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Abstract 8 

Brillouin Light Scattering and Impulsive Stimulated Light Scattering have been used to 9 

determine the full elastic constants of magensiosiderite [(Mg0.35Fe0.65)CO3] up to 70 GPa at 10 

room temperature in a diamond anvil cell. Drastic softening in C11, C33, C12, and C13 elastic 11 

moduli associated with compressive stress component and stiffening in C44 and C14 moduli 12 

associated with the shear stress component are observed to occur within the spin transition 13 

between ~42.4 and ~46.5 GPa. Negative values of C12 and C13 are also observed within the 14 

spin transition region. The Born criteria constants for the crystal remain positive within the 15 

spin transition, indicating that the mixed-spin state remains mechanically stable. Significant 16 

auxeticity can be related to the electronic spin transition-induced elastic anomalies based on 17 

the analysis of Poisson’s ratio. These elastic anomalies are explained using a thermoelastic 18 

model for the rhombohedral system. Finally, we conclude that mixed-spin state 19 

ferromagnesite, which is potentially a major deep-carbon carrier, is expected to exhibit 20 

abnormal elasticity, including a negative Poisson’s ratio of -0.6 and drastically reduced VP by 21 

10%, in the Earth’s mid lower mantle. 22 

 23 

 24 



Introduction 25 

Elastic anomalies have been reported to occur across structural, electronic, and magnetic 26 

transitions at variable pressure and/or temperature (P-T) conditions in materials of interest to 27 

materials science, geoscience, and condensed matter physics including (Ca,Sr)TiO3 28 

perovskite [1-3], SiO2 stishovite [4, 5], (Mg,Fe)O ferropericlase [6-9], Fe3O4 magnetite [10], 29 

FeO [11-13] and Fe-C systems [14, 15]. As the fourth-rank tensor linking a crystal’s elastic 30 

strain response to external stress, elastic moduli, Cij, can be very sensitive to changes in 31 

structural, electronic, magnetic, and phononic states. Therefore, examining crystals’ elasticity 32 

under changing thermodynamic conditions is an effective means to elucidate the interplay of 33 

the aforementioned physical states of a given crystal [16]. Due to technical and theoretical 34 

limitations, however, few studies have combined both experimental and theoretical 35 

techniques to describe crystal elasticity across a transition.  36 

Landau theory can be used to attribute the structural-induced elastic anomalies to a 37 

spontaneous strain in crystals [17, 18]. This method, which involves analysis of the Landau 38 

expansion for specific crystal structures, is generally in agreement with experimental results 39 

[1-4]. Elastic anomalies have also been reported to occur within magnetic and electronic 40 

transitions of iron at extreme P-T conditions that are of great interest to materials science as 41 

well as deep-Earth research, as iron is the most abundant transition metal in the planet’s 42 

interior [19]. For example, phonon-magnon coupling in Fe3C [15] and FeO [11-13] has been 43 

used to explain the observed anomalous shear softening across their respective magnetic 44 

transitions. Additionally, an electronic spin transition of iron from high-spin (HS) to low-spin 45 

(LS) states has been recently reported to occur in several Fe-bearing systems, including 46 

ferropericalse [8, 20], bridgmanite [21], ferromagnesite [22, 23], and FeOOH [24]. A 47 

thermoelastic model for cubic crystals has been developed to explain the observed elastic 48 

anomalies across the spin transition in ferropericlase [9]. The development of the 49 



thermoelastic theory and simultaneous experimental measurements of the elasticity for cubic 50 

ferropericlase have greatly advanced our understanding of the condensed matter physics and 51 

geophysics of Fe-bearing materials across the spin transition at high pressures [8, 9, 25]. 52 

