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ABSTRACT: We have performed a systematic first-principles
investigation by using the density functional formalism with the
nonlocal B3LYP approximation to calculate structural and electronic
properties as well as phase transitions under pressure of silver
molybdate, Ag2MoO4. Five phases have been considered: tetragonal
Ag2MoO4 (with normal and inverse P4122 structures), β-Ag2MoO4
(cubic spinel structure), olivine-type (orthorhombic structure), and α-
Ag2MoO4 (tetragonal K2NiF4-type structure). Numerical and
analytical fittings have been conducted to determine the equilibrium
unit cell geometry and equation-of-state parameters for all structures
and compounds involved in the phase diagram. Pressure dependencies
of band structures, energy gaps, density-of-states (DOS), and
vibrational frequencies were investigated. Theoretical results show
that the inverse Ag2MoO4 with P4122 symmetry is more stable above 15 GPa than the normal spinel structure, while the
tetragonal structure is slightly more stable than the cubic representation above 6 GPa due to a tetragonal distortion. We
determined the stability against decomposition of Ag2MoO4 toward binary oxides (MoO2, MoO3, Ag2O, AgO, and Ag2O3), metal
(Ag and Mo), oxygen, and Ag2Mo2O7. Theoretical results point out that β-Ag2MoO4 can decompose into Ag2Mo2O7 and Ag2O
at 12 GPa.

1. INTRODUCTION

The comprehension of materials behavior at high pressure has
received much attention in recent decades. Pressure has an
important effect on their structure and properties, and advances
in techniques and instrumentation have attracted more interest
from researchers in solid-state physics, crystal chemistry,
geophysics, biology, and materials science, which has resulted
in a rich source of new phenomena, including new phases and/
or polymorphs. This area represents a prevailing research
frontier for fundamental theory and simulation analyses.1−7

The application of high pressure to matter significantly alters
the interatomic distances and thus the nature of the
intermolecular interactions and the chemical bonding as well
as crystal structure and material stability. A sudden change in
the arrangement of atoms, such as a structural phase transition
associated with a change in crystal symmetry, occurs under
applied pressure, and properties of high-pressure phases may be
very different from properties under normal conditions.
Pressure-dependent phase stability knowledge and the relation-
ship between physical/chemical properties and crystal/
electronic structures may facilitate a systematic search for
new complex metal oxides. For example, very recently, Maczka
et al.8 reviewed high-pressure studies of pressure-induced
structural phase transitions and amorphization in selected
molybdates and tungstates.

Normal and ordered-inverse A2BO4 spinel oxides are a family
of compounds with a wide range of technological applica-
tions.9,10 Ag2MoO4 belongs to this family and has attracted
recent attention due to its chemical stability at elevated
temperatures and subsequent high-temperature lubricating
properties11 as well as its applications in electrochemical
devices and gas sensing,11−15 and in surface-enhanced Raman
scattering techniques.13,16 The morphology and microstructure
of Ag2MoO4 varied significantly through pH-controlled self-
assembly in a simple hydrothermal process, which has produced
broomlike or flowerlike structures of Ag2Mo2O7 microrods and
the formation of microparticles of Ag2MoO4 at high pH
values.17 Very recently, a monoclinic Ag2Mo2O7 nanowire has
been synthetized as a new Ag−Mo−O nanophotocatalyst
material.18

The crystal structure of Ag2MoO4 was obtained by
Wyckoff.19 Computational and experimental studies of
Ag2MoO4 show that its layered atomic structure facilitates
sliding and suggests that the single phase almost instantly
segregates into a binary system, which consists of silver clusters
and molybdenum oxide at temperatures near the melting
point.20 Ag2MoO4 can be found in two forms: α-Ag2MoO4 has
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a tetragonal structure, while β-Ag2MoO4 is cubic with a spinel
structure. The α-phase irreversibly transforms to the β-phase
upon heating above ambient temperature.
First-principles calculations are a powerful complement to

