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The structure of siderite, FeCO3, was determined to 56 GPa, beyond the spin-pairing transition of its iron d
electrons. Fe2+ in the siderite structure is in the high-spin state at low pressures and transforms to the low-spin
�LS� state over a narrow pressure range, 44 to 45 GPa, that is concomitant with a shrinkage of the octahedral
bond distance by 4%, and a volume collapse of 10%. The structural rearrangements associated with the
electronic transition are nearly isotropic in contrast with other properties of siderite, which mostly are highly
anisotropic. Robust refinements of the crystal structure from single-crystal x-ray diffraction data were per-
formed at small pressure intervals in order to accurately evaluate the variation in the interatomic distances and
to define the geometry of the carbonate hosting LS-Fe2+. Thermal vibrations are remarkably lowered in the
LS-Sd as shown by atomic displacement parameters. The formation of like-spin domains at the transition
shows a hysteresis of more than 3 GPa, compatible with a strong cooperative contribution of neighboring
clusters to the transition.
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I. INTRODUCTION

The study of the high-pressure behavior of Fe-bearing
carbonates is relevant to the deep Earth carbon cycle, and
provides an ideal case study of the effect of the pressure-
induced spin pairing of ferrous iron d electrons at mantle
conditions. The most likely candidate for a deep Earth car-
bonate is an iron-bearing magnesite, MgCO3.1–4

The structure of the calcite-group rhombohedral carbon-
ates, the iron member of which is siderite, has been known
since the earliest days of structural determinations. Siderite

exhibits space-group symmetry R3̄c, where, in the hexagonal
setting, iron is located at the cell origin �6b�, oxygen is at x,
0, 1/4 �18e�, and carbon is at 0,0,1/4 �6a�.5 The atomic ar-
rangement can be envisioned as a distorted rocksalt structure
with Fe as the cation and CO3 groups as the anions. The CO3
groups form planes perpendicular to the c axis with Fe oc-
cupying the interstitial octahedral voids between the planes.
No bond or polyhedral edge is parallel to the c axis.

The spin-pairing transition of Fe2+ in siderite �Sd� was
first discovered by means of x-ray emission spectroscopy,6

then modeled with first-principles calculations,7 and recently
its effect on cell parameters and density was investigated by
means of single crystal x-ray diffraction.8 In mantle minerals,
the spin-pairing transition occurs over a wide pressure inter-
val eventually through intermediate states as a consequence
of high temperature, variability in iron content, and distor-
tion of the iron coordination �e.g., Refs. 9–12�. Given the
complexity of natural systems, it is necessary to fully under-
stand and parameterize the effect of T, P, composition, and
structure on the occurrence and width of the spin transition.
Siderite provides a meaningful case study because �i� rhom-
bohedral carbonates are among the few minerals where

mixed valence substitutions are negligible; �ii� symmetry
constraints impose the six metal-ligand bond distances of the
Fe2+ coordination sphere to be equal because the metal is
located on an inversion center such that only trigonal distor-
tion of the octahedron is allowed; �iii� iron polyhedra only
share corners, the Fe-Fe interaction is relatively weak com-
pared to wüstite, for instance; �iv� along with diamond, the
calcite-group minerals, form the most perfect, defect-free
crystals to be found in nature. In summary, some of the fac-
tors complicating our understanding of the behavior of the
electronic phase transition in mantle minerals, such as mixed
iron valence and sites of variable coordination and distortion,
can be ignored in siderite.

