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First-principles study of intermediate-spin ferrous iron in the Earth’s lower mantle
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Spin crossover of iron is of central importance in solid Earth geophysics. It impacts all physical properties
of minerals that altogether constitute ~95 vol% of the Earth’s lower mantle: ferropericlase [(Mg,Fe)O] and
Fe-bearing magnesium silicate (MgSiO;) perovskite. Despite great strides made in the past decade, the existence
of an intermediate-spin (IS) state in ferrous iron (Fe?*) (with total electron spin § = 1) and its possible role
in the pressure-induced spin crossover in these lower-mantle minerals still remain controversial. Using density
functional theory + self-consistent Hubbard U (DFT + U,.) calculations, we investigate all possible types of
IS states of Fe’* in (Mg,Fe)O and (Mg,Fe)SiO; perovskite. Among the possible IS states in these minerals, the
most probable IS state has an electronic configuration that significantly reduces the electron overlap and the iron
nuclear quadrupole splitting (QS). These most probable IS states, however, are still energetically disfavored, and
their QSs are inconsistent with Mdssbauer spectra. We therefore conclude that IS Fe?* is highly unlikely in the

Earth’s lower mantle.
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I. INTRODUCTION

Spin crossover, a phenomenon of interdisciplinary interest,
can occur in various length scales, including molecules (co-
ordination complexes or coordination compounds), epitaxial
thin films, and bulk solids. Transition-metal ions with four to
seven d electrons (d*~d’ ions) contained in these systems
can undergo a change of total electron spin (S) induced
by extraneous factors, such as temperature, pressure, strain,
chemical doping, or electromagnetic fields. Among the known
spin-crossover systems, the Earth’s lower mantle is the largest.
Located 660-2890 km deep, this region of the Earth interior
has a wide pressure (P) and temperature (7)) range, spanning
over 23-135 GPa and 1900—4000 K, respectively. The lower
mantle is dominated by iron-bearing minerals: ~20 vol%
of ferropericlase (Fp) [(Mg,Fe)O], ~75 vol% of Fe-bearing
magnesium silicate (MgSiO;) perovskite (Fe-Pv), and a
relatively thin layer of Fe-bearing MgSiO; postperovskite
(Fe-Ppv) located in its bottom (D” layer). Ever since the
observation of spin crossover in Fp and Fe-Pv [1,2], the work
on these minerals has risen to a new high, especially for Fp,
due to its simple rocksalt structure. It is believed that Fe?™
in Fp undergoes a crossover from the high-spin (HS) state
(S =2) to the low-spin (LS) state (S = 0) between 40 and
70 GPa. This spin crossover directly affects the structural,
elastic, thermodynamic, optical, and conducting properties
of Fp [3-16]; it also affects iron diffusion and thus perhaps
viscosity and iron partitioning in the Earth’s interior [17-19].
Based on these findings, geophysical effects of spin crossover
have been anticipated.

In contrast, spin crossover in Fe-Pv, the major lower-mantle
mineral phase, has been highly controversial [20-34], due
to the complex nature of this mineral. In addition to Fe?*
that substitutes Mg in the dodecahedral (A) site forming
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(Mg,Fe)SiO; Pv, there is also ferric iron (Fe*t) substituting
both Mg and Si [residing in the octahedral (B) site], forming
(Mg,Fe)(Si,Fe)Os; Pv. With the recent findings made by
first-principles calculations [32,33], a consensus has gradually
been reached: Only Fe** residing in the B site undergoes a
crossover from a HS (S = 5/2) to a LS (§ = 1/2) state; iron
in the A site remains in a HS state, regardless of its oxidation
state. The geophysical consequences of spin crossover are still
unclear, but its possible effects on mineral properties have
been reviewed or summarized in literature [35-40]. More
recently, it was found that Fe-Pv dissociates into Fe-free Pv
and a hexagonal iron-rich silicate at conditions existing at
approximately 2000 km depth and beyond [41]. The crystal
structure and stability field of this hexagonal phase, however,
have not been characterized yet. Therefore, it is important
to properly characterize the state of iron at lower-mantle
conditions, so the dissociation phase boundary in Fe-Pv can
be better clarified.

