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Using first-principles density functional calculation we investigate site preference of Fe in FeMgSiO, olivine
and FeMg(SiO3), pyroxene, which are the major constituents of the earth’s upper mantle. A combination of
state-of-the-art methods has been used for this purpose. The strong correlation effect at Fe site has been taken
care of by means of local-density approximation+U calculations, and the crystal structures have been opti-
mized by means of total-energy calculations. Our 7=0 K study in the total-energy-minimized structures
indicate a strong preference for Fe to occupy M2 site in case of pyroxene and a preference for Fe to occupy M1
site in case of olivine. We provide the microscopic understanding of our finding in terms of density of states

and charge densities.
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I. INTRODUCTION

Silicate minerals are the building blocks of earth. Out of a
wide variety of silicate minerals, olivine and pyroxene are
the predominant mineral phase present in the earth’s upper
mantle. Knowledge of physical and chemical properties of
these minerals is of great geophysical interest as they record
the physicochemical environment prevailing at great depths.
The olivine group incorporates a range of closely associated
anhydrous minerals characterized by orthorhombic symme-
try and a general formula M,SiO, where M can be divalent
cations such as Fe>*, Mg?*, Ca®*, Co?*, Ni?*, or Mn?*. Most
of the natural olivines can be considered as the solid solution
series between the Mg-rich end member forsterite (Mg,SiO,)
and the Fe-rich end member Fayalite (Fe,SiO,). Apart from
terrestrial rocks, they also occur in meteorites and other extra
terrestrial planetary materials. Thus, these mineral phases
have drawn great attention of workers from different
branches of earth and planetary sciences over several de-
cades. A principal objective of these studies aims at develop-
ing thermodynamical models and uses them to understand
thermal evolution and differentiation processes in the mantle.
Pyroxene with a general formula M,(SiO3),, where M=Mg,
Fe, Ca, and Na, is another important silicate phase in the
earth. It crystallizes either in the monoclinic or orthorhombic
system. The basic structural units in both olivines and py-
roxenes are the same. They consist of Si-O tetrahedron and
M-0O octahedron. These octahedral units are further of two
types, namely, M1 and M2. The M1 octahedron geometry is
comparatively more regular and smaller in size, whereas M?2
octahedron is more distorted and larger.

A problem of great geological importance is the nature of
site preference of Fe-Mg in orthorhombic olivines and py-
roxenes. At a given temperature, Fe and Mg cations are par-
titioned into the two octahedral sites M1 and M2 with vary-
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ing proportions. It is an experimentally established fact that
at room temperatures Fe prefers to occupy M2 site in py-
roxenes, resulting in enrichment of Mg in M1 site.!? In con-
trary, there is a wide variation in results on site preference in
olivine. Earliest studies on the distribution of Fe-Mg over the
two nonequivalent sites in olivines date back to 1960s.3 Sev-
eral investigations using x-ray diffraction,* Mossbauer
spectroscopy,’ and crystal-field spectra® yielded information
about the crystal structure of olivine and suggested that the
Fe?*-Mg?* distribution is either random or weakly ordered,
with Fe?* preferring M2 site, which is a general tendency of
Fe?* observed in other silicate group of minerals. However,
some experimental studies conducted on terrestrial and lunar
samples of natural olivine revealed tendency of Fe** to oc-
cupy M1 sites.” These studies measured the distribution co-
efficient, K,=(Mg/Fe)M1/(Mg/Fe)M2, to deduce the site
preference of Fe-Mg over the octahedral sites and concluded
that K, value increase with rising temperature indicating or-
dering of Fe?* in the smaller and more regular M1 site. Since
then a variety of experimental as well as theoretical studies®
employing parameters such as temperature,” kinematics of
Mg-Fe cation exchange between M1 and M2 sites,'”
pressure,'! fugacity of oxygen,'? and presence of elements
other than Fe-Mg at octahedral sites'®> were carried out to
resolve the contradiction. These experimental results, how-
ever failed to reach a common conclusion. /n sifu neutron-
diffraction studies conducted on olivine'* reveals a switch
over in the trend of Kj value with increasing temperature,
suggesting a reversal of preference of Fe** from M1 to M2 at
a critical temperature. These findings were challenged by
latter studies, which emphasize on ordering of Fe?* into
smaller M1 site with increasing temperature.'>

The study of intracrystalline partitioning of Fe and Mg
into the two octahedral sites can greatly help in the thermo-
dynamic modeling of earth’s mantle and also in understand-
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TABLE 1. The Wyckoff positions for each species in case of
olivine.

