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Fe**-hosting carbon phases in the deep Earth
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Iron-bearing carbonates play an important role in Earth’s carbon cycle. Owing to their stability at mantle
conditions, recently discovered iron carbonates with tetrahedrally coordinated carbon atoms are candidates
for carbon storage in the deep Earth. The carbonates’ iron oxidation and spin state at extreme pressure and
temperature conditions contribute to the redox conditions and element partitioning in the deep mantle. By
laser heating FeCO; at pressures of about 83 GPa, Fei+C3Olz and Fe§+Feg+C4Ol3 were synthesized and then
investigated by x-ray emission spectroscopy to elucidate their spin state, both in sifu and temperature quenched.
Our experimental results show both phases in a high-spin state at all pressures and over the entire temperature
range investigated, i.e., up to 3000 K. The spin state is conserved after temperature quenching. A formation
path is favored where Fei*Cgolz forms first and then reacts to Fe%*Fei*C;;OB, most likely accompanied
by the formation of oxides. Density functional theory calculations of FeZ"Fe3™C,0,; at 80 GPa confirm the
experimental findings with both ferric and ferrous iron in high-spin state with antiferromagnetic order at 80 GPa.
As the intercrystalline cation partitioning between the Fe-bearing carbonates and the surrounding perovskite
and ferropericlase depends on the spin state of the iron, an understanding of the redox conditions prevalent in
subducted slab regions in the lower mantle has to take the latter into account. Especially, Fe3™Fe3"C,0,3 may
play a key role in subducted material in the lower mantle, potentially with a similar role as silicate perovskite.
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I. INTRODUCTION

Iron-bearing carbonates are important for chemical pro-
cesses in the Earth’s lower mantle and thus for understanding
the deep carbon cycle [1]. Subduction of carbon-bearing
phases (overwhelmingly carbonates) contained in descend-
ing slabs of oceanic crust are not only transported down
to the transition zone but also to the Earth’s lower man-
tle [2,3]. Carbonate inclusions found in diamonds formed
at depths greater than 700 km demonstrate the occurrence
of carbonates in deep mantle mineral assemblages [4-6].
To understand the stability of carbonates, numerous studies
have been conducted from ambient to high-pressure-high-
temperature (HPHT) conditions. These investigations allowed
us to derive an understanding of pressure-induced structural
phase transitions and changes in the structure-property rela-
tions and the electronic state, depending on thermodynamic
conditions and composition [7-15]. Only recently has it
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been shown that carbonates in which carbon is tetrahedrally
coordinated by oxygen atoms, i.e., sp>-hybridized carbon,
are stable at high pressures [16-25]. Specifically, at condi-
tions prevalent in the deeper mantle with pressures >50 GPa,
siderite (FeCO3) transforms via self-oxidation-reduction reac-
tions into new phases containing sp® carbon [19-22]. These
phases are candidates for the carbon transport to the core-
mantle boundary. Although the structures of iron-bearing
carbonates with tetrahedrally coordinated carbon are well
characterized, information on their electronic structure is
scarce. Cerantola et al. [22] demonstrated experimentally that
either tetrairon(IIl) orthocarbonate (Fei+C3012), where only
ferric iron is present, or diiron(Il) diiron(IIl) tetracarbonate
(Fe%*Feg+C4013), containing a mixture of ferric and ferrous
iron, form. They predicted that the electronic configuration of
iron in both phases is in the high-spin state, as the distance
between iron and oxygen atoms is indicative of ferrous and
ferric iron complexes in a high-spin state [26,27]. This is in
contrast to siderite, which is in the low spin state at pres-
sures >43 GPa. The oxidation state was deduced from charge
balance considerations. The alternative is that Fe3™Fe3"C403
may be in an intermediate valence state (between 2+ and 31),

©2022 American Physical Society
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TABLE I. List of sample conditions. Gray phases are not unambiguously verified at given conditions.
Sample Pressure/ GPa Temperature / K Reaction product