While the spin crossovers in Fp and Fe-Pv are nearly
understood, one issue still remains unresolved. As a d° ion,
an intermediate-spin (IS) state with S =1 is possible for
Fe?*. The existence of IS Fe*™ in Fp and (Mg,Fe)SiO;3 Pv,
however, has not been fully confirmed nor excluded. For Fp,
X-ray emission spectroscopy spectra show the total electron
spin moment decreasing with pressure, as indicated by the
decreasing satellite peak (Kp’) intensity [1,3,8]. However,
both the currently perceived HS-LS crossover or a more
complicated HS-IS-LS crossover can lead to decreasing Kj’.
Also, while the change of iron nuclear quadrupole splitting
(QS) observed in the Mossbauer spectra [4,5,11] indicates a
change of d-electron configuration, it is insufficient to exclude
or confirm an IS state. Recently, the existence of IS Fe?t in
Fp was investigated, but its possible role in spin crossover
was not addressed [42]. As for (Mg,Fe)SiO3 Pv, IS Fe?* has
been highly debated. An observed crossover from a lower QS
(~2.4mm/s) to ahigher QS (= 3.5 mm/s) was suggested to be
indicative of an HS-IS crossover, as the high QS was suggested
to be a signature of IS Fe®" [28]. Previous first-principles
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calculations, however, showed that two distinct types of HS
states with distinct QSs and one IS state are possible; it is
the crossover between two HS states leading to the drastic
change of QS, from 2.4 to 3.5 mm/s [32,33]. The one IS
state, on the other hand, is energetically unfavorable; its QS
obtained by calculation (<1.6 mm/s) was not observed in
experiments either [32,33]. So far, IS Fe?* in Fe-Pv is still
puzzling. One reason is the lack of a thorough knowledge of
the IS Fe?* reported in Ref. [32]; the other is the possibility
of multiple types of IS Fe>T. After all, Fe-Pv is known to have
two distinct types of HS Fe’T; it may have multiple types of
IS Fe** as well. Recently, an anomalous conductivity change
in Fe-Pv with increasing pressure was observed, and it was
attributed to a possible HS-IS crossover of Fe’t [34]. Given
that the mechanism of spin crossover is usually deduced from
an anomalous change in mineral properties indirectly related
to iron’s spin state, a comprehensive theoretical study for IS
Fe?* in Fp and Pv is highly desirable to clear this long-standing
debate.

In addition to geophysics, the IS state in Fe*™ and other d°
ions are of broad interest. Confirmation of IS Fe?" in minerals
can significantly change our current knowledge of the iron
spin distribution (spin map) in the Earth, and an accurate
spin map can be used to test theories beyond the standard
model in particle physics [43]. A possible connection between
IS Fe’" and superconductivity in iron-based superconductors
has been discussed but is still unclear [44-47]. 1S Fe?t
would add versatility to the range of possibility of molecular
devices based on coordination complexes/compounds [48],
but its existence is still controversial (see, e.g., Ref. [49])
and conditions for its existence seem to be limited [50]. Last,
but not least, the strain-induced ferromagnetic insulating state
in lanthanum cobaltite (LaCoO3) thin film and its possible
relation with IS Co®* has attracted significant attention and
is still being debated [51-66]. A comprehensive theoretical
study of IS Fe** in minerals with different atomic structures
under increasing pressure can be expected to provide different
perspectives for these problems.

II. COMPUTATION

In this work, all major calculations are performed using
the local density approximation + self-consistent Hubbard U
(LDA + Ug.) method, as LDA + U, gives the most accurate
equation of states for iron-bearing Earth minerals and best
predicts the occurrence and mechanism of spin crossover
in them, compared with other functionals [32,33,39]. Struc-
tural optimizations for a 64-atom (Mg,_,.Fe,)O supercell
(x =0.03125) and a 40-atom (Mg,_, ,Fe,)SiO3 supercell
(x = 0.125) in all possible spin states are performed with
variable cell shape molecular dynamics [67] implemented
in the QUANTUM ESPRESSO code [68], which adopts the
plane-wave pseudopotential method. Pseudopotentials used in
this paper have been reported in Ref. [27] and used in other
works regarding Earth minerals [27,32,33,39,40]. A4 x 4 x 4
k-point mesh is used for both Fp and Fe-Pv supercells. In this
paper, we compute the Hubbard U for each spin state with a
self-consistent procedure [33,69-71]; the resultant Hubbard U
is referred to as self-consistent U (Us.) hereafter. A detailed
description of this procedure can be found in Ref. [33] and
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its online Supplemental Material. In brief, we start with an
LDA + U calculation with a trial U (Uy,) to get all possible
spin states. By applying local perturbations to the iron site
in the LDA + Uj, ground state with the Hubbard potential
being held fixed, the second derivative of the LDA energy
with respect to the electron occupation at the iron site can
be obtained using a linear response theory [72]. This second
derivative, Uy, will be used as U, in the next iteration.
Such a procedure is repeated until self-consistency is achieved,
namely, Uy, = Ugy = Usx..