Atom Class Coordinates
Ml 4a (0,0,0), (1/2,1/2,0), (0,0,1/2),
(1/2,1/2,1/2)
M2, Si, Ol,
and O2 4c (x,y,1/4), (x+1/2,-y+1/2,3/4),
(—=x,-y,3/4), (=x+1/2,y+1/2,1/4)
03 8d (x,y,2), (x+1/2,—=y+1/2,-7),

(=x,—y,z+1/2), (=x+1/2,y+1/2,-z+1/2),
(=x,-y,=2), (=x+1/2,y+1/2,z),
(x,y,—z+1/2), (x+1/2,-y+1/2,z+1/2)

ing planetary processes. Before one attempts in understand-
ing the complex temperature dependence and the
thermodynamic evolution of the site preference, it is worth-
while to consider the T7=0 K case and investigate the site
preference issue from a quantum-mechanical point of view,
which to the best of our knowledge has not been attempted
before. Hence in this present work we have conducted exten-
sive studies based on first-principles electronic structure cal-
culations to resolve the nature of Fe-Mg distribution in oliv-
ines. We have used pyroxene as a benchmark to justify and
establish our methodology, for which the site preference of
Fe has been definitely established.

The rest of the paper is organized as follows: we first
present a structural comparison between olivine and pyrox-
ene in Sec. II. This is followed up by the computational
details in Sec. III. Section IV consists of results. Finally we
present our conclusions in Sec. V.
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II. CRYSTAL STRUCTURE

Olivines with a general formula M,SiO, crystallize in the
orthorhombic space group Pbnm (international table No. 62).
The unit cell contains four formula units containing 28 at-
oms: 8 Fe/Mg, 4 Si, and 16 O. The corresponding Wyckoff
positions are given in Table I. Orthopyroxenes too crystallize
in the orthorhombic symmetry with a space group of Pbca
(international table No. 61). The unit cell contains 8 formula
units consisting of 80 atoms in the unit cell: 16-cations(Fe/
Mg), 16 Si, and 48 O, with all species occupying Wyckoff
position 8c.

In order to understand the complex crystal structure of
these silicate minerals we break up the complete lattice struc-
ture into three sublattices: (i) Si-O tetrahedral unit, (ii) M1-O
octahedral unit, and (iii) M2-O octahedral unit and compare
them for olivine and pyroxene (Fig. 1).

A. Si-O tetrahedral unit

All silicates including olivine and pyroxene are essen-
tially built out of (SiO4)*" tetrahedral building blocks (see
left panels in Fig. 1). In any (SiO,)*" unit there are three
distinct oxygen positions corresponding to three distinct Si-O
bonds. Out of the four oxygen two oxygen ions are equidis-
tant from Si. These are labeled as O3. The oxygen farthest
from Si** is O1. It forms the apical oxygen in SiO, unit. The
remaining one situated nearest to Si** is O2. In olivines the
tetrahedral units are completely isolated from each other, i.e.,
they are so-called nesosilicates. Viewed on the bc¢ plane (top
left panel in Fig. 1), the tetrahedral units form rows parallel
to ¢ axis with alternately pointing up and down along the b
axis in any particular row. On the other hand orthopyroxenes
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FIG. 1. (Color online) Building units of olivine projected onto bc¢ plane (top panel) and pyroxene projected onto ab plane (bottom panel).
(a) SiOy tetrahedral unit. (b) M1-O octahedral unit. (c) M2-O octahedral unit.
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FIG. 2. (Color online) Complete lattice structure of olivine (left panel) and pyroxene (right panel).

are the so-called inosilicate or chain silicate (bottom left
panel in Fig. 1). Any (SiO4)*" unit shares its two O3 oxygen
with the neighboring (SiO,)*" units forming a chain along ¢
axis. These chains are not straight as obvious from the view
along ¢ (bottom left panel in Fig. 1) but form layer of tetra-
hedral units parallel to bc plane. These alternate planes can
be further distinguished as T1 and T2 layer. The three dis-
tinct oxygen belonging to T1 are regarded as O1A, O2A, and
O3A, and those belonging to T2 are designated as OIB,
O2B, and O3B.

