RAPID COMMUNICATIONS

PHYSICAL REVIEW B 95, 020406(R) (2017)

First-principles study of iron spin crossover in the new hexagonal aluminous phase

Han Hsu"
Department of Physics, National Central University, Taoyuan City 32001, Taiwan
(Received 18 November 2016; published 6 January 2017)

The new hexagonal aluminous (NAL) phase, chemical formula AB,C¢O1, (A = Na*, Kt, Ca**; B = Mg**,
Fe’™, Fe*; C = AI’T, Si**, Fe**), is considered a major component (~20 vol%) of mid-ocean ridge basalt
(MORB) under the lower-mantle condition. As MORB can be transported back into the Earth’s lower mantle
via subduction, a thorough knowledge of the NAL phase is essential to fully understand the fate of subducted
MORB and its role in mantle dynamics and heterogeneity. In this Rapid Communication, the complicated spin
crossover of the Fe-bearing NAL phase is revealed by a series of local density approximation + self-consistent
Hubbard U (LDA+U,,) calculations. Only the ferric iron (Fe*") substituting Al/Si in the octahedral (C) site
undergoes a crossover from the high-spin (HS) to the low-spin (LS) state at ~40 GPa, while iron substituting
Mg in the trigonal-prismatic (B) site remains in the HS state, regardless of its oxidation state (Fe*™ or Fe*").
The volume/elastic anomalies and the iron nuclear quadrupole splittings determined by calculations are in
great agreement with room-temperature experiments. The calculations further predict that the HS-LS transition
pressure of the NAL phase barely increases with temperature due to the three nearly degenerate LS states of

Fe", suggesting that the elastic anomalies of this mineral can occur at the top lower mantle.
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Iron, the most abundant transition metal in the Earth, is
incorporated in many minerals. Due to its incomplete 3d shell,
iron in many minerals is subject to spin crossover (SCO): The
total electron spin § varies with pressure, temperature, strain,
and chemical environment. Extensive studies on ferropericlase
[(Mg,Fe)O], which constitutes ~20 vol% of the Earth’s lower
mantle (660-2890 km deep, pressure range 23—135 GPa), have
shown that SCO directly affects the structural, electronic,
optical, elastic, and thermodynamic properties of the host
mineral, iron diffusion, iron partitioning, and thus mantle
properties [ 1-18]. SCO in other lower-mantle minerals has also
been reported, including Fe-bearing MgSiO; perovskite (also
known as bridgmanite), which is the most abundant mineral
in the Earth [14-25], and (Mg,Fe)CO; ferromagnesite, which
is believed to be the major carbon carrier in the lower mantle
[26-35]. Geophysical and geochemical effects of SCO have
thus been highly anticipated [13,16,17].

Recently, one more lower-mantle mineral, the new hexago-
nal aluminous (NAL) phase, is reported to show signatures of
SCO under compression [36]. The NAL phase is contained in
mid-ocean ridge basalt (MORB), which is formed by partial
melting of the upper-mantle peridotite along the mid-ocean
ridge. MORB can be transported back into the Earth’s lower
mantle via subduction, supplying the lower mantle with
colder and chemically distinct materials, making this region
thermally and chemically heterogeneous. Given its role in
mantle dynamics and heterogeneity, the fate of subducted
MORB has been a major subject in geoscience [37-41]. In
the lower mantle, MORB is believed to contain two aluminum
hosts [42-54]: (1) The NAL phase, which is a product of
garnet decomposition at ~25 GPa and remains stable up to
50-60 GPa, and (2) the calcium-ferrite-type (CF) phase, which
is considered the high-pressure phase of the NAL phase and
remains stable up to 85-90 GPa [51-54]. These two aluminous
phases, distinct from the major lower-mantle mineral phases
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(bridgmanite and ferropericlase), constitute 20-30 vol% of
MORB [53,54]. A thorough knowledge of these aluminous
phases is thus essential to fully understand the fate of subducted
MORB. Most studies, however, are only focused on Fe-free
cases [42-52]. Considering the newly discovered SCO in the
Fe-bearing NAL phase and the complicated nature of this
mineral, comprehensive computational work is necessary.