A 802 2700 £ 300 Fe,C;01,, Fe,C4043

B 83+2 3000 £ 200 Fe,C4013
C 82+2 1700 4 300 (l}’l Situ) FC4C3012, l:C4C4()|;
2000 +£ 300 (ll’l situ) F€4C30|2, FC4C4()| 3
2600 £ 300 (ll’l situ) Fe4C3012, F€4C4013
3000 £ 300 Fe,C;0,,, Fe,C4043
D (SM) [39] 85+2 2300 %200 Fe,C;304,, Fe,C,045
2800 4 200 FC4C30|2, F34C4013

as the coordination polyhedra around the iron atoms are quite
similar. Mossbauer spectroscopy measurements by Cerantola
et al. [22] support the prediction of Fe4C301; in a high-spin
state, but an unambiguous determination of the spin state was
prevented by the presence of further iron-containing phases.
Recent density functional theory (DFT) calculations by Li
and Stackhouse [28] indicated that Fe4;C30; is in a high-spin
state at lower mantle pressures. As both phases are potential
hosts for ferric iron in the deep Earth, they may affect the
Fe* /L Fe ratio, which is otherwise solely constrained by iron
oxide phases and silicate perovskite [29-35]. The spin state
influences the iron concentration in these structures. Studies
have shown that the high spin to low spin transition impacts
the iron partitioning and that low spin complexes bear higher
iron contents. In other words, high-spin iron is more likely to
be substituted by other elements [34,36-38]. The most impor-
tant candidates for iron substitution are magnesium for ferrous
and aluminum for ferric iron. The role of aluminum is of high
interest in these depths, as it also may impact the enrich-
ment of ferric iron in silicate perovskite, the most abundant
phase in the deep Earth [30,31,34,36]. Hence, information
on iron’s oxidation and spin state in lower mantle phases is
required to understand the chemical dynamics of subducted
material in the Earth’s mantle. In this paper, we determine the
spin state of Fe,C3;0,, and Fe,C40,3 obtained from single
crystalline siderite in samples temperature quenched at high
pressure and in situ at HPHT conditions. We explore a pres-
sure and temperature range where former experiments have
reported the appearance of these phases in the vicinity of the
Earth’s geotherm in the lower mantle regime. These condi-
tions are achieved by the use of laser-heated diamond anvil
cells (DACs). We exploit KB; 3 x-ray emission spectroscopy
(XES) with a spatial resolution of 8 um for spin-state imaging
of temperature quenched and in sifu heated samples at high
pressure. Complementary structural information is achieved
with optical Raman spectroscopy and x-ray diffraction (XRD)
by scanning the samples with a spatial resolution of 2 um.
Thus, we are able to assign the information about the spin
state to specific crystalline phases. We find that iron is in the
high-spin state in both sp* carbonates over the entire tempera-
ture range. DFT calculations support this finding for diiron(II)
diiron(III) tetracarbonate.

II. RESULTS

In the following, we present the experimental results and
calculations and discuss their implication for the iron’s spin
state in tetrairon(III) orthocarbonate and diiron(II) diiron(III)

tetracarbonate. Overall, we discuss four different samples to
disentangle information of tetrairon(IIl) orthocarbonate (A
and C) and diiron(I) diiron(III) tetracarbonate (B and C)
based on temperature quenched and in situ (C) measurements.
Sample D contains both phases and is presented in the Sup-
plemental Material (SM) [39]. An overview of the sample
conditions is listed in Table I. All samples were measured at
high pressure.

