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Abstract The elastic bulk modulus softening of (Mg,Fe)O ferropericlase across the iron spin crossover
induces dramatic changes in its physical properties, including seismic P-velocities and viscosity. Here, we
performed compression of powders of (Mg, ¢, ,Fe;,,)O in a piezo-driven dynamic Diamond Anvil Cell
(dDAC) and derive the bulk modulus by differentiation of pressure and volume data, providing first data on the
broadness of the elastic softening for ferropericlase with mantle-relevant compositions. We complement our
experimental results with theoretical calculations that extend previous studies by considering multiple random
configurations of iron, and going beyond treating high- and low-spin iron as an ideal solution. Both experiments
and computations show a broad and asymmetric softening of the bulk modulus, and suggest that the softening is
sensitive to the distribution of iron in the ferropericlase structure. Our high-temperature calculations show that
mixed-spin (Mg,Fe)O dominates the lower mantle at all depths below 1,000 km. In contrast to most previous
works, we find that ferropericlase will not exist in pure low-spin state along a typical mantle geotherm. Based
on our model, the physical properties of ferropericlase will show significant lateral variation at depths below
1,400 km, with the strongest effects expected between 2,000 and 2,600 km.

Plain Language Summary Understanding the physical properties of deep mantle minerals

is pivotal to interpret geophysical observables and constrain large-scale geodynamic models. (Mg,Fe)O
ferropericlase is the second most abundant mineral in Earth's lower mantle, ranging from 660 to 2,890 km
depths. Previous works have shown that the electronic configuration of iron in ferropericlase changes at
pressures corresponding to the mid-mantle. This process, called iron-spin crossover, markedly affects a variety
of physical properties, including seismic wave speeds and viscosity. Here we combine novel experiments and
theoretical calculations to provide a coherent picture of the onset depth and broadness of the spin crossover in
Earth's lower mantle. We show that the spin crossover happens throughout most of the lower mantle, altering
physical properties at most depths up to the core-mantle boundary. This quantitative understanding is key to
model the impacts of the spin crossover on geophysical mantle properties and mantle dynamics.

1. Introduction

(Mg,Fe)O ferropericlase is the second most abundant mineral in Earth's lower mantle (e.g., Irifune et al., 2015).
At room pressure, ferrous iron (Fe?*) in ferropericlase adopts the high-spin electronic configuration where the
six 3d-electrons partially fill the t,, and e, orbitals, maximizing the number of unpaired electrons. At a pressure
of about 40 GPa, a distortion of the iron-containing octahedral sites in the crystal structure triggers a change in
iron electronic configuration to the low-spin state, where electron pairing in the t,, orbitals is favored (Badro
et al., 2003). Several studies have shown that the properties of ferropericlase in mixed-spin state are markedly
different from those in either high- or low-spin state. In particular, the spin crossover is accompanied by a reduc-
tion in the Fe?* ionic radius (Shannon, 1976) enhancing the compressibility of ferropericlase over the pressure
range where the spin crossover occurs (Crowhurst et al., 2008; Lin et al., 2013). This enhanced compressibil-
ity of ferropericlase in mixed-spin state causes a significant decrease in seismic P-wave velocities (Crowhurst
et al., 2008; Marquardt et al., 2009; Wentzcovitch et al., 2009; Yang et al., 2015) with implications for the inter-
pretation of seismic observables (Cammarano et al., 2010; Kennett, 2021; Shephard et al., 2021), and might lead
to a marked decrease in viscosity (Deng & Lee, 2017; Marquardt & Miyagi, 2015; Saha et al., 2013; Wentzcovitch
et al., 2009). Quantifying the presence and distribution of mixed-spin state ferropericlase in the lower mantle,
including its lateral variations, is thus pivotal to interpret seismic observables and design geodynamic models.
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Recent attempts to detect an expression of the iron spin crossover in tomographic models derived from seismic
observations (Shephard et al., 2021) relied on theoretical calculations to predict the spin crossover at mantle
temperatures. The employed calculations, however, were based on models where the distances between iron
atoms were maximized, and assumed ideal mixing of high- and low-spin iron (Wu et al., 2013), similar to other
studies (Muir & Brodholt, 2015; Tsuchiya et al., 2006; Wentzcovitch et al., 2009; Wu & Wentzcovitch, 2014),
which produce a sharp crossover at 300 K. In contrast, previous experimental work showed that at ambient
pressure ferropericlase samples quenched from high temperature (~1000 K) largely exhibit random ordering
(Waychunas et al., 1994), suggesting that maximizing the distance between iron atoms might not well describe
natural systems. Furthermore, recent calculations showed that there is a favorable enthalpy of mixing of high- and
low-spin iron (Holmstrom & Stixrude, 2015), which leads to a substantial broadening of the spin crossover and
hence bulk modulus softening and geophysical signature in the mantle.

