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The high-pressure behavior of andradite garnet, Ca3Fe2[SiO4]3, was studied at pressures up to 80 GPa using
single-crystal synchrotron x-ray diffraction, Raman spectroscopy, and quantum mechanical calculations based
on density functional theory. An isosymmetric phase transition was observed in the pressure range between 60
and 70 GPa, which is associated with a gradual high-spin to low-spin electronic transition in Fe3+. Experimental
structural data before and after the phase transition are in excellent agreement with the theoretically predicted
structural compression of the high-spin and low-spin phases, respectively. While the overall unit-cell volume
is reduced by about 2.5% across the phase transition, a collapse of about 10% of the FeO6 octahedral volume
is observed, attributed to the reduced Fe–O bond lengths associated with low-spin Fe3+. In combination with
earlier data the present study shows that a spin collapse of Fe3+ in FeO6 octahedra will be triggered if the Fe–O
bond length reaches a critical value of d(Fe–O) < ≈ 1.9 Å. Earlier reported results for the compressibility of
the cation coordination polyhedra are substantially revised, with BFeO6 = 195(2) GPa, BCaO8 = 104(2) GPa, and
BSiO4 = 348(11) GPa for the high-spin phase. The mode Grüneisen parameters range between 0.61 and 1.34.
The computed spin-pairing energy is ≈4.2 eV at 0 GPa.

DOI: 10.1103/PhysRevB.90.094105 PACS number(s): 61.50.Ks, 61.05.cp, 71.15.Mb, 78.30.−j

I. INTRODUCTION

Iron is the most abundant transition metal, and due to their
electronic structures, both Fe2+ and Fe3+ ions may undergo
spin-pairing transitions at high pressures. Such pressure-
induced spin transitions have already been predicted by Fyfe
[1] and high-pressure experiments allowed to obtain exper-
imental evidence for these electronic transitions in Fe0.94O
[2], hematite, Fe2O3 [3,4], and FeS [5] using Mössbauer
spectroscopy and x-ray emission spectroscopy (XES).

Garnets play an important role in nature and technology.
They are important minerals of the Earth’s mantle, used in
jewelry, and crystals with the garnet structure are fabricated
for laser, magnetic, and ion-conducting technologies [6].
A pressure-induced magnetic collapse and spin transition
accompanied by a Mott transition has been observed in
synthetic yttrium iron garnet (YIG), Y3Fe5O12, at 48 GPa
[7,8]. Y3Fe5O12 is a well-known magnetic garnet with wide
application in electronic devices. Magnetic garnets are used
as magneto-optical isolators and in microwave technology as
magnetic resonance filters, tuned oscillators, and band-reject
and band-pass filters [6]. In Y3Fe5O12, Fe3+ occupies octa-
hedral and tetrahedral sites of the garnet structure. However,
as the high-pressure phase of Y3Fe5O12 was amorphous [7,9],

*friedrich@kristall.uni-frankfurt.de

the structural changes due to the HS-LS transition could not
be evaluated.

Andradite, Ca3Fe2[SiO4]3, is a garnet end member with
Fe3+ in octahedral coordination. Like the majority of garnets, it
crystallizes in space group Ia3̄d, where all the cations occupy
fully-constrained special positions (Fig. 1). The high symme-
try of the garnet structure and of the cation coordinations make
andradite an ideal model system to study pressure-induced
spin-pairing transitions of Fe3+ in octahedral coordination.
Specifically, the spin-pairing behavior in andradite may serve
as a benchmark for that of iron-bearing magnesium silicate
perovskite, (Mg1−xFex)SiO3, where spin transitions of iron
have been extensively studied [10] and a spin-pairing transition
in Fe3+ located on the octahedral B site was controversially
proposed at pressures of 13–24 GPa [11] or 50–60 GPa [12].
Several high-pressure studies have already been conducted on
andradite up to 36 GPa [13–17]. No structural phase transition
has been reported so far. In the present study we report on
a pressure-induced spin transition in andradite from single-
crystal x-ray diffraction, Raman spectroscopy and quantum
mechanical calculations based on density-functional theory.