The NAL phase (P63/m symmetry, space group 176) has
a chemical formula of AB,C¢O;, (21-atom unit cell), with
the nine-coordinated (A) site occupied by large cations (Na™,
K*, or Ca’"), the trigonal-prismatic (B) site occupied by
Mg”, and the octahedral (C) site occupied by small cations
(AT, Si*"). The COg octahedra are arranged in double
chains extending along the [001] direction (see Supplemental
Material [55] or Fig. 1). In natural MORB, the NAL phase
mainly consists of Na, Mg, Al, Si, and O, with a ratio
of approximately 1:2:5:1:12, and a small amount of iron
(0.27-0.61 Fe/f.u.) [53,54]. To model this mineral,al x 1 x 3
supercell (63 atoms) of NaMg,(Al5Si)Oy, is adopted. Various
atomic configurations have been tested [55], and the most
energetically favorable structure is shown in Fig. 1. This
structure, consistent with previous calculations [52], has a
helical screw axis with 3, symmetry along the [001] direction;
the number of inequivalent atoms in the supercell is thus 21,
not 63. The five inequivalent Al sites are labeled as All, Al4,
Al7, Al10, and All3 [Fig. 1(a)], where Al4, Al7, and Al10
are equivalent to Al5, Al9, and All1 [Fig. 1(b)], respectively.
The two inequivalent Mg sites are labeled as Mgl and Mg4
[Fig. 1(a)], where Mgl is equivalent to Mg2 and Mg3, and
Mg4 is equivalent to Mg5 and Mg6 [Fig. 1(b)]. Each COgq
double chain consists of one Si-free and one Si-containing
column, shown as the Al1-Al5-Al9 and Al13-Al11-Si columns
[Fig. 1(b)], respectively.

Inferred from Mossbauer spectra, three types of iron coexist
in the NAL phase: Fe’' occupying the C site, and Fe?"
and Fe** occupying the B site [36], referred to as C—Fe’",
B-Fe?*, and B-Fe’*, respectively. To examine their SCO
individually, three types of iron substitutions in a 63-atom
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FIG. 1. Atomic
NaMg,(AlsSi)O;,. The atomic species and site numbers are
labeled. (a) Top view; (b) side view.

structure of the Fe-free NAL phase

NaMg,(Al5Si)O;, supercell are considered: (1) Fe’t &
AT, yielding NaMg,(Aly¢7SiFeo33)012 with C-Fe’',
(2) Fe’™ & Mg?", yielding Na(Mg, «Feo33)(AlsSi)Op,
with B-Fe?*, and (3) Fe’T+AIPT & Mg’ "+Si*", yielding
Na(Mg, «;Feo33)(Als 33Si067)012 with B-Fe*™. While the
formation of C—Fe** and B—Fe** only require simple substitu-
tion, the formation of B—Fe*" requires coupled substitution (or
reduced Si** concentration). With five and two inequivalent Al
and Mg sites, respectively (Fig. 1), five and two inequivalent
Fe’™ & AP* and Fe’™ « Mg”" substitutions are considered.
As to the Fe’T+AIPT < Mg?T+Si*" coupled substitution, the
(Fe**,A’") pair is placed at the nearest-neighbored (Mg4,Si1)
sites. To properly treat the on-site Coulomb interaction of
the Fe-3d electrons, the local density approximation + self-
consistent Hubbard U (LDA+U,.) method is adopted, with
the Hubbard U parameters computed from the first principles
self-consistently [24,55-59]. Using this approach, SCO (or
the lack thereof) in ferropericlase, bridgmanite, MgSiO;
post-perovskite, and ferromagnesite have been successfully
elucidated [18,23,24,35,60,61]. Within the LDA+U,, all types
of iron in the NAL phase can be stabilized to high-spin (HS),
intermediate-spin (IS), or low-spin (LS) states (S = 2, 1, and
0, respectively, for Fe**; S = 5/2, 3/2, and 1/2, respectively,
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TABLE 1. The self-consistent Hubbard U (U,,.) of iron (in eV).
U,. depends on the oxidation state, spin state, and site occupancy
[55].