II. EXPERIMENTAL

High pressure was generated using a four-pin opposing
plate diamond-anvil cell equipped with Boehler-Almax
anvils13 of 300 �m tip diameter and 70° aperture. A
120 �m diameter hole was drilled in a Re foil that had been
indented to �40 �m thickness and used as a sample cham-
ber between the anvils. A 12�17 �m2 rhombohedral cleav-
age fragment with perfectly parallel surfaces, about 7 �m
thick, of natural siderite from Invigtut, Greenland was placed
at the center of one anvil tip with a small ruby sphere, which
was used for online pressure measurement in the gas loading
system, and gold powder �Fig. 1� used for pressure calibra-
tion. After collecting data at ambient conditions, the sample
chamber was filled with Ne at 172 MPa using the
GSECARS/COMPRES gas loading system.14 Single-crystal
diffraction data were collected using the rotation method ��
axis� at three stations of the APS, Argonne National Labora-
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tory. Most of the data were collected at the station 16BMD,
HPCAT. Additional data were collected at stations 16IDB
and 13IDD of HPCAT and GSECARS, respectively, with the
aim of testing the reliability and reproducibility of the results
with changing beamline setup. The experimental conditions
at the three stations are summarized in Table I. Pressure was
calculated from the equation of state of gold.15 Diffraction
data were collected at 30 different pressures in the range of
0–56 GPa at room temperature, including three steps in de-
compression. Fine CeO2 standard powder �NIST� was used
for detector calibration with the software FIT2D.16 Using the
software GSE_ADA,17 integrated intensities and two peak co-
ordinates, 2� and �, were extracted from the 70° wide angle
scan exposure while a third coordinate, �, was determined
from step scan data of 1° intervals. GSE_ADA was also used
to apply the Lorentz and polarization corrections, the latter
empirically calibrated. The determination of the orientation
matrix and the refinement of the lattice parameters from
more than 100 unique d-spacing values were performed with
the software RSV.17 For the structural analysis, saturated and
overlapping peaks as well as those at the limit of the angular
scan range, were discarded. Absorption of the anvils, al-
though very small, was taken into account; absorption of the
crystal with a �r of 0.13 is negligible. Structural refinements
were performed with SHELXL97,18 data are reported in
Ref. 19.

III. RESULTS AND DISCUSSION

A. Unit-cell compressibility

The siderite specimen is close to end-member composi-
tion as can be inferred by the close match of the lattice pa-
rameters measured at ambient pressure with those from the
literature �Fig. 2�.20 The bulk modulus of HS-Sd, calculated
by fitting the pressure volume data between 0 and 43.9 GPa
to a third-order Birch-Murnaghan equation of state, is K0
=110�2� GPa with K0�=4.6�2�, and K0=117.1�8� GPa with
K0� fixed at 4, in excellent agreement with the literature, K0
=117�1� GPa with K0�=4, recorded to 8.9 GPa.21 The c axis
is much more compressible than the a axis �Fig. 3�a��, a
behavior common to the series of rhombohedral
carbonates.22,23 The value of K0 and K0� �Table II� obtained
for the two cell parameters, are in reasonable agreement with
those found for the isostructural magnesite.24

As previously reported, the spin pairing in siderite is
manifested by an abrupt volume contraction of 10% �Ref. 7�
and an absorption increase in the visible range,8 features that
allows to distinguish between siderite with iron in the high-
spin state �HS-Sd� from siderite with iron in the low-spin
state �LS-Sd�.

The a-axis shrinkage �3%� with the spin transition is com-
parable to the c-axis shrinkage �4%�, the nearly isotropic
deformation of the cell is in contrast with the strongly aniso-
tropic behavior with pressure. The a cell contracts by 4.5%
between 0 and 45 GPa while the c axis contracts by 14.5%.
Even if we do not observe the change in cell distortion sug-
gested by first-principles calculations,7 we stress that the
continuous trend of the c /a ratio with pressure �Fig. 3�a�� is
in unexpected contrast with the discontinuous distortion in-

FIG. 1. �Color online� The sample chamber at the center of the
cupped anvils shrank to a diameter of �60 �m at 55 GPa. Below
the crystal, a cleavage rhombohedron, is a ruby sphere while the
irregular dark material is fine gold powder. Crystal and pressure
gauges are embedded in Ne.

TABLE I. Experimental conditions at the three stations of the
APS used to collect diffraction data.

Station 16BMD 16IDB 13IDD

Energy �keV� 33.00 30.49 37.07

Beam size �FWHM�
horizontal and vertical ��m� 5–10 5–5 5–5

Detector IP CCD and IP CCD
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FIG. 2. �Color online� Unit-cell volume of siderite. Diamonds:

HS-Sd, compression; circles: LS-Sd; squares: crossover, compres-
sion; solid triangles: crossover, decompression; empty triangles:
HS-Sd decompression; empty circle: value from the literature
�Ref. 20�.
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duced by the spin transition. Figure 3�b� emphasizes the
large change in the length of the a axis at the spin transition
in opposition to its stiffness during compression, as well as
the discontinuity in the relative variations in the two axes.
The volumes measured in decompression at 36 and 14 GPa,
closely match the compression curve, suggesting that siderite
fully recovered to the high-spin state below 36 GPa.