II. METHODS

A. Experimental details

Andradite single crystals were synthesized from a stoi-
chiometric mixture of synthetic Ca(OH)2, Fe2O3, and SiO2

with OH in excess to promote crystal growth, sealed within
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FIG. 1. (Color online) Crystal structure of andradite. FeO6 oc-
tahedra (red) and SiO4 tetrahedra (blue) share corners in a three-
dimensional framework. Ca atoms (yellow spheres) occupy triangular
dodecahedral sites.

a platinum capsule, at 3 GPa and 1273 K in a multianvil
press using the 18/11 assembly according to the experimental
design given in Koch-Müller et al. [18]. The chemical
composition was determined by wavelength-dispersive x-
ray analysis (WDS) techniques using a JEOL JXA-8500F
(HYPERPROBE) electron microprobe. Natural and synthetic
reference standards were diopside (for Mg, Si, and Ca),
hematite (for Fe), and orthoclase (for Al).

Several grains of garnets were embedded in UV glue,
ground and polished on both sides to thicknesses ranging
from 35 to 136 μm for FTIR investigations. Unpolarized
FTIR spectra were obtained at the synchrotron IR beamline
at BESSY II (Berlin, Germany) using a Nicolet 870 FTIR
spectrometer (with KBr beamsplitter) combined with a Con-
tinuum microscope and a MCT detector. The aperture was set
to 12 × 12 μm2. The spectra were collected with a resolution
of 2 cm−1 and averaged over 256 scans. As no molar absorption
coefficient ε for andradite has been reported so far, we used
the IR calibration of Bell et al. [19] for two pyrope-rich
garnets (6700 ± 670 l mol−1

H2O cm−2) for quantification. For the
high-pressure experiments small single crystals of andradite
(�25 μm diameter and �8 μm thickness) were loaded together
with ruby chips for pressure determination [20] and neon as a
pressure-transmitting medium into holes of ≈85 μm diameter
in rhenium gaskets preindented to thicknesses of �30 μm
in Boehler-Almax diamond anvil cells equipped with conical
diamonds (250 and 200 μm culet sizes) [21].

Single-crystal synchrotron x-ray diffraction was performed
at the Extreme Conditions Beamline P02.2 at PETRA III,
Hamburg, Germany (λ = 0.28968 Å, beam size 2.4(H) ×
2.1(V) μm2) [22]. Diffraction images were collected on
compression at various pressures up to 77 GPa (except for the
data at 70 GPa, which were collected after decompression from
73.5 GPa) with a PerkinElmer XRD 1621 flat-panel detector at
a sample-to-detector distance of 399.82 mm by 1◦ ω scanning.
A smaller scan range than the cell opening was used at the two
lowest pressures due to a displacement of the ω-rotation axis
from the synchrotron beam, which was then realigned, and at
70 and 77 GPa due to the limited availability of synchrotron

beam time (Table I). The image format was converted
according to the procedure described by Rothkirch et al. [23]
for further processing with the CrysAlisP ro software Agilent
[24] for indexing Bragg reflections, intensity data reduction,
and empirical absorption correction. Crystal structures were
refined with SHELXL97-2 [25], operated using the WinGX
interface [26]. The final refinement was carried out with
anisotropic displacement parameters for all atoms. The Ca:Fe
ratio was refined for the triangular dodecahedral site with the
constraint that the sum of the occupancies of Ca and Fe was
fixed to one. An extinction correction was applied for one of
the crystals (No. 1). The polyhedral volumes were calculated
with the program IVTON [27]. Experimental details, crystal
data and refinement results are summarized in Table I.

