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Abstract

We have investigated the magnetic state of iron in siderite FeCO3; under high
pressure using KB x-ray emission spectroscopy. Pressure induced changes in
the shape of the iron KB emission lines indicate that the iron ground state
changes from a low pressure magnetic state to a high pressure non-magnetic
state. This transition takes place roughly at 50 GPa. This conclusion is
supported by charge transfer multiplet calculations of the iron KB emission line.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

High pressure modifies several basic properties of materials such as crystalline and electronic
structure, the dielectric, thermodynamical and transport properties. Transition metal ions with
unfilled d shells are especially prone to electronic phase transitions at high pressures. The
increase in the electronic density produced by the lattice compression changes the electron—
electron interactions causing valence electron delocalization and magnetic transitions. In a
localized picture of the transition metal ion’s valence electrons, these magnetic transitions can
be generally understood as transitions from a high spin (HS) to a low spin (LS) electronic state
due to increased crystal field acting on the d electrons following the lattice compression.

Static high pressures can be generated using diamond anvil cells. The diamond anvil cell,
however, places several restrictions on the spectroscopic tools available. Synchrotron radiation
based x-ray techniques have been extensively used to study structural properties of matter under
high pressure inside the diamond anvil cell and lately, spectroscopic tools have been applied to
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investigate also dynamics and electronic structure. In electronic structure studies, the Kf x-ray
emission spectroscopy is now established as a local probe of the transition metal ion’s magnetic
state. As a hard x-ray method, the KB x-ray spectroscopy is also compatible with the diamond
anvil cell techniques. Changes in the KB emission lineshape are related to the variation of the
local spin magnetic moment and can be used to follow the evolution of the metal ion’s magnetic
state as a function of pressure.

Pressure induced magnetic transitions have been experimentally observed in various
transition metal bearing compounds [1-8, 10-12] using high resolution x-ray emission
spectroscopy (XES) besides optical and near-infrared absorption [14] and Mdossbauer
spectroscopy [9, 13]. Special interest has been bestowed on the properties of iron in various
minerals [1, 3-5, 7-9, 14]. Especially the iron magnetic states in ferropericlase [5, 8, 9, 14]
and silicate perovskites [7] have been extensively studied, since they directly influence the
earth’s lower mantle properties. The details of the magnetic transitions in these compounds are
still very much under debate and further experimental data especially in relation to structural
modifications at high pressures is needed. To shed more light on the details of the magnetic
transitions in iron compounds, we have now extended these studies to siderite FeCO3 mineral
by following the evolution of the iron magnetic state under pressure using high resolution XES
at the Kg line.

The magnetic transitions have been approached theoretically very early on by using
crystal field theory [15]. High pressure magnetism in transition metal oxides was later
treated within the GGA method by considering the important d electrons as bandlike under
pressure [16]. This approach, however, led in most cases to an overestimation of the transition
pressure. Later work has treated the d electron correlation effects at high pressures using the
LDA + U [17-19] and including the GGA approach [20-22]. Recently, also charge transfer
multiplet calculations [23-25] have been applied to model XES spectra from transition metal
oxides under high pressures [26] and been used to extract the relevant model parameters
describing the electronic state of the metal ions. In this paper, we apply the charge transfer
multiplet model to the analysis of the iron emission spectra from FeCOs;.

Siderite, FeCOs, is a yellowish brown mineral commonly occurring in sedimentary iron
ores. Siderite has a calcite structure, with the Fe>* ions octahedrally coordinated by six oxygen
atoms [27]. FeCOs is an antiferromagnet with a Néel temperature of ~38 K so that at room
temperature the system is paramagnetic. The iron 2% ion is at the HS S = 2 state at ambient
pressure [28] and we expect that by lattice compression the iron ion could be driven to a non-
magnetic LS § = 0 state. Relatively few experiments probing the high pressure properties of
FeCOs3 exist. The FeCOj3 calcite crystal structure has been found to be stable up to 50 GPa
at room temperature [29], but no structural data on higher pressures has been published to our
knowledge. In this paper we have extended this pressure range by measuring the Kf emission
from FeCO3; sample from ambient pressure up to 88 GPa. We confirm that iron is at the HS
state at ambient pressure and we find iron to undergo a magnetic transition to a high pressure
non-magnetic LS state at around 50 GPa. This conclusion is supported by our computational
modelling of the KA emission line.

