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Abstract. We have carried out an extensive study of electronic properties of silver
iodide in (- and ~-phases. The theoretical Compton profiles, energy bands, density of
states and anisotropies in momentum densities are computed using density functional
theories. We have also employed full-potential linearized augmented plane-wave method
to derive the energy bands and the density of states. To compare our theoretical data,
isotropic Compton profile measurement on y-Agl using '37Cs Compton spectrometer at
an intermediate resolution of 0.38 a.u. has been undertaken. The theoretical anisotropies
are also interpreted on the basis of energy bands.
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1. Introduction

The physical and chemical properties of silver iodide (Agl) have been studied due
to its pronounced applications in solid-state batteries, photographic films, visible
range detectors, liquid semiconductors, cloud condensation, etc. [1-10]. At the
ambient temperature, this compound remains in -phase [11]. Both the - and
~v-Agl transform to body-centred-cubic (bcc) a-Agl at 420 K [12]. The a-Agl is
stable above this temperature and remains in the superionic phase [13], because
the Ag ions can move through the bec lattice of I ions.

Among earlier theoretical studies, Victora [14] has used the full-potential linear
augmented Slater-type orbital (FP-LASTO) method within local density approxi-
mation (LDA) scheme to calculate the electronic structures of three polymorphs of
Agl. The electronic structures of - and -Agl have been presented by Vogel et al
[15] by employing self-interaction correction (SIC) and self-interaction and relax-
ation correction (SIRC) to pseudopotentials together with Gaussian-orbital basis
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sets. Laref et al [16] have used empirical tight binding (TB) method and calcu-
lated the electronic properties of 7-Agl. Okoye [17] has investigated the pressure
dependence of band gaps for some silver halides. Recently, Ono et al [18] have
studied the electronic structure and diffusion paths of Ag ions in rock salt (RS)
structured Agl using full-potential linear muffin-tin orbital (FP-LMTO) method
within the generalized gradient approximation (GGA) scheme. In addition, some
experimental studies to probe different properties of Agl have also been reported
by different workers [19-23].

It is well established that the Compton profile J(p,) is a spectrum of inelas-
tically scattered photons by the target’s electrons. It can be used to probe the
electronic structure of a variety of materials [24]. The theoretical J(p,) is defined
as the one-dimensional projection of electron momentum density p(p.), along the
scattering vector (z-axis) direction. In Compton experiments, one measures the
double differential cross-section that is related to J(p,) as follows [24]:

d?o

To0s % 0 = [[ o@)dp. d,. 1)

To shed more light on the electronic structure of Agl, in this paper we report
the energy bands and the corresponding density of states (DOS) using the linear
combination of atomic orbitals (LCAO) and the full-potential linearized augmented
plane-wave (FP-LAPW) method. We have also computed, for the first time, the
Compton line shapes using density functional theory (DFT) within the LDA and
GGA, and also hybridization of Hartree—Fock (HF) and DFT (so-called B3LYP)
schemes using LCAO method. To compare the data on momentum densities, we
have also measured the isotropic Compton profile of v-Agl using 37Cs isotope.

2. Methods
2.1 Ezxperiment

The isotropic experimental Compton profile of v-Agl was carried out using a high
energy (662 keV) 137Cs Compton spectrometer [25] at an intermediate momentum
resolution of 0.38 a.u. (Gaussian full-width at half-maximum), which is better than
that of the conventional 4 Am spectrometer. The energy spectra of the scattered
~-rays at an angle of 160+0.6° were measured by a high-purity Ge detector (Can-
berra, GL0210P) and associated electronics. Due to the non-availability of large
size (12 mm diameter and 2 mm thickness) single crystal, we have only measured
the isotropic Compton profile. The polycrystalline sample of Agl (12 mm diame-
ter and 2.2 mm thickness) was exposed for 218 h to obtain sufficient statistics in
the Compton data. The raw line shape data were accumulated by a 4 K channel
analyser (Canberra, Accuspec B) with a channel width of about 61 ¢V. To derive
the true Compton profile, the energy distribution of inelastically scattered spec-
tra were corrected for background, instrumental resolution (limited to stripping off
the low energy tail), detector efficiency, Compton cross-section, multiple scattering,
etc. [24]. To measure the background experimentally, the experiment is performed
without sample and the measured background data are then subtracted from the
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selected range of the sample data, channel by channel, after scaling it to the actual
measuring time of the sample data. In the present study, the ratio of multiple
to single scattering events (in the momentum range —10 to +10 a.u.) was found
to be 10.6%. It is worthwhile to mention that we have incorporated the multiple
scattering correction upto triple scattering. The contribution from the higher-order
scattering is expected within the statistical errors of the experiment. Further, as
suggested by our group [26], we have also corrected the experimental profile for
the bremsstrahlung (BS) background due to photo and Compton recoiled electrons
liberated in the sample. Finally, the profile was transformed from energy to mo-
mentum scale and normalized to the free atom Compton profile (range 0 to 5 a.u.)
area of 35.6 electrons [27].

