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Ferromagnesite, an iron-bearing carbonate stable up to 100-115 GPa, is believed to be the major carbon carrier
in the earth’s lower mantle and play a key role in the earth’s deep carbon cycle. In this paper, we use the local
density approximation plus self-consistent Hubbard U (LDA+U,.) method to study the iron spin crossover in
ferromagnesite with a wide range of iron concentration (12.5-100%). Our calculation shows that this mineral
undergoes a crossover from the high-spin (HS) (S = 2) to the low-spin (LS) (S = 0) state at around 45-50 GPa,
regardless of the iron concentration. The intermediate-spin (S = 1) state is energetically unfavorable and not
involved in spin crossover. The anomalous changes of volume, density, and bulk modulus accompanying the spin
crossover obtained in our calculation are in great agreement with experiments. Our calculation also predicts that
an abrupt change of the iron nuclear quadrupole splitting, from = 2.8 mm/s to < 0.3 mm/s, can be observed in
Mossbauer spectra at 45-50 GPa as a signature of the HS-LS crossover.
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Iron-bearing magnesium carbonates [(Mg,Fe)CO3] have
attracted significant attention in recent years; they are believed
to be the major carbon carrier in the earth’s lower mantle
(660-2890 km deep, in the pressure range 23-135 GPa)
and play a key role in the earth’s deep carbon cycle [1].
Experiments have shown that ferromagnesite, a solid solution
of MgCO; magnesite and FeCOj3 siderite (both crystallizing
in R3¢ symmetry, space group No. 167), is the stable phase
of Mg,Fe)COs up to 100-115 GPa [1,2]. Beyond this
pressure, ferromagnesite undergoes a complicated structural
transition, which has been a matter of intense debate [1-7].
Several distinct structures have been inferred from experiments
performed with (Mg,_,.Fe,)COs3 (0.6 < x < 1), including
two monoclinic [5,7] and two orthorhombic [2,6] structures.
Currently available first-principles structural searches of high-
pressure carbonates, however, are based on pure MgCO; and
are unable to resolve this controversy [3,4]. Clearly, iron
directly affects the structural transition of carbonates.

One more complexity caused by iron is spin crossover
(SCO), namely, the total electron spin S of iron varies with
pressure. A well studied example is (Mg,Fe)O ferropericlase
(Fp), which constitutes ~20 vol% of the lower mantle. As
the pressure increases, ferrous iron (Fe’t) in Fp undergoes
a crossover from the high-spin (HS) (S = 2) to the low-spin
(LS) (S = 0) state at 40-50 GPa, accompanied by anomalous
changes of the structural, electronic, optical, elastic, and
thermodynamic properties [8-21]. So far, several experiments
have indicated SCO in ferromagnesite occurring at 44-52 GPa,
including the decrease of the satellite peak intensity K8 in
X-ray emission spectroscopy spectra, the change of optical
absorption and Raman spectra, and the volume and elastic
anomalies [22-30]. These experiments, however, cannot un-
ambiguously determine the mechanism of SCO, in particular,
whether the intermediate-spin (IS) (S = 1) state is involved.
Given that the IS state has been a controversy in many SCO sys-
tems, including coordination complexes [31,32], bulk and thin-
film LaCoOj3 [33-39], and earth minerals [20,40-50], and that
SCO has been suggested to be a potential pathway to stabilize
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the uncharacterized orthorhombic FeCOj3 siderite II beyond
100 GPa [6], arigorous computational study of the SCO in fer-
romagnesite would be a desirable first step to help elucidate the
behavior of the (Mg,Fe)COj3 system in the deep lower mantle.

Computationwise, the strongly correlated nature of iron
cannot be properly treated by standard density functional the-
ory methods, including the local density approximation (LDA)
and generalized gradient approximation (GGA). For FeCO;
siderite, known as an antiferromagnetic (AFM) insulator at
ambient pressure [51], the GGA falsely predicts a metallic
ferromagnetic (FM) ground state [52], produces a metallic
state when AFM configured [53,54], and fails to obtain the
IS state [30,52-54], despite its potential importance in the
(Mg,Fe)COs; system. Also, the effect of iron concentration on
SCO is unaddressed. Here we investigate (Mg, _,,Fe,)CO3
ferromagnesite (0.125 < x < 1) using the LDA plus self-
consistent U (LDA+Ug) method with the Hubbard U pa-
rameter computed from first principles (see Supplemental
Material [55] and Refs. [46,56-59]), given that the LDA+U,,
has successfully clarified the highly controversial IS state and
SCO in Fe-bearing MgSiO; perovskite (Pv) (also known as
bridgmanite, constituting ~75 vol % of the lower mantle) and
post-perovskite (pPv) and accurately determines the transition
pressures [45-49].