A. Tetrairon(III) orthocarbonate

All references in this paragraph refer to Fig. 1. The char-
acterization by Raman spectroscopy was performed at the
heated side of the sample. The corresponding results presented
in Fig. 1(a) show that most of the sample contains siderite
(blue), but low wave-number Raman bands appear for wave
numbers between 130 and 300 cm™!, ranging from the center
to the left side of the sample (green). The comparison with
the XRD data [see Fig. 1(b)] confirms the spatial distribution
of siderite (blue) and indicates the appearance of Fe,C40;3
(green) in the same region where low wave-number Raman
bands were observed. Furthermore, Fe,C30, (red) is present
on the leftmost side of the sample as the dominating phase
and at a small spot in the center of the sample. In Figs. 1(c)
and 1(d), we show Raman spectra and diffraction patterns,
respectively, for a traverse across the sample indicated by
the arrow in Fig. 1(b). From the left to the right part of the
sample [bottom to top in Figs. 1(c) and 1(d)] the diffraction
patterns show a dominating contribution by Fe,C30,; (red),
followed by pure siderite (blue) while Fe;C,0,3 (green) can
be identified in the intermediate region. The spatial variations
observed in the Raman spectra nicely correlate with those
of the diffraction analysis. XES imaging clearly identifies
different spin states of iron across the sample. Changes in
the iron’s KB line shape are visualized in Fig. 1(e) for the
same traverse discussed above. The corresponding total spin
values are shown in Fig. 1(f). Overall, the integrated absolute
difference (IAD) [40] and compositional fit analyses provide
concurrent spin values. Both analyses show the same changes
from a higher to lower spin value. The two-dimensional spin
map in (g) extends the information from Fig. 1(f) to the whole
sample. There is a low-spin regime on the right-hand side
and a high-spin regime on the left-hand side in which we
observe Fe4,C;0), and a low amount of Fe4,C,0;3. Compared
to the center, the rim of the map is based on a much lower
XES intensity and thus has a larger uncertainty of the spin
values [see spectra in (e)]. For comparison, we calculated a
spin map based on the XRD map supposing a spin value of
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FIG. 1. Imaging results for sample A. (a) Raman map for FeCO;
(blue) and the low wave-number bands (green). (b) Photo of the
sample with the spatial distribution of FeCOj3 (blue), FesC30, (red),
and Fe,C,0,; (green) revealed by XRD imaging. In black, the con-
tour of the sample is visualized. The grey square marks the scanning
region for XES imaging and matches the squares shown in (g) and
(h). The grey circles indicate the intensity of the x-ray beam during
XES measurements for 50% (solid, corresponding to 8 um FWHM)
and 5% (dashed) intensity. The black arrow visualizes the cross
section probed in (c)—(f). (c) Raman spectra, (d) XRD pattern with
shaded areas indicating the different phases using the same color
code as in (b) (full size figure in SM [39]), (e) KB-XES spectra,
and (f) extracted spin values following the black arrow from (b). The
cross section from left to right corresponds to spectra from bottom to
top in (c)—(e). (g) Spin map based on the XES analysis using IAD.
Due to the low intensity, values on the rightmost side were set to
zero manually. (h) Spin-state map of the sample derived from the
XRD map (see text for details).

2.5 for Fe,C301;, shown in Fig. 1(h). The contribution of
Fe4C40;3 was neglected for this map as the XRD data imply
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FIG. 2. Imaging results for sample B. (a) Raman map for FeCO;
(blue) and the low wave-number bands (green). (b) Picture of the
sample with the spatial distribution of Fe,C4O;3 (green), analyzed
by XRD. In black, the contour of the sample is shown. The circles
mark the areas where XES spectra were taken. (c) XES spectra of the
different positions. The black spectra correspond to reference spectra
for spin 0 and 2. (d) Spin values calculated by IAD for all spots
from (b).

that its concentration is lower by a factor of 10 compared
to Fe4C30;,. As no powder average was measured, it is not
possible to quantify the exact amount of the emerging phases
by XRD. Therefore, the Fe,C301, contribution was weighted
arbitrarily with a factor of 3 compared to siderite. Despite the
deficiencies of this analysis and considering the very different
spatial resolution of the measurements, we find a reasonable
agreement between the spin maps. To conclude, all presented
maps are in mutually good agreement and show a consistent
distribution of the crystalline phases and spin distribution.
This leads us to conclude that Fe,C30; is in a high-spin state.
The spin state of Fe4C40;3 could not be determined in this
sample but will be discussed in the following.

B. Diiron(II) diiron(IIl) tetracarbonate

Raman spectroscopy imaging in Fig. 2(a) shows that most
of the sample’s siderite decomposed upon heating. Only a
small amount remains in the lower part of the sample. The
majority of the map shows low wave-number Raman bands
as discussed before. XRD imaging [Fig. 2(b)] confirms the
absence of siderite in most of the sample. In fact, due to the
proximity of siderite Bragg reflections to those of Fe,C40,3
and argon, no clear siderite signal could be extracted from the
data within the limits of this analysis. The majority of the sam-
ple contains Fe,C40O13 as a crystalline reaction product, while
the appearance of oxides, as predicted by Cerantola et al. [22],
cannot be excluded unambiguously due to the complexity of
the diffraction pattern due to the dominating contributions
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from Fe,C40;3 and argon. To explain the Raman signal, we
performed measurements for the most abundant iron oxides,
FeO, Fe, 03, and Fe;0,4, and observed no Raman bands at
a pressure of 75(2) GPa in the wave-number range from
100 cm~! to 1300 cm~!. Thus, we can exclude these crys-
talline phases as possible candidates for the low wave-number
bands while their occurrence is strongly correlated to the
appearance of Fe,C40;3 based on the XRD imaging results.
Hence, the low wave-number Raman bands might be assigned
either to Fe4,C4015 or iron oxides, which are discussed in more
detail in the computational results. XES spectra were taken at
selected points on the sample as indicated in Fig. 2(b) and are
visualized in Fig. 2(c). The geometry of the cell only allowed
for XES data acquisition in forward scattering. Thus, the data
quality is not as high as in the previous sample. However, the
XES spectra show a clear distinction to the low-spin reference.
IAD as well as compositional fit analysis show similar spin
values for all spots [Fig. 2(d)]. Although the uncertainty in the
values is relatively high, it is clear that all spectra show a large
proportion of high-spin iron. If the prediction of Cerantola
et al. [22] for Fe,C40,3 is correct, the total spin value of the
formation pathway would be ~1.8, assuming Fe,O3 in the low
spin state, which is in reasonable agreement with our results.