2.2 Theory
2.2.1 LCAO method

In the present paper, we have employed the CRYSTALO3 package [28] for the
computation of Compton profiles, energy bands and DOS of - and y-Agl. The
code is based on LCAO method and uses basis sets of Slater-type orbitals (STOs),
which are approximated by orbitals of Gaussian-type.

The electron density p(7) of an N-electron system described by this type of wave
function is given from the optimum one-electron crystalline orbital gb? by

o) = [ RS 10(er = <5 (F), 2

where sj(E) is the k-dependent eigenvalue of the jth crystalline orbital, § is the

heaviside step function, e is the Fermi energy and k is the generating vector of
the irreducible representation of the group of crystal translations.

Various approximations, namely, DFT (with LDA and GGA) and B3LYP as
incorporated in this single package differ in the form of monoelectronic Hamiltonian
operator h. In the Kohn-Sham (KS) formulation of DFT, the exchange-correlation
potential operator is defined in terms of exchange-correlation energy per particle
in uniform interacting electron gas of density p. The Hamiltonian operator in this
case becomes

hks =T + V + J[p(i)] + dxc (i), (3)

where T, V, J and Uxc are the kinetic, external potential, Coulomb and exchange
operators, respectively.

The exchange-correlation potential operator, Oxc(7) is the functional derivative
of the exchange correlation density functional energy, Exc, with respect to charge
density at a point 7. Within LDA, Fx¢ is defined as

Exc:/ } Hdrsxc[p(F)}. (4)
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Table 1. Different exchange and correlation functionals used in the present
LCAO calculations.

Theory Exchange Correlation

DFT-LDA Dirac—Slater [28] Perdew—Zunger [29]

DFT-GGA Becke [30] Perdew—Wang [31,32]

B3LYP Becke [30] Lee—Yang—Parr [33]
In GGA,

Bxe = [ F(6(7),180(7) i 9

in which f(p(7),|Ap(7)|) is a suitably chosen function of its two variables. A
summary of various exchange and correlation functionals [28-33] used in the present
calculations is listed in table 1.

In the present calculations, all-electron basis sets of Gaussian-type orbitals
(GTOs) for Ag and I have been taken from ref. [34]. These basis sets were opti-
mized using BILLY software. For a faster convergence of self-consistent-field (SCF)
cycles, the BROYDEN scheme [35] was applied for all the calculations. The in-
tegration in the reciprocal space has been carried out on a grid of 216 k points
for §-Agl and ~-Agl in the irreducible BZ. The lattice parameters for 5-Agl were
taken to be a = 4.599 and ¢ = 7.524 A, while in the case of y-Agl, a was 6.499 A
[23]. In order to make a direct comparison of our experiment with the theoretical
momentum densities, the computed valence Compton profiles have been added to
free atom core contribution [27].

2.2.2 FP-LAPW method

The FP-LAPW (4 local orbitals) method within the DFT scheme [36] has been used
for the computation of electronic structures of 8- and «-Agl. In the LAPW method,
the space is divided into non-overlapping muffin-tin (MT) spheres centred at the
atomic sites and an interstitial region. In the interstitial region, the basis set is
described by plane waves. In the MT spheres, it is treated by radial solutions of the
one-particle Schrodinger equation at fixed energies and their energy derivatives time
spherical harmonics. In this method, the band structure calculations are expected
to be accurate because no shape approximation is made for the charge density or
potential. In the present work, the latest non-empirical DFT-GGA methodology of
Wu and Cohen [37] has been used for the first time. The convergence criterion for
total energy was set to 0.1 mRy with cut-off charge density Gnax = 12. Density
plane wave cut-off RyipKp,a.x was kept equal to 7, which controls the convergence
of the basis set. The radial basis functions of each LAPW were calculated up to
Imax = 10. In the present calculations, 114 and 73 k points were taken for (- and
~-Agl, respectively in the irreducible wedge of BZ. For both phases of Agl, the MT
sphere radii used were 2.5 a.u. for Ag and I.
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3. Results and discussion
3.1 Energy bands and DOS