The iron nuclear quadrupole splitting (QS), AE, of each
possible spin state is computed using

V.. 2
AEy = eQ|2 Z*",/1+%, (1

where e is electron charge, V,, is the electric field gradient
(EFG), n is the asymmetry parameter (usually small), and
Q is the 3’Fe nuclear quadrupole moment, determined to be
0.16 barn (1 barn = 10728 m?) [73]. The EFG and asymmetry
parameter are computed using the WIEN2K code [74], which
adopts the augmented plane-wave plus local orbitals (APW +
lo) method [75]. Given that Q = 0.16 barn is sometimes
considered underestimated, we also use Q = 0.18 barn to
compute the upper limit of QS.

III. RESULTS AND DISCUSSION
A. IS Fe** in ferropericlase

In Fp, Fe?* substitutes Mg+ in the MgO rocksalt structure,
residing in an octahedral site surrounded by six oxygen atoms.
For a d° ion (e.g., Fe*T, Co®*, .. .) in such an octahedral site,
there can be only one HS (té‘ge?) state and one LS (tzﬁgeg)

state. The IS (tzsgeél,) state, however, is not unique. A tzsge;, state
has a spin-down hole opened in the #,, manifold. By properly
choosing the coordinate system, this empty f,, orbital can
always be d,,. The one filled spin-up e, orbital can be either
d,»_ 2 or d2, forming two distinct IS states. Characterized by
their filled e, orbitals, these two IS states are referred to as the
IS(x? — y?) and IS(z?) state, respectively, as shown in Fig. 1.
Since these two possible IS states have different Jahn-Teller
(J-T) active orbitals occupied, their J-T distortions should be
different as well: The IS(x? — y?) state would have elongated
bond length on the xy plane, while the IS(z?) state would have
elongated bond length along the z direction.

Using the LDA + U method, all the above-mentioned spin
states can be obtained in Fp. The U ’s of these states at differ-
ent 64-atom Mg, _ Fe, O (x = 3.125%) supercell volumes are
shown in Fig. 2. In Fp, the U, decreases with total electron spin
S, similar to Fe-Pv [33], Fe-Ppv [39,40], and LaCoOj3 [64].
Another common feature shared by these systems is that
the volume dependence of Uy is marginal [33,39,40,64,76].
Notably, the Uy ’s of the two IS states are different, regardless
of their same total spin moment S = 1. The Uy of the IS(z?)
state is higher than that of the IS(x? — y?) state by 0.3—
0.5 eV, indicating the former has a stronger on-site Coulomb
interaction. It should be pointed out that the general trend
of Hubbard U decreasing with total electron spin S was not
observed in an earlier calculation on Fp [6]. The main reason
is that the Uy.’s reported here are extracted from a series of
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FIG. 1. (Color online) Possible electronic configurations of an
intermediate-spin d® ion in a tetragonally distorted octahedral site.
Schematic plots of the combination of #,, hole (transparent blue) and
filled e, orbital (solid green), along with the spin-up/down electron
density are shown. (a) The IS(x? — y?) state: a spin-down t, hole
opened in the d,, orbital and the spin-up e, electron occupying the
d,>_,» orbital. (b) The IS(z?) state: a spin-down d, , hole and a spin-up
d electron.

spin-down
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trial LDA + U ground states, while the Hubbard U’s reported
in Ref. [6] were extracted from the LDA ground state. For
the LS state in Fp, both LDA and LDA + U methods give an
insulating ground state with the same orbital occupancy; the
Hubbard U extracted from the LDA or LDA + U ground states
are thus similar. For the HS state in Fp, however, LDA does
not give a correct orbital occupancy; it gives three partially
(and equally) occupied 1,, orbitals by one spin-down electron,
resulting in a metallic state, in contrast with the LDA + U
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FIG. 2. (Color online) The self-consistent U (Uy) of Fe?* in
Mg _,,Fe,)O (x = 0.031 25) at different 64-atom supercell volumes
(V) in the pressure range of 0—150 GPa (symbols). A straight line
provides an adequate fit for Uy (V).
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insulating ground state with one fully occupied f,, orbital by
one spin-down electron. The Hubbard U of HS Fe*™ in Fp
reported in Ref. [6] is thus significantly different from the U,
reported here.

