
ORIGINAL PAPER

Thermodynamic properties and phase stability of wadsleyite II

Kamil Tokár • Paweł T. Jochym • Przemysław Piekarz •

Jan Ła _zewski • Małgorzata Sternik • Krzysztof Parlinski

Received: 27 July 2012 / Accepted: 12 January 2013 / Published online: 1 February 2013

� The Author(s) 2013. This article is published with open access at Springerlink.com

Abstract The thermodynamical stability of a newly

observed wadsleyite II phase in the Mg2SiO4 system is

studied by the density functional theory. The wadsleyite II

equation of state has been derived. The phase boundaries of

Mg2SiO4 polymorphs: wadsleyite, wadsleyite II and ring-

woodite are studied using the quasi-harmonic approximation

at high external pressures. Clapeyron slopes determined for

wadsleyite II–ringwoodite and wadsleyite–wadsleyite II

boundaries are 0.0047 and 0.0058 GPa/K, respectively. It is

shown that the wadsleyite II phase is not thermodynamically

preferred in the pure Mg2SiO4 system and will probably not

occur between wadsleyite and ringwoodite phases.

Keywords Wadsleyite II � Transition zone � Phonon

density of states � Thermoelastic property � Phase transition �
Quasi-harmonic approximation

Introduction

Wadsleyite and ringwoodite, the polymorphs of Mg2SiO4

are considered to be the main forms of the magnesium

orthosilicates present in the Earth’s upper mantle at the

depths from 410 to 660 km (Anderson 1989). These

polymorphs are denoted as the b- and c-Mg2SiO4 phase,

respectively. The phase transitions between these poly-

morphs, induced by pressure and temperature changes, lead

to substantial modification of crystal structure and prop-

erties (Anderson 1967). The zone of the transformation of

wadsleyite into ringwoodite lays at depth of 520–525 km

with the corresponding pressures 17–19 GPa (Dziewonski

and Anderson 1981; Ringwood 1975). That transformation

may be responsible for the seismic discontinuities observed

in the mantle (Shearer 1990; Ryberg et al. 1997).

Wadsleyite II was discovered and described in the high-

pressure synthesis study (Smyth and Kawamoto 1997). The

crystal structure of this new phase could be regarded as a

modified wadsleyite structure and an intermediate phase

between wadsleyite and ringwoodite. The occurrence of

wadsleyite II in wadsleyite–ringwoodite system could

explain the seismic expression in the 525 km discontinuity

(Smyth et al. 2005). The basic characteristics of this new

phase were obtained previously, including the crystal

structure parameters, mechanical properties and Raman

modes (Smyth et al. 2005; Kleppe et al. 2006). The elas-

ticity tensor, mechanical properties and lattice dynamics of

wadsleyite II were investigated using ab initio techniques

at pressures up to 25 GPa in our previous work (Tokár

et al. 2010a), and here, we concentrate on the thermody-

namics of this phase.

In this paper, we calculate the stable configuration of

crystal structures of all phases under consideration: b-,

c-Mg2SiO4 and wadsleyite II at high external pressures and

determine their lattice dynamics using the density func-

tional theory (DFT). The phonon density of states (PDOS)

obtained with the direct method (Parlinski et al. 1997) is

then used to derive the thermodynamical functions of all
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considered phases within the quasi-harmonic approxima-

tion (QHA). The equation of state for wadsleyite II

obtained in this approximation enables us to estimate its

basic thermoelastic properties. The thermodynamical

equilibrium lines between wadsleyite, wadsleyite II and

ringwoodite determine, in turn, the boundaries in the high-

pressure part of the P–T phase diagram. The relations of

the wadsleyite II phase to wadsleyite and ringwoodite are

investigated by comparing the Gibbs energy of the phases

in the P–T diagram. Finally, we study the stability of the

wadsleyite II phase relative to the other phases.

Calculation details

Crystal structure and lattice dynamics

The structure of wadsleyite denoted as b-Mg2SiO4 has the

orthorhombic unit cell with the Imma (#74) symmetry and

Z = 8 formula units, while the crystal of the ringwoodite

phase (c-Mg2SiO4) has the cubic unit cell with the

Fd�3mð#227Þ symmetry and also Z = 8. Wadsleyite II

lattice has the Imma (#74) symmetry, and its structure is

very similar to that of wadsleyite, but the b lattice constant

of its unit cell is approximately 2.5 times longer and the

unit cell has Z = 20 (see Fig. 1). Structure optimization

with respect to the cell size and ionic positions was per-

formed in the 1 9 1 9 1 supercell for all these structures.