Diamond Anvil Cell (DAC) experiments can provide direct constraints on the bulk modulus of (Mg,Fe)O across
the spin crossover that can be used to benchmark theoretical predictions. Existing experimental works reported a
substantial elastic softening (Crowhurst et al., 2008; Marquardt et al., 2018; Yang et al., 2015), but the pressure
range over which the decrease of the bulk modulus is observed varies. Early measurements on (Mg, o,Fe ,,)O
using Impulsive Stimulated Light Scattering (ISLS) reported a bulk modulus softening between 40 and 60 GPa
(Crowhurst et al., 2008), whereas more recent work on (Mg, o,Fe ,.)O using the same technique observed the
softening up to a pressure of almost 80 GPa (Yang et al., 2015). Pressure oscillation experiments in the dynamic
DAC in combination with time-resolved X-ray diffraction diagnostics reported a similarly broad crossover range
extending from about 40 to 80 GPa (Marquardt et al., 2018). The latter is the only study to directly measure the
bulk modulus softening for iron contents above 8 at.%, but has a limited pressure coverage within the spin cross-
over region and was performed in non-hydrostatic conditions without a pressure-transmitting medium.

Modeling of the bulk modulus based on traditional X-ray diffraction data generally predicts a sharper softening
across the spin crossover (Lin et al., 2013; Mao et al., 2011; Marquardt et al., 2009). However, the sharpness of
the resulting bulk modulus softening depends on model assumptions and is poorly constrained by the actual data
that typically cover only a few pressure points across the spin change (Fei et al., 2007a, 2007b; Lin et al., 2005;
Marquardt et al., 2009; Solomatova et al., 2016).

Here we used a dynamic Diamond Anvil Cell (dADAC) driven by a piezoelectric actuator (Evans et al., 2007; Jenei
et al., 2019) to compress ferropericlase powders across the spin crossover using neon as pressure-transmitting
medium. We employed extremely sensitive X-ray detectors in combination with the dDAC to perform
time-resolved X-ray diffraction measurements along the compression path. The excellent pressure resolution
of our data, about 0.1-0.5 GPa, together with the smooth compression path achieved by the dDAC, enables us
to directly quantify the bulk modulus of ferropericlase across the spin crossover, without the need for model
assumptions (Méndez et al., 2021). To complement our experiments, we performed first-principles calculations,
where we considered multiple random distributions of iron and did not treat high- and low-spin iron as an ideal
solution. Both our experimental and computational data show a broad asymmetric spin crossover region. We use
our high-temperature calculations to predict the low-spin fraction in the lower mantle, and find the spin crossover
to cover a wider pressure-temperature space than predicted by previous works used for comparison to seismic
tomography models (Shephard et al., 2021).

2. Materials and Methods
2.1. Experimental Details
2.1.1. High-Pressure Dynamic Diamond-Anvil Cell Experiments

Powders of (Mg Fe;,)O and (Mg, ,Fe, )O were synthesized from stoichiometric mixtures of reagent grade
MgO and Fe,O, treated in a gas-mixing furnace at 1,250°C at an oxygen fugacity of 2 log units below the
fayalite-magnetite-oxygen (FMQ) buffer (see also Marquardt & Miyagi, 2015). Fine-grained platinum powder
was mixed with the sample and used as a pressure marker. Rhenium gaskets were preindented to a thickness of
about 30 pm in a symmetric DAC with 200 pm anvil culets and holes with 150 pm diameters were drilled in
the gaskets. Given the typically small amount of sample required for gas loading in DACs and the relatively low
Z-character of (Mg,Fe)O in comparison to Re, an amorphous Fe;,Si, ;B ,, insert was placed in the Re gasket
hole in order to avoid emergence of Re peaks in the diffraction patterns of (Mg, (Fe,,)O (Méndez et al., 2020),
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Figure 1. (a) A typical integrated diffraction pattern collected in 200 ms from (Mg, ;Fe,,)O in neon at 80 GPa. (b) Contour
plot showing the experimental run on (Mg, ;Fe, ,)O, where 337 individual diffraction images have been collected upon
compression.

Figure 1a. The (Mg,Fe)O-Pt mixture was loaded into the gasket hole and neon was loaded as pressure-transmitting
medium using the gas-loading setup at the Extreme Conditions Beamline (ECB) at PETRA III, DESY, Germany
(Liermann et al., 2015). Samples were precompressed by uniformly tightening the screws as in standard DAC
experiments. The DACs were inserted in a “cap housing” coupled to a high voltage piezoelectric (PE) actua-
tor (Jenei et al., 2019). DAC and PE were engaged by tightening the cap at the back of the housing. When a
given voltage is applied, the PE expands and pushes against the DAC in the housing compressing the sample.
Trapezoidal voltage-time waveforms were generated using the program Benchlink Waveform Builder (Keysight
Technologies) and loaded on a waveform generator (Agilent 33522B). A delay generator (SRS, DG645/5 with
Rb clock) and a piezo amplifier (Piezosystem Jena GmbH) are employed when sending the waveform to the PE
(Jenei et al., 2019).