experimental techniques and provide detailed structural
information to understand phenomena such as pressure-
induced phase transition and electronic properties at the
atomic level. In this context, we previously studied the effect of
pressure on the MgAl2O4 normal spinel as well as the Zn2SnO4
inverse spinel structure.21,22 The motivation for our inves-
tigation essentially arises from the results of a recent work
concerning the behavior of the cubic spinel phase of Ag2MoO4
at high pressure as characterized by X-ray diffraction (XRD)
and Raman spectroscopy.23 The XRD technique reveals the
averaged structure of the long-range scale of materials, while
Raman spectroscopy provides a sensitive probe for structural
distortion, short-range ordering, and symmetry of a solid. A
computational study based on first principles was performed to
further understand these observed experimental results. In this
study, we investigate structural and electronic properties of
Ag2MoO4 under high-pressure conditions in the framework of
density functional theory (DFT) by the nonlocal B3LYP
approximation. Possible phase transformations have been
explored by analyzing respective equations-of-state (EOS)
parameters and by obtaining the corresponding bulk modulus
and transition pressures. Electronic structures, including DOS
and band structures, were calculated on the basis of optimized
geometries. In addition, energetic aspects of different
dissociation channels to obtain binary and complex metal
oxides, metals, and oxygen were analyzed.
The paper is organized as follows: section 2 describes

computational details, and section 3 contains theoretical results
together with a discussion concerning the local compressibility
and phase stability as well as the electronic structure analysis for
the different phases. In addition, vibrational properties derived
from calculations are discussed in detail and compared with
experimental values. Standard Gibbs free energies of possible
dissociation processes at ambient temperature and pressure are
also analyzed in this section. Finally, we summarize our main
conclusions in section 4.

2. THEORETICAL CALCULATIONS

First-principles total-energy calculations were carried out within
the periodic DFT framework by use of the CRYSTAL09
program package.24 Becke’s three-parameter hybrid nonlocal
exchange functional25 combined with the Lee−Yang−Parr
gradient-corrected correlation functional, B3LYP,26 was used.
Ag, Mo, and O centers have been described in the schemes
[HAYWSC]-311(d31)G, [HAYWSC]- 311(d31)G, and 6-
31G*, respectively, where [HAYWSC] stands for the Hay
and White nonrelativistic small-core pseudopotential.
Diagonalization of the Fock matrix was performed at

adequate k-point grids in the reciprocal space, which depends
on the phase under treatment using Pack−Monkhorst/Gilat
shrinking factors: IS = ISP = 4. The use of a different number of
k-points is because the primitive unit cells of different phases
contain different numbers of atoms. Thresholds controlling the
accuracy of the calculation of Coulomb and exchange integrals
were set to 10−8 (ITOL1−ITOL4) and 10−14 (ITOL5), which
ensures a convergence in total energy better than 10−7 hartree
in all cases, whereas the percent of Fock/Kohn−Sham matrices
mixing was set to 40 (IPMIX = 40).24

The vibrational-frequencies calculation in CRYSTAL is
performed at the Γ point within the harmonic approximation,
and the dynamic matrix is computed by the numerical
evaluation of the first derivative of analytical atomic gradients.
The calculation of the Hessian matrix in the vibrational-
frequencies module in CRYSTAL permits access to the entropy
and consequently to an estimation of the standard Gibbs free
energy at ambient temperatures.
To consider the effect of pressure on this system, we

optimized geometrical parameters and internal positions of all
phases, at a number of fixed external pressures (EXTPRESS
option), ranging from ambient pressure to 50 GPa. Fittings of
the computed (E, V) data provide pressure bulk modulus zero
values and its pressure derivative as well as free energy−
pressure curves for the five polymorphs studied.27

Four types of decomposition channels have been studied,
and the corresponding Gibbs decomposition free energy, ΔdG

0,
at ambient temperature is calculated by use of the following
equations:

(i) Formation of metal oxides
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Here, EEL
P is the total electronic energy, E0

P is the zero-point
energy, Evib

P is the thermal contribution to the vibrational
energy, and Svib

P is the vibrational entropy. For both metal
oxides and single metals, the most stable solid polymorphs at
ambient pressure and temperature are considered in our
calculations. All geometric parameters are optimized, and for
the optimized structures, their vibrational properties were
calculated.
When O2(g) is a product of the dissociation channel, we

employ the following equation within an ideal gas model to
calculate the standard chemical potential, μO2