C. Tetrairon(III) orthocarbonate and Diiron(II) diiron(III)
tetracarbonate - in siftu measurements

XES imaging was performed in situ at high temperatures.
The heating procedure lasted around 25 minutes for each mea-
sured spin map at different temperatures ranging from 1700 K
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FIG. 3. In situ and ex situ spin maps for sample C. Spin maps for
(a) 1700 K, (b) 2000 K, and (c) 2600 K. The XES measurements were
performed under in situ conditions. (d) Spin map after temperature
quenching the sample with the contour of the sample in white. Due
to the cooling process after heating, the sample position slightly
changed.
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FIG. 4. Imaging results for sample C after temperature quench-
ing. (a) Raman map for FeCOj(blue) and the low wave-number
bands (green). (b) Picture of the sample with colors indicating the
position of the remaining FeCOj; (blue) and the emerged FesC;0,,
(red) and Fe,C40,; (green), analyzed by XRD. In black, the contour
of the sample is shown. (c) XES spectra with the maximum spin
value for each in situ measurement and the quenched spectrum:
The differences to the low spin reference (black) are underneath
the spectra. (d) Maximum spin values calculated by IAD for all in
situ measurements and the quenched one (triangle). The quenched
spectra are set to 3000 K, as this was the maximum temperature
during the whole heating process.

to 2600 K and around four hours in total. The highest sample
temperature was 3000 K, which was not measured in sifu by
XES imaging. The spin maps are presented in Fig. 3 and
show an increasing high-spin contribution while measuring
at high temperatures [Figs. 3(a)-3(c)]. The variation in po-
sition of the area with high-spin contribution, especially after
temperature quenching the sample, is due to slight variations
of the sample position due to heating. Notably, the high spin
contribution present in the in situ measurements is conserved
in the cold sample [see Fig. 3(d)]. In Fig. 4(c), we present
the XES spectra indicating the highest spin state measured
during in situ imaging. For all temperatures, an increase in
the spin values was observed. Even at the lowest tempera-
ture of 1700 K, there is a clear difference to the low spin
reference. With increasing temperature, the spin values rise
further [Figs. 4(c) and 4(d)]. After temperature quenching, the
spin value is slightly higher than during heating, which we
trace back to the slight sample movements during in situ data
acquisition, i.e., larger contribution of siderite to the spectra.
The phase distribution determined by Raman spectroscopy
and XRD [Figs. 4(a) and 4(b)] show the presence of mostly
Fe,C50,, accompanied by a small area containing Fe,C403.
Again low wave-number Raman bands are detected in this
area. Their spatial distribution agrees well with the results

085155-4



Fe*"-HOSTING CARBON PHASES IN THE DEEP ...

PHYSICAL REVIEW B 105, 085155 (2022)

TABLE II. Lattice parameters of Fe,C,03 at high pressures from experiment and DFT calculations.

a/A b/A c/A B/1° v/A3
85 GPa (exp) 10.36(2) 4.015(20) 13.605(50) 107.85(20) 538.66(5.00)
85 GPa (DFT) 10.3918 4.0485 13.5602 106.98 545.62
97 GPa (exp) [22] 10.261(3) 3.985(3) 13.455(5) 107.85(4) 523.76(28)
97 GPa (DFT) 10.3161 4.0149 13.478 107.04 533.72

from XES imaging. Thus, we can conclude that iron in both
carbonates with tetrahedrally coordinated carbon is in the high
spin state over the entire temperature range probed here. The
total spin values are relatively low compared to the previously
presented samples. This is due to the presence of a non-
negligible amount of unreacted siderite. Both XRD as well as
Raman spectroscopy imaging indicate siderite in all parts of
the sample. Thus, the area probed by XES always contains
a mixture of siderite and predominantly Fe4C30;,. This is
confirmed by XES maps deduced from the XRD results (see
SM [39] Fig. S7). Based on the in situ results, we infer that
Fe,C;0; is first formed at a temperature of 1700 K and reacts
at higher temperature to form Fe4C,O;3. This is consistent
with the relatively low amount of Fe,C4O3 that appears in the
center of the heating spot. These p-T conditions are in accor-
dance with the literature [22,28]. With increasing temperature,
the heated area increases due to small movements of the cell
and the increasing temperature gradient. Thus, the amount of
transformed siderite increases, which is in accordance with the
increasing area with a spin value > O for the XES imaging.