B. M1-0 octahedral unit

In both olivine and pyroxene M1 octahedral units are con-
nected to each other in such a way so that they form chains.
In olivine, there are two Ol, two O2, and two O3 oxygen
atoms that form the M10Og octahedral unit along with central
M1. The neighboring M 104 octahedral units share edges
(01-02) to form chains parallel to ¢ axis (top middle panel
in Fig. 1). In pyroxene, there are two OlA, two O1B, one
O2A, and one O2B surrounding M1 that form the M10Oq
octahedra. It is to be noticed that O3A and O3B are not
connected to M1. The M10g4 octahedra share (O1A-O2B)
edges with adjacent M1 octahedral units to form zigzag
chain such as structures running almost parallel to ¢ axis.

C. M2-0O octahedral unit

There are one O1, one O2, and four O3 oxygen atoms that
form the M20¢4 octahedron in olivine. A M20y4 octahedral
unit is connected to surrounding four M2 octahedral units by
sharing O3 oxygen atoms to form a somewhat corrugated
plane parallel to ac face of the unit cell. In case of pyroxene,
M?20Qg octahedral unit built by one each of O1A, O2A, O3A,
O1B, O2B, and O3B surrounding the central M2 ion remains
completely isolated from another M204 octahedra.

On superimposing the three sublattices, one obtains the
full structure of olivines and pyroxenes as shown in Fig. 2.

III. METHODOLOGY

In order to investigate the electronic properties of olivine
and pyroxene, we have used density functional theory (DFT)
(Ref. 16) within the framework of local-density approxima-
tion (LDA). For our DFT calculations we considered a com-
bination of two different methods, namely, a plane-wave-
based method as implemented in the Vienna ab initio
Simulation Package (vAsp) (Ref. 17) and muffin-tin orbital
(MTO) based linear muffin-tin orbital (LMTO) method'® as
implemented in Stuttgart TBLMTO-47 code. The plane-wave-
based VASP method was used for structural minimization,
while the electronic structures in the energy-minimized crys-
tal structures were calculated using both LMTO and plane-
wave basis sets. The accuracy of the electronic structure cal-
culations within the scheme of the two methods have been
checked with respect to each other. For plane-wave calcula-
tions we have used projector augmented wave (PAW)
potentials'® and the wave functions were expanded in the
plane-wave basis with a kinetic-energy cutoff of 500 eV. Re-
ciprocal space integration was carried out with a k mesh of
TXTXT.

In order to take into account the missing correlation effect
beyond LDA, which turns out to be important for the proper
description of Fe-derived states we have carried out LDA
+U (Ref. 20) (where U is the on-site Coulomb repulsion)
calculations within the self-interaction double-counting cor-
rection (SIC).2! We also performed calculations with the
around mean-field (AMF) correction in order to check the
influence of double-counting correction. Our conclusions re-
mained unchanged.

The total-energy calculations for Fayalite (Fe,SiO,4) at
various U values, in the range 4-5 eV with an interval of 0.5,
within the plane-wave-based basis were carried out for get-
ting the minimum energy crystal structure. We found a strong
effect of U in the structural optimization with a minimum of
energy obtained for U=4.5 eV, an effect which has been
also observed before.?

For all the calculations reported in the following, we have
fixed the value of U at 4.5 eV, while the Hund’s exchange J
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TABLE II. Optimized structural parameters for olivine and pyroxene where all M1 (M?2) sites are occupied by Fe (Mg) and vice versa
in comparison to experimentally determined structure (data taken from Refs. 21 and 22). Lattice constants have been kept fixed at the

experimental values.