0(T), of the O2

molecule:

μ κ= + + + −T E E E T TS( )O
0

EL
O

0
O O

B
O

2

2 2 2 2

The thermal energy EO2 and entropy SO2 include the
translational, rotational, and vibrational contributions to the
chemical potential of O2. This strategy is used to minimize
errors due to incorrect estimation of the O2 binding energy,
which is significantly overestimated by 1−1.5 eV when the
standard DFT functional is used.28−30 Ways to circumvent this
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problem have been developed, for example, employing a water
reference instead of a molecular oxygen-based reference.31

However, the method used in this study correctly reproduces
the experimental data.

3. RESULTS AND DISCUSSION
3.1. Structural Properties. β-Ag2MoO4 belongs to the

spinel structure with space group Fd3 ̅m, which is similar to
MgAl2O4; this phase diagram has been studied extensively both
experimentally32 and theoretically.21,22 Figure 1a shows that the
conventional cubic unit cell contains eight formula units. Mo
ions (gray in the figure) occupy tetrahedral 8a site,s while Ag
ions (blue in the figure) reside at the octahedral 16d position.
Oxygen atoms (red in the figure) stay at 32e positions. Arora et
al.23 performed powder XRD measurements at ambient
pressure; the results show a single-phase material with a lattice

parameter of 9.313 Å. The calculated lattice parameter, oxygen
internal coordinates, and distances between the metal ions and
the oxygen at different pressures, as well as the bulk modulus
and its pressure derivative, for this β-Ag2MoO4 structure are
listed in Table 1.
Our calculations at ambient pressure yield a lattice parameter

of 9.427 Å, which is only 1.2% greater than the experimental
value.23 Calculated P−V−E data are fitted by use of a third-
order Birch−Murnaghan (BM) EOS to obtain the ambient
pressure bulk modulus B0 and its pressure derivative B0′.23 At
ambient pressure we obtain a bulk modulus of 86.7 GPa and a
B0′ of 5.7. When a fixed value for B0′ of 4 was used, the fitting
yields a B0 value of 103.6 GPa. This result compares well with
experimental data obtained by Arora et al.:23 113 GPa for B0 at
B0′ fixed to 4.

Figure 1. Polyhedral representation of unit cells: (a) cubic spinel (β) (Fd3 ̅mZ), (b) inverse tetragonal spinel (P4122), (c) K2NiF4-type structure (α-
Ag2MoO4Z), and (d) monoclinic Ag2Mo2O7 (P21/c) and Ag2O (Pn3̅m) structures.

Table 1. Unit Cell a Parameter and Metal−Oxygen Distances at Different Pressures and Bulk Modulus B0 and Its Pressure
Derivative B0′ for the Fd3̅m Space Group

P (GPa) a (Å) u(O) d(Ag−O) × 6 (Å) d(Mo−O) × 4 (Å) B0 (GPa) B0′
Experimental23

ambient 9.3127 124 1.5 ± 1.3
113 4 (fixed)
109 5 (fixed)

2.3 9.264 0.2318
Calculated

ambient 9.4274 0.2345 2.5115 1.7880 86.8 5.7
103.6 4 (fixed)

5 9.2714 0.2359 2.4551 1.7816
10 9.1508 0.2370 2.4121 1.7759
15 9.0516 0.2379 2.3771 1.7706
20 8.96662 0.2387 2.3475 1.7657
25 8.8924 0.2393 2.3219 1.7609
30 8.8264 0.2399 2.2993 1.7564
35 8.7672 0.2404 2.2791 1.7523
40 8.7133 0.2408 2.2610 1.7482
45 8.6637 0.2412 2.2445 1.7441
50 8.6179 0.2416 2.2294 1.7402
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Table 1 lists lattice parameters as well as Ag−O and Mo−O
distances, which decrease monotonically as a function of
pressure; the AgO6 unit is much more compressible than the
MoO4 unit. We calculated the bond compressibility, k, defined
as [1/d(MeO)][∂ d(MeO)/∂P], where d(MeO) are the
metal−oxygen distances from the values in Table 1. The
Mo−O bond is less compressible than the Ag−O bond; on the
other hand, we find two regions of different bond
compressibilities, the first between 0 and 6 GPa and the
second from 6 up to 50 GPa. Compressibilities for the Mo−O
bond are 7.27 × 10−4 GPa−1 from 0 to 6 GPa and 5.03 × 10−4

