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Abstract
The structure and stability properties of wadsleyite II as the new phase of Mg2SiO4 has been
studied at high pressure by the DFT method. The pressure range corresponds to the transition
zone in the Earth. At zero pressure the calculated lattice parameters of the wadsleyite II
structure are a = 5.749 Å, b = 28.791 Å and c = 8.289 Å with the density ρ = 3406 kg m−3.
The third order Birch–Murnaghan equation of state has been determined for the structure with
isothermal bulk moduli KT = 160.1 GPa and K ′

T = 4.3 at a pressure range up to 50 GPa. The
elasticity tensor coefficients Ci j (P), as well as the compressional and shear wave velocities and
their pressure derivatives, have been calculated using the deformation method at a range of
pressures up to 25 GPa. The results agree with the experimental data and structure properties of
the wadsleyite II model. The properties of the wadsleyite II phase are very close to the
wadsleyite phase.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The major components of the upper mantle and the transition
zone (at 410–660 km) are considered to be magnesium and
magnesium–iron silicate forms of (Mg2−x Fex SiO4): forsterite,
wadsleyite and ringwoodite [1, 2]. The transition interval
between upper (wadsleyite) and lower (ringwoodite) layers
is at the depth of 520 km with corresponding pressure
17–19 GPa [2, 3]. A new, high pressure, hydrous
magnesium silicate phase wadsleyite II was experimentally
observed at these conditions. The synthesis of a sample of
wadsleyite II structure has been first reported by Smyth
et al [4]. It is a hydrous magnesium iron silicate spinelloid
which contains about 2.0–2.7 wt% of H2O. This phase
occurs abundantly in hydrous experiments on multi-component
mantle compositions under the conditions expected in the
transition zone. The presence of hydrogen in rock compounds
has a major effect on important properties such as melting,
strength, elastic constants and seismic velocities [4]. The
structure of wadsleyite II is similar to the spinelloid IV phase
found in the nickel aluminosilicates by Horioka et al [5] and
Akaogi et al [6]. The detected structure is based on a cubic,
close packed array of oxygens, similar to the one present in
wadsleyite (β-Mg2SiO4) and ringwoodite (γ -Mg2SiO4) [4].

Wadsleyite contains only Si2O7 groups and no isolated Si-
tetrahedra in its structure. Wadsleyite II, on the other hand,
has one fifth of Si atoms in isolated tetrahedra and four fifths in
Si2O7 groups, as is typical for spinelloids IV [5]. The sites of
these groups in the crystal represent highly distorted tetrahedra
with a very long distance between Si and the bridging oxygen
atom [7]. It is clearly a new structure, although one very
closely related to that of wadsleyite [4]. The space group
symmetry of the crystal structure has been identified as Imma
with the orthorhombic body-centered lattice and the unit cell
parameters: a = 5.6884 Å, b = 28.9238 Å and c = 8.2382 Å
for the sample under the conditions of synthesis T = 1400 ◦C,
and P = 18.5 GPa. The lattice constants a and c are
approximately those of wadsleyite, whereas b is 2.5 times
larger than in wadsleyite [4].

The presence of the wadsleyite II phase could obscure
the seismic expression of the phase boundary between the
wadsleyite and ringwoodite near 525 km, where it can occur
as an intermediate phase [7]. Under the conditions of a
pyrolite mantle with 1400 ◦C temperature, the wadsleyite
to ringwoodite phase transition is characterized by seismic
observation data [8], as a reflector near 520 km depth, about
20 km thick and with a density jump of 2.1% and impedance
jumps of 2.4% and 3.1% for the P and S waves respectively.
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In this study we have concentrated on the first principles
investigation of the lattice stability properties and elasticity
of a pure, anhydrous, Mg2SiO4 structure of wadsleyite II,
which was reported from experiments as a new phase in
this orthosilicate system [4]. These properties could play
an important role in the interpretation of seismic data and
development of geodynamical models of the transition zone in
the Earth [9].

