
Chin. Phys. B Vol. 19, No. 3 (2010) 037102

Electronic structure and optical properties of the red
and yellow mercuric iodides∗
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With the help of the ab initio full-potential linearized augmented plane wave (FPLAPW) method, calculations

of the electronic structure and linear optical properties are carried out for red HgI2 and yellow HgI2. It is found that

the red HgI2 has a direct gap of 1.22834 eV and the yellow HgI2 has an indirect gap of 2.11222 eV. For the red HgI2,

the calculated optical spectra are qualitatively in agreement with the experimental data. Furthermore, the origins

of the different peaks of ε2(ω) are discussed. Our calculated anisotropic dielectric function of the red HgI2 is a nice

match with the experimental results. Our calculated results are able to reproduce the overall trend of the experimental

reflectivity spectra. Although no comparable experimental and theoretical results are available, clearly, the above proves

the reliability of our calculations, suggesting that our calculations should be convincing for the yellow HgI2. Finally,

the different optical properties are discussed.
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1. Introduction

In the past several decades there has been a re-

newed interest in mercuric iodide (HgI2) in order

to obtain further knowledge about its structure and

physical properties. Single crystals of the tetragonal

form of mercuric iodide (HgI2) have important appli-

cations as photocells, x-ray and γ-ray radiation detec-

tors, due to the large band gap, high resistivity, large

(average) atomic mass, and the acceptable mobilities

and lifetimes of both electrons and holes.[1−6] It has

an advantage over the more commonly used silicon

and germanium detectors in that, with its larger band

gap, it can be operated at room temperature. Much

research work has been done on the various aspects of

the optical and electric transport properties.[7−11] Be-

sides these useful properties, however, there are found

some disadvantages with HgI2, such as the problems

associated with the small hole mobility (at room tem-

perature and along the c axis)[12,13] and the fact that

HgI2 has a high vapour pressure, which means that

the crystal should not be exposed to vacuum during

measurements.

In recent years, many experimental and theoret-

ical methods have been applied to the study of mer-

curic iodide (HgI2), thereby greatly expanding and

deepening our understanding of its structural and

physical properties. Gonzalez and Ibarra[14] mea-

sured the effect of small deformations on the opti-

cal properties of HgI2 qualitatively. Yao et al.[15]

studied the anisotropic optical properties of the HgI2
crystal, by variable angle spectroscopic ellipsometry.

Tyagi and Vedeshwar[16] studied the thin film growth

of HgI2 systematically by using structural, composi-

tional, morphological, and optical absorption analy-

ses. Alexander et al.[17] investigated bulk-grown HgI2
crystals. Turner and Harmon[18] calculated the self-

consistent, relativistic electronic structure of tetrago-

nal mercuric iodide. Chang and James[19] presented

empirical nonlocal pseudopotential calculations of the

electronic band structure of undoped mercuric iodide

in its red tetragonal form. Values for the electron and

hole effective masses, optical matrix elements for in-

terband transitions, and complex dielectric function

have been reported. The excitonic effects on the ab-

sorption coefficient near the fundamental band gap

were taken into account in the effective-mass approx-

imation. Ab initio methods were applied to HgI2,

PtI2, and PbI2 to assess the effect of relativistic ef-

fective core potentials on ground-state properties of

heavy-metal iodides.[20] Ahuja et al.[21] used the linear

muffin-tin orbital method, within the local-density ap-
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proximation and without geometrical approximations,

to calculate the electronic structure of red HgI2. Using

the self-consistent potential, they calculated the en-

ergy bands and from these the anisotropic frequency-

dependent dielectric function and the reflectivity spec-

trum were derived. Ortega et al.[22] reported on the

density of states of mercuric iodide calculated by using

the recursion method. Ayres et al.[23,24] investigated

the structural and electronic properties and the role of

intrinsic defects in the electronic and optical proper-

ties of mercuric iodide in the red tetragonal crystalline

phase by using the ab initio method.