GPa−1f rom 10 to 50 GPa, whereas for the Ag−O bond their
corresponding values are 4.38 × 10−3 GPa−1 and 1.99 × 10−3

GPa−1, respectively.
On the basis of the ratio between A and B cation radii33 (rA/

rB), we have also studied orthorhombic structures: Sr2PbO4-
type (olivine), CaFe2O4-type, and tetragonal K2NiF4-type (α-
Ag2MoO4 structure). After corresponding tests, we chose
olivine and K2NiF4 types as possible polymorphs; we
performed both structure calculations at different pressures
ranging from ambient pressure to 50 GPa.
Figure 1c shows the unit cell of the tetragonal K2NiF4-type

structure of α-Ag2MoO4. In this structure, Mo atoms occupy
2(a) Wyckoff positions (0, 0, 0) at the center of a distorted
octahedron (gray in the figure), whereas Ag atoms are located
at the 4(e) Wyckoff positions (0, 0, z) and show 9-fold
coordination with three (1 + 4 + 4) different Ag−O distances
(blue in the figure).
Crystal structures of A2BO4 spinel oxides can possess

different distributions of A and B cations over tetrahedrally
and octahedrally coordinated sites. In the normal structure
described above, the Oh sites were occupied exclusively by A
cations and the Td sites by B cations, whereas inverse spinel has
half the A cations occupying Td sites and the other half of A
together with all of the B atoms populating the Oh sites, which
is similar to a 50%−50% binary alloy on Oh sites. Therefore, as
reported by Stevanovic et al.,34 inverse spinel corresponds to a
class of configurations rather than a single crystallographic
structure.
Normal and ordered-inverse structures can also undergo

characteristic structural changes as a function of temper-
ature,35,36 which is a consequence of A and B cations
exchanging their lattice sites. Both normal and inverse spinel
structure can be described within the tetragonal P4122 space
group since they possess two octahedral and one tetrahedral
site, at 4a (0, y, 0), 4b (1/2, y, 0), and 4c (x, x, 3/8) Wyckoff
positions, respectively, whereas oxygen atoms occupy two
different 8d (x, y, z) positions.
We have optimized these normal and inverse Ag2MoO4

structures at different pressures up to 50 GPa. Table 2 lists
geometric parameters for these two orderings at ambient
pressure.
Total energy calculations as a function of volume, as well as

the variation of Gibbs free energy at ambient temperature, ΔG,
as a function of pressure, for the cubic spinel (β), K2NiF4-type
(α) and tetragonal normal and inverse spinel calculated
structures are depicted in Figure 2a. ΔG−P values of the
normal tetragonal structure superimpose almost perfectly with
those values that correspond to the cubic spinel structure below
6 GPa. Thus, both (α and β) curves cross at high pressure. The
K2NiF4-type phase becomes more stable than the spinel at
pressures above 32 GPa (see Figure 2b). Our calculations also
indicate that olivine is the most stable structure of Ag2MoO4

below 1 GPa. After corresponding vibrational calculations, we
find that neither olivine nor K2NiF4-type structures correspond
to the high-pressure tetragonal phase that Arora et al.23 suggest
coexists with the cubic phase over a range of pressures (from
2.3 to 12 GPa).
The phase diagram for silver and molybdenum oxides

(MoO3−Ag2O) and their reactions were studied by Wenda.37,38

Here, to obtain energetics for the Ag2MoO4 decomposition

Table 2. Optimized Structure for Normal and Inverse
Tetragonal Ag2MoO4 Structures at Ambient Pressure

site x y z

Normal: a = 6.6735 Å, c = 9.4041 Å, V = 418.82 Å3

Ag 4a 0 0.2503 0
Ag 4b 0.5 0.2501 0
Mo 4c 0.2501 0.2501 0.375
O 8d 0.0314 0.2499 0.2650
O 8d 0.4683 0.2499 0.2649

