DOS and PDOS for Mg(103),. (c) Calculated COOP for Mg(IOs), at O GPa and (d) at 14.5 GPa. The vertical dashed line shows the Fermi

level.

at ambient pressure, to 2.12 eV at 18.6 GPa. As shown in the
inset in Fig. 3(a), the color of the Mg(IO3), crystal changed
from transparent, with a slightly orange tone, to completely
orange. Regarding Zn(IO3),, the band-gap behavior is simi-
lar, showing a decrease in energy from 3.90 eV at ambient
pressure to 3.74 eV at 5.6 GPa according to experiments. In
our calculations, the band-gap energy decreases from 2.96 eV
at 0 GPa to 2.78 eV at 4 GPa. Upon further compression,
band-gap narrowing is followed by a slight broadening of the
band gap up to 7.7 GPa. Beyond 7.7 GPa, the band gap shows
a continuous narrowing up to the highest pressure covered
in this study. The total reduction of the band gap is 9.5% in
the experiment. In Zn(103), we did not detect any observable
color change in the experiments.

B. Molecular orbital diagram

Due to the fact that both Mg(IO3), and Zn(IO3), show
qualitatively similar high-pressure behavior of the band-gap

energy, we shall use Mg(IO3), as the example in point to
discuss the pressure evolution of the band-gap energy in both
materials. The calculated density of states (DOS) and pro-
jected density of states (PDOS) are provided in Fig. 4(b).
The VBM is dominated by O-2p orbitals and the CBM by
contributions from O-2p and I-5p orbitals. In this regard,
the PDOS is qualitatively similar to those reported for other
nontransition-metal iodates [15]. The common feature of
dominant contributions from O-2p and I-5p orbitals indicates
that the band-gap energy in metal iodates is strongly affected
by the I-O interaction. In Figs. 4(c) and 4(d), we show the
calculated COOP of Mg(103), between iodine and the six
nearest oxygen atoms at O and 14.5 GPa, respectively. No-
tably, there are two types of I-O interaction. The first type of
I-O interaction is the bonding between iodine and the in-layer
oxygen atoms; O8, O7, and O9 in Fig. 4(c). (For clarity,
we follow the same labeling convention as provided in the
crystallographic information file (CIF) provided by Phanon
et al. [43]). These I-O bonds are relatively short, typically
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from 1.75 to 1.86 A. The second type of I-O interaction
is between iodine and the oxygen atoms in the neighboring
[IOs] layer. These interlayer oxygen atoms are OS5, O8', and
010 in Fig. 4(c). These types of bonding are weak or do not
exist at low pressure. The distance between the iodine and the
interlayer oxygen atoms is from 2.6 to 3.1 A.

The combination of the PDOS and COOP enables us to
determine the molecular orbital (MO) diagram of Mg(103),
[Fig. 4(a)]. In the —20 to —17 eV energy region, the DOS
and PDOS of Mg(103); [Fig. 4(b)] are dominated by I-5s and
O-2s states. Both of them are positive in COOP [Fig. 4(c)]
for the in-layer oxygen atoms, and both are almost zero for
the interlayer oxygen. The energy region around —10 eV
in PDOS is contributed to mainly by I-5s and O-2s states.
The contribution to the COOP is negative for in-layer oxy-
gen atoms and zero for interlayer oxygen atoms. These two
energy regions correspond to the bonding and antibonding
states between I-5s5 and O-2s [as illustrated in the bottom left
part of Fig. 4(a)]. There are also two broad bands located
between —7 eV and the top of the valence band. The lower-
energy band is dominated by O-2p and I-5p orbitals and the
corresponding contribution to the COOP is positive, which
means these orbitals belong to the bonding state of the p-p
interaction between iodine and oxygen [see the left-hand part
of Fig. 4(a)]. The antibonding state of these p orbitals is at the
bottom of the conduction band, which is primarily contributed
to by the O-2p and I-5p states and shows a negative COOP.
Based on this description, and the fact that the top of the
valence band is also dominated by nonbonding O-2p states,
we construct the MO diagram (for the —8 to 6 eV energy
region) provided in Fig. 4(a). In this energy range, the COOP
indicates only a minor interaction but the same characteristics
between iodine and the interlayer oxygen atoms. Therefore,
we suggest the same MO diagram for the p-p interaction
between iodine and the interlayer oxygen atoms [the top right
part in Fig. 4(a)]. The band-gap energy is given by the energy
between the oxygen nonbonding state and the p-p antibonding
state between iodine and oxygen. At high pressures, taking
14.5 GPa as an arbitrary example above the phase transition
pressure (9 GPa [17]), the interaction between iodine and
interlayer oxygen atoms is enhanced at the conduction band
and the upper part of the valence band due to the compression
of the interlayer distance. The COOPs at 0 and at 14.5 GPa
share very similar characteristics [Figs. 4(c) and 4(d)] and can
be used to determine essentially similar MO diagrams. Only
minor differences are observed: for example, at 14.5 GPa the
iodine and the interlayer oxygen atoms have small amount of
contribution to the lower-energy region; however, the overall
characterization is the same.