In figures 1-4, we have presented the dispersion of the calculated energy bands (E—
k relations) along some high symmetry directions in the BZ and also the total and
partial DOS of 7- and 8-Agl using the LCAO (GGA) and FP-LAPW methodologies.
A solid horizontal line in the energy band diagram shows the position of Fermi
energy (Eg). Due to similar topological nature of energy bands within LDA and
B3LYP schemes of the LCAO method, only E-k relations corresponding to GGA
calculations are shown here. Except some fine structures and band gaps, the overall
shape of our energy bands is in agreement with the earlier reported data [14-16].
From figures 1-4, it is observed that the energy bands of Agl can be divided into
three main groups. The lowest bands in the valence region originate primarily due
to the bs states of I. In both the phases, within FP-LAPW approximation, these
bands lie at around —12 to —13 eV. The valence band maximum (VBM) is formed
due to hybridization of 4d states of Ag and 5p states of I leading to degenerate
states. This degeneracy leads to very strong p—d hybridization in wave functions
and a considerable complexity in the VB structure as revealed in figures 1-4. Here
we can see that the spatial extent of the Ag d levels is large, and their energies are
close to those of the p levels of I. The p and d levels therefore hybridize and alter the
chemical behaviour of this compound significantly. The conduction band minimum
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Figure 1. Band structure (E—k relation) and density of states of y-Agl along
high symmetry directions of the first Brillouin zone within DFT-GGA scheme
of LCAO method. The positions of the L, I, X, W and K vertices correspond
to (0, 0, 1/2), (0, 0, 0), (0, 1/2, 1/2), (1/4, 1/2, 1/4) and (3/8, 3/8, 3/4),
respectively.
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Figure 2. Same as figure 1 except the technique, which is FP-LAPW (GGA).
In the Wien2k package, Fr is taken as the zero reference level.

(CBM) seems to originate from the s states of Ag with a small contribution from
p and d orbitals of I. The band gap depends weakly on I in Agl, because the VBM
is an Ag p-like state and the CBM is Ag s-like. Since (-Agl has four atoms per
unit cell, the number of bands observed with this structure is double (figures 3 and
4) that of v-Agl (figures 1 and 2). The results show that Agl is a direct band gap
semiconductor (at I' point).

The difference between the band structure calculations on rock-salt (RS) struc-
tured semiconductors (AgCl and AgBr) and Agl is that the former are indirect gap
semiconductors with the VBM at the L point and the CBM at the I' point [20] of
the BZ, whereas (- and ~-Agl are direct band gap semiconductors. The reason for
the difference between AgCl and AgBr and their tetrahedral counterpart Agl is the
inversion symmetry of the RS lattice. The numerical values of energy band gap at
T" point of the present calculations and the available data are quoted in table 2. Our
DFT-LDA and GGA theories give band gaps smaller than the experimental values
reported in [21,22] for §- and -Agl, respectively, whereas our B3LYP scheme is
in good agreement with these values. Other theoretical calculations performed by
Victora [14] and Vogel et al [15] underestimate the experimental values and are
comparable to our FP-LAPW calculations.

3.2 Compton profiles

The anisotropies in the momentum densities computed from the directional Comp-
ton profiles within the framework of DFT (with LDA and GGA) and B3LYP
schemes are plotted in figures 5a and b for v- and §-Agl, respectively. These figures
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Figure 3. FE—-k relations and density of states of [-Agl using
LCAO-DFT-GGA. The positions of the A, L, M, ', H and K vertices are
(0,0,1/2), (1/2, 0, 1/2), (1/2, 0, 0), (0, 0, 0), (1/3, 1/3, 1/2) and (1/3, 1/3,
0), respectively.
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Figure 4. Same as figure 3 except the technique, which is FP-LAPW (GGA).

show that the general trend of oscillations in the unconvoluted theoretical Compton
profile anisotropies for - and 3-Agl differs at various values of p,. The anisotropies
in the momentum densities can be explained on the basis of one-electron energies
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Table 2. Band gaps (AEg) of 8- and 7-Agl in electron volts.