Inverse: a = 6.6476 Å, c = 8.5547 Å, V = 412.93 Å3

Ag 4b 0.5 0.2609 0
Ag 4c 0.2525 0.2525 0.375
Mo 4a 0 0.2531 0
O 8d −0.4193 0.1966 0.2815
O 8d −0.1948 0.2008 0.2210

Figure 2. (a) Total energy versus volume and (b) variation in free
Gibbs energy vs pressure (with the β structure as a reference) for
tetragonal Ag2MoO4Z (with normal and inverse P4122 structures), β-
Ag2MoO4 (spinel structure), olivine-type (orthorhombic structure),
and α-Ag2MoO4 (tetragonal K2NiF4-type structure) and the sum of
Ag2Mo2O7 and Ag2O.
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process into their constituent oxides, metals, and oxygen as well
as to Ag2Mo2O7, we calculated structures of MoO2, MoO3,
Ag2O, AgO, Ag2O3, Ag, Mo, and Ag2Mo2O7, initially at ambient
pressure, and for favorable cases at different pressures ranging
from ambient pressure to 50 GPa. Table 3 illustrates the

variation of free Gibbs energy and the volume variation at
ambient pressure for the investigated dissociation channels. An
analysis of the results shows that all channels have ΔG positive
values, and ΔV negative values: however, the decomposition of
β-Ag2MoO4 into Ag2O and Ag2Mo2O7 (2Ag2MoO4 →
Ag2Mo2O7 + Ag2O) has a slightly negative value (−0.12 Å3)
for the total volume variation along the process and the lowest
free energy barrier (0.27 eV) of all the investigated
decomposition channels. Therefore, we studied this process
in more detail.
Figure 1d shows that the monoclinic Ag2Mo2O7 structure

consists of infinite chains formed by blocks of four edge-shared
MoO6 octahedra (in gray) joined by edge-sharing with silver
ions situated between chains. The fitting of normal tetragonal
data to the BM EOS yields B0 = 85.7 GPa (B0′ = 5.7), which are
close to previous values obtained for the cubic spinel (β-
Ag2MoO4), B0 = 86.8 GPa (B0′ = 5.7); for the inverse
tetragonal structure, we obtained B0 = 59.8 GPa (B0′ = 6.1). If
we fix B0′ to 4, the corresponding B0 values are 103.6, 101.1,
and 74.0 for cubic, normal and inverse tetragonal structures,
respectively. Figure 2b shows that the inverse tetragonal
structure is more stable above 15 GPa than the normal spinel.
Our calculations show that, above 6 GPa, a tetragonal distortion
gives normal tetragonal structures slightly more stable than
their cubic representation, which will be discussed in depth
after Raman results are shown. Figure 2b also shows that at 12
GPa the sum of the silver oxide and the silver dimolybdate has a
lower free energy than the β-Ag2MoO4, but above 18 GPa the
inverse tetragonal structure becomes the most stable.
3.2. Electronic Properties. The effect of pressure on band

structures of all investigated Ag2MoO4 polymorphs has also
been examined. At ambient pressure, calculated band structures
along adequate symmetry lines of cubic, tetragonal, and

orthorhombic Bravais lattices show that β-Ag2MoO4 has a
band gap of 4.19 eV with an indirect transition from the valence
band (VB) Γ point to the X point of the conduction band
(CB), with a direct band gap at Γ of 4.40 eV; the inverse spinel
structure has an indirect band gap of 3.01 eV from M to Γ
(with a direct gap at Γ of 3.18 eV); K2NiF4-type (α) Ag2MoO4
has an indirect gap from N to Γ of only 0.62 eV and the
corresponding direct gap at Γ is 0.85 eV.
Figure 3 shows the band structure and DOS projected on