The electronic structures and local Fe-O configurations
of the two IS states at 112 GPa are shown in Fig. 3. The
projected density of states (PDOS) of each cubic harmonic
clearly shows that the IS(x?> — y?) state has a filled spin-up
dy>_,» orbital [Fig. 3(b)], and the IS(z%) state has a filled
spin-up dp orbital [Fig. 3(e)]. The integrated local density
of states (ILDOS) of all the Fe peaks in Figs. 3(a) and 3(d) are
plotted in Figs. 3(c) and 3(f), respectively. These calculation
results are consistent with the schematic plots shown in Fig. 1.
By comparing Figs. 1(a) and 3(c), the IS(x? — y?) state shows
aclear ty, + d\>_ > character in its spin-up channel (an empty
d,> orbital can be observed); by comparing Figs. 1(b) and 3(f),
the IS(z%) state shows a clear I + d» character (an empty
d>_y> orbital can be observed). As expected, these two IS
states exhibit distinct J-T distortions: the IS(x? — y?) state has
elongated Fe-O distances on the xy plane [Fig. 3(c)], while
the IS(z?) state has elongated Fe-O distances along the z axis
[Fig. 3(H)].

With the orbital occupancy and charge density shown
above, the Ug’s difference between the two IS states in Fp
can be qualitatively explained. Indeed, our discussion is based
on Kohn-Sham orbitals, which are usually considered of little
physical meaning. In practice, however, they resemble the
real electronic structure of most systems and can be used for
molecular orbital or chemical analysis [77]. For the 1S(z%)
state, its filled e, orbital (d.2) is oriented vertically with the
spin-down f,, hole (d,,) and passing through the donut-shape
lobes of the spin-down electron charge density, as can be
observed in Fig. 1(b). In contrast, the IS(x? — y?) state has
its filled e, orbital (d,>_,>) oriented on the same plane with the
spin-down 1,, hole, laying in between the donut-shape lobes
of the spin-down electrons, as can be observed in Fig. 1(a).
Clearly, the e, electron of the IS(z?) state overlaps with the
spin-down electrons more than that in the IS(x? — y?) state.
This greater electron-electron overlap in the IS(z?) state leads
to a stronger on-site Coulomb interaction and thus a higher U..

One reliable way to identify iron spin state in Earth
minerals is by comparing the iron nuclear QS obtained by
theory and experiments, as demonstrated previously in Fe-
Pv/Ppv [32,33,39,40]. The same approach can be applied to
Fp as well. For each spin state, we compute the lower and upper
limits of iron nuclear QS in the lower-mantle pressure range
(see Sec. II). The calculation results are shown in Fig. 4(a),
along with the measured QS (via Mossbauer spectroscopy) by
Speziale et al. [4] and Kantor et al. [11] shown in Fig. 4(b).
The dependence of QS on spin state can be understood via
the electric field gradient, V., at the iron nucleus. The QS is
directly proportional to the EFG magnitude (|V,,|), as shown
in Eq. (1), and the d electrons contribute to the EFG as the
following:

Voo o > (2050 = 20% + 203, — 05, —n.) /(). (2)

where nf .n{_, ... are the occupancy of each 3d orbital by
the electron with spin o [up (1) or down ({)]. Clearly,

the dependence of QS on iron spin state results from the
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FIG. 3. (Color online) Electronic structures of the IS(x?> — y?) state (a)—(c) and the IS(z?) states (d)—(f) in (Mg,_,,Fe,)O (x = 0.03125) at
112 GPa. (a),(d) PDOS decomposed by atomic species. (b),(e) PDOS decomposed by cubic harmonic. (c),(f) The FeOq octahedron and ILDOS
of Fe peaks shown in panels (a) and (d). Numbers in panels (c) and (f) indicate the Fe-O distances (in A).

dependence of EFG on orbital occupancy, therefore, iron spin
state cannot be directly derived from the numerical value of
QS.InFp,LS Fe”* resides in an octahedral site with cubic (O},)

symmetry and has ngy = ngz =ny, ~ land ”iz,yz = n‘z’2 ~0
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FIG. 4. (Color online) Calculated iron nuclear QS in ferroperi-
clase (a) and experimental values (b) by Speziale at al. [4] and Kantor
etal. [11]. Arrows in panel (b) indicate the drastic change in QS with
increasing pressure.

for both spin up (0 =1) and spin down (o =J). Its QS, based
on Eq. (2), should be zero, consistent with Fig. 4(a). The
HS Fe’* has five spin-up electrons (o0 =1) occupying all 3d
orbitals forming a spherical shaped charge density. Evident
from Eq. (2), these spin-up electrons barely contribute to
the EFG. It is the one spin-down (o =|) electron, d,,, that
contributes to the EFG. The computed QS of the HS state
is about 2.6-3.1 mm/s, similar to that reported in Ref. [4],
but higher than that reported in Ref. [11] [Fig. 4(b)]. The
IS(x% — y?) state has nIL !

