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Abstract

Brillouin Light Scattering and Impulsive Stimulated Light Scattering have been used to
determine the full elastic constants of magensiosiderite [(Mgo3sFeo¢5)COs] up to 70 GPa at
room temperature in a diamond anvil cell. Drastic softening in Cy;, Cs3, C12, and Ci3 elastic
moduli associated with compressive stress component and stiffening in Cy44 and Cj4 moduli
associated with the shear stress component are observed to occur within the spin transition
between ~42.4 and ~46.5 GPa. Negative values of Cj; and C3 are also observed within the
spin transition region. The Born criteria constants for the crystal remain positive within the
spin transition, indicating that the mixed-spin state remains mechanically stable. Significant
auxeticity can be related to the electronic spin transition-induced elastic anomalies based on
the analysis of Poisson’s ratio. These elastic anomalies are explained using a thermoelastic
model for the rhombohedral system. Finally, we conclude that mixed-spin state
ferromagnesite, which is potentially a major deep-carbon carrier, is expected to exhibit
abnormal elasticity, including a negative Poisson’s ratio of -0.6 and drastically reduced Vp by

10%, in the Earth’s mid lower mantle.
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Introduction

Elastic anomalies have been reported to occur across structural, electronic, and magnetic
transitions at variable pressure and/or temperature (P-T) conditions in materials of interest to
materials science, geoscience, and condensed matter physics including (Ca,Sr)TiO;
perovskite [1-3], SiO; stishovite [4, 5], (Mg,Fe)O ferropericlase [6-9], Fe;O4 magnetite [10],
FeO [11-13] and Fe-C systems [14, 15]. As the fourth-rank tensor linking a crystal’s elastic
strain response to external stress, elastic moduli, Cj, can be very sensitive to changes in
structural, electronic, magnetic, and phononic states. Therefore, examining crystals’ elasticity
under changing thermodynamic conditions is an effective means to elucidate the interplay of
the aforementioned physical states of a given crystal [16]. Due to technical and theoretical
limitations, however, few studies have combined both experimental and theoretical
techniques to describe crystal elasticity across a transition.

Landau theory can be used to attribute the structural-induced elastic anomalies to a
spontaneous strain in crystals [17, 18]. This method, which involves analysis of the Landau
expansion for specific crystal structures, is generally in agreement with experimental results
[1-4]. Elastic anomalies have also been reported to occur within magnetic and electronic
transitions of iron at extreme P-T conditions that are of great interest to materials science as
well as deep-Earth research, as iron is the most abundant transition metal in the planet’s
interior [19]. For example, phonon-magnon coupling in Fe;C [15] and FeO [11-13] has been
used to explain the observed anomalous shear softening across their respective magnetic
transitions. Additionally, an electronic spin transition of iron from high-spin (HS) to low-spin
(LS) states has been recently reported to occur in several Fe-bearing systems, including
ferropericalse [8, 20], bridgmanite [21], ferromagnesite [22, 23], and FeOOH [24]. A
thermoelastic model for cubic crystals has been developed to explain the observed elastic

anomalies across the spin transition in ferropericlase [9]. The development of the
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thermoelastic theory and simultaneous experimental measurements of the elasticity for cubic
ferropericlase have greatly advanced our understanding of the condensed matter physics and
geophysics of Fe-bearing materials across the spin transition at high pressures [8, 9, 25].
However, our understanding of the elastic anomalies across the electronic spin transition has
been limited to the cubic crystal system, as consistent theoretical models and experimental
results are not available for other crystal systems.