The VASP (Kresse and Furthmüller 1996a, b) implemen-

tation of the DFT and the projector-augmented wave

(PAW) method (Blöchl 1994) has been used together with

the generalized-gradient approximation (GGA) in Perdew–

Burke–Ernzerhof formulation (Perdew et al. 1996) applied

to the exchange–correlation interaction. The cutoff energy

for electron plane wave base functions has been chosen at

500 eV, and the reciprocal space was sampled over the

2 9 2 9 2 Monkhorst–Pack mesh (Monkhorst and Pack

1976). The calculations were performed for the external

pressure parameter from -17.5 to 50 GPa.

The comparison of the static energy dependence of the

Mg2SiO4 phases on cell volume is shown in Fig. 2. These

dependences are plotted with a 3rd-order polynomial fit.

For each crystal structure, the minimum of energy corre-

sponds to the volume at zero external pressure. The three

curves are very close to each other at a volume

Vc = 63.30 Å3 (see Fig. 2). Wadsleyite II has energy

higher than wadsleyite for V [ Vc and higher than ring-

woodite for V \ Vc. Ringwoodite is more stable than

wadsleyite and wadsleyite II for V \ Vc. These relations

imply that wadsleyite II is never energetically preferred in

the Mg2SiO4 system at T = 0. The calculated unit cell

volumes are summarized in Table 1. The calculated vol-

umes may be overestimated, by about 2.5 %, due to the

properties of the DFT ? GGA approach as will be dis-

cussed below.

The lattice dynamics of a crystal is determined by inter-

atomic forces present in the structure. These forces were

derived using the Hellmann–Feynman theorem from the

DFT calculations. In this step, the atoms have been displaced

one by one from their equilibrium positions by 0.03 Å.

Fig. 1 Comparison of

wadsleyite (top panel) and

wadsleyite II incorporating iron

(bottom panel) crystal structures

in (101) projection plane

(b horizontal, O red, MgO6

octahedra orange, SiO4

tetrahedra blue, Mg orange,

Si blue, O red, Fe brown)
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Using the direct method (Parlinski et al. 1997) as imple-

mented in the PHONON program (Parlinski 2008), a

dynamical matrix has been constructed taking into account

the symmetries of supercell and then diagonalized to obtain

phonon dispersion relations and phonon density of states

(PDOS). The distribution of vibrational states through

the frequency spectrum of crystal lattice (i.e., PDOS)

determines thermodynamics of the phonon system. The

comparison of PDOSes calculated for c-,b-Mg2SiO4, and

wadsleyite II at the external pressure P = 20 GPa, which is

a typical pressure scale for wadsleyite–ringwoodite phase

transition, is presented in Fig. 3. Due to similarity in the

crystal structure, the PDOS of wadsleyite II is very close to

that of wadsleyite (shown in the same plot). From the

character of phonon spectra, one can infer that all presented

structures are mechanically stable at least up to this

pressure.

Thermodynamics

As we noted above, the thermodynamic properties and

structure stability of crystals are determined, to a large

extent, by phonon spectra. PDOS generates the statistical

partition sum for the phonon canonical ensemble, the

thermodynamic potentials and phonon contribution to the

total Helmholtz energy of the crystal. The thermodynamic

potentials of the phonon system can be derived using the

PDOS data obtained within the QHA approach (Kantoro-

vich 1995; Piekarz et al. 2002; Ła _zewski et al. 2004;

Siegel et al. 2006).

In this approach, the temperature changes of a crystal vol-

ume are replaced by the pressure dependence at zero thermo-

dynamic temperature. A change of crystal volume under

increased temperature is replaced by the change of volume due

to a decrease in external pressure. A detailed method of

obtaining the Helmholtz energy of phonon contribution and

plotting the total Gibbs energy of equilibrated crystal structure

at given pressure and temperature in QHA used here is

described in (Piekarz et al. 2002; Siegel et al. 2006).