D. Computational results

DFT calculations of Fe4C30;, by Li and Stackhouse [28]
find iron to be in the high-spin state at conditions of the
mantle geotherm, which is confirmed by our experimental
results. However, in the study of Li and Stackhouse, re-
sults on Fe,;C,0;3 were not reported. Hence, we performed
DFT calculations on Fe4C4013 at high pressures, which con-
firmed that the ground-state structure is an antiferromagnetic
high-spin structure. A comparison of experimentally deter-
mined lattice parameters at 97 GPa [22] and at 85 GPa
(Table II) to those obtained here by DFT calculations show
a very satisfactory agreement with differences <2 %, where
the DFT-GGA-PBE+U calculations slightly overestimate the
lattice parameters due to the commonly encountered under-
binding. Calculations in which a low spin state was imposed
gave too small lattice parameters, which differed markedly
from the experimental values. Similar to recent results on
other carbonates in which the carbon is fourfold coordinated
by oxygen [24,25], the DFT calculations show that all C-O
bonds are covalent, with bond populations ranging from
0.8-0.6 ¢~ /A3. The carbon atoms are therefore tetrahedrally
coordinated by oxygen and thus sp? hybridized. In Fe,C40;3,
the COi_—groups are polymerized by corner-sharing into
C4O}(3)_ entities. The C-O bonds between the carbon atoms
and those oxygen atoms which are corner-shared are sys-
tematically longer (~1.40 A) than the C-O bonds to the
nonshared oxygens (~1.28-1.36 A). A Mulliken population
analysis showed a clear difference between Fe’* and Fe’*, as
the former had a Mulliken charge of 1.22 e~ while the latter

had a charge of 1.42 e~. It should be noted that Mulliken
population analyzes typically give values of close to half
the formal charge. The spin state associated with the iron
ions would be 4 7i/2 for high spin 3d°-Fe*" and 5 /i/2 for
3d’-Fe®*" in octahedral coordination. The Mulliken values are
—3.61/2 and 4.02 h/2, respectively, and hence the ground
state structure at 80 GPa in the athermal limit is antiferromag-
netic high spin. The intense experimentally observed Raman
signal is indicative for the presence of a band gap, as metals
typically yield no Raman signal. The DFT calculations gave
band gaps only for the high-spin calculations. DFT-GGA-PBE
are known to systematically yield too small band gaps, so
the band gap computed here at 85 GPa (~0.5 eV) is likely
a lower limit. As siderite crystallizes in a centrosymmetric
space group, Raman active modes cannot be IR active and
vice versa. The theoretical spectra clearly show that at 80 GPa
there are no modes at the I" point with energies <350 cm™!
and in fact there are only four E, and one A, modes which
have measurable intensities, all of which have Raman shifts
>450 cm™! [see Fig. 5(a)], which is supported by various

(a)
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—— FeCOs3 calc.
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FIG. 5. High-pressure Raman spectra. (a) Experimental Raman
spectra for siderite as well as calculated Raman spectra at 80 GPa.
(b) Low wave-number Raman bands and Raman shifts of low wave-
number Raman active modes at the I" point for Fe,C40,3 are shown.
These are only a selection of all active Raman modes to highlight the
difference to the Raman spectrum of low-spin siderite.
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experimental studies [7,8,10]. Currently, we cannot compute
Raman intensities for spin-polarized DFT-GGA-PBE+U cal-
culations. Hence, we computed only the expected Raman
shifts for Fe,C403, to highlight the differences of the low-
frequency part of the Raman spectrum of low-spin siderite,
which has no low-frequency Raman modes below 300 cm ™',
and Fe4C40;3, which has numerous bands in that spectral
region [see Fig. 5(b)].