2. Experimental details

We used a natural siderite mineral sample originating from the Ivigtut (Greenland) cryolite
deposit. Selected samples were crushed in an agate mortar into a powder with an average
particle size well below 5 um. The structure and the elemental composition of the powdered
sample was carefully checked using powder diffraction and x-ray fluorescence analysis. A
small amount of impurities are usually present in natural siderite samples, often mostly in the
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Table 1. Diamond anvil cell parameters for the different loadings. For all the loadings we used
beveled diamonds with 300 pm culets with the flat diameter indicated in the table. The gasket
material was rhenium in all cases.

Diamond culet  Gasket hole Pressure  Emission measured
Loading  flat (um) diameter (um) medium  at pressures (GPa)
1 150 70 Argon 0.6, 30
2 150 70 None 40, 56,71, 88
3 100 50 None 46

form of manganese, which substitutes iron in the crystal. The x-ray fluorescence analysis of
the elemental composition confirmed the presence of a manganese impurity of about 4% of the
iron concentration. This value is comparable to the number reported in the literature for the
Ivigtut siderite deposit [27].

The KB x-ray emission experiments were carried out at the beamline ID16 of the European
Synchrotron Radiation Facility. The incident radiation was monochromatized using a Si(111)
double crystal monochromator and focused on the sample by a toroidal mirror into a spot size
of 120 (horizontal) x 55 (vertical) um?”. The excited x-ray emission from the sample inside the
diamond anvil cell was analyzed in energy using a Rowland circle spectrometer with a vertical
diffraction plane. A spherically bent Si(531) analyzer crystal with a 1 m bending radius was
used. The vertical diffraction geometry allowed us to maintain the analyzer energy calibration
and to accurately follow the position of the Kf line since with the vertical scattering plane set-
up the spectrometer energy calibration is not sensitive to small changes in the sample position
along the incident x-ray beam.

Argon was used as a pressure medium in the first loading of the diamond anvil cell. For the
second and third loading no pressure medium was used in order to maximize the fluorescence
signal. It is possible that the lack of a pressure medium in the last two loadings led to some
pressure gradient in the sample. For the first two loadings we used beveled diamond anvils with
a 150 um flat over a 300 pum culet. The third loading was done using beveled diamond anvils
with a 100 pum flat over a 300 um culet. We used Re gaskets pre-indented to approximately
20 pum with a roughly 70 wm hole for the first two loading and a 50 pum hole for the third
loading. The diamond anvil cell parameters for the different loadings are summarized in
table 1. Both the incident and emitted radiation passed through the diamond anvils and the K
emission was detected at a 30° scattering angle. The fluorescence was excited using incident
radiation with a 12 keV energy to optimize the transmission of the incident radiation through
the diamond and the resulting fluorescence count rate. The pressure was measured using the
ruby fluorescence method before and after each x-ray emission measurement and was found to
be stable within about 3 GPa. Emission spectra at 0.6 and 30 GPa were measured using the
first loading, at 40, 56, 71 and 88 GPa using the second loading and at 46 GPa using the third
loading.

3. Results and discussion

The evolution of the iron KB emission line as a function of pressure is shown in figure 1.
The spectra are normalized to the integrated area. The Kf emission ensues from a radiative
decay of an iron Is core hole to a 3p level. The KB emission spectrum is divided into a
main line KB 3 and a satellite line KB’ due to the exchange interaction between the 3p core
hole and the unfilled 3d shell in the final state of the emission process. The KfB; 3 main line
originates from the final states with the 3d shell net spin parallel to the open 3p° shell net spin
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Figure 1. Evolution of the iron KA emission spectra from FeCO3 as a function of pressure. The
spectra have been normalized to the integrated intensity.

and the KB’ satellite from the final states with the 3d shell net spin reverse to the 3p> shell net
spin [30, 31]. The energy separation between the satellite and the main line is proportional to
the strength of the exchange interaction and the satellite intensity is proportional to the net spin
of the 3d shell. Thus the intensity of the satellite is indicative of the spin magnetic moment,
as established by numerous studies of 3d transition metal compounds. In figure 1 the emission
lineshape shows a considerable change between 46 and 56 GPa with the intensity of the Kp’
satellite dropping and with the main emission line KB, 3 position moving to lower emission
energies. The observed collapse of the iron KA’ satellite intensity in FeCO; above roughly
50 GPa pressure would, within the above qualitative picture of the emission process, indicate
the loss of iron spin magnetic moment at high pressures.