Intense monochromatic synchrotron X-ray radiation (0.48 A wavelength) was used for time-resolved X-ray
diffraction measurements at the ECB (Liermann et al., 2015), focused using a compound refractive lens (2 (h) um
x 8 (v) um, FWHM). X-ray diffraction images were collected on a GaAs 2.3 MPix LAMBDA detector that allows
for data collection at a repetition rate of up to 2 kHz (Pennicard et al., 2013, 2018). The detector was placed with
an offset to the sample center, capturing sections of the Debye—Scherrer diffraction rings. Tilting and rotation
of the detector and sample-detector distance were calibrated using a Cr,O, standard (NIST 674b). Data analysis
software developed at the ECB was used for quick visualization of the collected data in contour plots (Figure 1b).
Diffraction images were integrated using the program Dioptas (Prescher & Prakapenka, 2015). The integrated
and background corrected diffraction patterns were processed using a customized python code for batch process-
ing to extract the peak positions of the sample and platinum.

Data collection on (Mg, (Fe, ,)O was done continuously during a single continuous compression ramp from about
33 to 97 GPa with compression rates of 0.3—-1.2 GPa/s (Figure S5 in Supporting Information S1), equating to
volumetric strain rates in (Mg,Fe)O of about 2-5-1073 s~!. Single image exposure time was 200 ms, leading to a
total of 337 XRD images collected during compression. The unit cell volume of the sample was determined by
fitting the (111), (200), and (220) diffraction lines of ferropericlase Fpi11y FP a0y FPano)- Pressure was deter-
mined from the measured position of the (111) diffraction line of platinum, Pt ), using published equation of
state parameters (Fei et al., 2007a). Additional data on (Mg, 4Fe, ,)O were collected with single image exposure
time of 400 ms in three compression steps, ranging from 30 to 48 GPa, 47 to 69 GPa, and 70 to 84 GPa (total of
771 XRD images). Results for (Mg, ,Fe ,)O are shown in the Supplementary Material.

2.1.2. Derivation of High-Pressure Bulk Moduli

The dense pressure-coverage in our data allows for a direct determination of the bulk modulus according to its
thermodynamic definition (K, = -V - (dP/dV),). We calculated the bulk modulus from the slope of a linear fit to
V(P) applied over different pressure intervals (Figure S1 in Supporting Information S1). As expected, a larger
chosen pressure interval leads to smaller nominal uncertainties as derived from the standard error of the linear
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fit to the V(P) data. However, this comes at the expense of a reduced effective pressure resolution. We decided
to use a pressure interval of 2.5 GPa (i.e., +1.25 GPa around target pressure), typically containing about 10-20
measured V(P) points. We found this interval to represent the best compromise between pressure resolution and
uncertainties in derived bulk moduli (Figure S2 in Supporting Information S1). The uncertainties in calculated
bulk moduli are smallest if they are derived from the unit cell volume calculated from the (200) line of ferroper-
iclase only, instead of using the average volume in the derivation. By using the strongest diffraction line, volume
scatter is minimized, leading to the smoothest pressure derivatives. The bulk moduli reported in Figure 3 and
used for comparison to the computational results are thus based on the (200) line only. We note, however, that
the choice of the ferropericlase diffraction line does not substantially affect K(P) or its trend, see comparison to
results based on the average volumes in Figure S3 in Supporting Information S1.

2.2. Calculation Details
2.2.1. Model Systems

To enable direct comparison with the experimental results, models of ferropericlase were constructed with the
chemical compositions (Mg s;,5F€; 1575)0 and (Mg g4¢,5F€( 09375)0, corresponding to 6 or 3 Fe atoms in a 64
atom cell. For simplicity, we will refer to the two modeled compositions as (Mg Fe,)O and (Mg Fe, )O
throughout the discussion. In order to investigate the possible role of short-range order on spin crossover pressure
(Glazyrin et al., 2017; Kantor et al., 2009), 20 models were constructed for each ferropericlase composition,
with different random arrangements of Fe. For comparison, we also created a high symmetry model with a
(Mg, 41,5F€( 1375)O composition. The initial atomic coordinates of the Fe in these models are listed in Table S1 in
Supporting Information S1 and depicted in Tables S2-S3 in Supporting Information S1.

In the 64-atom models, neighboring on-axis iron atoms correspond to infinite rows of atoms with an Fe-O-Fe-O
sequence. In order to assess the impact of this on the results, larger 216-atom models were constructed (see Tables
S4-S7 in Supporting Information S1). These contained the same number and arrangement of iron atoms as the
64-atom models, but their larger size ensured that there were no iron arrangements corresponding to infinite rows
of atoms with an Fe-O-Fe-O sequence.