LS IS HS
B-Fe>* 4.8 4.4 3.1
B-Fe’* 5.3 4.4 3.7
C-Fe** 5.0 43 3.5

for Fe”). The U, of these states, listed in Table I, shows the
same trend as in other minerals: U,. decreases with S for a
given valence/site, and B—Fe’" has larger U, than B—Fe>"
[18,23,24,35,60,61]. For each type of iron substitution, the
relative enthalpies of all inequivalent site occupancies and
spin states are plotted in Fig. 2, with the ambient-pressure
ground state as the reference. The results obtained with
U =4 eV [Figs. 2(a)-2(c)] and U = Uy, [Figs. 2(d)-2(f)]
are presented. Regardless of the choice of Hubbard U, both
B-Fe?* [Figs. 2(b) and 2(e)] and B—Fe*" [Figs. 2(c) and 2(f)]
remain in the HS state throughout the pressure range 0-80 GPa;
only C—Fe** undergoes a HS-LS crossover while the IS state
has a very high enthalpy [Figs. 2(a) and 2(d)]. The main
difference between these two approaches is the predicted HS-
LS transition pressure (Pr). With U = 4 eV, Py ~ 7 GPa; with
U = U,., Pr =~ 47 GPa. The latter is much closer to the room-
temperature (7 = 300 K) measurements: An anomalous vol-
ume reduction occurs in the pressure range 31-49 GPa [36]. All
discussions hereafter will be based on the LDA+U;, results.

Among the five inequivalent Al sites, HS C—Fe** prefers
substituting All, AlS, and Al9 in the Si-free COg column
to Alll and Al13, as indicated in Fig. 2(d). This tendency
arises from the larger ionic radius of HS Fe’* compared
with A" and Si*': The resultant larger FeOg octahedra
disfavor sharing an edge with smaller SiOg octahedra. In
contrast, LS Fe’* has an ionic radius similar to AI>*, so the
five LS C—Fe*" substitutions have nearly the same enthalpy
[Fig. 2(d)]. Site occupancy can affect Pr as well. When
Fe’* substitutes All, Al5, and Al9 (Si-free COg column),
Py ~ 47 GPa; when substituting All1 or All13, Py ~ 42 GPa.
The iron nuclear quadrupole splittings (QSs) AE, of the
most favorable C—Fe3*, B-Fe*t, and B-Fe?t substitutions
are computed [55]. Throughout 0-80 GPa, HS C-Fe**
has AEy = 0.52-0.89, LS C-Fe’" has AE, = 1.76-1.80,
HS B-Fe*™ has AEy = 3.56-3.86, and HS B-Fe’" has
AEp =1.15-1.49 mm/s. These computed QSs, along with
the enthalpy shown in Fig. 2, fully explain the observations in
Mossbauer spectra [36]: An abrupt change in a QS from ~0.6
to ~1.8 mm/s in 30-40 GPa is a consequence of the HS-LS
crossover of C—Fe3T, while the other two QSs remaining at
~3.6 and ~1.9 mm/s throughout 0-80 GPa correspond to HS
B-Fe?* and HS B—Fe**, respectively.