Different approaches have been suggested to follow the extent of the spin transition using
the KB emission spectra focusing on the variation of the satellite intensity [2], the full spectral
shape [32], or the main peak position [7, 34]. These and other approaches have been critically
reviewed in [33], and it was found that the integrated absolute value of the difference spectra
(TIAD) has the most merits for such analysis. Its crucial elements are (1) normalization to the
spectral area, (2) shifting the spectra to the same center of mass [34], (3) subtracting a reference
spectrum from all spectra, and integrating the absolute values of these difference spectra [32],
and (4), converting the such determined IAD values to spin by projecting it on the spin scale
spanned by reference spectra. In fortunate cases, the reference spectra are among the analyzed
one, which is a typical case for pressure induced HS to LS transitions in Fe(II) compounds if
high enough pressures are reached to make the transition complete. Application of such an
inner references makes the analysis very reliable [35]; however, other reference compounds
measured under similar conditions can also be used with success [12].

To compare the various methods used to follow the changes in the Kf emission line, we
report results obtained with three different analysis approaches: the above-described IAD, the
Kpi,3 main line energy positions, and the satellite intensity. The latter is calculated on spectra
aligned to the main peak position and normalized to the peak intensity, denoted as I (KB') p
in [33], whose inaccuracy was found to be less than 10% [33]. Also, as discussed above, the
vertical Rowland circle set-up allowed us to maintain the energy calibration of the spectrometer
and to accurately extract the emission line energy positions.
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Figure 2. Position of the KB; 3 peak (blue open circles), the integrated absolute difference values
(green diamonds) of the KB emission line and the KB’ satellite intensity as a function of pressure.
The integrated absolute difference values and the satellite intensity values are scaled to the spin
scale, given on the right vertical axis. The values divide into two branches, with the low pressure
phase shaded.

Figure 2 shows the pressure induced variation of the spin determined from the Kf emission
spectra, together with the position of the KB, 3 main peak. To calculate the IAD values, the
average of three highest pressure spectra was used as a reference to further minimize statistical
errors [35]. The lowest and highest pressure points of the satellite intensities are scaled to spin
values 0 and 2, respectively, to relate the values to the spin scale. The error bars indicate the
effects of limited statistics and the stability of the spectrometer energy calibration (stemming
from beam or sample movements). The determined values from all approaches divide into
two groups with an evident discontinuous change at around 50 GPa (the low pressure regime
is shaded as a guide to the eye). The Kf; 3 position shifts about 1.5 eV to lower emission
energy and the (average) spin value drops rapidly to O when crossing the 50 GPa boundary
to the higher pressure side. The application of inner references for IAD is supported by the
similarity of the 0.6 GPa spectrum to iron Fe>* HS spectra and that of the 56-88 GPa spectra
to a LS spectrum reported in the literature [1, 26, 33]. The transition is complete, as there is
no further spectral evolution above 60 GPa with increasing pressure. These all indicate that at
the ambient pressure the Fe>* ions are indeed in the HS state with § = 2, and as the pressure
is increased, a LS ground state configuration with § = 0 is reached. Also, the roughly 1.5 eV
shift in the energy position of the KB 3 emission line towards lower energies when a non-
magnetic state is reached is similar to what is observed in MnO with the loss of the manganese
magnetic moment [10], and recalls the shift observed in the (Fe, Mg)SiO3 perovskite with
mixed Fe>* /Fe3 [7].

To further verify the nature of the magnetic transition and to elucidate the pressure induced
changes in the electronic structure of iron, we used charge transfer multiplet calculations to
model the evolution of the KB emission line [23-25]. In the charge transfer multiplet model,
the effect of iron d electron hybridization with the octahedrally arranged nearest neighbor
oxygens is considered using a configuration interaction scheme within the single impurity
Anderson model [36]. For the iron 2 ion with a nominal valence of 6 d electrons we
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Table 2. Parameters used in the calculations (in eV). The ground state configuration (HS/LS)
is given in parenthesis after the pressure value. Charge transfer energy is given by A; Ve, is the
hybridization strength; 10Dgq the crystal field splitting; Uy, the core hole Coulomb interaction; and
W denotes the oxygen 2p bandwidth.