2. Calculation details

We have used density functional theory (DFT), applying
the generalized gradient approximation (GGA) with the
Perdew–Burke–Ernzerhof (PBE) functional [10] and Projector
Augmented Wave approach with GGA-PBE potentials as
implemented in the VASP package [11].

The considered model of the crystal structure of
wadsleyite II is similar to that of spinelloid IV, and has an
orthorhombic cell with Imma (#74) symmetry, with chemical
formula Mg2SiO4 and number of formulae Z = 20 in the
unit cell. The geometry of the model structure has been
optimized in the range of pressures between 0 and 50 GPa.
These optimizations were performed in the 1 × 1 × 1 supercell
containing 140 atoms. The k-point space was sampled by a
2 × 2 × 2 Monkhorst–Pack mesh [12] with eight irreducible k-
points. The energy cutoff for expansion of the wavefunctions
to plane waves was chosen at 500 eV. The electronic and
ionic optimizations were continued until the energy differences
between successive electronic and ionic relaxations were less
than 10−7 and 10−6 eV respectively.

The stability of the crystal structure has been checked
from the lattice dynamical properties at several pressures in
the interval between P = 0 and 30 GPa. The lattice
dynamics has been computed using a direct method [13], as
implemented in the PHONON software [14]. The Hellmann–
Feynman (HF) forces used in construction of the dynamical
matrix (DM) have been derived from the lattice with selected
atoms displaced from the equilibrium positions. The third
order Birch–Murnaghan equation of state (BM EOS) has been
parametrized using the least squares regression method applied
to the volume versus pressure data Vcell(P). To increase the
accuracy of the fitting procedure we have extended the range
of pressures for structural calculations to 50 GPa.

The elasticity properties of wadsleyite II are described
by nine independent components Ci j(P) of the elasticity
tensor appropriate to a body-centered orthorhombic cell with
space symmetry group Imma. The generalized Hook law
for crystals has been used for determination of the elasticity
tensor [15]. The unit cell was deformed by basic axial and
shear deformations, and then the stress tensor was calculated.
The elasticity tensor components Ci j (P) have been determined
for the interval of pressures up to P = 25 GPa, from a system
of linear equations, which relate the strain and stress tensors.

The compressional vp and shear vs wave velocity in
the anhydrous wadsleyite II structure have been calculated
from additional elasticity characteristics such as the bulk
modulus K , Young’s modulus E , strain modulus μ and
Poisson’s ratio σ . These additional moduli are in turn defined

Figure 1. The energy of the wadsleyite II structure as a function of
the unit cell volume for a range of pressures up to 50 GPa. For zero
external pressure the structure has its minimum of ground state
energy at the unit cell volume 1372 Å

3
. The crosses denote the

calculated points and the solid line is the fourth order polynomial fit
to the data.

by the elasticity tensor components Ci j(P). The calculated
values of lattice and elasticity parameters of the wadsleyite
II model structure have been compared with the experimental
data of hydrous phase wadsleyite II and anhydrous and hydrous
phases of wadsleyite.

3. Lattice parameters

The dependence of the static energy on the unit cell volume is
presented in figure 1. We have used a fourth order polynomial
fit to describe the shape of the function and find the minimum.
The structure has minimum ground state energy for the unit
cell volume 1372 Å

3
, the corresponding lattice constants being:

a = 5.749 Å, b = 28.791 Å and c = 8.289 Å. The
experimental cell volume of the hydrous wadsleyite II sample
is 1359 Å

3
, which amounts to an about 1% relative difference

between the calculated and experimental volume [7]. The
calculated lattice constants dependence on the pressure is
depicted in figure 2. From comparison with the experimental
lattice constants of the hydrous wadsleyite II it follows that
the computed values of a and c are close to the experimental
data measured in the pressure interval up to 10.6 GPa [7].
The b axis shows slightly different compressional behavior—
in calculation it is almost identical to the a axis while in
experiment it has a compressibility between axes a and c.