B. Structural refinements

The refinements typically use about 100 structure factors,
reduced to 30 after merging the symmetry equivalents. Based
on the disagreement between equivalent reflections and/or
between observed and calculated structure factors, about five
reflections were omitted from each of the final refinements.
The refined parameters are the scale factor, the oxygen frac-
tional coordinate and the isotropic displacement parameters
of Fe and O; the displacement parameter of C was fixed at
0.005 Å2. The correction for extinction was unnecessary, as
should be expected for a small crystal, particularly after a
small mosaicity increase under pressure. Most refinements
show very satisfactory statistical parameters and uniform dis-
tribution of errors with respect to the 2� angle and the inten-

sity. The measurement of structure factors of small crystals at
high pressure presents unique challenges. Variable volume of
illuminated crystal during rotation, limited coverage, and re-
dundancy, as well as the effects of diamond diffraction,25 are
the major concerns. In order to test the robustness of our
refinements, we compared the result obtained from data col-
lected at different � angles, beam size and energy and detec-
tor type. A detailed discussion will be presented elsewhere,
however the inspection of results �Ref. 19� shows that all
refinements are in excellent agreement.

The oxygen fractional coordinate, x�O�, is the most im-
portant result from the refinements because, together with the
cell parameters, it allows the complete description of the
geometry of rhombohedral carbonates. The increase in the
oxygen parameter with pressure �Fig. 4� is a result of the
increase in the relative size of the incompressible CO3 unit
with respect to the octahedral face perpendicular to the c
axis.

Displacement parameters are the least constrained result
of the refinements, nevertheless, values are moderately scat-
tered, physically reasonable and statistically significant. Re-
sults from data collection strategies and processing tests �tri-
angles in Fig. 5� are slightly more scattered but in reasonable
agreement with the data collected at 16BMD; greater scatter-
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FIG. 3. �Color online� Ratio of cell parameters as a function of �a� pressure and �b� their relative variation.

TABLE II. Bulk moduli calculated for HS-Sd using the third-order BM equation of state and relative variation in parameters with the
change in spin state ��x /x%�. For linear quantities, moduli were fitted using the cubic values �Ref. 32�. ���: fitting performed with K0�
constraint to the value 4, reported in square brackets.

V V� a-axis c-axis Fe2+-O O-O� O-OL O-OT

x0 294.4�3� Å3 294.4�3� Å3 4.694�1� Å 15.43�1� Å 2.147�2� Å 3.094�2� Å 2.978�4� Å 2.916�2� Å

K0 �GPa� 110�2� 117.1�8� 164�7� 63�6� 97�6� 79�2� 110�20� 78�2�
K0� 4.6 �2� �4� 15�1� 2.5 �3� 4.9 �6� 2.9 �1� 18 �5� 2.6 �1�
�x /x �%� 10.4 2.9 4.2 4.4 4.3 4.5 3.4
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ing of values for the O displacement parameters is due to its
lower scattering power. Isotropic displacement parameters of
Fe and O are nearly constant in HS-Sd and drop by more
than 20% after the transition to the low-spin state �Fig. 5�.
Thermal vibrations appear hindered in the dense LS-Sd.

C. Peak splitting at the spin transition

In the entire pressure range, except for the spin crossover,
peaks are sharp and their profiles symmetrical �Fig. 6�a��. A

subtle variation in the peak shape, not involving a significant
increase in the peak width, is noticeable at 44.1 GPa �Fig.
6�b��. The loss of peak shape symmetry suggests the devel-
opment of weak strain, the first precursor of the electronic
phase transition. At 44.5 and 45.1 GPa, peaks are split in 2�
�Fig. 6�c��. The formation of like-spin domains was observed
at slightly lower pressure, 43 GPa, in a previous experiment8

likely due to less hydrostatic conditions as evidenced by
broader peaks. The stronger component, at lower 2�, corre-
sponds to a volume that matches the compressibility curve of
HS-Sd; the d spacing of the weaker component allows to
calculate a volume that well corresponds to the compressibil-
ity curve of LS-Sd �Fig. 2�. The two components are fully
separated �see red peak profile in Fig. 6�e��, excluding any
intermediate state at ambient temperature. The rather irregu-
lar shape of most of peaks at the transition is a response of
the strain between domains of different volume. After the
transition, peaks fully recover their original shapes, the dra-
matic volume change, and the strain between domains did
not induce appreciable plastic deformations. Guided by the
fading of the color shown by LS-Sd,8 we could observe the
development of domains also in decompression, at 41 GPa, a
pressure 3 GPa lower than the first sign of onset of the tran-
sition in compression.