In Fig. 5 we have plotted the calculated pressure de-
pendence of the bond distances between iodine and in-
layer/interlayer oxygen atoms [17]. These I-O distances are
taken from our DFT calculations, which show good agree-
ment with our experimental results regarding crystallographic
lattice parameters (determined from powder x-ray diffrac-
tion) and their pressure evolution (via the P/V equation of
state). The distance between iodine and interlayer oxygen
atoms (035, O8', and O10 in the LP phase) shortens under
compression. In contrast, the bond distance between iodine
and the in-layer oxygen atoms (O7, O8, and O9) slightly
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FIG. 5. Calculated pressure dependence of the bond distance be-
tween iodine and the in-layer/interlayer oxygen atoms in Mg(10;),.
The slight discontinuity at around 9 GPa is due to a phase transition.

enlarges under compression. Due to the stereoactive LEP on
iodine, and the shortening of the distance between iodine and
interlayer oxygen atoms, new I-O bonds form between them
on compression. Consequently, the in-layer oxygen atoms are
pushed away from iodine. This is a typical behavior observed
in metal iodates under compression [16—18,21] as discussed
in the Introduction. Therefore, there are two competing ef-
fects which determine the pressure evolution of the band-gap
energy of Mg(103),. The first effect (effect 1) is the enlarge-
ment of the I-O bond distance between iodine and in-layer
oxygen atoms which results in a decrease of the hybridiza-
tion between their orbitals, thereby decreasing the energy
difference between their bonding and antibonding states. As a
consequence, the band-gap energy will tend to decrease with
increasing pressure. The second effect (effect 2) is the short-
ening of the distance between iodine and the interlayer oxygen
atoms which increases the hybridization between their states
and increase the separation between bonding and antibonding
states, thereby favoring an increase in the band-gap energy.
In the case of Mg(IO3),, below 4 GPa the interaction
between iodine and the interlayer oxygen atoms is weak due
to the large interlayer distance. Therefore, the interaction be-
tween iodine and the closer in-layer oxygen atoms dominates
the band gap. Since the in-layer I-O distances increase with
increasing pressure, the band-gap energy consequently de-
creases with increasing pressure. In other words, effect 1 is
dominant below 4 GPa. From 4 to 8 GPa the distance between
iodine and the interlayer oxygen atoms quickly gets shorter,
thereby enhancing their mutual interaction and counteracting
the narrowing of the band gap. In other words, there is com-
petition between effects 1 and 2 between 4 and 8 GPa, but
effect 2 dominates because the interlayer I-O bond distance
is more sensitive to pressure. Above 8 GPa, the shortening
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of the interlayer I-O bond distance becomes less sensitive
to pressure (see Fig. 5). Therefore, the increasing in-layer
I-O distance (effect 1) once again dominates the pressure
dependence of the band-gap energy, which continues to de-
crease above 8 GPa up to the maximum pressure studied in
the present work. The high-pressure band-gap behavior of
Zn(103); can also be explained following the same rationale
and by the same MO diagram. (The Zn(IO3), DOS, PDOS,
and pressure dependence of the distance between iodine and
in-layer/interlayer oxygen atoms can be found in Figs. S2 and
S3 in the Supplemental Material [32], respectively.) Notice
that both compounds exhibit a qualitatively similar pressure
dependence for the band-gap energy. The differences in the
pressure dependence of the band-gap energy (see Fig. 3) are a
consequence of the difference in the pressure evolution of both
crystal structures (which are similar but not identical) under
compression, as we have shown in our previous works [16,17].
Our conclusions indicate that wide band-gap metal iodates can
be designed based on crystal structures which contain iodate
molecules with short iodine-oxygen bond distances.

It is worth mentioning here that the MO model we sug-
gested can only qualitatively explain the band-gap behavior of
nontransition or closed-shell transition-metal iodates. Indeed,
the band-gap energies for different metal iodates exhibit dif-
ferent sensitivities to the I-O bond distance, although the trend
is the same, i.e., the band-gap energy decreases as the average
I-O distance increases. According to the theoretical calculated
band-gap energy and I-O bond distance for Zn and Mg iodates
at the pressure range from O to 18 GPa, the band-gap energy
decreases with the I-O bond distance by 8 and 31 eV/A, re-
spectively, thereby exhibiting different pressure dependences
which are not explained by our model. The corresponding
value for all the data shown in Fig. 6, where we summarized
the band-gap energy and average I-O bond distance for 71
different metal iodates at ambient condition, is —42 eV/A.