yz%n;y%nyz%nxzml, Ny, ~
VoA

ny; ~ 1, and the remaining orbitals being empty. Such a
configuration, based on Eq. (2), would lead to an almost
vanishing EFG and thus a very small QS. In contrast, the IS(z?)
state has nt ~ niy ~ n,TZ ~ niz ~ 1 and niz ~ njz ~ 1. This
would lead to an EFG twice larger (in magnitude) than that of
the HS state. Indeed, the computed QS of the IS(z?) state is 5.5—
6.2 mm/s. Such an exceptionally high QS is not observed in
Fp. In this sense, the possibility of HS-IS(z?)-LS crossover can
be ruled out. While the remaining possible scenarios, HS-LS
and HS-IS(x? — y?)-LS crossovers, are both consistent with
Mossbauer spectra, first-principles calculations can provide
further information to pin down the spin-crossover mechanism,
as described below.

Using the LDA + U, method, the equations of state and
energetics of (Mg;_,,Fe,)O (x = 3.125%) in all spin states
can be computed; the relative enthalpy (A H;) of each spin
state i [i = HS, IS(x% — y?), IS(z?), or LS] with respect to the
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FIG. 5. (Color online) (a) Relative enthalpy (AH) of

Mg;_,,Fe,)O (x =0.03125) in each spin state with respect
to the HS state. (b) Molar fraction of each spin state at room
temperature predicted by theory (lines) and the LS fraction extracted
from the Mossbauer spectra (x = 0.05 in the sample) [11].

HS state are plotted in Fig. 5(a). With known A H;, the fraction
(n;) of each spin state can be estimated using the following
expression derived from a thermodynamic model detailed in
Refs. [30] and [36], subject to the constraint Zi n=1,

m;(2S; + 1) AH,;
(P, T) = —
ARt mys(2Sus + 1) P < kg Tx>

for i # HS,

3

where m; and S; are the orbital degeneracy and total spin
moment of spin state i, respectively. In Fp, mys = ms = 3
(for both types of IS), and m s = 1. The fraction n; of each
spin state at room temperature (7 = 300 K) is plotted in
Fig. 5(b). Here, we do not include vibrational free energy,
as it only slightly increases the transition pressure [12,13] and
would not change the main conclusion: Populations of the IS
states are too low to be observed due to their extremely high
enthalpies. This result is consistent with the lack of a QS of
5.5-6.2 mm/s in Mossbauer spectra; it also confirms the small
QS observed in Fp should be the LS, not the IS(x? — yz) state,
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showing that Fp undergoes a HS-LS crossover. We can also
observe in Fig. 5(b) that overall, the computed LS fraction
agrees very well with that derived from Mossbauer spectra
of a sample with iron concentration x = 0.05 [11]. The small
discrepancy is that in experiment, the LS fraction (nys) reaches
10% at ~55 GPa, while our calculation predicts ~62 GPa.
Indeed, the transition pressure predicted by LDA 4 U is
slightly higher than that observed in Ref. [11] and other works
comprehensively reviewed in Ref. [38]. Such a discrepancy
may be better addressed by including the exchange term J
computed self-consistently [71]. The HS state has a larger J
than the LS state, which would increase the enthalpy of the HS
state more, lower the relative enthalpy of the LS state (A Hy ),
and thus lower the transition pressure.

While both IS states in Fp are unfavorable, a further analysis
of this simple system can help us better understand IS Fe*"
in more complicated environments, including (Mg,Fe)SiO3; Pv
and Ppv. For Fe** (or any d° ion) in an octahedral site, an IS
state can be produced from the LS state by opening a spin-down
f2, hole and filling a spin-up electron in an e, orbital. We have
shown that there can be more than one possible combination
of 1, hole and e, electron (referred to as hole-electron com-
bination hereafter). Furthermore, we shall see that among the
possible IS states, the one with a closely oriented hole-electron
combination has lower enthalpy, making it the most probable
IS state. In Fp, the IS(x? — y?) state is the most probable IS
state. Its filled e, orbital, d,>_ 2, is closely oriented with its #5,
hole, d,, (d,>_,> is simply a rotation with respect to d, about
the z axis). Such a combination leads to a smaller overlap
between the spin-up e, electron and spin-down electrons and
thus leads to a less strong on-site Coulomb interaction, smaller
Us. (as described previously), and a lower total energy. In
contrast, the filled e, orbital of the IS(z?) state, d,, is vertically
oriented with the 5, hole, d,. The overlap between its spin-up
e, electron and spin-down electrons, the on-site Coulomb
interaction, and the totally energy are all larger.