Potential effects of the spin transition on the elasticity and thermodynamics can occur in
other crystal systems of lower symmetries, including the rhombohedrally-structured Fe-
bearing magnesite, a potential deep mantle carbon carrier due to its abundance within
subducted slabs and wide P-T stability [26-30]. Magnesite [MgCOs] and siderite [FeCOs] can
form a solid solution series, which is generally called ferromagnesite for the MgCOs-rich
parts and magnesiosiderite for the FeCOs-rich parts of the system [22, 23]. Fe*" ions reside in
the octahedral site of the ferromagnesite lattice, which is similar to ferropericlase, but the
octahedra are strongly linked via triangular CO5> units [22]. A sharp spin transition of iron in
ferromagnesite has been reported to occur at approximately 45 GPa using several
experimental and theoretical techniques including high pressure Mdssbauer spectroscopy
[31], X-ray emission spectroscopy [32], X-ray diffraction [23, 33], Raman spectroscopy [22],
and first-principles calculations [34, 35]. Depending on the iron content, the spin transition is
associated with an abrupt ~6-10% reduction in the unit-cell volume [23]. Furthermore, the
occurrence of the dense low-spin ferromagnesite induces a structural transition to
ferromagnesite II at higher pressures [36]. The sharp spin transition with a width of only ~4
GPa and a corresponding large volume reduction in ferromagnesite represents a case study
for deciphering elastic anomalies across an electronic spin transition in lower-symmetry

systems. Knowing the influence of the spin transition on the elasticity of ferromagnesite can
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improve our understanding of the physical and chemical behavior of this potential deep-
carbon carrier in the lower mantle [27, 37].

In this Letter, we have measured the compressional wave (Vp) and shear wave (Vs)
velocities of single-crystal magnesiosiderite [(Mgo3sFeo.5)CO3] across the spin transition up
to 70 GPa using Brillouin Light Scattering (BLS) and Impulsive Stimulated Light Scattering
(ISS) in a diamond-anvil cell (DAC). Our derived full elastic constants of the crystal show
that Cy;, Cs3, C12 and Cy;3 elastic moduli associated with the compressive stress component
drop drastically within the spin transition at ~45 GPa, while C44 and Cj4 elastic moduli
associated with the shear stress component jump by 25% and 80%, respectively. These elastic
behaviors are explained using a thermoelastic model for the thombohedral crystal system that
was developed in this study. The observed elastic anomalies are broadly discussed within the
framework of the interplay between acoustic phonons and structural, electronic and magnetic
transitions in materials of interests to geoscience, materials science, and condensed matter
physics.

Results and Discussion

The combination of BLS and ISS techniques with a DAC enables us to measure both Vg
and Vp of single-crystal magnesiosiderite [(Mgo35Fe0.65)CO3] on the (101) cleavage platelet at
pressures up to 70 GPa (Fig. 1). The measured Vp and Vs vary significantly as a function of
the azimuthal angle, indicating strong elastic anisotropies of the sample at high pressures
(Figs. 2 and S5). Based on the relationship of V» and Vs as a function of the crystallographic
direction, we have solved for the complete set of elastic constants of the rhombohedral
magnesiosiderite using Christoffel’s equations [38]. The density information of the crystal
was taken from its equation of state reported in a previous X-ray diffraction study [23].
Using the derived Cj of the crystal, the adiabatic bulk and shear moduli (K5 and G) were

calculated using the Voigt-Reuss-Hill averages [39]. The calculated Kg and G at ambient
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conditions are Kgy = 180.0(9) and Gy = 53.4(5) GPa, consistent with previous results within

experimental uncertainties (Table S2).
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FIG. 1 (color online). Velocity measurements of the single-crystal magnesiosiderite [(Mgo3sFep65)COs] at high
pressures and room temperature. In the Brillouin spectra (a,b,c), black open circles are experimental data and
red lines are the best fit to the spectra. The inserted images show crystal color in the transmitted light at
corresponding pressures. Using Fourier transformation, the time-dependent impulsive spectra (d,e,f) were
modeled to derive the power spectra (g,h,i) in the frequency domain and the Vp of the sample at certain
orientations (shown as Chi angle) at high pressures. Neon pressure medium was also detected in the BLS and
ISS spectra at high pressures.
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FIG. 2 (color online). Compressional (Vp) and shear (V5) wave velocities of the single-crystal magnesiosiderite
[(Mgo35Feq65)CO;5] as a function of the azimuthal angle at high pressures and room temperature. (a) and (b)
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show the high-spin (HS) states; (c) and (d) show the mixed-spin (MS) states; (¢) and (f) show the low-spin (LS)
states. Open circles represent experimental results, while solid lines represent the best fits to the experimental
data using the Christoffel’s equation.