However, our understanding of the elastic anomalies across the electronic spin transition has 53 

been limited to the cubic crystal system, as consistent theoretical models and experimental 54 

results are not available for other crystal systems.  55 

Potential effects of the spin transition on the elasticity and thermodynamics can occur in 56 

other crystal systems of lower symmetries, including the rhombohedrally-structured Fe-57 

bearing magnesite, a potential deep mantle carbon carrier due to its abundance within 58 

subducted slabs and wide P-T stability [26-30]. Magnesite [MgCO3] and siderite [FeCO3] can 59 

form a solid solution series, which is generally called  ferromagnesite for the MgCO3-rich 60 

parts and magnesiosiderite for the FeCO3-rich parts of the system [22, 23]. Fe2+ ions reside in 61 

the octahedral site of the ferromagnesite lattice, which is similar to ferropericlase, but the 62 

octahedra are strongly linked via triangular CO3
2- units [22]. A sharp spin transition of iron in 63 

ferromagnesite has been reported to occur at approximately 45 GPa using several 64 

experimental and theoretical techniques including high pressure Mössbauer spectroscopy 65 

[31], X-ray emission spectroscopy [32], X-ray diffraction [23, 33], Raman spectroscopy [22], 66 

and first-principles calculations [34, 35]. Depending on the iron content, the spin transition is 67 

associated with an abrupt ~6-10% reduction in the unit-cell volume [23]. Furthermore, the 68 

occurrence of the dense low-spin ferromagnesite induces a structural transition to 69 

ferromagnesite II at higher pressures [36]. The sharp spin transition with a width of only ~4 70 

GPa and a corresponding large volume reduction in ferromagnesite represents a case study 71 

for deciphering elastic anomalies across an electronic spin transition in lower-symmetry 72 

systems. Knowing the influence of the spin transition on the elasticity of ferromagnesite can 73 



improve our understanding of the physical and chemical behavior of this potential deep-74 

carbon carrier in the lower mantle [27, 37].  75 

In this Letter, we have measured the compressional wave (VP) and shear wave (VS) 76 

velocities of single-crystal magnesiosiderite [(Mg0.35Fe0.65)CO3] across the spin transition up 77 

to 70 GPa using Brillouin Light Scattering (BLS) and Impulsive Stimulated Light Scattering 78 

(ISS) in a diamond-anvil cell (DAC). Our derived full elastic constants of the crystal show 79 

that C11, C33, C12 and C13 elastic moduli associated with the compressive stress component 80 

drop drastically within the spin transition at ~45 GPa, while C44 and C14 elastic moduli 81 

associated with the shear stress component jump by 25% and 80%, respectively. These elastic 82 

behaviors are explained using a thermoelastic model for the rhombohedral crystal system that 83 

was developed in this study. The observed elastic anomalies are broadly discussed within the 84 

framework of the interplay between acoustic phonons and structural, electronic and magnetic 85 

transitions in materials of interests to geoscience, materials science, and condensed matter 86 

physics.  87 

Results and Discussion  88 

    The combination of BLS and ISS techniques with a DAC enables us to measure both VS 89 

and VP of single-crystal magnesiosiderite [(Mg0.35Fe0.65)CO3] on the (101) cleavage platelet at 90 

pressures up to 70 GPa (Fig. 1). The measured VP and VS vary significantly as a function of 91 

the azimuthal angle, indicating strong elastic anisotropies of the sample at high pressures 92 

(Figs. 2 and S5). Based on the relationship of VP and VS as a function of the crystallographic 93 

direction, we have solved for the complete set of elastic constants of the rhombohedral 94 

magnesiosiderite using Christoffel’s equations [38]. The density information of the crystal 95 

was taken from its equation of state reported in a previous X-ray diffraction study  [23]. 96 

Using the derived Cij of the crystal, the adiabatic bulk and shear moduli (KS and G) were 97 

calculated using the Voigt-Reuss-Hill averages [39]. The calculated KS and G at ambient 98 



conditions are KS0 = 180.0(9) and G0 = 53.4(5) GPa, consistent with previous results within 99 

experimental uncertainties (Table S2). 100 

 101 

FIG. 1 (color online). Velocity measurements of the single-crystal magnesiosiderite [(Mg0.35Fe0.65)CO3] at high 102 
pressures and room temperature. In the Brillouin spectra (a,b,c), black open circles are experimental data and 103 
red lines are the best fit to the spectra. The inserted images show crystal color in the transmitted light at 104 
corresponding pressures. Using Fourier transformation, the time-dependent impulsive spectra (d,e,f) were 105 
modeled to derive the power spectra (g,h,i) in the frequency domain and the VP of the sample at certain 106 
orientations (shown as Chi angle) at high pressures. Neon pressure medium was also detected in the BLS and 107 
ISS spectra at high pressures. 108 