The aim of this paper is to present the results of

the theoretical investigation of the electronic energy

band, total and partial densities of states (DOS) and

optical properties for the red HgI2 and yellow HgI2,

based on the full potential linearized augmented plane

wave (FPLAPW) method. Furthermore, the results

of the present calculations are used to explain some

aspects of the previous experimental and theoretical

results.

2. Computational details

The geometry optimization and the electronic

structure calculations for the red HgI2 and the yellow

HgI2 are carried out by using the FPLAPW method

implemented in the WIEN2K package.[25] The gener-

alized gradient approximation (GGA) in the scheme

of Perdew, Burke, and Ernzerhof[26] (PBE) is used

for the exchange–correlation functional, and the rel-

ativistic effects are taken into account in the scalar

approximation. We take RmtKmax to be 8.5 and

make the expansion up to l = 10 in the muffin tins.

The use of the full-potential ensures that the calcu-

lation is completely independent of the choice of the

sphere radii. Nonoverlapping MT sphere radii of 2.5

and 2.3 a.u. are used for Hg and I atoms, respec-

tively. We use 14×14×4 (15×15×4) meshes for the

red (yellow) HgI2, which represent 1000 k-points in

the first Brillouin zone. Self-consistency is considered

to be achieved when the total energy difference be-

tween succeeding iterations is less than 10−5 Ry per

formula unit.

The imaginary part of the dielectric tensor is di-

rectly related to the electronic band structure of a

solid, so it can be computed from knowledge of the

single-particle orbitals and energies approximated by

the solutions of the Kohn–Sham equations. Assuming

the one-electron rigid band approximations, neglect-

ing electron polarization effects (Koopmans’ approx-

imation) and in the limit of linear optics and of the

visible–ultraviolet region,[27,28] the imaginary part of

a matrix element of the dielectric tensor is given by

ε2(ω) =
4π2e2

m2ω2

∑
i,f

∫
BZ

2dk

(2π)3
|⟨φfk| e · p |φik⟩|2

× δ(Ef (k)− Ei(k)− h̄ω) (1)

for a vertical transition from a filled initial state |φik⟩
of energy Ei(k) to an empty final state |φfk⟩ of energy
Ef (k), with wave vector k. ω is the frequency, e the

electron charge, m the free electron mass, and p the

momentum operator.

By using the well-known Kramers–Kronig trans-

formation, the real parts of the dielectric function

can be related to its imaginary parts ε2(ω). In

the tetragonal (orthogonal) phase, ε(ω) is anisotropic

and has two (three) different fractions, εxx(ω) and

εzz(ω)(εxx(ω),εyy(ω) and εzz(ω)), respectively. We

present an average over the two (three) components

as [2εxx(ω) + εzz(ω)]/3([εxx(ω) + εyy(ω) + εzz(ω)]/3)

for the tetragonal (orthogonal) phase. Using the ε(ω)

(where ε(ω) = ε1(ω)+ i ε2(ω)) as output, we calculate

various optical constants,[29] such as spectral reflectiv-

ity R(ω), absorption coefficient I(ω), electron energy

loss function L(ω), real part n(ω), and imaginary part

k(ω) of the refractive index with a simple independent

program.[29]

3. Results and discussion

We first give the results of the total energy as a

function of volume per formula unit for the red and

yellow HgI2 compounds in Fig. 1. Table 1 presents

the calculated equilibrium lattice constants for the red

HgI2 and the yellow HgI2 that are determined by fit-

ting the total energy as a function of volume to the

Murnaghan equation of state.[30] We have an overesti-

mate of equilibrium lattice constants for the red HgI2
and the yellow HgI2 that are determined by fitting

the total energy as a function of volume to the Mur-

naghan equation of state.[30] We have an overestimate

of the lattice constants which are 3.41% and 2.74%

(3.51% and 3.34%) more than the experimental val-

ues in Ref. [31] (Ref. [32]) for the red HgI2 and the

yellow HgI2 respectively.
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Fig. 1. Total energies as a function of volume of (a) the red HgI2, and (b) the yellow HgI2.