OLIVINE
Optimized data
Experimental data® Fe at M1 Fe at M2
Atom X y Z X y z X y b4
M1 0 0 0 0 0 0 0 0 0
M2 0.992 0.279 0.25 0.992 0.278 0.25 0.987 0.278 0.25
Si 0.425 0.098 0.25 0.428 0.096 0.25 0.429 0.094 0.25
Ol 0.768 0.092 0.25 0.75 0.095 0.25 0.767 0.088 0.25
02 0.217 0.451 0.25 0.208 0.448 0.25 0.226 0.451 0.25
03 0.283 0.164 0.035 0.284 0.165 0.035 0.284 0.163 0.033
PYROXENE
Optimized data
Experimental data” Fe at M1 Fe at M2
Atom X y z X y z X y z
M1 0.375 0.654 0.874 0.376 0.656 0.863 0.376 0.655 0.874
M2 0.378 0.483 0.367 0.376 0.492 0.358 0.378 0.487 0.366
Sil 0.474 0.337 0.796 0.473 0.336 0.708 0.473 0.336 0.796
Si2 0.272 0.341 0.052 0.274 0.341 0.049 0.272 0.341 0.058
01 0.562 0.337 0.799 0.562 0.34 0.790 0.562 0.335 0.798
02 0.312 0.501 0.053 0.314 0.5 0.041 0.313 0.501 0.056
03 0.447 0.204 0.595 0.448 0.195 0.597 0.447 0.199 0.597
04 0.184 0.338 0.041 0.185 0.344 0.027 0.183 0.337 0.046
05 0.435 0.484 0.696 0.431 0.48 0.683 0.433 0.485 0.695
06 0.303 0.231 0.824 0.304 0.21 0.832 0.303 0.228 0.833

4Reference 24.
PReference 25.

is chosen to be 0.8 eV (introduced to consider the multior-
bital situation.)

IV. RESULTS

A. Structural optimization

We have performed structural minimization in case of
olivines and pyroxenes. This is done in order to obtain the
most stable configuration as crystal structure data used are
for actual minerals which might have been formed under
various diverse conditions and hence might not be the mini-
mum energy structure. Moreover O positions cannot be very
accurately estimated using x-ray diffraction. Hence a struc-
tural optimization was done by employing the plane-wave
pseudopotential method using VASP code. The atomic posi-
tions have been optimized keeping the lattice constants fixed
at the experimentally estimated values.

The structural parameters, as obtained in our calculations
are summarized in Table II. While the experimental measure-
ments do not report separate data for Fe occupying M1 and
M?2 sites, the energy-optimized data do depend on whether
Fe occupies M1 or M2 site. We have therefore carried out

structural relaxations for the two individual cases, where Fe
occupies M1 and M2 sites, respectively. Table II shows the
structural data for representative cases where all the M1
(M2) sites are occupied by Fe (Mg) and vice versa. The
energetically optimized atomic positions show reasonable
agreement in comparison to experimental data listed in the
first three columns. While the position of Fe/Mg cations and
Si atom are found to remain more or less unchanged, the O
atomic positions are found to differ at most by 5% for olivine
and 10% for pyroxene. In the following, we have considered
for our calculations the energetically optimized structure in
each case.

B. Basic electronic structure

A non-spin-polarized DFT-LDA calculation shows both
Fe containing olivine and pyroxene to be insulators. The in-
sulating solution as obtained in non-spin-polarized LDA cal-
culations can be rationalized in the following manner: the
octahedral surrounding of Fe splits the Fe d states into 1,,
and e,. The non-spin-polarized calculation forces Fe?* (3d%)
to go into low spin configuration, i.e., the 7,, levels are com-
pletely filled, whereas the e, levels are completely empty.
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Fed u L1 0 I L O L TABLE III. LDA+U total energies for olivine and pyroxene
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a 0.8k about —11 to =9 eV arises out of O3A and O3B oxygen

) which remain disconnected to M1 site.
P I R P N B
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Energy(eV) C. Total-energy calculations: Site preference

FIG. 3. (Color online) Partial DOSs of olivine (top panel) and
pyroxene (bottom panel) projected onto Fe d, O p, Si, and Mg.
Within each panel the upper(lower) subpanel corresponds to major-
ity (minority) spin. The negative of DOS has been plotted for the
minority channel for clarity.