 109 

FIG. 2 (color online). Compressional (VP) and shear (VS) wave velocities of the single-crystal magnesiosiderite 110 
[(Mg0.35Fe0.65)CO3] as a function of the azimuthal angle at high pressures and room temperature. (a) and (b) 111 



show the high-spin (HS) states; (c) and (d) show the mixed-spin (MS) states; (e) and (f) show the low-spin (LS) 112 
states. Open circles represent experimental results, while solid lines represent the best fits to the experimental 113 
data using the Christoffel’s equation. 114 

Analysis of the six elastic constants of the single-crystal magnesiosiderite as a function of 115 

pressure show that they increase monotonically with increasing pressure below 42.4 GPa and 116 

above 46.5 GPa, which correspond to the onset and ending pressure of the spin transition, 117 

respectively (Fig. 3). Third-order Eulerian finite strain equations were used to obtain the first-118 

order pressure derivatives of the elastic moduli for HS and LS states, yielding: ሺ߲ܥଵଵ/119 ߲ܲሻଷ଴଴௄ ൌ 6.12ሺ7ሻ, ሺ߲ܥଷଷ/߲ܲሻଷ଴଴௄ ൌ 2.76ሺ2ሻ, ሺ߲ܥସସ/߲ܲሻଷ଴଴௄ ൌ 1.70ሺ1ሻ, ሺ߲ܥଵଶ/120 ߲ܲሻଷ଴଴௄ ൌ 4.38ሺ3ሻ, ሺ߲ܥଵଷ/߲ܲሻଷ଴଴௄ ൌ 3.72ሺ3ሻ, and ሺ߲ܥଵସ/߲ܲሻଷ଴଴௄ ൌ 1.08ሺ1ሻ for the HS 121 

state, and  ሺ߲ܥଵଵ/߲ܲሻଷ଴଴௄ ൌ 3.2ሺ2ሻ, ሺ߲ܥଷଷ/߲ܲሻଷ଴଴௄ ൌ 8.7ሺ5ሻ, ሺ߲ܥସସ/߲ܲሻଷ଴଴௄ ൌ 2.3ሺ2ሻ, 122 ሺ߲ܥଵଶ/߲ܲሻଷ଴଴௄ ൌ 3.3ሺ3ሻ, ሺ߲ܥଵଷ/߲ܲሻଷ଴଴௄ ൌ 8.9ሺ4ሻ, and ሺ߲ܥଵସ/߲ܲሻଷ଴଴௄ ൌ 0.9ሺ2ሻ for the 123 

LS state (Table S3). Comparing the elastic constants of the pure HS state with that of pure LS 124 

state, their values in the LS state are, in all cases except for C12, higher than that of the 125 

extrapolated HS state.  Based on the definition of the elastic constants: ܥ௜௝ ൌ ଵ௏ డమாడఌ೔డఌೕ |଴, such 126 

differences between the HS and LS states can be attributed to the stiffer lattice of the LS state 127 

due to the collapse of the lattice across the spin transition. However, the pressure derivatives 128 

of the elastic constants behave quite differently: the LS state exhibits higher pressure 129 

derivatives of C33, C44 and C13 than that of the HS state, but the pressure derivatives of C11, 130 

C12 and C14 display the opposite behavior.  131 



 132 

FIG. 3 (color online). Single-crystal elastic constants of magnesiosiderite [(Mg0.35Fe0.65)CO3] at high pressures 133 
and room temperature. Open circles: experimental results; solid lines: modeled results using the finite-strain 134 
fitting for the HS and LS states, respectively. Modelling for the MS state shown by the grey vertical line is 135 
based on the elasticity and thermodynamics theory. Dashed lines represent the extrapolated constants of the HS 136 
state. 137 