Micro-Raman measurements were performed with a Reni-
shaw Raman spectrometer (RM-1000) equipped with a CCD
detector and a green Nd:YAG-laser (532 nm, 200 mW). We
employed a nonconfocal geometry and a 20× objective lens
with a long-working distance. The sample was one of the
two single crystals (crystal No. 1) which had been used
for single-crystal x-ray diffraction and pressurized to about
78 GPa. Raman spectra were measured after the diffraction
experiments during decompression to ambient pressure in the
range from 100 to 1300 cm−1. All spectra were corrected by
subtracting a background and fitted to Lorentzian functions
using the program DatLab [28].

B. Computational details

The quantum-mechanical calculations were performed
based on density functional theory (DFT) for a pure andradite
end-member composition Ca3Fe3+

2 [SiO4]3 using the program
CASTEP [29]. The calculations were performed with the
on-the-fly pseudopotentials from the CASTEP database using
a kinetic cutoff energy of 800 eV and a 4 × 4 × 4 Monkhorst-
Pack grid [30], yielding distances �0.03 Å−1 between sam-
pling points of the reciprocal lattice. The Wu-Cohen [31]
exchange-correlation functional was employed.

The high-spin (HS) and the low-spin (LS) structures
represent local minima in the total energy hypersurface. Hence,
we chose the corresponding formal spin states as starting
values, but allowed full spin relaxation after a few SCF cycles.
The results were then analyzed by a Mulliken population
analysis and invariably showed either the HS or LS state. The
use of other starting configurations also led to either the HS or
LS state, and attempts to model to an intermediate spin state
while not fixing the spin failed.

III. RESULTS

A. Composition of the synthetic garnets

The product of the synthesis in the multianvil press consists
of reddish isomorphic single crystals in size ranging from sub-
micron to about 200 μm. Optical inspection in transmitted light
as well as microprobe analyses reveal that two different popu-
lations of garnets have been grown: a nearly pure andradite
end member, (Ca2.88Mg0.07Fe2+

0.04)(Fe3+
1.96Al0.04)Si3O12, with

lighter red color and andradite with 7 mole% skiagite com-
ponent, (Ca2.71Fe2+

0.21Mg0.03)(Fe3+
1.97Al0.03)Si3O12, with darker

red color. See Supplemental Material [32] for a table of the
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FIG. 2. Unit-cell compression of andradite obtained from single-
crystal x-ray diffraction (XRD) (Exp., black dots) and from DFT
calculations for the high-spin (HS) and low-spin (LS) configurations.
At pressures between 60 and 70 GPa the HS-LS transition is observed.
The pressure point at 70 GPa was measured on decompression. Lines
represent equation of state fits to the p-a data. Literature values from
single-crystal XRD [13,14] and powder XRD [16,17] are shown for
comparison. Error bars are smaller than the symbol size.

results from electron microprobe analyses. The Fe3+/Fe2+
ratio was adjusted assuming full occupancy of the eight cation
sites. The two small garnet crystals used for the high-pressure
studies turned out to be of the darker-red garnet population.
The skiagite component in andradite, i.e., the Fe2+ content on
the Ca position, was refined from the x-ray diffraction data
to 8–9 mole% and 11–12 mole% in crystals No. 1 and 2,
respectively (Table I).

The water content in natural andradite garnets varies over a
wide range from 0.01 up to 6% by weight [33,34]. The infrared
spectra measured on the synthetic andradite in this study
showed the typical absorption features for OH in andradite
with a maximum at about 3600 cm−1 and a flatter tail to
the low energy side similar to the natural sample CITH3110
investigated by Amthauer and Rossman [33]. We determined
the integral absorbance of ten different crystals, normalized
them to equal thickness, and quantified the water content to be
0.06 wt% using the integrated molar absorption coefficient εint

of Bell et al. [19] and the density of 3.92 g/cm3 as determined
in this study for ambient conditions.