The splitting between the #,,-¢, levels appears as the gap at
the Fermi level, while the Mg and Si derived states arising
out of nominal Mg?* and Si** configurations remain empty,
thereby providing the insulating solution. However, relax-
ation of spin degrees of freedom through spin-polarized cal-
culations find Fe in its high spin state, with a finite magnetic
moment of about 3.7up at the Fe site. The spin-polarized
calculation within the framework of LDA yields a metallic
solution with fully filled Fe d states in the majority-spin
channel and partially filled Fe 7,, states in the minority spin
channel. It is therefore expected that the inclusion of missing
correlation effect in LDA, within the partially filled Fe 1,,
manifold would lead to opening up of a gap through forma-
tion of Mott-Hubbard insulator. The LDA+U calculations
confirm this expectation.

Figure 3 presents the LDA+ U density of state (DOS) for
olivine (FeMgSiO,) and pyroxene [FeMg(SiOs),] projected
on to Fed, O p, Mg sp, and Si sp states. The zero of the
energy is set at the top of the valence band. In the calcula-
tions one of the octahedral sites has been assumed to be
occupied by Fe and the rest by Mg. We show the density of
states for the representative cases where the Fe (Mg) atoms
have been put at M1 (M2) sites since the gross features of
the density of states remain the same in different site occu-

The total-energy calculations within the framework of
LDA+U carried out in optimized geometries for olivine and
pyroxene is shown in Table III for 50-50 concentration of Fe
and Mg. We find that in case of pyroxene when Fe is in the
M?2 site the total energy is much lower compared to when it
occupies the M1 site, the energy difference being 154 meV
(1787 K) per Fe site.”3 Hence this should be the stable pre-
ferred configuration. This finding is in accordance with pub-
lished experimental results, where a significant preference of
Fe to order into the M2 site has been reported. Having suc-
ceeded in arriving at the correct description of site preference
in case of pyroxene, we extend our methodology to olivine
where the situation is rather unsettled. In the case of olivine
our total-energy calculations show a preference for M1 site,
the energy difference being 35.5 meV (412 K) per Fe site.

Total-energy calculations performed at lower concentra-
tions of Fe in olivine, i.e., 25% (two Fe atoms per unit cell)
and 12.5% (one Fe atom per unit cell) also show a preference
of Fe for M1 site. For 25% concentration of Fe we obtain a
energy difference of 44 meV (511 K) per Fe atom, whereas
for 12.5% concentration, the energy difference is found to be
60 meV (696 K) per Fe atom. The quoted values are obtained
by taking the average of energy differences where the two Fe
sites are placed at six different configurations in case of 25%
concentration and four different configurations in case of
12.5% concentration.

Further, attempts made to simulate the hydrostatic pres-
sure by varying the experimentally measured lattice constant
at ambient pressure do not seem to alter the conclusion of Fe
preferentially occupying M1 site. The energy difference was
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TABLE 1V. Size and structural distortion of octahedral units.

Olivine
Average M-O bond length Volume of MO¢ octahedron rms deviation of M-O bond length
site (A) (A (A)
M1 2.1287 12.8612 0.0407
M2 2.1611 13.4575 0.078
Pyroxene
Average M-O bond length Volume of MOg¢ octahedron rms deviation of M-O bond length
Site (A) (A)3 (A)
M1 2.0917 12.2022 0.0592
M2 2.2029 14.2536 0.1842

found to change by about 3% for a change in lattice param-
eters by 2%.

D. Discussion

Structural analysis presented in Table IV shows that the
distortion of M20g octahedral unit in case of olivine is about
two times larger than that of M10Og, while it is three times
larger in case of pyroxene. The size consideration shows
M?20g octahedra to be 17% larger in volume compared to
M10g in case of pyroxene, while it is only 5% larger in case
of olivine. The structural difference between M104 and
M?20Og¢ octahedra is therefore much larger in case of pyroxene
compared to olivine. The ionic radius of Fe>*(0.76 A) is
0.04 A large compared to that of Mg?*(0.72 A). The mere
size consideration would hence imply Fe?* to preferentially
occupy M2 site both in case of pyroxene and olivine. Our
total-energy calculations on the other hand indicate Fe** oc-
cupies M1 site in case of olivine and M2 site in case of
pyroxene. So while the simple size consideration works for
pyroxene with a large structural difference between M1 and
M?2 sites, it fails for the case of olivine where the structural
difference between M1-M?2 sites is small. We note that the
size argument is based on the concept of isolated M10¢ and
M?20g octahedra and does not take into account the connec-
tivity of M1 and M2 sites to other sites which is different
between olivine and pyroxene and should be an important
parameter in the determination of site preference.