Of particular interest are the observed elastic anomalies between 42.4 to 46.5 GPa: drastic 138 

softening occurs in four elastic constants, C11, C33, C12, and C13, while stiffening occurs in C44 139 

and C14 (Fig. 3). This abnormal elastic behavior coincides with significant changes in Raman 140 

shifts and optical colors induced by the spin transition (Figs. S2 and S3) [22, 23, 33, 40]. 141 

Interestingly, C12 and C13 become negative at approximately 45.2 GPa, which is about 142 

midway through the spin transition. This indicates a significant shear elastic instability of the 143 

crystal. Based on the Born stability criteria [41], one can examine the mechanical stability of 144 

the rhombohedral crystal: 145 

ଵܤ ൌ ଵଵܥ െ |ଵଶܥ| ൐ 0 (1)

ଶܤ ൌ ሺܥଵଵ ൅ ଷଷܥଵଶሻܥ െ ଵଷଶܥ2 ൐ 0 (2)

ଷܤ ൌ ሺܥଵଵ െ ସସܥଵଶሻܥ െ ଵସଶܥ2 ൐ 0 (3)



Analysis of the Born criteria using these equations shows that ܤଵ ൐ ଶܤ ,ܽܲܩ 70 ൐  ଶ 146ܽܲܩ 600

and ܤଷ ൐  ଶ. All the Born criteria constants remain positive throughout the spin 147ܽܲܩ 5000

transition, indicating that the crystal in the mixed-spin (MS) state, with negative C12 and C13, 148 

remains mechanically stable. The shear elastic instability of the crystal, manifested in the 149 

negative C12 and C13, is shown to be insufficient to mechanically destabilize the crystal 150 

within the spin transition. 151 

To understand the effects of the spin transition on the elasticity of the crystal, we have 152 

used Eulerian finite-strain theory [42] to develop a general thermoelastic formulation for 153 

modelling the Cij of the rhombohedral system at high pressures [9] (See Supplemental 154 

Material [43] for details). According to the extension of the thermoelastic model for the cubic 155 

ferropericlase [9], the elastic compliances Sij of the rhombohedral crystal across the spin 156 

transition can be described as:  157 

ܵ௜௝ܸሺ݊ሻ ൌ ݊ܵ௅ௌ௜௝ ௅ܸௌ ൅ ሺ1 െ ݊ሻܵுௌ௜௝ ுܸௌ െ ቆ߲ܩ௅ௌ߲ߪ௝ െ ௝ߪுௌ߲ܩ߲ ቇ ௜ (4)ߪ߲߲݊

where V is the unit-cell volume, n is the LS fraction, σi and σj are the ith and jth stress 158 

component, respectively, in the Voigt notation, and G is the Gibbs free energy. The 159 

expansion of the general formulation to the six elastic compliances of the rhombohedral 160 

crystal can be expressed as: 161 

ܵଵଵܸሺ݊ሻ ൌ ݊ܵ௅ௌଵଵ ௅ܸௌ ൅ ሺ1 െ ݊ሻܵுௌଵଵ ுܸௌ െ 19 ሺ ௅ܸௌ െ ுܸௌሻ ߲߲݊ܲ (5)

ܵଷଷܸሺ݊ሻ ൌ ݊ܵ௅ௌଷଷ ௅ܸௌ ൅ ሺ1 െ ݊ሻܵுௌଷଷ ுܸௌ െ 19 ሺ ௅ܸௌ െ ுܸௌሻ ߲߲݊ܲ (6)

ܵସସܸሺ݊ሻ ൌ ݊ܵ௅ௌସସ ௅ܸௌ ൅ ሺ1 െ ݊ሻܵுௌସସ ுܸௌ (7)



ܵଵଶܸሺ݊ሻ ൌ ݊ܵ௅ௌଵଶ ௅ܸௌ ൅ ሺ1 െ ݊ሻܵுௌଵଶ ுܸௌ െ 19 ሺ ௅ܸௌ െ ுܸௌሻ ߲߲݊ܲ (8)

ܵଵଷܸሺ݊ሻ ൌ ݊ܵ௅ௌଵଷ ௅ܸௌ ൅ ሺ1 െ ݊ሻܵுௌଵଷ ுܸௌ െ 19 ሺ ௅ܸௌ െ ுܸௌሻ ߲߲݊ܲ (9)