III. IMPLICATIONS

The setup we utilized to synthesize and analyze the sam-
ples provides a wide range of opportunities to study the
electronic structure for high pressure and high temperature
studies, even under in sifu conditions, for a variety of fields
in material sciences. With this setup, we proved both iron-
bearing phases with tetrahedrally coordinated carbon to be
in a high-spin state, which is furthermore supported by DFT
calculations for Fe,C403. Although a detailed analysis of
the samples is challenging due to their heterogeneity, Raman
and XRD imaging with high spatial resolution in combination
with XES imaging provides clear results. The temperatures
at which we found both phases are in accordance with the
observations by Cerantola et al. [22]. Especially, the phase
distribution in sample C suggests that at lower temperatures,
Fe,C;0, is formed, which reacts to Fe,C40,3 only if the
temperature is substantially increased. This is supported by an
analysis of sample B which we CO,-laser heated to 3000 K.
One might speculate that for sample D (SM [39]), Fe4C30,
emerges in the first heating process at 2300 K and Fe,C40,3
in the second heating process at 2800 K. Our observations
suggest the following formation pathway:

Fe’*CO; —>Fei+C3012 — Fe%*Feg+C4013
+ iron oxides.

Although we cannot provide a stoichiometrically correct
reaction equation based on our results, it is indisputable that
in the second reaction iron-oxides have to form. Due to the
complexity of Bragg reflections in the XRD imaging data, the
composition and structures of these oxides remain unknown.
Possible candidates are high-pressure phases such as FeO,
Fe,03, h-Fe;Oq4, Fe,Os, and higher order iron-oxides [27].
Another possibility is the recently discovered FeO,, as its sta-
bility field matches our experimental conditions [41]. Metallic
iron (Fe”) could also form as a product of the redox reaction,
owing to its stability in the presence of bridgmanite, indepen-
dently of oxygen fugacity [30]. Recently, it has been shown by
Spahr et al. [25] that the stability conditions for tetrahedrally
coordinated carbon phases can be shifted to lower pressures
if oxide phases are present prior to the heating process. It
is possible that their results on Sr,CO4 can be adapted to
iron-bearing phases. Hence, both COi’ containing phases in
our study might stabilize at much shallower depths in the
lower mantle, impacting the redox equilibrium that governs
the stability of silicate perovskite and reduced iron-oxides
species. Similarly to silicate perovskite, Fe2"Fe3™C403 con-
tains iron in multiple valence states, as ferrous and ferric
ions, thus at least locally we suggest it can play an important
role as a redox buffer in deep mantle. Concerning the ele-
ment partitioning, ferrous iron, preferentially in the high-spin

state, can be exchanged with magnesium ions. This process
is particularly relevant when contextualized in the deep man-
tle, where low-spin ferropericlase due to the spin transition
becomes progressively enriched in iron at the expenses of
silicate perovskite and donating magnesium ions if the sys-
tem is aluminium-free [34]. If the system contains aluminum,
the mechanism behind the iron partitioning becomes more
complex [34,36-38,42,43]. Shim et al. [43] report a reduction
of Fe** content for silicate perovskite in a pressure range
between 40-70 GPa, with a simultaneous increase of Fe?*
content in ferropericlase under strongly reducing conditions,
whereas the Fe?* in the silicate perovskite remains stable. At
higher pressures, this effect is turned around and the Fe’*
content in silicate perovskite increases again on loss of Fe?*
in the ferropericlase. The drop in iron content in the sili-
cate perovskite is explained by a change in the substitution
mechanism from the charge-coupled combined substitution
of aluminum and iron to a mechanism in which aluminum is
incorporated on either of the distinct cation sites in the silicate
perovskite structure. Piet et al. [34] reported the same effect
but for a much higher pressure with a minimum in iron content
at 85 GPa, a pressure close to our experimental conditions.
They conclude that the total iron content in silicate perovskite
is controlled by aluminum in the silicate perovskite and its de-
crease is explained with the onset of the high spin to low spin
transition in the ferropericlase at 70 GPa. However, in a recent
study, Huang et al. [44] emphasized the role of oxygen fu-
gacity and typology of coexisting phases for iron partitioning
in the lower mantle. As both of the phases with tetrahedrally
coordinated carbon have shown to be stable at lower mantle
conditions, they should be considered in the complex redox
chemistry behind aluminium/magnesium exchange. Due to
the increased ionic radius of high-spin iron compared to low-
spin iron, substitution reactions of ferric (ferric/ferrous) iron
in Fe4C301, (Fe4C4013) are likely and can be of relevance
in the understanding of redox equilibria with ferropericlase,
silicate perovskite, and iron. To summarize, our study unam-
biguously confirms both investigated phases are in high-spin
states for temperature-quenched samples as well as under in
situ conditions. The observation of high-spin states under in
situ conditions implies that our results are relevant for iron
partitioning and complex redox chemistry in subducted mate-
rial in the deep Earth. The experimental results are supported
by DFT calculations of Li et al. [28] for Fe4C30, and by our
own calculations for Fe4C40,3. Furthermore, our DFT calcu-
lations confirm the predictions of Cerantola et al. [22] of both
ferrous and ferric iron in Fe3"Fe;"C4013. Thus, substitution
of iron by magnesium and aluminum is more favorable than
for low-spin iron complexes. For the magnesium substitution,
this provides a new reservoir of ferrous iron and vice versa.
Furthermore, the ferric iron polyhedra in both reported phases
can host aluminum. This may influence the iron partitioning
in ferropericlase and silicate perovskite systems in subducted
slabs, which are the most abundant phases in the deep Earth.