The crystal density has been determined for all calculated
cell volumes, and its values are included in table 1. The value
of calculated density corresponding to the zero pressure is
ρ0 = 3406 kg m−3, which is close to the densities of the
synthesized hydrous samples of magnesium–iron wadsleyite
II: 3511 and 3495 kg m−3 obtained by Smyth et al [4]. On
the other hand, these experimental densities of the wadsleyite
II phase extrapolated to the iron free compositions gave
3383 kg m−3 and 3337 kg m−3 respectively, which represents
about 2% relative difference between the calculation and
experimental results of the Smyth group [4].
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Figure 2. Lattice constants of anhydrous wadsleyite II as a function
of pressure. The dashed–dotted, dashed and solid lines depict the
calculated relative values for a, b and c, respectively. The circles,
triangles up and squares represent the experimental relative lattice
parameters for the hydrous phase of wadsleyite II (data from [7]).

The non-equivalent atom positions described by fractional
coordinates in the wadsleyite II crystal unit cell have been
compared with the measured structure of Smyth [7] in table 2.
The optimized lattice structure at zero pressure is close
to the experimentally determined structure and the relative
differences between the coordinates are below 1%.

4. Structure stability

The DM for the lattice was constructed from inter-atomic
forces, taking crystal symmetry into account. The set of HF
forces acting on atoms in the supercell has been determined
from single-point calculations for the structure with non-
equivalent atoms displaced one by one from their equilibrium
positions by 0.03 Å. The collected data has been used
to determine vibrational modes by application of the direct

Table 1. Calculated lattice parameters, unit cell volumes and density
of the wadsleyite II structure of Mg2SiO4 at pressures between 0 and
50 GPa.

P (GPa) a (Å) b (Å) c (Å) V (Å
3
) ρ (kg m−3)

0 5.749 28.791 8.289 1372 3406
10 5.654 28.322 8.105 1298 3600
20 5.576 27.932 7.967 1241 3766
30 5.509 27.608 7.851 1194 3913
40 5.451 27.327 7.751 1155 4047
50 5.401 27.081 7.604 1121 4168

method [13, 14]. For the optimized structures the phonon
frequencies have been calculated and the phonon density of
states (PDOS) g(ω) has been determined by sampling of the
Brillouin zone [16] at 5000 randomly generated points. The
PDOS spectra of the wadsleyite II structure computed for
pressures P = 0–30 GPa are presented in figure 3. It is clear
from the PDOS that there are no imaginary phonon modes in
the calculated spectra of wadsleyite II. This indicates that the
spinelloid IV like structure of wadsleyite II (Mg2SiO4) is stable
for pressures between 0 and 30 GPa.

5. Equation of state

The computed relative cell volume (V/V0, where V0 is zero
pressure volume) dependence on pressure is plotted in figure 4
and compared with experimental data of a hydrous wadsleyite
II sample measured by Smyth et al [7]. The zero pressure
unit cell volume of wadsleyite II has been estimated as V0 =
1372 Å

3
. The plot in figure 4 includes a fit of a third order BM

EOS to the calculated data:

P = 3

2
KT

[(
V0

V

) 7
3

−
(

V0

V

) 5
3
]

×
[

1 − 3

4
(4 − K ′

T )

((
V0

V

) 2
3

− 1

)]
, (1)

Figure 3. The lattice dynamics of wadsleyite II: phonon density of states (PDOS) calculated at pressures up to 30 GPa.
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Table 2. Calculated fractional atom positions in the unit cell of wadsleyite II (at P = 0 GPa) are compared with the experimental data
(sample 1 in [7]). The a, b, c are the appropriate lattice constants. Deltas represent absolute differences between the experimental and
calculated position coordinates: (�x = aexp · |xexp/aexp − xcal/acal|).