atoms and orbitals for β-Ag2MoO4 at ambient pressure and for
the tetragonal inverse spinel at 15 GPa. In β-Ag2MoO4 the
bottom of the VB is mainly formed by hybridization between
Ag 4d and O 2p orbitals, while CB is mainly formed by
hybridization between Mo 4d and O 2p orbitals. For both
transition metals dx2−y2 and dz2 states produce the major
contribution. At 15 GPa, indirect and direct band gaps of β-
Ag2MoO4 are 3.92 and 3.94 eV, respectively. However, the
inverse spinel structure band gap is direct at Γ and equal to 2.72
eV. An analysis of the projected DOS in Figure 3b shows that
the VB maximum is derived mostly from O 2p and Ag dz2
orbitals with a minor contribution from dxy. The minimum CB
is formed basically by Mo dx2−y2 and dxz.
Recently Li et al.39 synthesized cube-like microstructures of

Ag2MoO4 and from their optical measurements deduced a band
gap of 3.37 eV.
Ag2Mo2O7 at ambient pressure has a direct gap at the D

(−1/2, 0,
1/2) point of 3.67 eV (the corresponding direct gap at

Γ is equal to 4.13 eV) whereas at 12 GPa a direct gap is
displayed at E (1/2,

1/2,
1/2) of 3.24 eV, and a direct gap is

displayed at Γ of 3.66 eV. Figure 4 shows the band structure
and DOS projected on atoms and orbitals for Ag2Mo2O7 at the
pressure transition (12 GPa). An analysis of the projected DOS
in Figure 4 shows that the VB maximum is composed mostly
from O 2p and Ag dxz orbitals. The CB minimum is derived
basically from Mo dxy and dxz.
Recently a higher photocatalytic activity reported for

Ag2Mo2O7 was mainly attributed to the smaller band gap of
2.65 eV.40 From the UV−vis reflectivity spectrum, the optical
band gap of Ag2Mo2O7 nanowires is reported to be 2.94 eV,
and the luminescence in the visible region is explained by DFT
calculations with consideration of oxygen vacancies.41

3.3. Vibrational Properties. Lattice vibrations are crucial
for materials modeling, and their behavior under pressure
provides useful information regarding structural instabilities and
phase transformations. The spinel structure primitive cell
contains two Ag2MoO4 units that provide a total of 42
vibrational degrees of freedom. Group theoretical consider-
ations lead for the spinel structure to five Raman-active
modes:42

Γ = + +A E 3T1g g 2g

Frequencies (ω) of Raman-active modes for the β-Ag2MoO4
structure have been calculated as well as Grüneisen parameters
(γ =B0∂ ln ω/∂P) from its pressure dependencies. Figure 5
shows corresponding frequency shifts for Raman-active modes
as a function of pressure. Table 4 lists calculated pressure
coefficients for all modes and their Grüneisen parameters which
were calculated with the value of B0 = 103.6 GPa reported in
this study.
The A1g mode at 895 cm−1 corresponds to the Mo−O bond

symmetric stretching vibration of the MoO4 unit, whereas the
T2g mode at 790 cm−1 represents asymmetric stretching; both
modes have large pressure dependencies. The T2g mode we

Table 3. Calculated Values of ΔdG
0 and ΔV for Different

Dissociation Channels of Ag2MoO4 toward Binary Oxides,
Metals, Oxygen, and Ag2Mo2O7

a

dissociation channel ΔdG
0 (eV) ΔV (Å3)

→ +Ag MoO Ag O MoO2 4 2 3 0.76 +2.69

→ + +Ag MoO Ag AgO MoO2 4 3 2.39 −16.93

→ + +2Ag MoO Ag O Ag O 2MoO2 4 2 3 2 2 6.61 −18.67

→ +2Ag MoO 4AgO 2MoO2 4 2 5.93 −5.23

→ + + +3Ag MoO 2Ag O 2AgO Mo 2MoO2 4 2 3 2 19.11 −42.74

→ + +Ag MoO MoO 2Ag
1
2

O2 4 3 2
2.46

→ + +Ag MoO Ag O Mo
3
2

O2 4 2 2
7.11

→ + +Ag MoO 2Ag Mo 2O2 4 2 8.81

→ +2Ag MoO Ag Mo O Ag O2 4 2 2 7 2
0.27 −0.12

→ + +2Ag MoO Ag Mo O AgO Ag2 4 2 2 7 1.90 −19.74

aΔdG
0 = free energy of dissociation; ΔV = volume variation. Binary

oxides are MoO2, MoO3, Ag2O, AgO, and Ag2O3; metals are Ag and
Mo.
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found at 367 cm−1 corresponds to the bending mode of the
MoO4 unit. The Eg mode at 279 cm−1 is a lattice mode
involving vibrations of Ag cations. The T2g mode at 89 cm−1