IV. MATERIALS AND METHODS

The starting material for the synthesis of tetrairon(III)
orthocarbonate and diiron(II) diiron(IIl) tetracarbonate
was single-crystalline siderite (FeCOj3) (synthesis process
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described by Cerantola et al. [9]) with a size of 15 um-30 um
in diameter and a thickness of ~15 um, which was
pressurized to about 80 GPa. The pressure was applied
by a DAC with argon [neon for sample D (SM [39])] as
a pressure-transmitting medium to ensure quasihydrostatic
conditions. The samples were loaded without an additional
laser absorber [45]. The pressure was determined by optical
Raman spectroscopy [46]. Rhenium foil with a thickness
of ~200 um was used as a gasket material. We employed
different DACs for the experiments. The details are given
in Table S1 [39,47,48]. To maximize the signal from the
sample, a special gasket preparation was developed and
applied for samples A and C, which allowed for a horizontal
scattering angle of ~70°. The exact procedure is described
in the SM [39]. All samples were laser heated at high
pressure. Samples A, C, and D (SM [39]) were heated with
a Yb:YAG-Laser [49] and a wavelength of ~1 um, either at
the University of Potsdam or at beamline PO1 at Deutsches
Elektronen Synchrotron (DESY). Sample B was heated at the
University of Frankfurt with a CO, laser and a wavelength
of ~10 um. To confirm the formation of tetrahedrally
coordinated carbonates, Raman spectroscopy and XRD were
used. All measurements for phase characterization were
performed after temperature quenching at high pressure.
Optical Raman spectroscopy was performed at Deutsches
GeoForschungsZentrum in Potsdam with a laser of 532-nm
wavelength and ~2 pum spatial resolution. The Raman
maps provide information about new crystalline phases in
the sample and the position of the heating spot. For a full
characterization of the newly formed phases, XRD imaging
was performed at beamline P02.2 at DESY using a Perkin
Elmer XRD 1621 detector with a pixel size of 200 x 200 zm?.
The detector was calibrated using CeO, (NIST standard
647b). For sampling, a step size of 2 um was used, resulting
in 20 x 20 um’—40 x 40 um>-sized XRD maps. The beam
size was focused down to 2 x 2 um?> FWHM at 42.78 keV
(0.2898 A). To obtain information about the electronic
structure, XES was used. The measurements were performed
at beamline PO1 at PETRA III, DESY. The beamsize was
focused to 8 x 8 um? using a Kirkpatrick-Beaz mirror
system. The incident energy was fixed to 10.4 keV which
is, on one hand, a good compromise between transmission
through the upstream diamond and absorption of the sample
and, on the other hand, prevents the appearance of Compton
scattering, resulting in a reduced background. The beam was
monochromatized by a Si(111) double crystal monochromator
which resulted in a flux of ~6 x 10'* ph/s on the sample
at given energy. The setup contains an energy dispersive
von Hamos spectrometer [50,51], equipped with 4 Si(110)
analyzer crystals with a bending radius of 500 mm [13],
along with a Pilatus 100 K 2D detector with a pixel size
of 172 x 172 um?. To obtain the XES spectra, we used
different geometries. The first one is in a 0° horizontal
scattering angle, resulting in a total scattering angle of 23.8°
(forward scattering), measuring the emission through the
whole downstream diamond (samples B and D). The second
one is in ~70° horizontal scattering geometry, resulting in
a total scattering angle of 71.5° (near 90°), collecting the
emission spectra in between cell and gasket (samples A and
C). This has the great advantage of only passing ~0.5 mm of

TABLE III. List of reference samples.