Experimental Calculated Differences

Atom x/a y/b z/c x/a y/b z/c �x (Å) �y (Å) �z (Å)

Mg1 0.2500 0.2500 0.7500 0.2500 0.2500 0.7500 0.000 0.000 0.000
Mg2 0.5000 0.1999 0.4938 0.5000 0.2003 0.4930 0.000 0.012 0.007
Mg3 0.5000 0.1002 0.5287 0.5000 0.1002 0.5303 0.000 0.002 0.013
Mg4 0.5000 0.0000 0.5000 0.5000 0.0000 0.5000 0.000 0.000 0.000
Mg5 0.2500 0.1499 0.2500 0.2500 0.1487 0.2500 0.000 0.035 0.000
Mg6 0.2500 0.0488 0.2500 0.2500 0.0510 0.2500 0.000 0.063 0.000
Si1 0.0000 0.2500 0.3774 0.0000 0.2500 0.3757 0.000 0.000 0.014
Si2 0.0000 0.1525 0.6167 0.0000 0.1528 0.6167 0.000 0.010 0.000
Si3 0.0000 0.0487 0.6157 0.0000 0.0481 0.6165 0.000 0.018 0.007
O1 0.0000 0.9951 0.2570 0.0000 0.9960 0.2552 0.000 0.026 0.015
O2 0.0000 0.0996 0.2246 0.0000 0.0998 0.2161 0.000 0.007 0.070
O3 0.0000 0.2030 0.2598 0.0000 0.2027 0.2588 0.000 0.008 0.008
O4 0.2377 0.0501 0.5056 0.2393 0.0492 0.5073 0.009 0.026 0.014
O5 0.2411 0.1507 0.5050 0.2400 0.1513 0.5086 0.006 0.020 0.029
O6 0.2416 0.2500 0.4956 0.2373 0.2500 0.4959 0.024 0.000 0.003
O7 0.0000 0.0999 0.7174 0.0000 0.1004 0.7168 0.000 0.016 0.005
O8 0.0000 0.1965 0.7468 0.0000 0.1971 0.7464 0.000 0.017 0.003

where V0 is the unit cell volume at zero pressure, and V is
the volume at P , KT is isothermal bulk modulus and K ′

T its
pressure derivative [1]. The parameters obtained from the fitted
BM EOS function are the isothermal bulk modulus: KT =
160.1 GPa and its derivative K ′

T = 4.3. This result is an
approximation valid for the static lattice structure calculated
at temperature T = 0 K and without a phonon zero-point
contribution. These values are close to the experimental results
for hydrous wadsleyite II moduli extrapolated to the anhydrous
composition: KT = 167 ± 10 GPa [7]. Furthermore, the
computed bulk moduli are also close to experimental values
obtained for anhydrous wadsleyite [17]. The comprehensive
comparison of the isothermal bulk moduli KT for the hydrous
and anhydrous phases of wadsleyite and wadsleyite II is
included in table 3. From previous studies it follows that the
bulk modulus is sensitive to the content of water, and the bulk
modulus is diminished by increased concentration of H2O in
the wadsleyite and wadsleyite II phases [7, 18, 19].

6. Elasticity coefficients

The orthorhombic structure of wadsleyite II has nine
independent components of the elastic tensor (C11, C22, C33,
C44, C55, C66, C12, C13, C23). The elastic tensor has been
estimated by a finite deformation method described in our
earlier papers [15, 20]. The calculated elasticity coefficients
for a number of hydrostatic pressures are presented in table 4.
Comparison of the calculated elasticity coefficient dependence
on the pressure for wadsleyite II with the experimental data
for anhydrous wadsleyite [21] is presented in figure 5. To our
best knowledge, there is no experimental data on the elasticity
tensor for wadsleyite II, and thus, we have used an anhydrous
wadsleyite phase at pressures up to 15 GPa [21] as reference
in the following comparisons. The elasticity coefficients of
wadsleyite II are similar to these of wadsleyite, furthermore the
values of the computed Ci j(P) extrapolated to P = 0 GPa are

Figure 4. Calculated equation of state for the anhydrous wadsleyite
II structure. The third order BM EOS fit to relative unit cell volume
compressibility is marked by a solid line while crosses correspond to
the computed points. The zero pressure volume from the calculation
is V0 = 1372 Å

3
. Diamonds represent the experimental volume

compressibility for the hydrous phase of wadsleyite II (data
from [7]).

in good agreement with experimental data [21]. The relative
difference is below 10% (see table 5).