Results

Equation of state

Thermodynamical properties of wadsleyite II at pressures

and temperatures of the intermediate state are important in

estimation of its phase stability and phase relations in the

magnesium–orthosilicate system. To our best knowledge,

there were no experimental data on wadsleyite II describ-

ing thermal behavior at high pressure. The pressure chan-

ges of wadsleyite II unit cell volume at constant

temperature up to 1500 K were estimated from the calcu-

lated Gibbs energy Gtot(T, P) of the crystal in the QHA

approach using the equation of state formula:

VðPÞ ¼ oGtotðT ;PÞ
oP

� �
T¼const:

: ð1Þ

The dependence of the cell volume on pressure at

constant temperature is presented in Fig. 4 and compared

with experimental data up to 10 GPa. Crystal vol-

umes decrease monotonically with increasing external

pressure, and the curve at T = 300 K is slightly shifted

to greater volumes with respect to experimental data of
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Fig. 2 The calculated static energy per formula unit of wadsleyite,

wadsleyite II and ringwoodite crystal structures. The minima of

energy are corresponding to the zero pressure cell volumes Vwd =

69.02 Å3,VwdII = 68.60 Å3 and Vrg = 67.13 Å3 for wadsleyite, wads-

leyite II and ringwoodite, respectively. Vc denotes a point, where all three

phases have the closest static energy

Table 1 Lattice constants and unit cell volumes obtained from the structural optimization at zero external pressure compared with the

experimental data

Structure Symmetry a (Å) b (Å) c (Å) Vcell[Å
3] References

b-Mg2SiO4(wd) Imma 5.747 11.529 8.331 552.02 This work

5.698 11.438 8.257 538.14 Horiuchi and Sawamoto (1981)

c-Mg2SiO4(rg) Fd�3m 8.129 – – 537.16 This work

8.071 – – 525.75 Hazen et al. (1993)

Mg2SiO4(wdII) Imma 5.749 28.791 8.289 1372.00 This work

5.688 28.924 8.238 1355.31 Smyth and Kawamoto (1997)
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Smyth et al. (2005). Experimental cell volume at zero

pressure is 1359 Å3 (Smyth et al. 2005), and calculated

values are 1385 Å3 at T = 0 K and 1390 Å3 at T = 300 K.

The cell volume of wadsleyite II at the highest measured

external pressure, 10.56 GPa, is 1278 Å3 and that

calculated at 10 GPa and T = 300 K is 1313 Å3. At

ambient conditions, the difference between the theoretical

and experimental cell volume is less than 3 %.

In order to determine the thermoelastic properties of

wadsleyite II, the 3rd order Birch–Murnaghan equation of

state (BM EOS) was fitted to the calculated unit cell vol-

ume isotherms (see Fig. 4). The bulk modulus KT and its

derivative K 0T were obtained as parameters from the BM

EOS fit (as in (Tokár et al. 2010a)) for temperatures

between 0 and 1500 K (Table 2). The bulk modulus has

decreasing tendency with the temperature, whereas its

derivative is increasing. Calculated bulk moduli between 0

and 300 K are in good accordance with the measured

167 ± 10 GPa value for anhydrous limit for wadsleyite II

sample (Smyth et al. 2005).

Phase diagram at high pressure

To determine the phase relations between the new wads-

leyite II and two other phases wadsleyite and ringwoodite,

it was necessary to determine the stability regions of all

phases under consideration—a complete phase diagram of

the Mg2SiO4 system (see the Supplementary material).

A boundary between two phases in the P–T plane is

located at points where both phases are in thermal and

mechanical equilibrium and the Gibbs energies of both

phases are equal. We have tabulated the Gibbs energies as

functions of temperature at constant pressures. The cross-

ing points of two Gibbs energy isobars determine the phase

equilibrium points at appropriate pressures and tempera-

tures. The locus of such points in the P–T plane defines the

equilibrium boundary of the two phases. Hence, the phase

boundary between the b- and c-Mg2SiO4 phases is

described by the implicit relation

GbðT ;PÞ ¼ GcðT ;PÞ; ð2Þ

which is the condition of their chemical equilibrium at the

same P and T. The Clapeyron slopes have been determined
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Fig. 3 Phonon density of states

for wadsleyite (dashed red line),

wadsleyite II (solid green line)

and ringwoodite compared at

the pressure P = 20 GPa
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Fig. 4 Calculated cell volume isotherms of wadsleyite II at several

temperatures between 0 and 1500 K and for external pressure up to

20 GPa. The changes of wadsleyite II unit cell volume from static

calculation are marked by black dashed line. Volume dependence on

the pressure is compared with the data measured at ambient

temperature (Smyth et al. 2005)

Table 2 Equation of state from the QHA calculation

T [K] V0 [Å3] KT [GPa] K0T

0 1385 159.69 4.7

300 1390 153.30 4.94

1359a 167 ± 10a –

600 1405 140.38 5.48

900 1423 124.26 6.28

1200 1447 103.72 7.58

1500 1483 73.18 10.59

Unit cell volume and bulk moduli parameters of wadsleyite II

determined from the BM EOS fit at high temperature
a Experimental value of bulk modulus at ambient conditions taken

from Smyth et al. (2005)
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for all phase boundaries from linear regression fit to the

calculated P–T points.