2.2.2. First-Principles Calculations

Theoretical calculations were performed with VASP (Kresse & Furthmiiller, 1996a, 1996b), employing the
projector augmented wave method (Blochl, 1994; Kresse & Joubert, 1999), within the framework of density
functional theory (DFT). The LDA exchange-correlation functional was used (Perdew & Zunger, 1981). The
valence electron configurations for the potentials were 2p®3s? for Mg, 3p®3d’4s! for Fe, and 2s*2p* for O. The
kinetic-energy cut-off for the plane-wave basis set was set to 600 eV. For the 64-atom models, the Brillouin zone
was sampled using a 2 X 2 X 2 Monkhorst-Pack grid (Monkhorst & Pack, 1976), while for the larger 216-atom
models it was restricted to the gamma-point. The break condition for the electronic self-consistent loop was
10~% eV and that for ionic relaxation was 10~ eV. These parameters ensured that calculated enthalpy differences
were converged to less than 1 meV per atom and bulk moduli to within 1 GPa. Symmetry was switched off.

In order to accurately describe the strongly correlated d electrons of iron in ferropericlase, we utilized the
LDA + U method (Anisimov et al., 1991, 1997), in particular, the scheme of Dudarev et al. (1998) in which only
the difference between onsite Coulomb interaction parameter U and onsite exchange parameter J is meaningful.
In the present work, U - J = 3.3 eV was found to give the best agreement with experimental values for the spin
crossover pressure. This value is similar to the U - J = 3.0 eV used in previous calculations of ferropericlase (Muir
& Brodholt, 2015).

The pressure and temperature dependence of the spin crossover was calculated following a similar approach to
that of previous studies (Tsuchiya et al., 2006; Wentzcovitch et al., 2009). However, in contrast to these studies
and following the observations of Holmstrom and Stixrude (2015), we did not assume an ideal solution for high-
and low-spin iron when calculating enthalpy differences, instead calculating the enthalpy of mixed-spin states, as
well as high- and low-spin.

Since the LDA is known to underestimate pressure, we calculated a correction using the method outlined by
Oganov et al. (2001), but excluding the thermal pressure term, which is expected to be small. The correction was
calculated to be +6 GPa, based on the ambient condition volume of 76.1A3 reported by Speziale et al. (2007).
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2.2.3. Magnetic Ordering

For the iron concentrations investigated in this study, ferropericlase is paramagnetic at 300 K (Kantor et al., 2009;
Lyubutin et al., 2013; Speziale et al., 2005). It is difficult to model paramagnetic systems and so in our theoretical
calculations, the initial high-spin states were modeled both as ferromagnetic and antiferromagnetic and the results
of both sets of calculations were averaged. For the antiferromagnetic calculations, initial magnetic moments were
assigned in such a manner that iron atoms close to one another were given opposite spins.

In order to investigate the influence of magnetic state we calculated the spin crossover pressure for Models 7 and
symm with a (Mg, 5,,sFe; 575)O composition, for over 30 different magnetic orderings, representing disordered
collinear paramagnets (Figure S7 in Supporting Information S1). The spin crossover pressures are defined as
going from the full high-spin state to full low-spin state. Model 7 has a random arrangement of iron atoms, with
only off-axis neighbors. For this model the spin crossover pressures only varied by about 3 GPa. Model symm
has an ordered arrangement of iron atoms, with only on-axis neighbors. For this model the spin crossover pres-
sure varied by about 10 GPa, from about 46 GPa for ferromagnetic ordering, to close to 56 GPa for the highest
symmetry antiferromagnetic ordering, with pressures for other orderings inbetween. This suggests that magnetic
ordering is primarily important for models with a high number of neighboring on-axis iron atoms.

2.2.4. Spin Crossover

The pressure and temperature dependence of the spin crossover was calculated following a similar approach to
that of previous studies (Tsuchiya et al., 2006; Wentzcovitch et al., 2009), where the fraction of low-spin iron is
calculated from the expression:

1

L+ m(2S + Dexp | HLsus( )] M

n(P,T) =

Here m is the electronic configuration degeneracy (m = 3 for high-spin and m = 1 for low-spin), S is the spin
quantum number (§ = 2 for high-spin and S = 0 for low-spin), AH, ¢, is the difference in the enthalpy of the
high- and low-spin states, kj is the Boltzmann constant, X, is the fraction of iron and T is temperature. However,
in contrast to these studies and following the observations of Holmstrom and Stixrude (2015), we did not assume
an ideal solution for high- and low-spin iron when calculating n(P,T), but calculate the enthalpy of mixed-spin
states, as well as high- and low-spin. For each model studied, we calculated the enthalpy difference between all
stable spin-states, including stable mixed-spin states, as a function of pressure (e.g., Figure S8a in Supporting
Information S1) and used Equation 1 to determine n(P,T) for each spin crossover (e.g., Figure S8b in Supporting
Information S1). In this procedure, AH, ¢ ;¢ is the enthalpy difference between a lower and higher spin state and
X, the fraction of iron in the model weighted by the fraction of iron involved in the individual spin crossover,
i.e. for a model with (Mg, ,Fe )O composition and a spin crossover where a out of b iron atoms go to low-spin:
X, = (a/b) x x. The n value for a model is then the weighted average of the n values for the series of spin cross-
overs between high- and low-spin states, where the weights are their (a/b) values, for example, Figure S8b in
Supporting Information S1. The n value for a particular ferropericlase composition was calculated as the arith-
metic mean of the n values of all models with that composition, including both magnetic states. To allow direct
comparison with the 64-atoms models, for the calculation of n using the 216-atom models, x was assumed to be
the same value as that for the corresponding 64-atom model.

To reduce the number of calculations, this was achieved by first calculating the enthalpy of all spin states with
one low-spin iron. Once the most favorable spin state with one low-spin iron was identified, it was used as the
basis for constructing spin states with two low-spin irons. Once the most favorable spin state with two low-spin
irons was identified, it was used as the basis for constructing spin states with three low-spin irons and so on and
so forth. Enthalpy differences were calculated for each spin state at 20 GPa, 40 GPa, 60 GPa and 80 GPa. For
the (Mg, 5,,5F€e, 1575)O composition, it was not always possible to stabilize a high-spin antiferromagnetic state at
80 GPa and a calculation was carried out at a lower pressure of 50 GPa instead. For one iron configuration (Model
1 of the (Mg 4,,5F€, 575)O composition) the results of this procedure were compared with those obtained when
calculating all possible mixed-spin states, and were found to be identical.
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Note that, as in previous studies (Tsuchiya et al., 2006) we neglect the vibrational free energy in the calculation
of n(P,T). Previous calculations (Wentzcovitch et al., 2009) have shown that this is important at lower mantle
temperatures, but has a minor effect at room temperature.

2.2.5. Equation of State

To determine the volume of ferropericlase through the spin crossover, the volume of mixing of the pure low- and
high-spin states was assumed to be ideal

Vi(n) = (1 = n)Vus(P) + nVis(P) @

where V(n) is the volume of ferropericlase with a low-spin fraction n, and V¢ and V¢ are the volumes of ferrop-
ericlase in the pure high- and low-spin states. Our calculations for the (Mg, ¢,,sF€; ;4,5)O composition, showed
that the maximum deviation of the volume of a mixed-spin state from that predicted from ideal mixing of the
volumes of the pure high- and low-spin states was on the order of 0.2%, with an average deviation of 0.05%. The
latter equates to a volume of about 0.05A3 per unit cell for the largest volume, and less for others.

For each ferropericlase composition, the volume difference between different models in the same spin-state (i.e.,
the same number of high- and low-spin iron) was on the order of 0.2%. In view of this, for simplicity, an equa-
tion of state was only calculated for one model for each ferropericlase composition. For the (Mg 406,5F€( 99375)0
composition, this was Model 1, while for the (Mg, ¢,,5F¢ ;375)O composition, this was Model symm. The volumes
of these models were calculated for the pure high- and low-spin states at 13 pressures between —10 and 140 GPa.
The resulting pressure-volume curves were fit to a third-order Birch-Murnaghan equation-of-state (Birch, 1947;
Murnaghan, 1944), which were used to compute the volume of the pure high- and low-spin states (V,, V,¢) and
corresponding bulk moduli (K, K| ), required for Equations 2 and 3. The same values were used for calculating
V(n) and K(n), when using n values from both 64-atom and 216-atom models.

All calculations were static and neglect thermal pressure. The effect of neglecting thermal pressure on the equa-
tion of state is expected to be small at 300 K and is, in part, accounted for through the ad hoc pressure correction,
described above. These arguments follow through to the calculation of the bulk modulus below, which are based
on these equations of state.

2.2.6. Bulk Modulus

Following previous theoretical studies (Tsuchiya et al., 2006; Wentzcovitch et al., 2009), the bulk modulus across
the spin crossover was calculated from the relation

V(n) Vs Vis (ﬂ)T 3)

+ A= 40 Wi -V,
K ( n)KHS 'IKLS (Vs — Vas) 3P

where all terms are as defined above and the pressure derivative of the fraction of low-spin iron was calculated at
300 K from a centered finite-difference approximation.