Another attribute of the most probable IS Fe*" is its lower
QS compared with other possible IS states. This is also a
consequence of the closely orientated hole and electron. For
example, the IS(x? — y?) state has a d,2_» electron and a di,
hole. Evident from Eq. (2), d,>_,> and d;, contribute equally
to V. Since the d,>_,> orbital is produced by a rotation of the
dy, orbital about the z axis, they should both have the same
second derivative along the z direction. Starting with an LS
state, opening a d,, hole followed by filling a d,>_,> electron
would not significantly change the EFG. Therefore, the QS
of the IS(x? — y?) state should be very similar to that of the
LS state. In contrast, the IS(z?) is configured by opening a
hole in d,, of a LS state, followed by filling an electron in
d, vertically oriented to d,,. This would severely change the
EFG and lead to a very different QS from the LS state. Based
on this analysis, an IS Fe?* (or d° ion) in a more complicated
crystal-field environment could still have its energy lowered by
bringing the hole-electron combination to a close configuration
as in dyy-d,>_ > that leads to a low QS.

B. IS Fe’* in MgSiO, perovskite and postperovskite

As mentioned in Sec. I, first-principles computations so far
do not support HS-IS crossover of Fe*™ in (Mg,Fe)SiO3 Pv
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but point to a crossover between two HS states with distinct
QSs instead [32,33]. The finding of two distinct types of IS
Fe?* in Fp, however, suggests that further investigations, in
particular, a thorough search for IS Fe?t in Pv, would be
necessary. Such a search, however, is not as straightforward
as in Fp, as the atomic structure of Pv is more complicated,
and the orbital occupancies of IS Fe** in Pv are not known
a priori. To make sure all possible orbital occupancies are
investigated, we produce IS Fe’* by manipulating the orbital
occupancy of LS Fe?*. The reason is that LS and IS Fe** both
displace from the high-symmetry mirror plane (in contrast
to HS Fe?") to a position where only six oxygens are close
enough to significantly affect the iron 3d electrons, namely,
both LS and IS Fe’" reside in a highly distorted octahedral
crystal site [30]. As a consequence, the LS Fe?* has three
doubly occupied #,,-like and two empty e,-like orbitals [27].
An IS state can thus be produced by opening a spin-down
hole in a 1,,-like orbital, filling a spin-up electron in an e,-
like orbital, followed by a structural optimization. Given the
lack of symmetry in the distorted octahedral site, there are
six possible hole-electron combinations to be tested (three
inequivalent f,,-like holes and two e,-like orbitals), in contrast
to two in Fp, where only tetragonal distortions are allowed.
Among these six hole-electron combinations, only two can be
stabilized. Characterized by their filled e,-like orbitals, these
two states are referred to as the IS(z%) and IS(xI% — yl%) states,
respectively, and they both have a Uy, of 4.3 eV. As shall be
detailed below, however, these IS states are not exactly the
same as those in Fp. With different orbital occupancies, the
position of these two IS Fe>* in the big cage and the local Fe-O
configurations are different. Their atomic structures at 120 GPa
are shown in Fig. 6, where the numbers in panels (b) and (d)
are the Fe-O distances (in ;\). For each case, a local coordinate
system (x7,yr,z.) based on the Fe-O bonds can be defined,
and it does not align with the crystallographic coordinates
(a,b,c). In such a highly distorted octahedral crystal field, the
d orbitals would no longer be cubic harmonics.

Among the two IS states, the IS(z? ) state is briefly reported
in Ref. [32] without insightful analysis. The PDOS of this
state at 120 GPa is shown in Fig. 7(a), where the peaks
(indicated by letters b—f) resulting from iron 3d electrons can
be clearly observed. The ILDOS of each peak are plotted in
Figs. 7(b)-7(f), respectively. The lowest three orbitals (b, c,
and d) exhibit f,, character. In terms of the locally defined
Fe-O coordinate (xz,yr,zz), these three orbitals are ~d,, ,,,
~(dy, 2, —dy, )/ V2,and ~ (dy,z, +dy, )/ V/2, respectively.
The other two orbitals (e and f) exhibit e, characters; they are
~d> and ~d,>_., respectively. The filled e,-like orbital,