Moreover, the determinant det Ci j(P) > 0 and the
minor determinants of the Ci j(P) elasticity tensor are positive
(C11(P), C44(P), C55(P), C66(P) > 0), indicating that
the wadsleyite II structure is stable with respect to unit
cell deformations at pressures in the calculation range (0–
25 GPa). The chosen upper pressure 25 GPa is critical in
the scope of phase stability and the coexistence of Mg2SiO4

polymorphs [4, 7, 22, 23] and thus also appropriate for an
upper limit of the elastic constant calculations, since the
pressures above this limit are, basically, non-physical for this
compound.
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Table 3. Comparison of the bulk moduli hydrous and anhydrous
phases of wadsleyite and wadsleyite II. The hydrous phase bulk
moduli are dependent on wt% of H2O content. The bulk modulus
from static calculation (at T = 0 K) is denoted by ∗, otherwise values
are determined at ambient temperature.

H2O (wt%) KT (GPa) K ′
T

Anh. wadsleyite II — 160 ± 10a —
Anh. wadsleyite II∗ — 160.1b 4.3b

Hyd. wadsleyite II 2.1a 151 ± 6a 6 ± 2.5a

2.8a 145.6 ± 2.8a 6.1 ± 0.7a

Anh. wadsleyite — 172c 4.2c

Hyd. wadsleyite 2.5 ± 0.3d 155 ± 2d 4.3d

0.005e 173e 4.1e

0.38e 161e 5.4e

1.18e 158e 4.2e

1.66e 154e 4.9e

a Smyth∗et al [7]. b Calculation in present work. c Li et al [17].
d Yusa et al [18]. e Holl et al [25].

Table 4. Elasticity tensor Cij (P) (GPa) of wadsleyite II structure
calculated for several pressures.

P (GPa) C11 C22 C33 C44 C55 C66 C12 C13 C23

4.30 379 373 289 115 123 106 78 104 106
8.69 408 401 324 123 132 119 90 110 118

13.10 437 430 355 131 140 130 101 118 128
20.00 481 470 400 142 151 147 120 132 144
24.53 508 496 428 149 158 157 132 141 156

We have also determined the synthetic elastic parameters
derived from elasticity tensor elements Ci j (P): the bulk
modulus

K = 1
9 (C11 + C22 + C33) + 2

9 (C12 + C23 + C31), (2)

the shear modulus

μ = 1
15 (C11 + C22 + C33) − 1

15 (C12 + C23 + C31)

+ 3
15 (C44 + C55 + C66), (3)

Poisson’s ratio

σ = 1

2

3K − 2μ

3K + 2μ
, (4)

and Young’s modulus

E = 2μ(1 + σ). (5)

These elastic parameters are compared with the experimental
data [21] in figure 6,

We can also derive further data from the calculated
quantities. The propagation velocities of the compression
waves vp and the shear waves vs can be calculated from the
elastic moduli using standard expressions:

vp =
√

3K + 4μ

3ρ
; vs =

√
μ

ρ
. (6)

A comparison of the calculated aggregate velocities for
wadsleyite II in the pressure interval 0–25 GPa and the
experimental acoustic velocities for the wadsleyite phase
measured using Brillouin scattering in a diamond anvil

Figure 5. Comparison of calculated elastic constants of wadsleyite II
with laboratory measurements of the wadsleyite structure (data
from [21]). The solid lines represent the linear regression fit to
calculated Cij (P). Crosses (C11, C44, C12), triangles up (C22, C55,
C13) and triangles down (C33, C66, C23) show the experimental values
for wadsleyite structure.