In addition to Fe*T+Al’" & Mg +Si*", the forma-
tion of B-Fe’™ can be also achieved via the cou-
pled substitution 2Fe’™ « Mg*"+Si*", which yields
Na(Mg, ¢;Feo.33)(AlsSig67Fe0 33)012. To investigate potential
iron-iron interactions, three distinct configurations are consid-
ered: (1) Nearest-neighbored (NN) configuration with Fe’*
substituting Mg4 and Sil (or equivalently, Mg5 and Si2), (2)
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FIG. 2. Relative enthalpies of iron in various spin states residing in various inequivalent sites determined with (a)—(c) U = 4 eV and (d)—(f)
U = Us.. (a),(d) NaMg,(Al,¢;SiFeq33)012 (C-Fe’™); (b).(e) Na(Mg, (;Feq33)(AlsSi)O12 (B-Fe’™); (c),(f) Na(Mg, ¢;Feq33)(Als 33Si0.67)012
(B-Fe**). The numerical values of U,, are listed in Table 1.
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far-apart configuration with Fe’™ substituting Mg3 and Sil 1854
(or equivalently, Mgl and Si2), and (3) far-apart configuration
with Fe** substituting Mg4 and Al9, and Sil replaced by 180 N
AI*". In the NN configuration, the spin moments of the

two Fe’* can be parallel or antiparallel. Also, given that

B-Fe* remains in the HS state, the spin states of these three 175 A Ei;r?e_bearing) |
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FIG. 3. Relative enthalpies of

Na(Mg, ,,Feo33)(Als33Sige7)012 (B-Fe*) in the relevant spin
Na(Mg, ,,Feo33)(AlsSigs;Feo33)01n  with  various  (Fe*t Fe*')

states. Symbols are room-temperature measurements [36]. The raw

substitutions and spin states. This result suggests that iron in the
NAL phase tends to avoid neighboring with each other.

data of the Fe-free sample (green circles) is fitted to the third-order
Birch-Murnaghan equation of state (green solid thin line).
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the two far-apart configurations, with nearly the same enthalpy,
are more favorable than the NN configuration. In other words,
iron atoms in the NAL phase tend to avoid neighboring with
each other. Such a tendency could arise from the iron-iron
interaction or from the unfavorable lattice distortion caused by
nearest-neighboring iron.

Before further discussing SCO and the accompanying
volume/elastic anomalies, the effects of iron substitution on
the equation of state should be examined. In Fig. 4, the
computed compression curves of the Fe-free and relevant Fe-
bearing NAL phases (HS/LS C-Fe** and HS B-Fe?" /Fe**
in Fig. 2) are plotted, along with the room-temperature
measurements [36]. All the computed curves are lower than
the measured ones, as the LDA functional underestimates
pressure. The computed equilibrium volume of the Fe-free
NAL phase is 180.81 A3 /f.u., smaller than the measured
volume 183.10 /083/f.u. by ~1.3%. This underestimate can
be reduced by the inclusion of vibrational free energy. In
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comparing the computed Fe-bearing and Fe-free curves, one
single HS C-Fe®* in a 63-atom supercell (equivalent to an
increment of 0.33 HS C—Fe’" per f.u.) increases the cell
volume by 0.5%-0.8%. In contrast, LS C—Fe** causes nearly
zero volume increase, as LS Fe3t has about the same size as
AI*". While the ionic radius of HS Fe* " is larger than HS Fe**,
the compression curve of HS B—Fe’" is below HS C—Fe’™.
This is because the B site is located in the triangular-shaped
tunnel, which is large enough to accommodate Fe*™ without
significant lattice expansion. The compression curve of HS
B-Fe** is slightly above that of HS B-Fe*". This larger
volume, however, is not caused by B—Fe3t itself, but by the
higher APt (lower Si**) concentration due to the coupled
substitution Fe*t+AI’T < Mg?t+Si*".