Note that, although 7 is calculated at 300 K, V(n), Vi, V, . K, and K| ¢ are all static values, which will influence
K(n). As already mentioned above, we expect the difference between our static values and 300 K values to be
small. In addition, we also note that previous calculations (Tsuchiya et al., 2006; Wentzcovitch et al., 2009) indi-
cate that the temperature derivatives of the bulk modulus of the pure high- and low-spin states of ferropericlase
are on the order of 0.02 GPa/K. These derivatives imply that, without a pressure correction, static values for
the bulk moduli will be about 6 GPa higher than 300 K values, which is smaller than the errors associated with

the experimental measurements.

Our theoretical results provide atomic scale understanding of how the arrangement of iron influences the spin
crossover. In Tables S2 and S3 in Supporting Information S1 we report the structures, low-spin fraction at 300 K
and Fe-Fe radial distribution function for all 64-atom models studied. Fe-Fe radial distribution functions were
calculated using VMD (Humphrey et al., 1996). In Tables S4-S7 in Supporting Information S1 we report the
structures and compare the low-spin fraction at 300 K for 64-atom and 216-atom models. Labels indicate the
order that the iron atoms undergo a spin crossover. Together these show that the pressure at which individual iron
atoms undergo a spin crossover depends on several factors: the number and type (on or off-axis) of neighboring
iron atoms, whether the neighboring iron atoms are in a high- or low-spin state and to a certain extent whether
they have the same or opposite spin (Tables S2-S7 in Supporting Information S1).
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< 661 1 The experimental and computational unit cell volumes for (Mg, Fe,,)
O and (Mg, Fe, )O are plotted as a function of pressure in Figures 2 and
g 64r | S6 in Supporting Information S1. There is good agreement between XRD
<_>D 621 ] data measured earlier for (Mg, (,Fe, ;)O and (Mg Fe,,)O in static DAC
= 60| ] experiments (Lin et al., 2005; Marquardt et al., 2009). The agreement of the
O 58r i 1 here-measured volumes with previous experimental data collected in static
% 56 1 ”(@“‘f(«@%\w 1 DAC experiments suggests that our compression rate is sufficiently slow for
2541 ‘ ‘ ‘ ‘ ‘ ‘ %‘“"@2 the system to not suffer from non-equilibrium effects that may be encoun-
20 30 40 50 60 70 80 90 100 tered in dynamic compression experiments, at least not more than possibly
Pressure (GPa) present in traditional static DAC experiments where measurements are taken
on the time-scale of minutes (Glazyrin et al., 2020). We note that the use of
Figure 2. Unit cell volumes derived as weighted average of (111), (200), neon as pressure-transmitting medium unavoidably leads to deviatoric stress
and (220 lines from (Mg, sFe, ,)O measured in experiments using neon as in our experiments at high pressure (Dorfman et al., 2012; Meng et al., 1993).

pressure-transmitting medium. A total of 337 XRD images were collected
during compression. The uncertainty in experimental volumes is smaller than
the symbol size. Complementary computational results are shown as solid

Stress levels at the here-employed compression rates, however, are expected
to be comparable to previous experiments in neon carried out under static

curve. Previously published X-ray diffraction data on (Mg, s;Fe, ;,)O (Lin compression, see Figure S4 in Supporting Information S1. A stress analysis
et al., 2005) are shown as open black triangles for comparison. based on the line-shift of the (111) and (200) lines of Pt suggests about 2 GPa

of differential stress in our experiments, comparable to that expected in static

DAC compression experiments in neon (Dorfman et al., 2012), Figure S5 in
Supporting Information S1. Temperature annealing might help to reduce differential stresses (Meng et al., 1993),
but is not compatible with the continuous compression carried out here.

Our unit cell volume data for ferropericlase show a significant volume drop at a pressure of around 40 GPa indi-
cating the onset of the iron spin crossover. The change of trend in V(P) becomes very clear in our data due to the
quasi-continuous pressure coverage. We derive the bulk modulus directly from our data without any smoothing
or the need to assume its behavior across the spin crossover as required in previous works (Lin et al., 2005;
Marquardt et al., 2009; Solomatova et al., 2016). The bulk moduli are plotted as a function of pressure in Figures 3
and S6 in Supporting Information S1, together with the here-performed ab-initio calculations. Both measured and
calculated bulk moduli for (Mg, ;Fe,,)O and (Mg, ,Fe,,)O show a clear drop at a pressure of about 4045 GPa
associated with the spin crossover, where the onset pressure slightly shifts to higher pressures with iron content.
Overall, our data show a broad and asymmetric shape of the softening for (Mg, ;Fe, ,)O, and to a lesser extent for
(Mg, JFe, )O. Little difference is seen between the results of the 64-atom and the 216-atoms models.

