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Brillouin light scattering and impulsive stimulated light scattering have beenused to determine the full elastic
constants of magnesiosiderite [ðMg0.35Fe0.65ÞCO3] up to 70 GPa at room temperature in a diamond-anvil cell.
Drastic softening inC11,C33,C12, andC13 elasticmoduli associatedwith the compressive stress component and
stiffening in C44 and C14 moduli associated with the shear stress component are observed to occur within the
spin transition between∼42.4 and∼46.5 GPa.Negativevalues ofC12 andC13 are also observedwithin the spin
transition region. TheBorn criteria constants for the crystal remain positivewithin the spin transition, indicating
that themixed-spin state remainsmechanically 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 thermoelasticmodel for the rhombohedral system. Finally, we conclude thatmixed-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 Earth’s midlower mantle.

DOI: 10.1103/PhysRevLett.118.036402

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 ðCa; SrÞTiO3 perov-
skite [1–3], SiO2 stishovite [4,5], (Mg,Fe)O ferropericlase
[6–9], Fe3O4 magnetite [10], and 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 Cij

can be very sensitive to changes in structural, electronic,
magnetic, and phononic states. Therefore, examining crys-
tals’ elasticity under changing thermodynamic conditions is
an effective means to elucidate the interplay of the afore-
mentioned physical states of a given crystal [16]. Because of
technical and theoretical limitations, however, few studies
have combined both experimental and theoretical tech-
niques to describe crystal elasticity across a transition.
The 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 gen-
erally in agreement with experimental results [1–4]. Elastic
anomalies have also been reported to occur within magnetic
and electronic transitions of Fe-bearing compounds 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 Fe3C [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 ferropericlase [8,20], bridgmanite [21], ferro-
magnesite [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 thermoelastic
theory and simultaneous experimental measurements of the
elasticity for cubic ferropericlase have greatly advanced our
understanding of the condensed matter physics and geo-
physics 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 avail-
able 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 [MgCO3] and siderite [FeCO3]
can form a solid solution series, which is generally called
ferromagnesite for the MgCO3-rich parts and magnesiosi-
derite for the FeCO3-rich parts of the system [22,23]. Fe2þ
ions reside in the octahedral site of the ferromagnesite lattice,
which is similar to ferropericlase, but the octahedra are
strongly linked via triangular CO3

2− 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
Mössbauer spectroscopy [31], x-ray emission spectroscopy
[32], x-ray diffraction [23,33], Raman spectroscopy [22], and
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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 ferromag-
nesite 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 improve
our understanding of the physical and chemical behavior of
this potential deep-carbon carrier in the lowermantle [27,37].
In this Letter, we have measured the compressional wave

(VP) and shear wave (VS) velocities of single-crystal
magnesiosiderite [ðMg0.35Fe0.65ÞCO3] across the spin tran-
sition up to 70 GPa using Brillouin light scattering (BLS)
and impulsive stimulated light scattering (ISS) in a dia-
mond-anvil cell (DAC). Our derived full elastic constants of
the crystal show that C11, C33, C12, and C13 elastic moduli
associated with the compressive stress component drop
drastically within the spin transition at ∼45 GPa, while C44

and C14 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 rhombohedral 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 interest 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 VS and VP of single-crystal magnesiosiderite
[ðMg0.35Fe0.65ÞCO3] 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 VP
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 equa-
tions [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 Cij of the crystal,
the adiabatic bulk and shearmoduli (KS andG, respectively)
were calculated using the Voigt-Reuss-Hill averages [39].
The calculated KS and G at ambient conditions are KS0 ¼
180.0ð9Þ and G0 ¼ 53.4ð5Þ GPa, consistent with previous
results within experimental uncertainties (Table S2).
An analysis of the six elastic constants of the single-

crystal magnesiosiderite as a function of pressure shows that

FIG. 1. Velocity measurements of the single-crystal magnesio-
siderite [ðMg0.35Fe0.65ÞCO3] at high pressures and room temper-
ature. In the Brillouin spectra (a)–(c), black open circles are
experimental data and red lines are the best fit to the spectra. The
inset images show the crystal color in the transmitted light at
corresponding pressures. Using Fourier transformation, the time-
dependent impulsive spectra (d)–(f) were modeled to derive the
power spectra (g)–(i) in the frequency domain and the VP of the
sample at certain orientations (shown as the Chi angle) at high
pressures. Neon pressure medium was also detected in the BLS
and ISS spectra at high pressures.