Table 1. Values of lattice constant, volume equilibrium, bulk modulus B0 and its first derivative B′
0 and

calculated GGA bandgaps (in eV) of the red and yellow HgI2 compounds compared with other theoretical

and experimental results. (1 Å=0.1 nm)

a/Å b/Å c/Å V /Å3 B0/GPa B′
0 bandgaps/eV

Hg(red) this work 4.5099 4.5099 12.8751 1767.2295 22.4735 4.9201 1.22834

Exp. 4.361a 12.45a 1597.8597a 2.29e,

4.357b 12.36b 2.14f

other calc. 2.37c, 1.1d

Hg(yellow) this work 4.8309911 7.6359 14.2526 3548.0144 42.5337 –3.4631 2.11222

Exp. 4.702a 7.432a 13.872a 3271.3314b 3.05e

4.674b 7.32b 13.76b 3167.9863b

a) Ref. [31]. b) Ref. [32]. c) Ref. [19]. d) Ref. [21]. e) Ref. [7]. f) Ref. [33].

Band dispersions for the red HgI2 and the yellow HgI2 calculated by DFT within GGA at equilibrium

lattice constants are presented in Fig. 2. The general features of the band dispersions accord with the previous

results [18,19,34]. It is found that the red HgI2 is a direct band gap semiconductor due to the fact that the top

of the valence bands and the bottom of the conduction bands are at the same Γ -point. The most prominent

features of the calculated band structures (bandgaps) of the red HgI2 and the yellow HgI2 are listed in Table 1.

We obtain a direct gap of 1.22834 eV for the red HgI2, in agreement with other results of Ahuja et al.,[21] who

used the linear muffin-tin orbital method. Turner and Harmon[18] used the Korringa–Kohn–Rostoker (KKR)

method to obtain a gap of 0.52 eV, while Chang and James[19] empirically adjusted the gap to the experimental

value. For the yellow HgI2, the calculated band gap of 2.11222 eV is indirect. The bottom of the conduction

band (CB) is at the H point and the top of the valence band (VB) is at the Γ point.

Fig. 2. Band structures for (a) the red HgI2 and (b) the yellow HgI2. The horizontal dashed line

indicates the Fermi level at 0 eV.
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This underestimation of the t band gaps is mainly

due to the fact that the simple form of DFT does

not take into account the quasiparticle self energy

correctly[35] which makes it not sufficiently flexible

to accurately reproduce both exchange correlation en-

ergy and its charge derivative. It is important to note

that the density functional formalism is limited in its

validity[36] and the band structure derived from it can-

not be used directly for comparison with experiment.

Figure 3 shows the partial DOSs of the red HgI2
and the yellow HgI2. There are some bands around

−6 eV in Figs. 2 (a) and 2(b). It can be assessed that

these bands consist of Hg d and I f orbitals. The very

small dispersions of these bands imply their localized

character. The two bands around −4.2 eV of the red

HgI2 are valence bands that are composed mainly of

6s, 5d states of the Hg atom and 5p states of the I

atom. Furthermore, the two bands around −3.8 eV of

the yellow HgI2 are valence bands that are composed

mainly of 6s, 5d states of the Hg atom and 5s states

of the I atom. The next higher bands of the red HgI2,

Fig. 3. Partial density of states (PDOS) of the red HgI2
and (b) the yellow HgI2. The vertical dashed line indicates

the Fermi level at 0 eV.

ranging from about −2.9 eV up to the Fermi level, are

valence bands that are formed mainly by 6p, 5d states

of the Hg atom and 5p states of the I atom, while the

next higher bands of the yellow HgI2, ranging from

about −2.9 eV up to the Fermi level, are valence bands

that are composed mainly of 6p, 5d states of the Hg

atom and 5s, 4d states of the I atom. The conduction

bands of the red HgI2 are composed mainly of 6s, 5p

states of the Hg atom and 5p states of the I atom, and

the conduction bands of the yellow HgI2 are formed

mainly by 6s, 5p states of the Hg atom and 5s, 4d

states of the I atom.

