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Abstract: We have performed the electronic band structure and the Phonon dispersion spectra of the mixed
valence Silver oxide in the density functional theory (DFT) framework. We used the LDA+U and the HF
methods in computing the electronic band structure while the LDA was used for the phonon dispersion
calculation. Our structural optimization results agree well with experiment. The LDA+U predicted AgO to be
semimetal nature while the HF calculation predicted a semiconductor nature with a fundamental band gap of
1.53 eV which is in good agreement with experiment. In the phonon calculation, we see that the longitudinal
optical and the transverse optical split is very small for higher modes corresponding to oxygen. This is the
reason while the Raman spectroscopy was not able to observe these modes.
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l. Introduction

Silver oxide (AgO) has attracted so much attention due to its technological applications. It has
applications in battery [1], anti-bacterial activity [2], super-resolution near-field structure (RENS) for optical
read-write ultra-high density non-volatile memories, in fluorescence imaging and the property of surface
enhanced Raman scattering (SERS) in plasmonic devices [3]. It also has applications in optical data storage
devices. Silver oxide is a potential candidate in electric-pulse-induced resistive random access memory
(RRAM), a technique for the next generation of non-volatile memory [2]. It is a semiconductor whose electronic
structure has attracted some controversies, the controversy is about the true state of the mixed oxide. Some
studies claim it is silver(1,11) [4,5,6] while some others claim it is silver(l,I11) [7,8].

AgO has been studied experimentally and theoretically to determine its valence mixed state and the
electronic band gap. Bielmann et al [5] in their Ultraviolet photoelectron spectroscopy showed that the
experimental electronic band gap of AgO is dependent on oxidation. Their obtained a band gap of 1.09 eV after
an immediate oxidation step. On further oxidation, they measured a band gap value of 0.52eV. This band
closing is also corroborated in result of the investigation by Raju et al [9]. Park et al [4] in their model of AgO
studied by density functional theory using full-potential linearized augmented plane wave (FLAPW) method
obtained a small indirect band gap of 0.03 eV. Allen et al using the hybrid functional proposed by Heyd et al
[10] obtained an indirect band gap of 1.2 eV and a direct band gap of 1.6 eV. They quarrelled the model by Park
et al, saying it was incapable of modeling the mixed valence silver oxide. The Raman spectroscopy on AgO was
also studied by Raju et al [9].

In this study, we investigate the electronic and vibration properties of AgO. To the best of our
knowledge, this is the first time a theoretical phonon investigation will be carried out. We apply the Hartree-
Fock (HF) and the LDA+U scheme to investigate the electronic band structure of AgO.

1. Computational Detail

AgO crystallizes in a monoclinic structure with a space group P121/c1l. The lattice parameters are a
=5.86 A,b=3.48 A, c=5.5 A, and B = 107.5 (taking from ref 11). The lattice contains two nonequivalent Ag
sites: Ag(1) has two nearest oxygen atoms with the Ag(1)-O bond length is 2.18 A; Ag(2) is surrounded by four
oxygen atoms with Ag(2)-O bond lengths of 2.01 and 2.05 A. Fig. 1 show the structure of AgO adopted for this
investigation.

In this study, we have performed structural relaxation, the electronic band structure and Phonon band
structure of bulk AgO. In the relaxation of AgO, the starting lattice parameters were adopted from the
experimental values of Jansen and Fischer [11]. The two inequivalent Ag occupy the 2b and 2¢ wyckoff’s
positions. These two were kept fixed while the position of the oxygen was allowed to evolve. The atomic
positions were deemed to have relaxed when the force is 0.01 br/atom. The lattice parameters were then
optimized with the relaxed atomic positions. The results of the structure optimization with previous theoretical
and experimental results are shown in Table 1. The relaxed coordinate for the oxygen atoms and the Ag
coordinates are given in table Il. For the electronic band structure, we made use of the Hartree-Fock (HF) and
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local density approximation LDA+U schemes as implemented in the Abinit package [12, 13]. Projector
Augmented Wave (PAW) [14] was use for the LDA+U calculations. In all our calculations, the local density
approximation (LDA) as parametrized by Perdew and Zunger [15] was used. The pseudopotentials used in the
LDA calculations were norm-conserving [16].