FIG. 2. Compressional (VP) and shear (VS) wave velocities of
the single-crystal magnesiosiderite [ðMg0.35Fe0.65ÞCO3] as a
function of the azimuthal angle at high pressures and room
temperature. (a) shows the high-spin (HS) state; (b) shows the
mixed-spin (MS) state; (c) shows the low-spin (LS) state. Open
circles represent experimental results, while solid lines represent
the best fits to the experimental data using Christoffel’s equation.
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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
ð∂C11=∂PÞ300K ¼ 6.12ð7Þ, ð∂C33=∂PÞ300K¼2.76ð2Þ,
ð∂C44=∂PÞ300K ¼ 1.70ð1Þ, ð∂C12=∂PÞ300K ¼ 4.38ð3Þ,
ð∂C13=∂PÞ300K ¼ 3.72ð3Þ, and ð∂C14=∂PÞ300K ¼ 1.08ð1Þ
for the HS state and ð∂C11=∂PÞ300K ¼ 3.2ð2Þ,
ð∂C33=∂PÞ300K ¼ 8.7ð5Þ, ð∂C44=∂PÞ300K ¼ 2.3ð2Þ,
ð∂C12=∂PÞ300K ¼ 3.3ð3Þ, ð∂C13=∂PÞ300K ¼ 8.9ð4Þ, and
ð∂C14=∂PÞ300K ¼ 0.9ð2Þ for the LS state (Table S3).
Comparing the elastic constants of the pure HS state with
that of the pure LS state, their values in the LS state are, in
all cases except for C12, higher than that of the extrapolated
HS state. Based on the definition of the elastic constants,
Cij ¼ ð1=VÞð∂2E=∂εi∂εjÞj0, such 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 C33, C44, and C13 than that of
the HS state, but the pressure derivatives of C11, C12, and
C14 display the opposite behavior.

Of particular interest are the observed elastic anomalies
between 42.4 and 46.5 GPa: Drastic softening occurs in
four elastic constants, C11, C33, C12, and C13, while
stiffening occurs in C44 and C14 (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,
C12 and C13 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:

B1 ¼ C11 − jC12j > 0; ð1Þ
B2 ¼ ðC11 þ C12ÞC33 − 2C2

13 > 0; ð2Þ
B3 ¼ ðC11 − C12ÞC44 − 2C2

14 > 0. ð3Þ
An analysis of the Born criteria using these equations

shows that B1 > 70 GPa, B2 > 600 GPa2, and B3 >
5000 GPa2. All the Born criteria constants remain positive
throughout the spin transition, indicating that the crystal in the
MS state, with negative C12 and C13, remains mechanically
stable. The shear elastic instability of the crystal, manifested
in the negative C12 and C13, 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 the Eulerian finite-
strain theory [42] to develop a general thermoelastic
formulation for modeling the Cij of the rhombohedral
system at high pressures [9] (see Supplemental Material
[43] for details). According to the extension of the thermo-
elastic model for the cubic ferropericlase [9], the elastic
compliances Sij of the rhombohedral crystal across the spin
transition can be described as

SijVðnÞ ¼ nSijLSVLS þ ð1 − nÞSijHSVHS

−
�∂GLS

∂σj − ∂GHS

∂σj
� ∂n
∂σi ; ð4Þ

whereV is the unit-cell volume,n is theLS fraction,σi andσj
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

S11VðnÞ ¼ nS11LSVLSþð1−nÞS11HSVHS− 1

9
ðVLS−VHSÞ

∂n
∂P;

ð5Þ

S33VðnÞ ¼ nS33LSVLSþð1−nÞS33HSVHS− 1

9
ðVLS−VHSÞ

∂n
∂P;

ð6Þ
S44VðnÞ ¼ nS44LSVLS þ ð1 − nÞS44HSVHS; ð7Þ

FIG. 3. Single-crystal elastic constants of magnesiosiderite
[ðMg0.35Fe0.65ÞCO3] 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, respec-
tively. Modeling for the MS state shown by the gray vertical line
is based on the elasticity and thermodynamics theory. Dashed
lines represent the extrapolated constants of the HS state.
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S12VðnÞ ¼ nS12LSVLSþð1−nÞS12HSVHS− 1

9
ðVLS−VHSÞ

∂n
∂P;

ð8Þ

S13VðnÞ ¼ nS13LSVLSþð1−nÞS13HSVHS− 1

9
ðVLS−VHSÞ

∂n
∂P;