In the following, in order to unravel the microscopic ori-
gin of site preferences we consider the comparison of density
of states where the Fe sites have been put into M1 or M2 site
(Fig. 4). While the gross features of the density of states are
found to be similar between M2 occupied Fe** and M1 oc-
cupied Fe?* situations, with occupied part of the spectrum
being dominated by O p and Fe d, the two densities of states
differ in fine details. The difference between DOSs in M1
and M2 occupied cases appear to be more pronounced in
case of pyroxene than in case of olivine, which is in agree-
ment with larger structural difference between M1 and M2 in
case of pyroxene compared to olivine. The DOS shows a
band gap of 2.18 eV for olivine with Fe occupying M1 site
as compared to a band gap of 2.16 eV with Fe occupying M2

site. In contrast, for pyroxene the band gap is found to be
3.06 eV for Fe in M2 site and 2.30 eV for Fe in M1 site.
Larger band-gap points toward greater stability in terms of
lowering of band energy. The lowering of energy levels can
happen through increased covalency effect between metal d
and p levels of neighboring oxygen sites. In case of pyrox-
ene, the M1 site is connected to four oxygen sites out of

20 T T T T T T T T T T

15

DOS(states/unitcell-eV)

DOS(states/unitcell-eV)

T T I —
Energy (eV

FIG. 4. (Color online) Comparison between total DOSs for oli-
vine and pyroxene with Fe at M1 and M2 sites in olivine (top
panel) and pyroxene (bottom panel). The solid and the dashed lines
correspond to DOS for Fe at M1 and M2, respectively. Inset shows
an enlarged plot of DOS focused at the bottom of the conduction
band.
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available six inequivalent O sites, while M2 site is connected
to all the oxygen. The enhanced covalency effect for M2 site
therefore works hand in hand with the larger volume effect at
M2 site which results into distinct preference of Fe** to go
into M2 site. In case of olivine, the M1 site forms chains by
sharing the oxygen edges of neighboring octahedra, while
M?2 sites form a network with corner-shared oxygen from
neighboring octahedra with reduced connectivity. This
causes enhanced covalency in case of M1 occupied situation
which is found to be sufficient enough to overcome the size
preferred M2 occupied situation. Figure 5 shows the charge-
density plots in ac plane for olivine with M1 sites occupied
by Fe (top panel) and M2 sites occupied by Fe (bottom
panel). The Fe-O covalency is found to be much stronger for
the M1 occupied case compared to M2 occupied case, cor-
roborating further the arguments presented above.

V. CONCLUSION

In conclusion, we have carried out a thorough study of the
site preference problem in case of silicate minerals such as
olivine and pyroxene using first-principles electronic struc-
ture calculations within the framework of density functional
theory. While the experimental situation clearly indicates a
preference for M2 site over M1 site for Fe in case of pyrox-
ene, the situation in case of olivine is debatable. Our calcu-
lations at 7=0 K from a purely quantum chemical point of
view found a strong preference toward M2 site for pyroxene
in agreement with experimental finding, while at 7=0 K
preference toward M1 site has been found for olivines. Our
study finds the important role of covalency in deciding the
site preference in addition to size effect. We believe, our
zero-temperature results will form the basis of future finite
temperature calculations in this system. Specifically, the
problem of interest concerns the possible change in site pref-
erence of the Fe?* ions in olivine as a function of tempera-
ture as reported in the literature. In order to study the reac-
tion Fe>* (M1)=Fe>" (M2) in detail, we need to obtain the

PHYSICAL REVIEW B 79, 115103 (2009)

FIG. 5. (Color online) Charge-density plot of olivine projected
onto the ac plane. Top panel shows Fe at M1 site and Mg at M2
site. Bottom panel shows Fe at M2 site and Mg at M1. Contour
values are p,=d8XnX e /(a.u)?, where 6=0.002 and n labels the
contours. Note enhanced covalency for Fe at M1 (top panel) com-
pared to Fe at M2 (bottom panel).

energy barriers for such exchange mechanism from first-
principles calculations, from which reaction rates and site
occupancy as a function of temperature may be obtained.
Calculations in this direction are currently in progress which
will be communicated in the near future.
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