Fig 1. Crystal structure of AgO from our relaxation. Gray spheres denote linearly coordinated, Agi,, yellow
spheres denote square planar coordinated Agsq, and red oxygen (generated using CrystalMaker).

In all the calculations, the brillouin zone integration for the self-consistency field run was done with a
k-point mesh of 128. A kinetic cut-off of 20 hartree with a PAW Energy cut-off for the double grid (allows to
transfer data from the normal, coarse, FFT grid to the spherical grid around each atom) of 20 hartree was used in
the LDA+U calculations. The self-consistency calculation was assumed to have converged when the difference

in energy between subsequent iteration was1.0x107°. A plane wave set of 179 was used in the exchange part
of the self energy operator; 89 was used for the wave function in self-energy of the HF calculations. The
wannier90 [17, 18, 19] package was used in the interpolation of the calculated band structure in the HF
calculation. For the phonon calculations, the kinetic energy cut-off of 30 hartree was used for the generation of
the plane waves. The number of wave vectors (g-point) used is 32. Lattice dynamical calculations (phonon
dispersion curves and phonon density of states) are performed within the frame work of the self consistent
density functional perturbation theory (DFPT) [20, 21, 22].

Table 1. The lattice parameters, bond length and the angle for this work , previous DFT calculations and
experiment. The lattice parameters and bond lengths are in Angstrom while angle is in degrees.

This work Ref 8 Ref 8 Ref 8 Exp. ref | Exp ref
11 23

a 5.85 5.97 4.74 5.96 5.86 5.852
b 3.477 3.55 4.62 3.69 3.48 3.475
c 5.499 5.57 5.6 5.53 5.5 5.495
Adiin 2.20 2.15 2.17 231 2.16 12.17
Al 2.099,2.099 | 2.01,2.01 | 2.17 1.99,1.99 | 2.03,2.02 | 2.06,2.05
Angle 107.7° 107.33° 90.31° 102.85° 107.56° 107.5
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Fig. 2 : The electronic band structure of ago from the LDA+U calculation. The Fermi level is indicated by Ef.
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Fig. 3 : The electronic band structure of AgO from the HF calculation. The Fermi level is indicated by Er.

Table 2. The atomic coordinates from the relaxation. There are 8 atoms per unit cell Wyckoff’s coordinates
(space group number=14)

Atom X y z

Adg, 0.5 0.5 0.5
Adiin 0.0 0.5 0.0
o) 0.264 0.85 0.23

1. Results And Discussions

The electronic band structure of AgO along lines of high symmetry in the first brillioun zone for the
LDA+U and HF calculations are shown in Figs. 2 and 3 respectively. The LDA+U calculation predicted AgO to
be a semi-metal. The true semiconductor nature of AgO was predicted by the HF calculation with a fundamental
indirect band gap of 1.53 eV which is in good agreement with experiment [5, 9] and other theoretical result [8].
The optical direct band gap obtained is 1.85 eV. The valence band maximum (VBM) occurred at the C points
while the bottom of the conduction band is located at the I" point. There is however qualitative disagreement
with the result of Allen et al. The disagreement is in the location of the valence band maximum (VBM) and the
conduction band minimum (CBM). Their VBM is at the I point while their CBM is between the B and D points.
The experimentally observed band gap is 1.1 eV.

The total and partial density of states are presented in Fig. 4. From the total DOS in Fig. 44, it can be
seen that the states in the energy window between -0.6 and -0.55 is the Ag 5s and O 2s orbital. It is dominated
by the O 2s states.
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Fig. 4: The density of states (DOS) from LDA+U method. The Fermi energy is at zero. (2) the total DOS (b)
partial DOS for Agi, (c) partial DOS for Ag;i, (d) partial DOS for O.