Overall our findings suggest that the bulk modulus is lowered over a wide pressure range for (Mg, ;Fe,)O. Previ-
ous calculations predicted a sharp bulk modulus softening at room temperature and do not reproduce our exper-
imental results well (Wentzcovitch et al., 2009). In assuming an ideal solution for high- and low-spin iron, all
iron atoms undergo the spin crossover at the same pressure at 0 K, causing a very sharp bulk modulus softening
(Wentzcovitch et al., 2009). Our broader bulk modulus softening, and hence wider spin crossover range at 300 K,
appears to be supportive of the work of Holmstrom and Stixrude (2015), who attribute the observed broadness
of the spin crossover at low temperatures (300 K) to the favorable enthalpy of mixing AH_; . The magnitude of
the enthalpy of mixing, however, is affected by the arrangement of Fe atoms, as predicted by Holmstrom and
Stixrude (2015), who studied a highly symmetric arrangement of iron with periodic Fe-O-Fe-O sequences. Our
computations for (Mg ;Fe,,)O, that account for a random distribution of iron, predict a mixed-spin state for a
pressure interval of about 40 GPa at room temperature. Our results are thus intermediate between the previous
computational works, where Wentzcovitch et al. (2009) suggest a crossover range of only about 10 GPa, and
Holmstrom and Stixrude (2015) predicted the range to span about 80 GPa.

Our results not only show a broad spin crossover region, but also point toward a multi-dip structure where (at least)
two local minima are noticeable in the experimental data as well as the theoretical calculations (Figure 3). Our
calculations indicate that the origin of these anomalies are iron atoms in different local environments undergoing
spin crossovers at different pressures (Tables S2-S7 in Supporting Information S1). Most iron atoms undergo a
spin crossover at about 40-50 GPa, leading to the large first anomaly. The other anomalies correspond primarily
to iron atoms that have neighboring on-axis iron atoms in the low-spin state. For such iron atoms, the favorable
enthalpy of mixing of high- and low-spin states stabilizes the high-spin iron atoms to higher pressures. Our
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Figure 3. (a) Bulk moduli derived by direct differentiation of our experimentally measured V(P)-data in comparison to

our ab-initio calculations, using multiple models with random configurations of iron, which represent different local iron
environments. Computational results are shown as solid black curves (64 atoms model) and dashed black curves (216 atoms
model). Previous computational work on (Mg ¢,,5F€ 15,5)O (Wentzcovitch et al., 2009), using a model where iron atoms

are far apart and presuming ideal mixing of high- and low-spin irons, are shown as dotted curve. Experimental results for
(Mg, 44Fe ,)O (open circles) and (Mg, o,Fe,, ,,)O (open squares) derived from optical spectroscopy measurements (Crowhurst
et al., 2008; Yang et al., 2015) are shown for comparison. The dashed gray line shows the bulk modulus predicted for MgO by
computations (Karki et al., 1999). The green shaded region refers to the range of pressure where the bulk modulus softening
reaches >80% of its maximum value (see (b)). (b) Bulk modulus softening (in %), where 100% refers to the maximum
softening that occurs relative to a simple average of pure high- and low-spin bulk moduli. The green arrows indicate the
low-spin fractions between which 80% of the maximum softening occurs.

calculations show that as the spin crossover nears completion, it is the iron atoms with the most low-spin neigh-
boring iron atoms that persist in the high-spin state to the highest pressures, in particular, those that have low-spin
on-axis neighboring iron atoms. Our results thus suggest that the effect of the favorable enthalpy of mixing is
most significant for on-axis neighboring iron atoms pairs, which makes sense given that it is the on-axis d-orbitals
(dz? and dx?-y?) that become unoccupied when iron atoms undergo a spin crossover. In a similar manner we find
that in our calculations, when present, iron atoms with a high-spin on-axis neighbor are often the first to undergo
a spin crossover.

The agreement between our computations and the here-reported experimental results suggest that (a) the
mixed-spin region cannot be modeled assuming ideal mixing of high- and low-spin iron, (b) the shape of the
K(P) curve, and low-spin fraction, is sensitive to the distribution of iron in the ferropericlase lattice, and (c)
the assumption of a random distribution of iron atoms in the ferropericlase structure is broadly valid. The slight
disagreement observed between the here-reported experimental and computational results might be related to
deviations from a random distribution in the experimental samples and/or the effect of deviatoric stress in the
sample.