Analysis of the six elastic constants of the single-crystal magnesiosiderite as a function of
pressure show that they increase monotonically with increasing pressure below 42.4 GPa and
above 46.5 GPa, which correspond to the onset and ending pressure of the spin transition,
respectively (Fig. 3). Third-order Eulerian finite strain equations were used to obtain the first-
order pressure derivatives of the elastic moduli for HS and LS states, yielding: (0Cy,/
0P)300x = 6.12(7),  (0C33/0P)300x = 2.76(2),  (0C44/0P)300x = 1.70(1),  (9Cy2/
0P)300x = 4.38(3), (0C13/0P)300x = 3.72(3), and (0Cy4/0P)300x = 1.08(1) for the HS
state, and  (9Cy1/0P)300x = 3.2(2), (0C33/0P)300x = 8.7(5), (0C4s/0P)300x = 2.3(2),
(0C12/0P) 300k = 3.3(3), (0Cy3/0P)300x = 8.9(4), and (9C,4/0P)300x = 0.9(2) for the
LS state (Table S3). Comparing the elastic constants of the pure HS state with that of pure LS

state, their values in the LS state are, in all cases except for Cj,, higher than that of the

1 92%E

———],, such
14 asiat"j |0’

extrapolated HS state. Based on the definition of the elastic constants: C;; =

differences between the HS and LS states can be attributed to the stiffer lattice of the LS state
due to the collapse of the lattice across the spin transition. However, the pressure derivatives
of the elastic constants behave quite differently: the LS state exhibits higher pressure
derivatives of Cs3, C44 and C3 than that of the HS state, but the pressure derivatives of Cyj,

C12 and C)4 display the opposite behavior.
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FIG. 3 (color online). Single-crystal elastic constants of magnesiosiderite [(Mg3sFeq5)COs] at high pressures
and room temperature. Open circles: experimental results; solid lines: modeled results using the finite-strain
fitting for the HS and LS states, respectively. Modelling for the MS state shown by the grey vertical line is
based on the elasticity and thermodynamics theory. Dashed lines represent the extrapolated constants of the HS
state.

Of particular interest are the observed elastic anomalies between 42.4 to 46.5 GPa: drastic
softening occurs in four elastic constants, Cy;, Css, Cj2, and C3, while stiffening occurs in Caq
and Cy4 (Fig. 3). This abnormal elastic behavior coincides with significant changes in Raman
shifts and optical colors induced by the spin transition (Figs. S2 and S3) [22, 23, 33, 40].
Interestingly, Cj, and C;3 become negative at approximately 45.2 GPa, which is about
midway through the spin transition. This indicates a significant shear elastic instability of the
crystal. Based on the Born stability criteria [41], one can examine the mechanical stability of

the rhombohedral crystal:
By =Cyy — €2l >0 (1)
By = (€11 + C12)Cs3 — 2C123 >0 (2)

By = (Cy1 — C13)Chq — 2CE4, >0 3)
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Analysis of the Born criteria using these equations shows that B; > 70 GPa, B, > 600 GPa?
and B; > 5000 GPa?. All the Born criteria constants remain positive throughout the spin
transition, indicating that the crystal in the mixed-spin (MS) state, with negative Cj, and Cj3,
remains mechanically stable. The shear elastic instability of the crystal, manifested in the
negative Cj, and Cj3, is shown to be insufficient to mechanically destabilize the crystal

within the spin transition.