cell [21] is presented in figure 7. A summary of the calculated
parameters for elasticity moduli, material densities and wave
velocities is included in table 6. The compressional and
shear wave velocities and their pressure derivatives have been
estimated from linear regression as vp = 9.62 km s−1,
v′

p = 0.06 km s−1 GPa−1 and vs = 5.73 km s−1, v′
s =

0.03 km s−1 GPa−1 respectively and are in agreement with the
results of previous theoretical study of the Mg2SiO4 wadsleyite
phase [24].

7. Conclusions

The model structure of anhydrous wadsleyite II with chemical
formula Mg2SiO4 has been constructed and its structural
stability and elasticity properties have been investigated from
first principles using the DFT + GGA method. A stable lattice
structure at range of pressures of P = 0–30 GPa has been
found, and confirmed by the lattice dynamics calculations.
Indeed, PDOS contained no imaginary frequencies, which
indicates that the crystal structure of anhydrous wadsleyite II
is stable in the investigated range of pressures (0–30 GPa).
The pressure dependence of the cell volume, lattice parameters
and density has been also determined and fitted to the third

5
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Table 5. Comparison of elasticity constants Cij (P) (GPa) of wadsleyite II structure extrapolated to P = 0 GPa with experimental values at
P = 0 GPa for anhydrous wadsleyite [21].

P (GPa) C11 C22 C33 C44 C55 C66 C12 C13 C23

Anh. wadsleyite 0 370.5 367.7 272.4 111.2 122.5 103.1 65.6 95.2 105.1
Wadsleyite II—this study 0 352 348 263 109 117 96 67 95 96

Figure 6. Comparison of calculated elastic parameters of wadsleyite
II with experimental measurements of the anhydrous wadsleyite
structure (after [21]). The experimental values for wadsleyite are
denoted by crosses (bulk modulus K ), up triangles (shear modulus
μ) and down triangles (Young’s modulus E), while values calculated
for wadsleyite II are drawn as solid, dash–dotted and dashed lines,
respectively.

Figure 7. Comparison of computed compressional and shear
velocities of the anhydrous wadsleyite II structure, depicted by
triangles up and circles, respectively, with the experimentally
determined anhydrous wadsleyite (Zha et al) [21] data, represented
by diamonds.

order Birch–Murnaghan equation of state. A number of
elasticity properties, including elastic moduli and seismic
velocities, has been determined by application of the finite
deformation method for hydrostatic pressures up to 25 GPa.
The comparison of calculated results for wadsleyite II with
previous data for the wadsleyite phase shows that the elasticity
properties, density and aggregate velocities of the anhydrous

Table 6. Wadsleyite II densities, elastic moduli K , E , μ, Poisson’s
ratio σ and speed of sound waves vp, vs at pressures up to 25 GPa.

P
(GPa)

ρ

(kg m−3)
K
(GPa)

μ
(GPa) σ

E
(GPa)

vp

(km s−1)
vs

(km s−1)

4.30 3499 179.74 119.15 0.229 292.77 9.84 5.83
8.69 3581 196.45 129.04 0.231 317.58 10.14 6.00

13.10 3659 212.96 138.38 0.233 341.23 10.42 6.15
20.00 3770 238.1 151.56 0.247 375.1 10.80 6.34
24.53 3838 254.22 159.68 0.240 396.1 11.03 6.45

wadsleyite II structure are very close to those of anhydrous
wadsleyite. The derived structural and mechanical properties
could be used for possible detailed seismological studies of
the transition zone structure and nature of its discontinuities.
There is a possibility that the wadsleyite II phase contributes
to the complexity of the magnesium orthosilicate structural
phase relations, as an intermediate phase between wadsleyite
and ringwoodite fields, with some impact on rheology
models.
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