also involves Ag cations but has not been experimentally
detected. Large pressure coefficients of stretching internal
modes for MoO4 units suggest that their pressure dependence
is strong, so a little distance variation for Mo−O bonds can lead
to a great frequency variation according to their low bond
compressibility (see above). On the other hand, although AgO6

units present high compressibility, the low value of the pressure
coefficient for the Eg lattice mode implies that vibrations
involving Ag cations are less sensitive to pressure.
Arora et al.23 reported that as pressure is increased,

intensities of the modes associated with the cubic phase are
reduced while new modes appear with increased intensities as a
function of pressure. The modes they found at 841 and 921
cm−1 were considered to arise from the splitting of the 873

cm−1 mode of the cubic phase due to the lowering of symmetry
across the cubic−tetragonal transition.
The primitive cell of the tetragonal (P4122) structure

contains four Ag2MoO4 units, which results in a total of 84
vibrational degrees of freedom, twice the degrees of the cubic
spinel structure. Group theoretical considerations42 for this
structure reveal 36 Raman-active modes:

Γ = + + +6A 7B 8B 15E1 1 2 g

For the inverse tetragonal structure, there are three Raman-
active modes around or above 800 cm−1. Table 5 lists these
calculated frequencies (cm−1) at different pressures, as well as
their pressure coefficients and Grüneisen parameters (γ).
B1 and E modes involve stretching of Mo−O bonds and

bending of Mo−O−Ag angles. The A1 mode reveals curious
behavior: from 0 to 6 GPa, this mode involves stretching of
Mo−O bonds and bending of Mo−O−Ag angles, whereas
above 10 GPa, only stretching of Mo−O bonds of MoO6

Figure 3. Band structure and DOS projected on atoms and orbitals for (a) β-Ag2MoO4 cubic structure at 0 GPa and (b) tetragonal Ag2MoO4Z with
inverse P4122 symmetry structure at 15 GPa.
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distorted octahedra are involved. For the A1 mode, a pressure
coefficient of 1.58 cm−1/GPa was obtained, which is similar to
the 1.69 cm−1/GPa value for the 841 cm−1 mode reported by
Arora et al.23 above 6 GPa that they associate with a tetragonal
structure.
When we consider the normal tetragonal structure, we find a

total of five Raman-active modes above 800 cm−1. In Table 6
we show these calculated frequencies (cm−1) at different

pressures, as well as their pressure coefficients and Grüneisen
parameters (γ).
All five vibrations correspond to stretching modes of the

MoO4 unit. The A1 mode also displays different behavior below
and above 6 GPa; below 6 GPa it corresponds to symmetric
stretching of Mo−O bonds of MoO4 units, whereas at 10 GPa
and above, it involves stretching of Mo−O bonds and bending
of the Mo−O−Ag angles. This A1 mode has a frequency similar
to the A1g mode of the cubic spinel. If the normal structure
coexists with the inverse, this A1 mode could correspond to the
921 cm−1 mode reported by Arora et al.,23 although its pressure
coefficient is closer to the corresponding experimental cubic
873 cm−1 mode than to the tetragonal 921 cm−1 mode. On the
other hand, the presence of more frequencies can explain the
broadening of signals in Raman spectra.
On the basis of previous results, we propose the following

sequence of stability as a function of pressure increase: olivine
→ (P ≥ 1 GPa) cubic spinel (β-Ag2MoO4) → (6 GPa < P < 15
GPa) tetragonal normal structure → (P ≥ 15 GPa) inverse
tetragonal structure.