In (Mg,_, ,Fe,)CO; ferromagnesite and its end member
FeCOj siderite (x = 1), iron resides in a trigonally distorted
octahedral site, with the FeOg octahedron elongating along
the [111] direction, as shown in Fig. 1 (also see Supplemental
Material [55]). In this crystal field (Ds; symmetry), the five
3d orbitals split into three subgroups: a doublet pointing
toward the oxygen [Fig. 2(a)] and a doublet [Fig. 2(b)] and
a singlet d.» [Fig. 2(c)] pointing away from the oxygen
(also see Supplemental Material [55]). For d® cations, e.g.,
Fe?* or Co**, the HS state has five majority-spin electrons
occupying all 3d orbitals and one minority-spin electron
occupying the singlet d,» [Fig. 2(c)]; the LS state has all
six electrons doubly occupying the three orbitals pointing
away from the oxygen [Figs. 2(b) and 2(c)], leading to
a nearly-cubic-shaped electron charge density schematically
shown in Fig. 2(d). The IS state has two minority-spin electrons
occupying the doublet shown in Fig. 2(b), leading to the
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FIG. 1. Crystal structure of (Mg,_, ,Fe,)CO; ferromagnesite.
The orange, green, blue, and red spheres are Mg, Fe, C, and O atoms,
respectively. (a) Ten-atom primitive cell of MgCO, magnesite (R3¢
symmetry). (b) and (c) 40-atom supercells with x = 0.125 and 0.5,
respectively.

electron charge density schematically shown in Fig. 2(e); its
four majority-spin electrons fully occupy the three orbitals
shown in Figs. 2(b) and 2(c) and half occupy the doublet
pointing toward the oxygen [Fig. 2(a)]. The self-consistent
Hubbard U of these states are computed using 40-atom
(Mg g75,Feo125)CO3 supercells at 0 and 100 GPa. The resultant
U, mainly depends on the iron spin state and marginally
increases with pressure, by ~0.5 eV throughout 0-100 GPa.
We thus adopt the average: U = 4.0, U = 5.7, and
UES) = 5.3 V. In ferromagnesite, U is the lowest among
the three Us, similar to Fp, Fe-bearing Pv/pPv, and thin-film
LaCoOs3 [35,45-50].

The LDA+Ug electronic structures of HS and IS
(Mg g75,Fen125)CO3 at ~60 GPa are shown in Figs. 3(a)
and 3(c), respectively; the total and projected density of states
(PDOS) on each atomic site are plotted, with the Fermi level
Er shifted to 0 eV (see Supplemental Material [55] for the LS
state). As is evident from Fig. 3(a), HS (Mg, g75,Fe0125)CO3 is
an insulator with a finite gap. Also, several PDOS peaks result-
ing from Fe can be observed. In the spin-up channel, the PDOS
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FIG. 2. (a)—(c) The 3d orbitals in a trigonally distorted crystal
field (D3, symmetry). The black thick segments represent the Fe-O
bonds; the [111] direction is aligned with the z axis. (d) Sum of the
three occupied orbitals [panels (b) and (c)] of the LS Fe’*. (e) Sum
of the two orbitals occupied by the monitory-spin electrons of the IS
Fe" [panel (b)]. The minority-spin electron of the HS Fe** occupies
the singlet [panel (c)].
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FIG. 3. Electronic structures of high-spin and intermediate-spin
(Mg 575.-Feo.125)CO5; at ~60 GPa (40-atom supercell with V =
274.47 A3). (a) and (c) Total (gray shade) and projected density of
states on each atomic site (lines) of the HS and IS states, respectively.
(b) and (d) Integrated local density of states of the Fe peaks in (a) and
(c), respectively (isosurface of 0.05 a.u.~3). The Fe-O bond length
dre.0 and O-Fe-O bond angle ® are also indicated.

peaks at —1.4 and —2.9 eV correspond to the doublet shown
in Fig. 2(a) and the singlet shown in Fig. 2(c), respectively.
The doublet pointing away from oxygen [Fig. 2(b)] forms a
wide band between —3.5 and —7.8 eV instead of a PDOS
peak. In the spin-down channel, the only Fe PDOS peak (at
—1.3eV) corresponds to the singlet [Fig. 2(c)]. The association
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FIG. 4. Relative enthalpy AH of IS and LS (Mg, _,,Fe,)COs
ferromagnesite with respect to the HS state. Calculations with (a)
U=4 eV and (b) self-consistent Uy are shown (UFS =4.0,
U =5.7,and ULS = 5.3 eV). The solid, dashed, and dotted lines
represent the HS, IS, and LS states, respectively; different linewidths
represent different iron concentrations x = 0.125, 0.5, and 1. For
FeCO;j siderite (x = 1), the ground state is an AFM-ordered HS state;
the FM-ordered HS state has a slightly higher enthalpy, as shown
in (b).