ð9Þ

S14VðnÞ ¼ nS14LSVLS þ ð1 − nÞS14HSVHS: ð10Þ

These equations were applied to model the high-pressure
experimentalCij data shown in Fig. 3. In themodel, 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 SupplementalMaterial [43] for details).
An examination of these equations and modeled results

shows that the third term on the right-hand side of Eq. (1)
appears in themixed-spin state onlywhen∂n=∂σi ≠ 0, where
i ¼ 1, 2, 3. That is, for C11, C33, C12, and C13 elastic
constants, which are related to the compressional stress
component, an additional Gibbs free energy term associated
with themixed-spin state exists. Because a volume collapse is
associated with the spin transition where VLS < VHS and the
∂n=∂σi term is always positive, it follows that S11, S33, S12,
and S13 of the LS state must become larger than that
in the pure HS state. Consequently, the drastic softening in
C11, C33, C12, and C13 elastic constants and in KS and
VP occurs within the spin transition. However, the additional
Gibbs free energy term is canceled out, because n is an
even function of the shear stress components, in Eqs. (4)
and (7) forC44 andC14 elastic constants. Thus,C44 andC14 as
well as G and VS increase across the spin transition
due to an increase in density associated with the collapsed
unit cell.
Our modeled results and experimental values are remark-

ably consistent for the elasticity of the single-crystal
magnesiosiderite across the spin transition at high pressures
(Figs. 3 and 4). The C11 and C33 elastic constants are
significantly softened by a maximum of 66% and 59%,
respectively, andC12 andC13 are softened so drastically that
they become negative at around 45.2 GPa. On the other
hand, C44 and C14 jump by 25% and 80%, respectively,
across the spin transition. As a result,KS decreases to almost
zero within the spin transition, VP drops by a maximum of
40%, and VS andG are slightly enhanced. Furthermore, the
LS state of magnesiosiderite has drastically differentVP and
VS anisotropies than that of the HS state. Within the spin
transition,VP anisotropy experiences a sharp drop, whileVS
splitting anisotropy is enhanced and then drops. It should be
noted that slight deviations between the experimental data
and modeled curves may be due to a pressure gradient in the
sample chamber that can result in a local inhomogeneity in
the ratio of HS and LS states (Fig. S4).
Poisson’s ratio is another important parameter to

constrain the mechanical and acoustic wave properties

of the crystal and is often defined as ν ¼
1
2
½ðVP=VSÞ2 − 2�=½ðVP=VSÞ2 − 1�, in a geoscience appli-

cation [54]. Significant auxeticity (negative Poisson’s ratio)
across structural transitions has been reported to occur for
the α-β structural transition in quartz [55] and the β-γ
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 a significant structural instability, followed by a
structural transition [18]. Across the structural transition,
the compressibility of the crystal increases abruptly, result-
ing 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 mag-
nesiosiderite, a maximum of approximately 240% reduc-
tion in the Poisson ratio occurs within the spin transition.
Previous studies have also reported a softening of the
VP=VS 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 magnesiosiderite suggests that
significant auxetic behavior in minerals can be related to
electronic spin transition-induced elastic anomalies.
Our results on the elasticity ofmagnesiosiderite across the

spin transition can also provide mineral physics constraints
on the potential seismic detection of carbonate-rich regions
in Earth’s lower mantle. A certain amount of carbon, on

FIG. 4. Elastic parameters of magnesiosiderite
[ðMg0.35Fe0.65ÞCO3] at high pressures. (a) Adiabatic bulk (KS)
and shear modulus (G); (b) aggregate compressional (VP) and
shear (VS) wave velocities; (c) VP and VS seismic anisotropy
factors (AVP, AVS); (d) Poisson’s ratio. Open circles, exper-
imental results; solid lines, best modeled fits to experimental data.
Solid lines in (c) are plotted to guide the eyes. Gray areas
represent the mixed-spin state region.
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average of 3 wt.% CO2, has been proposed to be transported
deep into Earth’s interior, hosted in various forms, including
CO2-rich and hydrocarbon-rich fluids and melts, accessory
minerals (carbonates, diamond, and graphite), and iron
carbides [57–59]. Among those transported minerals, mag-
nesite has been suggested to be the main host for carbon
due to its ability to remain thermodynamically stable at
relevant P-T conditions of Earth’s lower mantle [28–30].
Considering the average Fe=Mg molar ratio of ∼0.12 in
Earth’s mantle [60], the composition of carbonates in the
mantle is likely to lie between magnesite and siderite, at a
composition of ðMg0.85Fe0.15ÞCO3 [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 [ðMg0.35Fe0.65ÞCO3]
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 ofVP (∼10%) across the spin
transition may occur in the subducted slab material enriched
with ferromagnesite in themidlowermantle. Furthermore, the
presence of carbonates such as magnesite and calcite in deep
Earth’s interior has been used to explain low-velocity zones
near the bottom of 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
midlower mantle will have a significant influence on our
understanding of seismic observations in Earth’s lower
mantle.
Conclusion.—We have experimentally measured the

elasticity of the rhombohedral magnesiosiderite
[ðMg0.35Fe0.65ÞCO3] 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 under-
standing its effects on the physical, chemical, andmechanical
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, elec-
tronic, and phonon band structures. Furthermore, the
observed drastic softening of the compressional wave veloc-
ity and significant changes of VP and VS anisotropies across
the spin transition are of great importance for constraining
geophysical models of carbonates in the Earth’s lower
mantle.
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