Given the low iron concentration in natural and syn-
thesized samples (0.26-0.61 Fe/f.u., equivalent to 0.8—
1.8 Fe/supercell) and the tendency that iron atoms avoid
neighboring with each other, the Fe-bearing NAL phase
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FIG. 5. Spin crossover and accompanying volume/elastic anomalies of NaMg, (Al ¢7SiFe( 33)O1, and Na(Mg, 4, Fe 33)(AlsSig g3Feq 17)O12
at room temperature. (a),(b) Fraction of HS, IS, and LS C-site Fe’™; (c),(d) relative volume difference with respect to the Fe-free NAL phase;
(e),(f) bulk modulus of the Fe-bearing and Fe-free NAL phase. Experiment results are adopted from Ref. [36].
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can be modeled by a solid solution composed of the
configurations discussed in Figs. 2 and 3. Using the
most favorable configurations in these graphs, two dis-
tinct compositions are analyzed: NaMg,(Als¢7SiFe(33)012
and Na(Mg, (,Feo 33)(Al5Sig s3Fep.17)O12. The former, shown
in Fig. 2(d), contains only C-Fe’'; the latter, a
1:1 mixture of Na(Mg, (Feo33)(AlsS1)O1r [Fig. 2(e)]
and Na(Mg, «;Feo33)(AlsSip67Fe0.33)012 (Fig. 3), contains
B-Fe*™, B-Fe*", and C—Fe*". When the temperature T # 0,
spin crossover of the C-site Fe> goes through a mixed-spin
phase within a finite pressure range. Without including the
vibrational free energy, the fraction n; of C—Fe" in spin state
i (i =LS, IS, or HS) in the mixed-spin phase can be estimated
using Eq. (1) with the constraint ), n; = 1 [14,62]:

ey

nHs B mys(28us + 1) kpTx

n; mi(ZSi + 1) < AH, >

— X ,
where m; and S; are the orbital degeneracy and total electron
spin of spin state i, respectively, and x is the concentration
of the C-Fe*t. For C-Fe**, the HS state (tfgeﬁ) has only
one orbital configuration, therefore, mpys = 1. The LS state
(tzsgeg), in contrast, has three possible orbital configurations: a
f, hole in the d,,, d,., or d orbital. Since FeOg octahedra
are distorted, these three LS configurations are nondegenerate.
While the LDA+U,, wave function tends to converge to the
most favorable LS configuration, the lower and upper limits
of LS fraction ny g can be determined using mps = 1 and 3,
respectively. Nevertheless, the energy splittings between the
three LS states are small, so m; s = 3 would be more accurate.
To compare with room-temperature experiments [36], the
computed fraction n; (with T = 300 K and m g = 3), relative
volume difference with respect to the Fe-free NAL phase, and
bulk modulus K, are plotted in Fig. 5. Both compositions go
through a HS-LS crossover in the pressure range 40-54 GPa,
with the transition pressure Py ~ 47 GPa [Figs. 5(a) and
5(b)], where Py is defined by nys(Pr) = nus(Pr) = 0.5 when
T # 0. The computed SCO has nearly the same width as the
measured SCO (3149 GPa), but Py is ~7 GPa higher, as
can be seen in the anomalous volume reduction [Figs. 5(c)
and 5(d)] and bulk modulus softening [Figs. 5(e) and 5(f)].
For NaMg, (Al4 ¢7SiFeq 33)O12, the relative volume difference
changes from 0.62% to 0.03% [Fig. 5(c)], indicating an anoma-
lous volume reduction of ~0.6% accompanying the SCO.
In experiments, the Fe-bearing sample has a volume re-
duction of ~0.45% (from 0.85% to 0.4%). Based on the
discussion for Fig. 4, NaMg, (Al ¢7SiFe( 33)O1, contains more
C-Fe’* and less B-Fe’* /Fe" than the sample. In con-
trast, Na(Mg, ¢;Feo.33)(AlsSip g3Feo.17)O12 undergoes a vol-
ume change from 0.80% to 0.50% [Fig. 5(d)], in great agree-
ment with experiments. Likewise, the anomalous bulk modulus
softening observed in NaMg,(Als 67SiFe33)012 [Fig. 5(e)]
is twice larger than in Na(Mg, «;Feo33)(AlsSio s3Feq.17)012
[Fig. 5(f)], while the latter is also in great agree-
ment with experiment. Indeed, the nominal iron concen-
tration of the sample is 0.26 Fe/f.u. [36], lower than
in Na(Mg; ¢,Feo.33)(AlsSigg3Fep17)012 (0.5 Fe/f.u.). How-
ever, our previous LDA+U;, calculation of (Mg,_,Fe,)CO;
has shown that theory can accurately determine the vol-
ume/elastic anomalies throughout 0.125 < x < 1 [35]. The
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FIG. 6. Elastic anomalies of the NAL phase in natural MORB at