AFEg
Method [-Agl ~v-Agl
(i) Present work
(a) LCAO DFT-LDA 1.72 1.91
DFT-GGA 1.82 2.26
B3LYP 2.91 3.69
(b) FP-LAPW 1.20 1.17
(ii) Available data FP-LASTO 1.5 [14] 1.4 [14]
PP 0.8 [15] 0.8 [15]
SIRC (PP) 1.5 [15] 1.4 [15]
Expt. 3.0 [22] 2.82 [21,14]
SIRC: Self-interaction and relaxation correction.
FP-LASTO: Full-potential linear augmented Slater-type orbital.
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Figure 5. Anisotropies in the unconvoluted and convoluted theoretical di-
rectional Compton profiles of (a) - and (b) S-phases of Agl computed using
various schemes of CRYSTALO3 code. Solid lines are drawn to guide the eyes.

(energy bands). For example, in y-Agl the energy bands (as shown in figure 1)
contribute to fine structures in the momentum densities (figure 5a). There are de-
generate states at the I' point of the branch I'-X, which leads to more momentum
density at I' point. Due to the non-existence of bands near Er at the X point of the
I-X branch, there is a deficit of momentum densities at I'-X distance (0.51 a.u.)
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Table 3. Experimental isotropic Compton profile of ~-Agl along with
the spherically averaged theoretical Compton profiles calculated by various
schemes of CRYSTALOQ3 code. The experimental error at few points is also
shown. The theoretical profiles are unconvoluted.

p- (a.u.) LDA GGA B3LYP Expt.
0 17.133 17.250 17.098 16.14940.034
0.1 17.056 17.172 17.021 16.058
0.2 16.816 16.931 16.785 15.838
0.3 16.387 16.502 16.363 15.505
0.4 15.837 15.948 15.819 15.099
0.5 14.922 15.025 14.909 14.618
0.6 14.072 14.169 14.068 14.044
0.7 13.133 13.225 13.141 13.417
0.8 12.265 12.349 12.279 12.779
1.0 10.986 11.048 10.998 11.552+0.027
1.2 10.031 10.077 10.038 10.401
1.4 9.181 9.219 9.186 9.482
1.6 8.386 8.279 8.392 8.663
1.8 7.679 7.592 7.684 7.761
2.0 7.012 6.934 7.017 7.12240.019
3.0 4.454 4.418 4.456 4.457£0.018
4.0 3.170 3.161 3.171 3.121+0.009
5.0 2.492 2.490 2.492 2.506+0.008

leading to a positive oscillation in the anisotropies with respect to [100] direction,
as can be seen in figure 5a.

In table 3, we have given the isotropic experimental Compton profiles along with
the unconvoluted theoretical profiles (spherically averaged) computed within the
framework of DFT (LDA and GGA) and B3LYP techniques using LCAO method
for v-Agl. Before making a comparison with the experimental data, all the theo-
retical profiles were convoluted with the experimental resolution function of 0.38
a.u. The difference between the convoluted isotropic theoretical profiles (for v-Agl)
and the experimental profile is presented in figure 6. A good agreement in high
momentum side (p, > 3 a.u.) is due to the dominating contribution of core elec-
trons, which are normally unaffected on the formation of solids. In low-momentum
region (p, < 3 a.u.), there are significant differences between the convoluted the-
ories and the experiment. Such differences were also seen in the case of other Ag
halides [20]. These significant differences need to be understood. In the vicinity of
Compton peak, the BSLYP technique gives a marginally better agreement with the
experimental momentum densities.

4. Conclusions

The electronic properties, namely energy bands and DOS, are presented using the
LCAO and FP-LAPW methods. The isotropic experimental Compton profiles of
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Figure 6. Difference between the isotropic experimental and the convoluted
theoretical profiles using different LCAO schemes for y-Agl. Statistical error
is within the size of symbols used.

~v-Agl are compared with the LCAO calculations within the DFT schemes. It is
seen that for v-Agl, the B3LYP-based Compton line shape gives relatively a better
agreement with the experimental electron momentum density, particularly in the
low-momentum region. A disagreement in the vicinity of p, = 0 may be due to
the non-relativistic nature of the LCAO calculations. Except some fine structures,
the computed energy bands of Agl within B3LYP approach are found to be in
agreement with the experimental data. These calculations predict Agl to be a
direct band gap semiconductor. To get more insight into the electronic structure
of - and y-Agl, directional Compton profile measurements may be helpful.
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