ܵଵସܸሺ݊ሻ ൌ ݊ܵ௅ௌଵସ ௅ܸௌ ൅ ሺ1 െ ݊ሻܵுௌଵସ ுܸௌ (10)

These equations were applied to model the high-pressure experimental Cij data shown in Fig. 162 

3. In the model, the low-spin fraction (n) and the unit-cell volume (V) were initially derived 163 

from the equation of state of the crystal reported previously [23] (See Supplemental Material 164 

[43] for details). 165 

Examination of these equations and modelled results shows that the third term on the 166 

right-hand side of the Eq. (1) only appears in the mixed-spin state when ߲݊/߲ߪ௜ ്167 0, where ݅ ൌ 1, 2, 3. That is, for C11, C33, C12, and C13 elastic constants, which are related to 168 

the compressional stress component, an additional Gibbs free energy term associated with the 169 

mixed-spin state exists. Because a volume collapse is associated with the spin transition 170 

where ௅ܸௌ ൏ ுܸௌ and the ߲݊/߲ߪ௜ term is always positive, it follows that S11, S33, S12, and S13 171 

of the LS state must become larger than that in the pure HS state. Consequently, the drastic 172 

softening in C11, C33, C12, and C13 elastic constants and in KS and VP occurs within the spin 173 

transition. However, the additional Gibbs free energy term is cancelled out because n is an 174 

even function of the shear stress components, in the Eqns. (4) and (7) for C44 and C14 elastic 175 

constants. Thus, C44 and C14 as well as G and VS increase across the spin transition due to an 176 

increase in density associated with the collapsed unit cell. 177 

Our modelled results and experimental values are remarkably consistent for the elasticity 178 

of the single-crystal magnesiosiderite across the spin transition at high pressures (Figs. 3 and 179 

4). The C11 and C33 elastic constants are significantly softened by a maximum of 66% and 180 

59% respectively, and C12 and C13 are softened so drastically that they become negative at 181 



around 45.2 GPa. On the other hand, C44 and C14 jump by 25% and 80%, respectively, across 182 

the spin transition. As a result, KS decreases to almost zero within the spin transition, VP 183 

drops by a maximum of 40%, and VS and G are slightly enhanced. Furthermore, the LS state 184 

of magnesiosiderite has drastically different VP and VS anisotropies than that of the HS state. 185 

Within the spin transition, VP anisotropy experience a sharp drop while VS splitting 186 

anisotropy is enhanced and then drops. It should be noted that slight deviations between the 187 

experimental data and modelled curves may be due to a pressure gradient in sample chamber 188 

that can result in local inhomogeneity in the ratio of HS and LS states (Fig. S4). 189 

 190 

FIG. 4 (color online). Elastic parameters of magnesiosiderite [(Mg0.35Fe0.65)CO3] at high pressures. (a): adiabatic 191 
bulk (KS) and shear modulus (G); (b): aggregate compressional (VP) and shear (VS) wave velocities; (c): VP and 192 
VS seismic anisotropy factors (AVP, AVS); (d): Poisson’s ratio. Open circles: experimental results; solid lines: 193 
best modelled fits to experimental data. Solid lines in (c) are plotted to guide the eyes. Grey areas represent the 194 
mixed-spin state region. 195 

Poisson’s ratio is another important parameter to constrain the mechanical and acoustic 196 

wave properties of the crystal, and is often defined as: ߥ ൌ ଵଶ ൤ቀ௏ು௏ೄቁଶ െ 2൨ / ൤ቀ௏ು௏ೄቁଶ െ 1൨, in 197 

geoscience application [54]. Significant auxeticity (negative Poisson’s ratio) across structural 198 

transitions has been reported to occur for the α-β structural transition in quartz [55] and the β-199 