P (GPa) A Ve, 10Dg  Usge W (O-2p)

06(HS) 60 20 05 7.0 1.0
88 (LS) 70 32 12 70 7.0

considered a linear combination of 3d® and 3d’L configurations for the ground state, with
the L denoting a ligand hole. The calculations were made using Oy, basis set at low and
high pressures. In this basis set the iron 2% ion is either in the HS 3T, or in the LS 'A,
ground state. The Slater integrals and spin—orbit parameters were calculated using the Hartree—
Fock method [37], and the Slater integrals were further scaled down to 80% to account for
the intra-atomic configuration interaction effects. Crystal field effects were considered using
the approach developed by Butler [38] and charge transfer effects using the code by Thole
and Ogasawara [24]. The KB emission spectra were calculated taking into account the term
dependence of the final state lifetime broadening [39].

The model parameters were first set to reproduce the emission spectra at ambient (0.6 GPa)
pressure. The parameters, charge transfer energy A (defined as the energy difference between
the centers of gravities of 3d® and 3d’L configurations), hybridization strength in the ground
state V¢,, the O-2p bandwidth W, and the crystal field splitting 10Dg are given in table 2. The
parameter values are similar to those reported for FeO in [26], with the iron ground state in
FeCOj3 being more ionic than in FeO. We used the same core hole Coulomb interaction Uy
for both 1s and 3p core hole states. The hybridization strength for the t;, symmetry states Vi,
was set to half of the value for the e, states Ve, and for core hole states Ve, was reduced by
0.4 eV from the ground state value. The term dependence of the final state lifetime broadening
was approximated using a linear dependence (—0.2 x w full width at half-maximum) of the
broadening on the fluorescence emission energy @ and finally the spectrum was convoluted
with a 1.5 eV full width at half-maximum Gaussian to account for the instrumental broadening.
To model the emission spectra at 88 GPa A, V¢, 10Dq and W were adjusted to fit the calculated
spectra to the experiment, while freezing the core hole potentials, Slater integrals and lifetime
broadening parameters to the ambient pressure values. The resulting parameters for the high
pressure phase are also given in table 2.

The calculated spectra, shown together with the corresponding experimental emission
spectra in figure 3, reproduce the pressure induced change in the emission line quite well. The
calculation for the emission line at 88 GPa pressure reproduces the collapse of the emission line
satellite and also roughly the shift in the main emission line position. The small underestimation
of the satellite intensity at low emission energies at 88 GPa pressure is to some extent enhanced
by the different positions of the experimental and calculated emission line maxima. The
calculation confirms our earlier iron spin state assignments, below 50 GPa iron is in HS ground
state and at higher pressures a transition to a LS ground state has taken place. Iron covalency
effects in FeCO3 at ambient pressure conditions have been found to be very small [40] and also
at 0.6 GPa our calculations reveal the 3d’ L configuration to have a relatively small weight of
only 11% in the ground state. The large relative increase in the bandwidth W might be partly
stemming from a possible underestimation of the bandwidth at low pressure. Otherwise, the
lattice contraction is expected to increase the hybridization and crystal field splitting along with
the bandwidth and the changes are within the lines observed in transition metal monoxides [26].
The charge transfer energy A, on the other hand, is relatively stable against the increasing
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Figure 3. The experimental and calculated iron KB emission spectra from FeCO3 at 0.6 GPa are
shown in the left panel and at 88 GPa at the right panel. The spectra are normalized to maximum
intensity in both panels to ease comparison.

pressure. A similar pressure dependence of A has been experimentally observed also in
NiO [6].

4. Conclusions

We have measured the iron KB emission spectra from FeCOs as a function of pressure up
to 88 GPa. At low pressures the iron 2% ion is in the HS ground state. Our analysis of
the pressure induced changes in the emission lineshape using integrated absolute difference
values, combined with charge transfer multiplet calculations, reveal that iron loses its magnetic
moment and undergoes a transition into a non-magnetic LS phase at around 50 GPa. Our
results demonstrate the versatility of the KA emission spectroscopy as a tool for studying the
local magnetic properties of transition metal ions in different compounds and in various sample
environments.
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