Sample Pressure / GPa Spin
FeCO3 82.0 0.0
F6203 75.0 0.5
FeO 134 2.0
Fe,03 134 25

diamond instead of 2.2 mm, which increases the signal by a
factor of 50, due to the reduced absorption of the diamond,
and allows for in situ spin state imaging.

A. Data analysis

The spatial distribution of siderite can be estimated by op-
tical Raman spectroscopy as conventional carbonates have a
dominant Raman band v; at ~1200 cm~" due to the stretching
vibration of the CO3; group. Integration of the said Raman
band leads to a spatial distribution map of siderite. A mapping
of intensity of the most intense band around ~230 cm™! was
used to determine the spatial distribution of the newly formed
phases. To obtain information on the crystalline reaction prod-
ucts, we performed XRD imaging of all samples. For the
analysis of the diffraction image, DIOPTAS [52] was used.
We identified tetrairon(IIT) orthocarbonate (space group R3c)
as well as diiron(Il)diiron(IIl) tetracarbonate (space group
C2/c) at different locations in the samples. Afterward, 2-0-
ranges were selected that exclusively show Bragg reflections
of a single compound (see SM for typical diffraction pat-
terns [39]). Mapping of these reflections yields information
about the spatial distribution of the corresponding phase,
although a quantitative determination of the phase compo-
sition was not possible. The spatial distribution of siderite
and reaction products derived from mapping of XRD data
agree well with the results obtained from the optical Raman
spectra. Based on the XES measurements, the average spin
state was analyzed by both calculation of the IAD value [40]
and compositional fit [13,53] using high-spin and low-spin
reference spectra. For both methods, four reference spectra
were measured at low and high pressure to cover both high
spin and low spin as well as both possible oxidation states
Fe?* and Fe’*. The samples are listed in Table III and the
XES spectra are visualized in Fig. S4 [39]. All spectra were
normalized to the area between 7030 eV and 7070 eV and
afterward shifted, so the center of mass is at 7055 eV. For
the analysis by IAD, the absolute difference to the low-spin
reference was calculated and compared to reference spectra.
To ensure the spin does not get overrated by low data quality at
the rim of the sample, the IAD value was calculated between
7035 eV and 7070 eV. This way, the error of noisy spectra is
statistical and not systematical.

To assign the results of the XES maps to the correct phases
and obtain information on their spin state, a spin map was
calculated based on the XRD mapping. Therefore, the XRD
maps for the different phases were broadened to simulate a
beam size of 8 x 8 um?. Afterward, a spin state was assigned
to each map. Fe4C30; is predicted to be in a high-spin state
and also to be fully ferric, while Fe4C40;3 is predicted to
also be in high spin but with a mixture of ferric and ferrous
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iron [22,28]. We calculated spin maps for samples A and C
based on the XRD map with a spin of 2.5 for Fe4C30;, and
2.25 for Fe4C4013. The spin state of the siderite map was set
to 0. As it is unclear which proportion of each phase is present
in the sample based only on the intensity, the different phases
have to be weighted by different factors. Figures S6 and S7
(SM) [39] show the impact of different weights on the spin
maps. In all maps, the factor for siderite is fixed to 1.

B. Computational details

DFT calculations of iron-containing carbonates are well
established (e.g., Ref. [28]). The pressure-induced spin col-
lapse and the change in structure-property relations can be
described in a satisfactory manner if an appropriate Hub-
bard U correction is chosen [28]. First-principles calculations
were carried out within the framework of DFT [54], employ-
ing the Perdew-Burke-Ernzerhof (PBE) exchange-correlation
function [55] and the plane wave/pseudopotential approach
implemented in the CASTEP [56] simulation package.
On-the-fly ultrasoft and norm-conserving pseudopotentials
generated using the descriptors in the CASTEP database were
employed in conjunction with plane waves up to a kinetic en-
ergy cutoff of 630 eV and 990 eV, respectively. The accuracy
of the pseudopotentials is well established [57]. A Monkhorst-
Pack [58] grid was used for Brillouin-zone integrations with
a distance of <0.03 A~! between grid points. Most spin-
polarized calculations were carried out with a Hubbard U of
2.5 eV for the Fe-atoms. Convergence criteria included an
energy change of <5 x 107%eV atom~!, a maximal force
of <0.008eV/A, and a maximal component of the stress
tensor <(0.02 GPa. Phonon frequencies were obtained from
finite displacement calculations while Raman intensities were

obtained with density functional perturbation theory calcu-
lations. However, spin-polarized calculation with an on-site
Coulomb repulsion failed to converge for the antiferromag-
netic high spin state of Fe,C403.
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