It has been earlier found that the calcu-

lated optical properties for Zn1−xCoxX (X=S, Se,

Te),[37] Fe nanowires on Cu(001) and Ag(001),[38]

Ba0.5Sr0.5TiO3,
[39] Cu-doped AlN[40] and TiO2

[41] ac-

cord well with the experimental findings, and we

therefore use the same theory to predict the optical

properties of the red HgI2 and the yellow HgI2. Be-

cause of the underestimation of the optical band gaps

in the DFT calculations, the locations of all the peaks

in the spectral profiles are consistently shifted toward

lower energies as compared with the experimentally

determined spectra. Rigid shift (by the scissor opera-

tor) of the optical spectra is applied, which somewhat

reduces the discrepancy between the theoretical and

experimental results.

Figure 4 shows the calculated values of ε2(ω)

for the red HgI2 and the yellow HgI2 along with

the available experimental results[42] up to a photon

energy of 20 eV. The calculated spectra have been

scissor-shifted by an amount equal to the difference

between the calculated and the experimental band

gaps (1.103 eV for the red HgI2
[33] and 0.93778 eV

for the yellow HgI
[7]
2 ). For the red HgI2, the cal-

culated optical spectra agree with the experimental

data qualitatively.[42] In our calculations, the intensi-

ties of the major peaks are underestimated, while the

intensities of some of the shoulders are overestimated.

This result is consistent with the previous theoretical

findings.[21] For the yellow HgI2, we do not find any ex-

perimental data or theoretical calculations to be com-

pared with our results. For the red HgI2, the peak A

mainly comes from the electron transition from I 5p

(VB) to Hg 6s (CB) orbitals. The peaks B, C, D and

E originate mainly from the transition between the I

5p (VB) and Hg 6s, 5d (CB) orbitals, and the peak

F comes mainly from the transition between the I 5s,

5p (VB) and Hg 5p, 5d (CB) orbitals. For the yellow

HgI2, the peak Amainly comes from the electron tran-

sition from the I 5s (VB) to Hg 5d, 6s (CB) orbitals.

The peaks B and C arise mainly from the transition

037102-4



Chin. Phys. B Vol. 19, No. 3 (2010) 037102

between the I 5s (VB) and Hg 6s, 5d (CB) orbitals,

and the peaks D, E and F are ascribed mainly to

the transition between the I 5s, 5p (VB) and Hg 5p,

5d (CB) orbitals. Furthermore, intra-band transitions

also play an important role in producing these peaks.

The optical properties of critical peaks are ascribed to

the transitions of inner electron excitation from near

VB semicore states to CB. The optical properties of

critical peaks above 12 eV are attributed to the transi-

tions of inner electron excitation from near VB semi-

core states I 4d, 5s, 5p (VB) and Hg 5p, 5d (CB)

levels to CB. It is noted that a peak in ε2(ω) does

not correspond to a single interband transition since

many direct or indirect transitions may be found in

the band structure with an energy corresponding to

the same peak.

Fig. 4. Imaginary part ε2(ω) of the dielectric function of

(a) the red HgI2, and (b) the yellow HgI2.

Figure 5 shows the anisotropic dielectric functions

of the red HgI2 crystal in a range of 1–6 eV. Figures

5(a) and 5(b) represent the experimental results[15]

and the calculated spectra, respectively. As can be

seen in the figure there is a close match between

our calculated results and experimental results in the

whole energy region, but the locations of the peaks

do not coincide with each other. Considering the un-

reliability of the experimental results due to the high

chemical activity of the surface of the red and yel-

low HgI2 compounds for chemical adsorption of ambi-

ent gas molecules[43] our results need to be reasonably

compared with more experimental data in this energy

range.