d 2 is consistent with the longer Fe-O distance in the
143 dlrectlon [Fig. 6(b)]. In this state, the spin-down hole is
opened in the ~(d,,., +dy, )/ /2 orbital, closely oriented
with the ~d, 2 orbital. Such a hole-electron combination is
schematlcally deplcted in Fig. 7(g). As can be observed, the
filled e,-like orbital of this state is almost a rotation with
respect to the f,,-like hole. In this sense, this state is more
similar to the IS(x?> — y?) state in Fp, rather than the IS(z?)
in Fp. Therefore, the QS of this state is quite low, about
0.9-1.6 mm/s (depending on pressure), slightly higher than
the QS of LS Fe?* in Pv, 0.8 mm/s [32,33]. The PDOS of
the IS(x? — y?) state is shown in Fig. 7(h). The ILDOS of
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FIG. 6. (Color online) Atomic structure [(a),(c)] and the local Fe-
O configuration [(b),(d)] of Mg, _,,Fe,)SiOs perovskite (x = 0.125)
with IS(z2) and IS(x? — y?) Fe*" at 120 GPa. The large (yellow),
medium (green), and small (red) spheres are Fe, Mg, and O atoms,
respectively; the octahedra (blue) are SiOg octahedra. The dotted
(purple) line indicates the 40-atom supercell. Numbers in panels
(b) and (d) indicate the Fe-O distances (in A). A set of Fe-O local
coordinates (x.,y.,z.) can be defined, and they do not align with the
crystallographic coordinates (a,b,c).

each peak (i-m) resulting from iron 3d electrons are shown
in Figs. 7(1)-7(m), respectively. The lowest three orbitals (i,
J» and k) exhibit #,, characters: ~dy, ;,, ~dy,,, and ~d,,,,,
respectively. The filled e,-like orbital is ~d,>_,2, consistent
with the longer average Fe-O distances on the x;y, plane
[Fig. 6(d)]. This state has a hole in the ~d, ,, orbital; it
resembles the IS(x? — y?) state in Fp. As expected, it has
quite low QS, 0.8-1.4 mm/s (depending on pressure), which
is in between the QSs of the LS and IS(z?) state in Pv.

To determine whether IS Fe’" in Pv is possible at all, we
compute the enthalpy of all possible spin states, including
the two HS states with distinct QSs (referred to as low-QS
and high-QS HS states) reported in Refs. [32] and [33],
the two IS states, and one LS state. The relative enthalpy
of these states with respect to the high-QS HS state, along
with the computed QSs, are shown in Fig. 8 (QSs of HS
states are adopted from Ref. [33]). The U, of the HS and
LS Fe?* are 3.1 and 4.5 eV, respectively, nearly the same as
those reported in Ref. [32], which extracts U from the DFT
ground states. The reason is that for (Mg,Fe)SiO3; Pv with low
iron concentration, standard DFT functionals can give correct
insulating state and orbital occupancy for the HS and LS states;
extracting U from DFT or DFT + U ground states should thus
give similar results. Also, the U, of Fe’" in Pv barely depends
on supercell volume and can be treated as a constant with
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FIG. 7. (Color online) Electronic structure of 1S(z2) state [(a)~(g)] and IS(x? — y?) state [(h)—(n)] of (Mg;_,,Fe,)SiO; perovskite (x =
0.125) at 120 GPa. (a),(h) PDOS decomposed by atomic species, where peaks b—f and i—m are contributed by iron, and each of their ILDOS are
plotted in panels (b)—(f) and (i)—(m), respectively. The Fe-O distorted octahedra are the same as in Figs. 6(b) and 6(d), with the longest Fe-O
(2.146 10\) in 6(b) omitted. Panels (b)—(d) and (i)—(k) exhibit #,, character, while panels (e)—(f) and (I)-(m) exhibit e, character. The IS(z2) state
has a 1,,-like hole opened in the ~(d,, ., +d,, ., )/ /2 orbital (d) and an e,-like electron occupying the Ndzi orbital (e). The IS(x} — x7) state
has a ,,-like hole opened in the ~ (d,, ,, ) orbital (k) and an e,-like electron occupying the ~ de 2 orbital (I). The hole-electron combinations
of these two states are schematically depicted in panels (g) and (n), where the transparent (gray) and solid (green) surfaces indicate the hole

and the electron, respectively.

respect to volume. Evident from Fig. 8, the two IS states are
energetically competitive. In 0-32 GPa, the IS(x[% — y%) state
has lower enthalpy; in 32—-150 GPa, which covers most of the
lower-mantle pressure range, the I1S(z2) has lower enthalpy,
making it the most probable IS state in the lower mantle. The
reason why these two IS states have similar physical properties
(QS, Uy, and enthalpy) is that the IS(zi) state in Pv has its t,
hole in the (dy,,, +d,,-,)/ /2 orbital, closely oriented with
the dZZL orbital, instead of in the d,, ,, orbital. Hypothetically,
if the ,,-like hole of the IS(z%) state in Pv were opened in the
dy, y, orbital like the IS(z?) state in Fp, the on-site Coulomb
interaction would be stronger, the self-consistent Hubbard
U, would be larger, the total energy would be significantly
higher, and the QS would be exceptionally large. To reduce the
energy, both IS states in (Mg,Fe)SiO3 Pv have closely oriented
hole-electron combination, similar to the IS(x? — y?) state in
Fp. Regardless, these two IS states are still not favorable.
The only crossover in this system occurs between the low-QS
and high-QS HS states at 20 GPa, similar to the previous
calculation [32].