Phase stability of wadsleyite II

The synthesis of wadsleyite II was observed with the

presence of the wadsleyite and ringwoodite phases in the

sample (Smyth and Kawamoto 1997). Therefore, the phase

coexistence of wadsleyite II and these phases in the

Mg2SiO4 system has been a major subject of our research

reported here. The phase boundaries between the new

wadsleyite II and ringwoodite and, separately, for wads-

leyite II and wadsleyite were determined using the tech-

nique of thermodynamical comparison described above.

The Gibbs energies of the phases were compared in the

expected range of stability in the P–T diagram at P =

(0–22 GPa) and T = (0–2000 K). From this, comparison

follows that values of Gibbs energy of wadsleyite II are

always larger than those of wadsleyite or ringwoodite for

each point in the P–T diagram as shown in Fig. 5. It is also
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Fig. 5 Differences of Gibbs

energies between wadsleyite II

and ringwoodite and wadsleyite

and ringwoodite phases

DGðT;PÞ ¼ GðT ;PÞ �
GrgðT ;PÞ at constant pressure.

The Gibbs energy value of

wadsleyite II (green solid line)

is never the lowest one of the

three in the whole temperature
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Fig. 6 Thermodynamically

determined phase boundaries of:

wadsleyite–wadsleyite II and

wadsleyite II–ringwoodite.

Solid lines describe the

wadsleyite II borders. The

phantom boundary of

wadsleyite–ringwodite is

denoted by dashed line and is

depicted to compare the position

of wadsleyite II stability

regions. An effective Gibbs

energy per one atom is defined

as g(P, T) = G(P, T)/N, where

N is the number of atoms in the

unit cell
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visible from positions of phase stability regions plotted in

Fig. 6. The boundaries between the wadsleyite II and

ringwoodite phase and between wadsleyite and wadsleyite

II are depicted in the left and right panel, respectively. The

regions of phase stability are positioned as in the similar

case of wadsleyite–ringwoodite, which is marked with the

dashed line. Comparing to ringwoodite, wadsleyite II is

preferred at higher temperature and lower pressure. In the

wadsleyite–wadsleyite II system, wadsleyite is preferred at

higher temperature and lower pressure, whereas wadsleyite

II should be more stable at higher pressure and lower

temperatures. This region is positioned similarly to the

ringwoodite’s region of stability. These results indicate that

wadsleyite II is not a preferred phase in the Mg2SiO4

system containing: wadsleyite, wadsleyite II and ring-

woodite for any combination of pressures and tempera-

tures. Wadsleyite II occurrence should be interpreted as an

intermediate (metastable) phase in magnesium–orthosili-

cate system formed at specific conditions with the ring-

woodite or wadsleyite. However, small content of Fe ions

in the wadsleyite II may stabilize the structure as was

proposed by (Smyth et al. 2005). This effect should be a

subject of further research, since the presence of iron atoms

in the magnesium–orthosilicate system influences signifi-

cantly its structural and lattice dynamics properties (Derzsi

et al. 2009, 2011; Tokár et al. 2010b).

Conclusions

The crystal structures of the wadsleyite, ringwoodite and

wadsleyite II have been studied with the DFT up to the

pressure P = 50 GPa. Their dynamical stability was

confirmed by calculated PDOS, where no soft phonon

frequencies were found. The equation of state of wadsleyite

II has been determined, and the bulk moduli at ambient

temperature are in good agreement with that of the

experimental sample in anhydrous limit.

Complete phase diagram of magnesium orthosilicate

with transformation into post-spinels has been reproduced

using the direct method and the QHA. Both boundaries for

the post-spinel transitions have negative slopes. Computed

Clapeyron slopes are in good agreement with the experi-

mental values, but the positions of the phase boundaries are

shifted, mainly in temperature, with comparison to

observed phase transitions lines.

Wadsleyite II phase boundaries have been determined

separately for the wadsleyite and ringwoodite phases in the

P–T phase diagram. From comparison of Gibbs energies of

all considered phases in the magnesium–orthosilicate sys-

tem, it has been shown that wadsleyite II is not thermo-

dynamically stable. Pure Mg2SiO4–wadsleyite II can be

considered only as a metastable phase in this system.
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