Fig. 5. Anisotropic dielectric functions of the red HgI2
with ordinary (E ⊥ C) and extraordinary (E ∥ C) re-

sponses, respectively. (a) represents data taken from the

experimental studies by Yao et al. (Ref. [15]); (b) repre-

sents the calculated reflectivity spectra.

Figure 6 shows the reflectivity spectra for the red

HgI2 and the yellow HgI2. For the red HgI2, as can

be seen in Fig. 6(a), there is a close match between

our calculated results and the experimental results[42]

in the whole energy region. However, it should be

noted that the difference in high energy between the

experimental and theoretical curves can be explained

by the fact that DFT allows the calculation of only

the ground state, but the experimental results are not

obtained from the ground state Although there are
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no experimental data or theoretical calculations to be

compared with our results, clearly, the above proves

the reliability of our calculations, suggesting that cal-

culations should be convincing for the yellow HgI2
in Fig. 5(b). The good agreement between the the-

oretical and experimental optical spectra implies that

the present calculations are able to well reproduce the

other theoretical optical spectra of the red HgI2 and

the yellow HgI2.

Fig. 6. Reflectivity spectra for (a) the red HgI2, and (b)

the yellow HgI2.

The imaginary parts of the dielectric function

ε1(ω), the absorption coefficient I(ω), the refractive

index n(ω), the extinction coefficient k(ω), and the

electron energy loss function L(ω) are plotted in Fig. 7

for the red HgI2 and the yellow HgI2. The zeros of

ε1(ω) correspond to the local maxima of the extinction

coefficient k(ω), which is shown in Fig. 7. On the other

hand, in the energy loss spectra as shown in Fig. 7,

we do not find any distinct maxima at energies smaller

than 20 eV. The reason for this is that ε2(ω) is still

large at these energy values. At 20.75 eV for the red

HgI2 and at 20.15 eV for the yellow HgI2, there sepa-

rately appears a large peak in the energy loss spectra.

At such high energies the values of ε2(ω) are small,

and thus the energy loss becomes large. The energy

of the peak of the electron energy loss function L(ω)

is usually assigned to the energy of the volume plas-

mon, h̄ωp.
[44] For the yellow HgI2 the value is about

20.76 eV.

Fig. 7. Frequency dependent optical properties for (a)

the red HgI2 and (b) the yellow HgI2.

In the yellow HgI2, because of the absence of a

well-defined peak, we assume that the h̄ωp lies near

20.5 eV. The other important optical properties cal-

culated in this work are I(ω) and K(ω) displayed in
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Fig. 7. It is interesting that the profiles of both I(ω)

and K(ω) are rather similar in shape but different in

magnitude. There are sharp peaks in both the en-

ergy loss spectra at around 4.28 eV, 5.03 eV, 6.39 eV,

8.03 eV, 8.94 eV and 10.11 eV for I(ω) and K(ω) of

the red HgI2 and at around 4.24 eV, 6.02 eV, 6.92 eV

and 10.42 eV for I(ω) and K(ω) of the yellow HgI2.

4. Conclusion

We give a more detailed first-principles calcu-

lation on the electronic structure and linear optical

properties of the red HgI2 and the yellow HgI2 by us-

ing the FPLAPW method. Electronic energy bands,

total and partial densities of states, including optical

properties, are analysed. We obtain a direct gap of

1.22834 eV for the red HgI2 and an indirect gap of

2.11222 eV for the yellow HgI2. For the red HgI2, the

calculated optical spectra qualitatively accord with

the experimental data. Furthermore, the origins of

the different peaks of ε2(ω) are discussed. Our cal-

culated anisotropic dielectric function of the red HgI2
is a nice match with the experimental results. Our

calculated results are able to reproduce the overall

trend of the experimental reflectivity spectra.[42] Al-

though there are no experimental data or theoretical

calculations to be compared with our results, clearly,

the above proves the reliability of our calculations,

suggesting that calculations should be convincing for

the yellow HgI2. The different optical properties are

shown in Fig. 7.
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