This is clearly seen from the partial DOS of O in Fig. 4d. Valence band and the bottom of the conduction band
are predominantly Ag-d orbitals as seen in the partial density of states of Ag in Figs. 4b and 4c. This Ag-d
dominated valence band is in agreement of the result of Allen et al [8].
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Fig. 5: The Phonon dispersion curve for AgO.

The phonon dispersion curves of bulk AgO along several high symmetry lines in the brillouin zone are
displayed in Fig. 5. There are 8 atoms group into 3 types in the unit cell. This gave a total of 24 frequency
modes or bands. Of this number, 3 are acoustic while 21 are optical. The bands are either longitudinal or
transverse. The longitudinal acoustic (LA) mode in the direction I'-C experiences a softening or downward
bending to meet the first transverse acoustic mode (TA;) at a degenerate point at C. In the I'-A and I'-Z
directions, the figure reveal an upward bending of (LA). There is a relatively large splitting of the two TA along
the I'-C and T-A directions when compared to the very small split in the I'- Z direction. The first three optical
modes at I" corresponding to the second square planar coordinated silver (Ags,) Vibrations are found to be 84.7
cm™, 107.7 cm™ and 119.3 cm™ representing the longitudinal optical (LO) mode, the second transverse optical
(TO,) mode and first transverse optical (TO;) mode respectively. The six vibration modes or branches
belonging to the two linearly coordinated silver atoms were found to be 138.6 cm™, 146.4 cm™, 163.7 cm™ for
TO,, T O, and LO respectively; and 180.9 cm™, 198.2 cm™ and 265.5 cm™ for TO,, T O, and LO respectively
corresponding to the two atoms. The remaining optical branches belong to the four Oxygen atoms. At the C-
point the two TO modes for the first oxygen atom are degenerate with a frequency of 333 cm™, 271.4 cm™,
277.0 cm™ and 369.5 cm™ corresponds to TO;, TO, and LO respectively. There is a softening of TO;
corresponding to second oxygen atom along the I'-C direction and becoming degenerate with the LO
corresponding to the first oxygen at the C- point. This downward bending can also be seen in I'-A and I'-Z
directions. It can be clearly seen from the Phonon dispersion curve of Figure 5 that the separation between LO
and TO; branches in the I'-C, I'-A and I'-Z directions is very small. These branches belong to the second oxygen
atom. For the third oxygen atom, there is no TO splitting and the branches are not dispersive in the E-A, A-T,
I'-Z directions. The same is observed for the three highest branches which correspond to the fourth oxygen
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atom. The highest mode is at the centre of the BZ and its value is 894.5 cm™. The Phonon density of state
(PHDOS) for AgO is shown in Figure 5. The PHDOS is divided into three part which are separated by energy
gaps. The first part which ranges from 0.0 to 0.0018 Ha is dominated by vibrations of Ag character while the
higher energy vibrations originate dominantly from O atoms.

Our study of the vibrational properties of AgO is in disagreement with the Raman spectra of Raju et al
[9]. This is because of the very small LO/TO splitting which cannot be resolved experimentally.
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Fig. 6: The Phonon density of state of AgO.

V. Conclusions

We have performed the electronic band structure and the Phonon dispersion spectra of the mixed
valence Silver oxide in the density functional theory (DFT) framework. We used the LDA+U and the HF
methods in computing the electronic band structure while the LDA was used for the phonon dispersion
calculation. The LDA+U predicted AgO to be semimetal nature while the HF calculation predicted a
semiconductor nature with a fundamental band gap of 1.53 eV which is in good agreement with experiment. In
the phonon calculation, we see that the longitudinal optical and the transverse optical split is very small for
higher modes corresponding to oxygen. This is the reason while the Raman spectroscopy was not able to
observe these modes.
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