As shown above, IS Fe?! in (Mg,Fe)SiO3 Pv resides in
a distorted octahedral crystal field, with orbitals exhibiting
I, and e, characters. With one e,-like orbital being filled,
the 1,,-like hole is uniquely determined as well: It should be
opened in the most closely oriented orbital to reduce the total
energy. Given that there are only two e,-like orbitals, the two
IS states reported here should include all possible IS Fe** in
Pv. The signature of IS Fe?" in Pv in the lower-mantle pressure
range should be a QS in between 0.8 and 1.6 mm/s. Given the
lack of such QS observed in the Mossbauer spectra and the
high enthalpy of IS state, the observed QS (3.5 mm/s [28])
should be indeed a HS state, and IS Fe** in Pv would be highly
unlikely.

While a similar investigation for Fe-Ppv is not conducted
here, an IS Fe?t in Ppv has been reported in Ref. [39], and
it is similar to the IS(z?) state in Pv. Given the highly similar
crystal fields experienced by Fe?* in Pv and Ppyv, this reported
IS state in Ppv should be the most probable IS state in the D”
pressure range, if not only. Nevertheless, this IS state is still
unfavorable, and its QS is inconsistent with experiments, as
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FIG. 8. (Color online) Relative enthalpy (AH) of
(Mg, _,,Fe,)SiO; perovskite (x =0.125) in each spin state
with respect to the high-QS HS state. The QSs of HS states adopted
from Ref. [33]. As indicated, a QS of 3.5 mm/s is not a signature of
IS Fe?*.

detailed in Ref. [39]. Therefore, IS Fe?* in Ppv should also be
highly unlikely.

IV. CONCLUSION

Using LDA + U calculations, we have investigated in
detail the possible stability of the controversial intermediate-
spin state of Fe?* in lower-mantle minerals subject to pressure-
induced spin crossover: ferropericlase [(Mg;_,Fe,)O] (x =
0.03125) and (Mg, _,,Fe,)SiO; perovskite (x = 0.125). Two
types of IS states with distinct 3d hole-electron combinations
were found in Fp: the IS(x?> — y?) state and the 1S(z?) state,
with a d,>_,» and d electron, respectively, and a d,, hole.
These distinct orbital occupancies lead to distinct Jahn-Teller
distortions and iron nuclear quadrupole splittings: The 1S(z?)

PHYSICAL REVIEW B 90, 195205 (2014)

state has an exceptionally high QS (=5.5 mm/s), and the
IS(x% — y?) state has a quite low QS (<0.5 mm/s). The on-
site Coulomb interaction and the total energy of the IS(x? —
y?) state are both lower than that of the IS(z?) state because
of its closely oriented hole-electron combination, namely,
less overlap between the spin-up e, and spin-down 1y,
electrons. In (Mg,Fe)SiO3 Pv, although IS Fe?t resides in the
large dodecahedral site, it effectively experiences a distorted
octahedral crystal field. Two types of IS states are found, and
they can also be characterized by their filled e,-like orbitals.
The hole-electron combinations of these two IS states are both
closely oriented; they both exhibit characters similar to the
IS(x? — y?) state in Fp. Therefore, these two IS Fe’* in Py
have similarly low QS (< 1.6 mm/s) and the same Hubbard
Uy, and they are energetically competitive. Compared to the
HS and LS states, all the above-mentioned IS states in Fp and
(Mg,Fe)SiO; Pv/Ppv are energetically unfavorable; their QSs
are also all inconsistent with experiments. Most importantly,
these considered IS Fe?* already include all relevant types
of IS Fe?* in lower-mantle minerals. Therefore, it is highly
unlikely that IS Fe*" exists in the lower mantle.

Finally, although this present work is mainly focused on
lower-mantle minerals under pressure (variable metal-oxygen
distance), it is an exemplar of the behavior of other strongly
correlated d° ions in two common crystalline sites of complex
oxides: the octahedral (B) site in A BOj; perovskite and in the
rocksalt structure, and the dodecohedral (A) site in perovskites.
Present results and conclusions could be applicable to or
serve as a starting point of investigation for several equivalent
problems where the roles played by chemical variation or
thermal expansion/contraction can be seen as analogous to
pressure, as with spin excitation in rare-earth cobaltites at
finite (but low) temperatures.
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