To understand the effects of the spin transition on the elasticity of the crystal, we have
used Eulerian finite-strain theory [42] to develop a general thermoelastic formulation for
modelling the Cj; of the rhombohedral system at high pressures [9] (See Supplemental
Material [43] for details). According to the extension of the thermoelastic model for the cubic
ferropericlase [9], the elastic compliances S” of the rhombohedral crystal across the spin

transition can be described as:

3 y y 3G, 0G,c\ an
SUV(n) = nS;hV,s + (1 — n)SHVys — ( LS _ “5>

o — 4
do; do; ) do; @)

where V' is the unit-cell volume, n is the LS fraction, o; and o; are the ith and jth stress
component, respectively, in the Voigt notation, and G is the Gibbs free energy. The
expansion of the general formulation to the six elastic compliances of the rhombohedral

crystal can be expressed as:

1 on
SllV(n) = nSLlsles +(1- n)SI}I%‘VHS - 5 Vs — Vys)ﬁ (5)

1 on
533V(n) = nSESVLS + (1 - n)SIZ_)’I:;VHS - 6 (VLS —_ VHS)ﬁ (6)

S*V(n) = nSiVis + (1 — n)SeVys (7
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S12V(n) = nS{Vis + (1 = m)SiEVis = 5 Vis = Vis) 35 ®)

1 on
SBV () = nS$Vis + (1 — n)Sg3Vis — 9 (Vs — VHs)ﬁ €))

SV () = nSigVis + (1 —n)SisVys (10)

These equations were applied to model the high-pressure experimental Cj; data shown in Fig.
3. In the model, the low-spin fraction (n) and the unit-cell volume (V) were initially derived
from the equation of state of the crystal reported previously [23] (See Supplemental Material

[43] for details).

Examination of these equations and modelled results shows that the third term on the
right-hand side of the Eq. (1) only appears in the mixed-spin state when dn/do; #
0,where i = 1, 2, 3. That is, for C;;, Cs3, Ci», and Ci; elastic constants, which are related to
the compressional stress component, an additional Gibbs free energy term associated with the
mixed-spin state exists. Because a volume collapse is associated with the spin transition
where V¢ < Vys and the dn/do; term is always positive, it follows that "', $*°, §'*, and S"
of the LS state must become larger than that in the pure HS state. Consequently, the drastic
softening in Cj;, Cs3, Ci2, and Cj3 elastic constants and in Ks and Vp occurs within the spin
transition. However, the additional Gibbs free energy term is cancelled out because # is an
even function of the shear stress components, in the Eqns. (4) and (7) for Cs4 and C)4 elastic
constants. Thus, Cs4 and Cj4 as well as G and Vs increase across the spin transition due to an

increase in density associated with the collapsed unit cell.

Our modelled results and experimental values are remarkably consistent for the elasticity
of the single-crystal magnesiosiderite across the spin transition at high pressures (Figs. 3 and
4). The C}; and Cs; elastic constants are significantly softened by a maximum of 66% and

59% respectively, and C), and C,; are softened so drastically that they become negative at
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around 45.2 GPa. On the other hand, Cs4 and Cj4 jump by 25% and 80%, respectively, across
the spin transition. As a result, Ky decreases to almost zero within the spin transition, Vp
drops by a maximum of 40%, and Vs and G are slightly enhanced. Furthermore, the LS state
of magnesiosiderite has drastically different V» and Vs anisotropies than that of the HS state.
Within the spin transition, Vp anisotropy experience a sharp drop while Vs splitting
anisotropy is enhanced and then drops. It should be noted that slight deviations between the
experimental data and modelled curves may be due to a pressure gradient in sample chamber

that can result in local inhomogeneity in the ratio of HS and LS states (Fig. S4).
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FIG. 4 (color online). Elastic parameters of magnesiosiderite [(Mgg3sFeg ¢5)CO;] at high pressures. (a): adiabatic
bulk (K) and shear modulus (G); (b): aggregate compressional (¥p) and shear (V5) wave velocities; (c): Vp and
Vs seismic anisotropy factors (AVp, AVy); (d): Poisson’s ratio. Open circles: experimental results; solid lines:
best modelled fits to experimental data. Solid lines in (c) are plotted to guide the eyes. Grey areas represent the
mixed-spin state region.