of these PDOS peaks with the 3d orbitals is consistent with the
integrated local density of states' (ILDOS) shown in Fig. 3(b).
Based on Fig. 3(c), the IS state has a half-metallic electronic
structure with a PDOS peak at the Fermi level due to the
half-occupied doublet, similar to the half-metallic IS state of
bulk LaCoO3 (R3c symmetry) [34]. The spin-down PDOS
peak at —2.2 eV corresponds to the doublet pointing away
from the oxygen, which is evident by comparing Fig. 3(d) with
Fig. 2(e). The HS and IS states distort the Fe-O octahedron
differently. As indicated in Figs. 3(b) and 3(d), the HS state
leads to a greater Fe-O bond length (dp..o) and a smaller
O-Fe-O bond angle ©®.

To investigate SCO and its composition dependence, the
enthalpies of (Mg,_,,Fe,)CO3 ferromagnesite (x = 0.125,

'The integrated local density of states I(r)= EEl *dE §(E —
E, )W, k(r)|?, where E,, x is the energy eigenvalue of the Bloch state
| W, k). To plot the ILDOS of the HS and IS states, we set E; = —3.2
and —3.6 eV, respectively, and E, = 0 = Er. The Fe PDOS peaks
below E shown in Figs. 3(a) and 3(c) are included in the energy
interval bound by E; and E,, therefore, the Fe 3d electron charge
density is depicted in the ILDOS plots.
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0.5, and 1) in each spin state are computed. Calculations
with U =4 eV and U, are performed, so the effect of the
Hubbard U can be determined. For FeCOj siderite (x = 1),
both choices of U predict a HS AFM insulating ground state
at 0 GPa, consistent with experiments [51], while IS FeCO3
favors FM ordering. The relative enthalpy AH of the LS and
IS-FM states with respect to the HS-AFM state are shown in
Fig. 4. As can be seen in Fig. 4(b), the enthalpy difference
between the HS-FM and HS-AFM state is small and the SCO
is barely affected by magnetic ordering. Forx = 0.125and 0.5,
the alignment of spin moment does not cause any difference;
only the parallel-alignment results are plotted. As shown in
Figs. 4(a) and 4(b), only the HS-LS crossover occurs and the
IS state is energetically unfavorable, regardless of the iron
concentration and the choice of the Hubbard U (4 eV or Uy.).
The main difference is the HS-LS transition pressure Pr. When
U =4 eV, Pr =22-25 GPa, which is significantly lower than
observed in experiments (44-52 GPa), while Uy leads to Py =
47-50 GPa, in great agreement with experiments [22-30].
Remarkably, both theory and experiment show that Pr barely
depends on iron concentration, suggesting a weak Fe-Fe inter-
action in ferromagnesite, in contrast with (Mg, _,.,Fe,)O Fp,
in which Py significantly increases with iron concentration in
the iron-rich regime (0.5 < x < 1) [20,29]. Such a difference
can be attributed to the atomic structure of these minerals.
In ferromagnesite, the Fe-O octahedra are isolated; even in
FeCOgs siderite, the Fe-O octahedra only share corners. In Fp,
the Fe-O octahedra share faces when x > 0.5 and the Fe-Fe
distance is shorter than in ferromagnesite.

At nonzero temperatures 7', the spin crossover in ferro-
magnesite goes through a mixed-spin phase within a finite
pressure range. Without including the vibrational free energy,
the fraction n; of each spin state i (i = LS, IS, or HS) in
the mixed-spin phase can be estimated using Eq. (1) with the
constraint ), n; = 1 (see Refs. [17,60]),

n; m,(ZS,—i—l) ( AHI )7 (1)