The formation of like-spin domains, the hysteresis of the
transition, and the shift of the transition to higher pressure in
diluted systems26 are characteristic of systems where the spin
transitions have a strong cooperative component through
elastic interactions27 where the strain is induced locally by
ions of different size. The hysteresis evidences a first-order
character of the spin transition originating in the intersite
coupling.28 The development of distinct spin domains has
been observed in several temperature and light-induced spin
transitions29,30 and could be observed in this study because of
the quasihydrostatic conditions and the high resolution of the
technique used.
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FIG. 4. �Color online� Oxygen fractional coordinate as a func-
tion of pressure. Diamond: HS-Sd; circles: LS-Sd; squares: cross-
over; triangles: results from stations 16IDB and 13IDD; empty
circle: literature value �Ref. 20�.
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FIG. 5. �Color online� Refined isotropic displacement parameters of �a� iron and �b� oxygen as a function of pressure.

LAVINA et al. PHYSICAL REVIEW B 82, 064110 �2010�

064110-4



D. Interatomic distances and geometry of LS siderite

The short, strong C-O bond shows a decrease by only
0.03 Å over 45 GPa �Fig. 7�a��, in good agreement with the
results for the isostructural magnesite, MgCO3, obtained by
means of IR spectroscopy.31 Within uncertainty, the bond
shows a linear variation with pressure within HS-Sd. The

compressibility of the octahedral bond length �Fig. 7�b�� was
evaluated by fitting its cube against the third-order Birch-
Murnaghan equation of state,32 obtaining K0=97�6� GPa
and K0�=4.9�6�. The octahedral edges �the edge perpendicu-
lar to the c axis, O-OL and the edge oblique to the c axis,
O-OT� show very different compressibility �Table II� causing
a change in the octahedral distortion from trigonally elon-
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FIG. 7. �Color online� Compressibility of the �a� carbon-oxygen and of the �b� iron-oxygen bonds.
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comparison of the profile of a peak before, after and at the spin transition.
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gated to trigonally compressed through a regularization at
about 23 GPa �Figs. 8�a� and 8�b��.

After the spin transition, the C-O bond length shows a
small but appreciable lengthening, that can be envisioned as
due to a stress release of the C-O bond induced by the
shrinkage of the M-O bond. Resembling the behavior of the
cell parameters, the octahedral edges show a similar shrink-
age with the transition that contrasts their remarkably aniso-
tropic response to external pressure within HS-Sd. As a con-
sequence, the octahedron is slightly more regular at pressure
above the transition than it was at pressures lower than the
transition �Fig. 8�b��. The unusually short nonpolyhedral
oxygen-oxygen distance �O-OT� �Ref. 20� remains shorter

than the octahedral edges in the entire pressure range �Fig.
8�a�� however its value is not as small as could be expected
from its volume dependence in HS-Sd �Fig. 8�c��. In sum-
mary, LS-Sd show a geometry that cannot be simply pre-
dicted from the trends observed for the HS-Sd, nor from
ionic sizes considerations. Perhaps the minimization of the
distortion of the LS-Fe2+ can explain the unusual high
shrinkage at the crossover of the a axis, in spite of a small
expansion of the CO3 unit.

IV. CONCLUSIONS

This study presents detailed observations of the pressure-
induced spin-pairing transition obtained indirectly by means
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of single-crystal x-ray diffraction. The spin pairing occurs
over a narrow pressure range through the development of
spinlike domains, the phenomenon shows hysteresis in de-
compression, interpreted as due to a strong cooperative com-
ponent of the spin pairing, similarly to that observed in a
number of temperature and light-induced transitions. The
nearly isotropic structural rearrangement after the spin tran-
sition is in marked contrast with the strong anisotropy of
many other physical properties in siderite. The rearrange-
ment of the structure following the spin transition might be
driven by minimization of octahedral distortion and of
shrinkage of the nonpolyhedral O-OT distance, particularly
short at ambient conditions.
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