high temperatures. (a) Fraction of LS C —Fe**; (b) bulk modulus. The
NAL phase can be more accurately described by m g = 3.

above-mentioned discrepancy is thus more likely to result from
the uncertainty in sample characterization.

Based on Refs. [53,54], the NAL phase in natural MORB
contains 0.27-0.61 Fe/f.u. and 1.85-2.13 Mg/f.u., suggesting
a significant portion of iron occupying the C site, approx-
imately 0.2-0.4 C—Fe** /f.u. A similar analysis for another
natural sample with ~1 Fe/f.u. suggests the same [63]. Given
that the elastic anomalies accompanying SCO are mainly
determined by C-Fe’", NaMg,(Al,¢7SiFeg33)012 with
0.33 C—F63+/f.u. [Fig. 5(e)] can be used to estimate the NAL
phase’s elastic anomalies in the lower mantle. Using Eq. (1),
the fraction of LS C—Fe** (n15) and bulk modulus (K) at var-
ious temperatures are plotted in Fig. 6, where 900 and 1200 K
are the estimated temperatures of the subducted slab at the
top of the lower mantle based on different geophysical models
[39,54]. The effects of orbital degeneracy m g are also exam-
ined. At T = 300 K, mygs barely affects ny.g and K; at higher
temperatures, the effects of m s become more significant, as
myg is associated with the magnetic entropy, contributing to the
Gibbs free energy in the form of —kgT logmys [14,62]. With
mys = 1, both Pr and the width of SCO drastically increase
with T'; with mys = 3, Py almost remains constant, and the
width of SCO moderately increases with 7. Furthermore, the
elastic anomalies are still very prominent at 7 = 900 and
1200 K withmp g = 3, starting at as low as ~35 GPa [Fig. 6(b)].
Since the NAL phase is more accurately described by mys = 3
and the LDA+U,. method overestimates Py by 5-10 GPa (see
Fig. 5 and Ref. [35]), the actual elastic anomalies of the NAL
phase under high temperature can be expected to start at P <
30 GPa, namely, the top lower mantle. In contrast, ferroper-
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iclase and ferromagnesite have LS Fe?* with myg = 1; their
elastic anomalies occur in the mid-lower mantle [8,11,35].

In summary, iron spin crossover in the NAL phase is
revealed by a series of LDA+U,. calculations. Only the
Fe** substituting Al/Si in the octahedral (C) site undergoes
a crossover from the high-spin to the low-spin state at
~40 GPa at room temperature; iron substituting Mg in the
trigonal-prismatic (B) site remains in the high-spin state,
regardless of its oxidation state. All the major calculation
results, including the transition pressure, abrupt increase in
iron nuclear quadrupole splitting (from 0.6 to 1.8 mm/s), and
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volume/elastic anomalies, are in great agreement with room-
temperature experiments. The calculations further predict that
the transition pressure of the NAL phase barely increases
with temperature due to the three nearly degenerate LS states
of the C-site Fe’", suggesting that the elastic anomalies
accompanying iron spin crossover can occur at the top lower
mantle, in contrast to ferropericlase and ferromagnesite.

This work was supported by the Ministry of Science and
Technology (MOST) of Taiwan under Grant No. MOST 104-
2112-M-008-005-MY3.
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