Poisson’s ratio is another important parameter to constrain the mechanical and acoustic

. . 1[/ve)? Vp\2 .
wave properties of the crystal, and is often defined as: v = > (—) —-2|/ (—) — 1], in

Vs Vs
geoscience application [54]. Significant auxeticity (negative Poisson’s ratio) across structural
transitions has been reported to occur for the a-f structural transition in quartz [55] and the [3-
v structural transition in isotropic In-Sn alloys [56]. Per the Landau theory for phase
transformations, negative elastic moduli will occur as a phase boundary is approached via a

change of thermodynamic variables. The elastic anomalies entail significant structural
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instability, followed by a structural transition [18]. Across the structural transition, the
compressibility of the crystal increases abruptly, resulting in a drastic softening of the K/G
ratio as well as Poisson’s ratio, which could become negative. This auxetic behavior has been
suggested to be a distinctive signature for structural phase transformations [54]. Interestingly,
an abrupt decrease in the Poisson’s ratio also occurs within the spin transition in
magnesiosiderite, which displays an abnormal auxeticity with a negative Poisson’s ratio of
0.6 at ~45.7 GPa. Compared to the extrapolated HS state magnesiosiderite, a maximum of
approximately 240% reduction in the Poisson’s ratio occurs within the spin transition.
Previous studies have also reported a softening of the Vp/F ratio across the spin crossover in
ferropericlase [8], but the recalculated Poisson’s ratio from Ref. [8] remains positive within
the spin transition. The phenomenon of a negative Poisson’s ratio in magnesiosidertie
suggests that significant auxetic behavior in minerals can be related to electronic spin

transition-induced elastic anomalies.

Our results on the elasticity of magnesiosiderite across the spin transition can also provide
mineral physics constraints on potential seismic detection of carbonate-rich regions in the
Earth’s lower mantle. A certain amount of carbon, on average of 3 wt. % CO,, has been
proposed to be transported deep into the Earth’s interior, hosted in various forms, including
CO;-rich and hydrocarbon-rich fluids/melts, accessory minerals (carbonates, diamond, and
graphite), and iron carbides [57-59]. Among those transported minerals, magnesite has been
suggested to be the main host for carbons due to its ability to remain thermodynamically
stable at relevant P-T conditions of the Earth’s lower mantle [28-30]. Considering the average
Fe/Mg molar ratio of ~0.12 in the Earth’s mantle [60], the composition of carbonates in the
mantle is likely to lie between magnesite and siderite, at a composition of (Mgg gsFeg.15)COs3
[22, 36]. Assuming that the thermoelastic properties of ferromagnesite can be scaled linearly

as a function of the iron concentration, our observed elastic anomalies in magnesiosiderite
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[(Mgo3s5Feo65)COs] are expected to be reduced by a factor of approximately 4 for possible
geophysical implications in the deep mantle. This suggests that a drastic softening of Vp
(~10%) across the spin transition may occur in the subducted slab material enriched with
ferromagnesite in the mid-lower mantle. Furthermore, the presence of carbonates such as
magnetite and calcite in the deep Earth’s interior has been used to explain low-velocity zones
near the bottom of the Earth’s lower mantle due to their relatively low compressional and
shear velocities as compared with corresponding lower-mantle silicates [61]. Our study here
further indicates that abnormal thermoelastic properties of iron-bearing magnesite across the
spin transition in the mid lower mantle will have a significant influence on our understanding

of seismic observations in the Earth’s lower mantle.

Conclusion

We have experimentally measured the elasticity of the rhombohedral magnesiosiderite
[(Mgo3sFeoss)COs] across the electronic spin transition region at high pressures.
Additionally, we have developed a thermoelastic model that corroborates our experimental
findings for the elastic anomalies within the spin transition. Deciphering the electronic-
induced elastic anomalies of crystals with lower symmetries both experimentally and
theoretically in this study plays an important role in understanding its effects on the physical,
chemical, and mechanical properties of materials, such as elasticity, acoustic velocity, and
Poisson’s ratio. The occurrence of elastic anomalies across electronic, structural, and
magnetic transitions can be used to understand the interplay between the lattice, electronic
and phonon band structures. Furthermore, the observed drastic softening of the compressional
wave velocity and significant changes of ¥p and Vs anisotropies across the spin transition are

of great importance for constraining geophysical models of carbonates in the lower mantle.
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