Extension of our theoretical model, which is in good agreement with our experiments, to high temperatures
allows us to pinpoint the expected onset depth and broadness of the spin crossover in different regions of the
lower mantle (Figure 4). In Figure 4b, we show the here-derived low-spin fractions of ferropericlase along a
typical lower mantle geotherm as well as their changes with expected temperature variations in the lower mantle.
Expected depth-dependent mantle temperature variations were taken from a geodynamic model (Figure 3c in
Davies et al., 2012). Here, we are particularly interested in constraining the depth regions in the mantle, where
the most significant alterations of ferropericlase properties by the spin crossover are expected. For the following
discussion, and based on the bulk modulus softening observed in our room temperature results, we assume that
the largest impact occurs when the low-spin fraction is between 0.18 and 0.62 (shown as green shaded region in
Figure 4b). For this range of low-spin fractions, the bulk modulus reduction of ferropericlase reaches >80% of
its maximum value (see Figure 3b). Figure 4b shows that, while the onset depth of the spin crossover is about
1,000 km, it will start to markedly affect properties below ~1,400 km. The onset depth only mildly changes
within the range of expected temperature variations, and hence with geographic location in the mantle. In stark
contrast to the weak effect on onset depth, temperature variations in the mantle have a marked influence on the
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Figure 4. Low-spin fraction of (Mg, ¢,,sF€, ;4,5)O in Earth's lower mantle. (a) Spin fractions as function of pressure and
temperature for model-1. A typical lower mantle geotherm is show as black curve, along with lateral temperature variations
in the mantle, where expected temperature variations are taken from a previous modeling (Davies et al., 2012). Blue: Cold
regions of the lower mantle, red: Hot regions of the lower mantle, where the difference between the solid and dashed curves
relates to a purely thermal or thermo-chemical model, respectively (details in Davies et al. (2012)). (b) Low-spin fraction of
iron in (Mg ¢,75F€ 15,5)O expected along a typical geotherm (black), as well as changes with lateral temperature variations
as depicted in (a). The green shaded region indicates the range of spin fractions, where the strongest effects on physical
properties are expected (see also Figure 3).

depth interval over which ferropericlase properties will be mostly affected. Notably, ferropericlase will remain
in the most impacted range of low-spin fraction in hot regions of the lower mantle up to the core-mantle bound-
ary. Instead, the signature of the spin crossover will fade below about 1,800 km depth in cold mantle regions.
Along a typical average geotherm, ferropericlase will not reach low-spin state. The low-spin fraction will reach a
maximum of about 0.8 at ~2,600 km depth, before decreasing to about 0.6 at the core-mantle boundary. We note
here that our calculation of the low-spin fraction does not include the difference in the vibrational free energy
of different magnetic states. Including this component has previously been shown to increase the depth of the
onset of the spin crossover at lower mantle temperatures (Wentzcovitch et al., 2009), which would strengthen our
finding of a predominantly mixed-spin lowermost mantle.

Our calculated spin crossover range is broader than that predicted by previous computational results (Wu
et al., 2013; Wu & Wentzcovitch, 2014) that have been used in the most recent attempt to compare the predicted
seismic signature of the iron spin crossover to seismic tomography models (Shephard et al., 2021). A central
observation of Shephard et al. (2021), discussed also by Cammarano et al. (2010), was that the P-velocity profile
calculated for a pyrolitic mantle composition deviates substantially from the seismic Preliminary Reference Earth
Model PREM below about 1,600 km. A broader spin crossover as predicted here will lead to a more smeared out
effect of the compressional wave velocity softening, which might decrease the discrepancy between predictions
and seimic models.

Based on our findings, significant lateral variations of mantle properties can be expected between regions of
mixed-spin ferropericlase and regions of (close to) low-spin ferropericlase at depths below about 1,800 km. The
reflection of these iso-depth property changes in ferropericlase in geophysical properties will depend on the prop-
erty. The unique seismic signature of the spin crossover - most importantly the elevated V/V, ratio (Marquardt
et al., 2009; Shephard et al., 2021; Wu & Wentzcovitch, 2014) - is expected to affect seismic observables in
all regions of the mantle where ferropericlase is in mixed-spin state, particularly the green shaded region in
Figure 4b. However, transport properties, such as viscosity (Deng & Lee, 2017; Marquardt & Miyagi, 2015; Saha
et al., 2013; Wentzcovitch et al., 2009), or electrical conductivity (Lin et al., 2013), will only be strongly affected
if an interconnected network of ferropericlase develops, possibly as a result of mantle flow processes (Deng &
Lee, 2017; Girard et al., 2016; Marquardt & Miyagi, 2015; Thielmann et al., 2020; Yamazaki et al., 2009).

4. Conclusions

By combining novel time-resolved high-pressure XRD measurements with ab-initio computations, we show that
the iron spin crossover leads to a broad, asymmetric softening of the bulk modulus with pressure. The broadness
and shape of the elastic softening is sensitive to the distribution of iron atoms within the crystal lattice. Full
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low-spin ferropericlase does not occur within the pressure-temperature-space explored here, which is represent-
ative for the lower mantle. This is in contrast to previous works that predict low-spin ferropericlase to dominate
the lowermost mantle at all explored temperatures (Shephard et al., 2021). Based on our model, ferropericlase is
in mixed-spin state throughout the lower mantle at all depths below about 1,000 km, including at the core-mantle
boundary.
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Data are available at https://doi.org/10.6084/m9.figshare.20501790.
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