ngs mys(ZSHS+1) X kBTX
where m; and §; are the orbital degeneracy and total electron
spin of spin state i, respectively. Ferromagnesite has mys =
mys =mps = 1, due to the rhombohedral symmetry. For
x = 0.125, 0.65, and 1, the fraction n; at room temperature
(T =300 K) is plotted in Figs. 5(a)-5(c), respectively, and
the corresponding mixed-spin compression curves are plotted
in Figs. 5(d)-5(f), respectively, along with the HS, IS, and LS
states and experimental results [26—30]. Again, only the HS-LS
crossover is observed; the IS fraction is negligible [Figs. 5(a)—
5(c)]. Shown in Figs. 5(d)-5(f), the computed 300 K volume
is overall 4% smaller than the measurement. This discrepancy
can be reduced by the inclusion of vibrational free energy.
On the other hand, the computed volume reductions accom-
panying the SCO are in great agreement with experiments,
as can be observed in Figs. 5(g)-5(i), where the volume
difference between (Mg,Fe)CO3; and MgCO; is plotted, with
the measured MgCO; compression curve [Vj(P)] adopted
from Ref. [29] and the computed Vj;(P) determined with
the LDA. Using x = 0.65 as an example [Fig. 5(h)], both
theory and experiment show a volume reduction of ~7%,
namely, from 3-4 % larger than to 3—4 % smaller than pure
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FIG. 5. Spin crossover of (Mg,_,,Fe,)CO; ferromagnesite with various iron concentrations (x = 0.125, 0.65, and 1) and the accompanying
volume reduction and elastic anomalies. (a)—(c) The fraction n; of spin state i in the mixed-spin phase at 7 = 300 K. (d)—(f) Compression
curves of each spin state and the mixed-spin phase. (g)—(i) Volume difference with respect to MgCO, magnesite (Vyy,). (j)—(1) Bulk modulus
of each spin state and the mixed-spin phase. The black (dark solid), green (dashed), blue (dotted), and orange (light solid) lines are the HS, IS,
LS, and mixed-spin states at 7 = 300 K, respectively; symbols are room-temperature measurements [26-30].

MgCO;. In the other two cases (x = 0.125 and 1), the same (QS), as demonstrated in Fe-bearing Pv and pPv [45-50].
level of agreement persists in terms of volume reduction. For Our calculation predicts that an abrupt change of QS from
bulk modulus K [Figs. 5(j)-5(1)], theory and experiment also 22.8 mm/s to <0.3 mm/s can be observed at 45-50 GPa
show nearly the same dip starting at nearly the same pressure as a signature of the HS-LS crossover (see Supplemental
[Fig. 5(k)]. The main difference is the width of the HS-LS Material [55]). The IS state, with a QS of ~1.8 mm/s, is
crossover: ~5 GPa in experiment and ~10 GPa in theory. highly unlikely.

While the volume reduction shown in Fig. 5 provides useful In the earth’s lower mantle, ferromagnesite could expe-
information regarding SCO, a much more reliable way to rience temperatures up to 2000-3000 K, if not dissociating
unambiguously identify iron spin state is by comparing the or melting. The volume and elastic anomalies accompanying
computed and measured iron nuclear quadrupole splitting the SCO at high temperature, along with the fraction of
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FIG. 6. Temperature effects on the spin crossover of (Mg,_,,Fe,)CO;3 (x = 0.5 and 1.0) and accompanying volume and elastic anomalies.
(a) and (b) The fraction of LS iron ns in the mixed-spin phase at various temperatures. (c) and (d) Volume difference with respect to MgCO,
magnesite V), at various temperatures. (e) and (f) Bulk modulus of (Mg,Fe)COj3 at various temperatures.

each spin state, are estimated using Eq. (1) and plotted in
Fig. 6 (with x =0.5 and 1). As is evident from the LS
fraction nyg shown in Figs. 6(a) and 6(b) (n;s is essentially
zero and nyg =1 —npg), both the transition pressure (at
which n; g = ngg = 0.5) and the width of SCO increase with
temperature. Consequently, the anomalous volume reduction
[Figs. 6(c) and 6(d)] and bulk modulus softening [Figs. 6(e)
and 6(f)] shifts toward higher pressure and becomes smoother.
Nevertheless, the volume and elastic anomalies are still
prominent at 7 = 2000 K. Similar temperature effects are also
observed in Fp and Fe-bearing Pv [13,15,17,20,46].

In summary, we have investigated the iron spin crossover
in (Mg,_,,Fe,)CO; ferromagnesite using the the LDA+U,
method, from the iron-poor (x = 0.125) to the iron-rich
(x =1, FeCOj; siderite) regime. Our calculation shows a
high-spin to low-spin crossover at 45-50 GPa without going
through the intermediate-spin state, regardless of the iron
concentration. All the major calculational results, including the

transition pressure, the negligible dependence of the transition
pressure on the iron concentration, and the volume and elastic
anomalies accompanying the HS-LS crossover, are in great
agreement with experiments. Our calculation also predicts
an abrupt change of the iron nuclear QS, from =>2.8 mm/s
to <0.3 mm/s, at 45-50 GPa as a signature of the HS-LS
crossover. These accurate results, along with the previous
success in Fe-bearing MgSiO; Pv/pPv, suggest that the
LDA+Us. can make reliable predictions regarding the struc-
tural transition of iron-bearing carbonates in the earth’s deep
lower mantle, a subject of great geophysical and geochemical
interest.

This work was supported by the Ministry of Science and
Technology of Taiwan under Grants No. MOST 104-2112-
M-008-005-MY3 and No. 103-2119-M-001-011-MY2. Some
calculations were performed at the National Center for High-
performance Computing of Taiwan.
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