γ structural transition in isotropic In-Sn alloys [56]. Per the Landau theory for phase 200 

transformations, negative elastic moduli will occur as a phase boundary is approached via a 201 

change of thermodynamic variables. The elastic anomalies entail significant structural 202 



instability, followed by a structural transition [18]. Across the structural transition, the 203 

compressibility of the crystal increases abruptly, resulting in a drastic softening of the K/G 204 

ratio as well as Poisson’s ratio, which could become negative. This auxetic behavior has been 205 

suggested to be a distinctive signature for structural phase transformations [54]. Interestingly, 206 

an abrupt decrease in the Poisson’s ratio also occurs within the spin transition in 207 

magnesiosiderite, which displays an abnormal auxeticity with a negative Poisson’s ratio of 208 

0.6 at ~45.7 GPa. Compared to the extrapolated HS state magnesiosiderite, a maximum of 209 

approximately 240% reduction in the Poisson’s ratio occurs within the spin transition. 210 

Previous studies have also reported a softening of the VP/VS ratio across the spin crossover in 211 

ferropericlase [8], but the recalculated Poisson’s ratio from Ref. [8]  remains positive within 212 

the spin transition. The phenomenon of a negative Poisson’s ratio in magnesiosidertie 213 

suggests that significant auxetic behavior in minerals can be related to electronic spin 214 

transition-induced elastic anomalies. 215 

Our results on the elasticity of magnesiosiderite across the spin transition can also provide 216 

mineral physics constraints on potential seismic detection of carbonate-rich regions in the 217 

Earth’s lower mantle. A certain amount of carbon, on average of 3 wt. % CO2, has been 218 

proposed to be transported deep into the Earth’s interior, hosted in various forms, including 219 

CO2-rich and hydrocarbon-rich fluids/melts, accessory minerals (carbonates, diamond, and 220 

graphite), and iron carbides [57-59]. Among those transported minerals, magnesite has been 221 

suggested to be the main host for carbons due to its ability to remain thermodynamically 222 

stable at relevant P-T conditions of the Earth’s lower mantle [28-30]. Considering the average 223 

Fe/Mg molar ratio of ~0.12 in the Earth’s mantle [60], the composition of carbonates in the 224 

mantle is likely to lie between magnesite and siderite, at a composition of (Mg0.85Fe0.15)CO3 225 

[22, 36]. Assuming that the thermoelastic properties of ferromagnesite can be scaled linearly 226 

as a function of the iron concentration, our observed elastic anomalies in magnesiosiderite 227 



[(Mg0.35Fe0.65)CO3] are expected to be reduced by a factor of approximately 4 for possible 228 

geophysical implications in the deep mantle. This suggests that a drastic softening of VP 229 

(~10%) across the spin transition may occur in the subducted slab material enriched with 230 

ferromagnesite in the mid-lower mantle. Furthermore, the presence of carbonates such as 231 

magnetite and calcite in the deep Earth’s interior has been used to explain low-velocity zones 232 

near the bottom of the Earth’s lower mantle due to their relatively low compressional and 233 

shear velocities as compared with corresponding lower-mantle silicates [61]. Our study here 234 

further indicates that abnormal thermoelastic properties of iron-bearing magnesite across the 235 

spin transition in the mid lower mantle will have a significant influence on our understanding 236 

of seismic observations in the Earth’s lower mantle. 237 

Conclusion 238 

We have experimentally measured the elasticity of the rhombohedral magnesiosiderite 239 

[(Mg0.35Fe0.65)CO3] across the electronic spin transition region at high pressures. 240 

Additionally, we have developed a thermoelastic model that corroborates our experimental 241 

findings for the elastic anomalies within the spin transition. Deciphering the electronic-242 

induced elastic anomalies of crystals with lower symmetries both experimentally and 243 

theoretically in this study plays an important role in understanding its effects on the physical, 244 

chemical, and mechanical properties of materials, such as elasticity, acoustic velocity, and 245 

Poisson’s ratio. The occurrence of elastic anomalies across electronic, structural, and 246 

magnetic transitions can be used to understand the interplay between the lattice, electronic 247 

and phonon band structures. Furthermore, the observed drastic softening of the compressional 248 

wave velocity and significant changes of VP and VS anisotropies across the spin transition are 249 

of great importance for constraining geophysical models of carbonates in the lower mantle. 250 
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