C. Metal iodate band gaps at ambient pressure

It is worth examining the relationship between the iodine-
oxygen bond distances and the band-gap energies we found in
Mg and Zn iodates by making comparison with other metal
iodates. In Fig. 6 we have plotted the band-gap energy vs the
average I-O bond distance of the metal iodates measured in
this work and reported in the literature [1-3,10-12,16,43—-82]
(see Figs. S4 and S5 in the Supplemental Material [32]). In
the comparison, only nontransition and closed-shelled tran-
sition metal iodates were included, without regard for their
chemical formula, crystal structure, or stoichiometry. Partial-
filled transition-metal iodates were not included because in
those iodates the 3d electrons also contribute to the elec-
tronic states near the Fermi level [15]. The average I-O bond
was calculated by considering bond distances shorter than
the cutoff value of 2.0 A. The choice of the cutoff value
is based on the fact that the interaction between iodine and
oxygen is weak when the oxygen is further than 2.0 A away
from iodine (see Fig. 5). The band-gap energy of the metal
iodates ranges from 2.34 eV in KgCeyl;30s3 [44] to 5.08
eV in Rb3(103);(I,05)(HIO3)4(H,0) [45], and the average
I-O bonds varies from 1.79 to 1.84 A. In Fig. 6 it can be
seen that there is a negative correlation between the average
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FIG. 6. Collated band-gap energy and average [-O bond dis-
tances as found in the literature. The detailed information for each
point, including chemical fromula, average I-O bond distance, and
band-gap energy for the compounds, can be found in Fig. S5 and
Table S1 in Supplemental Material [32].

iodine-oxygen bond distance and the band-gap energy of
metal iodates. This is a reasonable result because the
electronic structure of the metal iodates has a common charac-
teristic near the Fermi level. That is, the VBM is dominated by
the O-2p orbital, while the CBM is contributed to by the O-2p
and I-5p orbitals, which indicates that the band-gap energy is
dominated by the interaction between the iodine and oxygen
atoms, and that the metal species is not the dominant factor.
According to the MO diagram we suggested for Mg and Zn
iodates in the previous part, their band-gap energies decrease
with increasing bond distance between iodine and the in-
layer oxygen atoms. Therefore, the band gap of nontransition
or closed-shelled metal iodates have a negative correlation
with the bond distance, regardless of crystal structure, metal
species, or chemical formula.

IV. CONCLUSIONS

The main conclusion from the first half of the present work
is that the band-gap energy of the studied iodates [nontran-
sition (Mg) and closed-shell transition-metal (Zn) iodates:
Mg(I03), and Zn(IO3),] is strongly related to the distance
between the iodine and in-layer/interlayer oxygen atoms.
Through the analysis of the experimental band-gap energy as
a function of pressure, combined with the help of calculated
density of states, projected density of states, and calculated
crystal orbital overlap populations between the iodine and
oxygen atoms, we conclude that there are two competing
effects regarding the I-O bond distances. Firstly, the pressure-
induced enlargement of the bond distance between iodine
and in-layer oxygen atoms reduces their mutual interaction
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and thereby causes a narrowing of the band gap. Secondly,
hybridization between iodine and interlayer oxygen atoms
causes opening of the band gap. The competition between
these two effects causes the nonlinear reduction of the band-
gap energy with increasing pressure.

The main conclusion from the second half of the present
work, in which we examine the band-gap energies and average
I-O bond distances of 71 different nontransition or closed-
shelled transition-metal iodates reported in the literature, is
that we find the band-gap energy in iodate materials to have
a negative correlation with the average I-O bond distance re-
gardless of chemical formula, crystal structure, metal species,
or iodine coordination number. This observation is consistent
with the model proposed in the first half of the present work
to explain the high-pressure behavior of the band-gap energy
of Mg and Zn iodates. Combining our previous work [15]
on the high-pressure band-gap studies on transition-metal io-
dates, Fe(103)3, we thereby find two useful rules for designing
wide band-gap metal iodates: (i) do not use partially filled

transition-metal iodates because their 3d electrons contribute
to the electronic states near the Fermi level [15], and, (ii) the
shorter the bond distance between iodine and nearest oxygen,
the wider the band gap of the metal iodate.
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