Figure 4. Band structure and DOS projected on atoms and orbitals for Ag2Mo2O7 at 12 GPa.

Figure 5. Shift of Raman modes with respect to the corresponding
frequency at ambient pressure for β-Ag2MoO4 as a function of
pressure.

Table 4. Pressure Coefficients and Grüneisen Parameters of
Raman-Active Modesa

mode
frequency
(cm−1)

P coefficient
(cm−1/GPa)

Grüneisen parameter
(□)

T2g(1) 89 1.59 1.85
Eg 279 [278] (272) 0.77 [0.24] 0.29 [0.10]
T2g(2) 367 [352] (348) 0.99 [1.50] 0.23 [0.48]
T2g(3) 790 [761] (756) 3.13 [4.08] 0.41 [0.61]
A1g 895 [873] (870) 2.31 [2.10] 0.27 [0.27]

aExperimental values from ref 23 are given in brackets and those from
ref 16 are given in parentheses.

Table 5. Calculated Frequencies up to 800 cm−1, Pressure
Coefficients, and Gru ̈neisen Parameters (γ) for Inverse
Tetragonal Structure

P (GPa) B1 E A1

ambient 790 804 817
2 795 807 820
4 799 810 822
6 803 813 825
10 811 821 832
12.5 815 823 834
15 820 829 841
17.5 824 830 843
20 828 833 846
25 837 842 856
30 845 849 864

P coefficient (cm−1/GPa) 1.84 1.51 1.56
γ 0.17 0.14 0.14
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4. CONCLUSIONS
This study is part of a large theoretical effort to access crystal
structures under pressure, in particular, the physical/chemical
spinel-based compounds. The reported calculations provide
new structural and electronic results from first-principles
calculations.
Ground-state properties and high-pressure behavior of

Ag2MoO4 were studied by first-principles calculations within
the framework of DFT. These results provide deeper insight
into the relative stability and structural, electronic, and
vibrational properties of different phases.
On the basis of quantum chemical simulations, we provide

the Ag2MoO4 decomposition to MoO3 and Ag2O mixture and
to Ag2Mo2O7 and Ag2O, as well as toward MoO3, AgO, and Ag
structures. Structural, electronic, and vibrational properties have
been characterized for different bulk phases as well as their
response to hydrostatic pressure. The main results can be
summarized as follows:
(i) The bulk modulus was calculated by fitting pressure−

volume−energy data to the second-order Birch−Murnaghan
EOS, and its pressure derivative at corresponding equilibrium
phases; calculated geometrical, vibrational, and electronic
ground-state properties for β-Ag2MoO4 are in good agreement
with experimental data and other theoretical results.
(ii) Theoretical results show that β-Ag2MoO4 structural

material can undergo chemical changes to form Ag2Mo2O7 and
Ag2O structures at 12 GPa, while the decomposition of β-
Ag2MoO4 in MoO3 and Ag2O oxides is not energetically
feasible.
(iii) We demonstrate that β-Ag2MoO4 has an indirect band

gap of 4.19 eV from Γ to the X point [bottom of the VB and
top of the CB, formed mainly by hybridization between Ag 4d
and Mo 4d (dx2−y2and dz2) orbitals with O 2p orbitals,
respectively].
(iv) The band gap of the inverse spinel structure at 15 GPa is

direct at Γ and equal to 2.72 eV; the VB maximum derived
mostly from O 2p and Ag dz2 orbitals, and the CB minimum
was basically formed by Mo dx2−y2 and dxz orbitals.
(v) The Ag2Mo2O7 structure at 12 GPa shows a direct gap at

E(1/2,
1/2,

1/2) of 3.24 eV; the VB maximum was composed
mostly from O 2p and Ag dxz orbitals, and the CB minimum
was derived basically from Mo dxy and dxz orbitals.

(vi) Vibrational frequency values as well as their pressure
dependence for β-Ag2MoO4 and tetragonal normal and inverse
Ag2MoO4 structures were obtained.
We hope that this comprehensive study serves as a guideline

for the interpretation of various experiments involving different
phases of the Ag2MoO4 system and on related complex oxides,
as well as for the interpretation of results reported in this study.
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