B. Compression at low pressures

Our unit-cell data obtained by high-pressure single-crystal
x-ray diffraction are systematically lower by 0.1–0.4 % than
literature data [13,14,16,17] (Fig. 2). The smaller unit-cell
parameter can be explained by the incorporation of 7–12
mole% skiagite component (Fe2+ on the Ca site) in the
investigated samples. However, the pressure dependence of
the cell parameter is similar to the literature data up to about
19 GPa. Discrepancies with the data by Pavese et al. [16] at
pressures above 15 GPa cannot be attributed to the skiagite

TABLE II. Overall and polyhedral bulk moduli, B (given in GPa)
of andradite and skiagite (Ref. Woodland et al. [48]). V0 is the unit-cell
volume at ambient pressure and is a fit parameter in all cases where
errors are given. B ′ is the pressure derivative of B.

Ref. V0 (Å3) B B ′ BCaO8 BFeO6 BSiO4

Exp.-HS 1736(2) 161(4) 3.7(2) 104(2) 195(2) 348(11)
DFT-HS 1736.1(4) 151.9(5) 4.48(2) 100(4) 184(1) 343(3)
DFT-LS 1655.9(3) 168.9(5) 4.50(2) 120(3) 198.2(8) 350(3)
DFT [38] 1753.2 147.1(4) 4.41 105 183 327
Exp. [13] 1747.6 159(2) 4 160 330 200
Exp. [14] 1751.3 162(5) 4.7(7)
Exp. [14] 1751.3 157(1) 5.1
Exp. [17] 1754(1) 159(3) 5.7(2)
Exp. [48] 1612.1(3) 157(3) 6.7(8)
Exp. [48] 1612.1(3) 168(2) 4

component in our samples, as skiagite is less compressible
than andradite (Table II), but are probably due to their use of
powder samples and nitrogen as pressure medium, which is
less hydrostatic than neon above 15 GPa (Fig. 2).

C. Spin transition

Single-crystal x-ray diffraction data show a pressure-
induced isosymmetric phase transition in andradite commenc-
ing at about 60 GPa and finishing at below 70 GPa as is
indicated by a drop of the unit-cell volume of about 2.5%
(Fig. 2). From ab initio calculations based on DFT a pressure-
induced HS-LS transition in Fe3+ was predicted in andradite.
The experimentally observed pressure dependence of the
unit-cell parameter is in excellent agreement with the predicted
compression behavior of the HS and LS phases (Fig. 2). This
leads to the conclusion that the observed phase transition is
due to a HS-LS transition in Fe3+. DFT calculations for an
intermediate spin (IS) state of Fe3+, where S = 3

2 , always
converged to a HS or LS state, and hence it is unlikely that an
IS phase is formed at the phase transition. The deviation of the
experimental cell parameter at 64.7 GPa from the extrapolated
equation of state of the HS phase indicates that the HS-LS
transition in andradite occurs gradually over a pressure range
of 5–15 GPa (Fig. 2). At 70 GPa, andradite definitely is present
in the LS configuration. From the differences of the enthalpies
of the HS and LS configuration the transition pressure was
predicted to be about 36 GPa from calculations. It is well
known that the theoretical spin-transition pressure strongly
depends on the choice of the exchange-correlation functional
and the use of a Hubbard U [35,36]. Preliminary calculations,
in which a Hubbard U = 2.5 eV for the Fe was employed, gave
a spin transition pressure of 56 GPa, which agrees better with
our observations. However, as it was not the aim of the study
to reproduce the experimental value after the observation, but
rather predict and explain the pressure-induced spin transition,
we did not carry out further DFT calculations with various
exchange-correlation functionals and Hubbard parameters.

Our single-crystal data allow us to follow the transition
in detail. The volume collapse at the spin transition is much
more pronounced in the Fe3+O6 octahedra (with nearly 10%
decrease) than in the overall compression (Fig. 3). Again, the
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FIG. 3. Polyhedral volume compression of the FeO6 octahedra in
andradite obtained from experiment (Exp) (black dots) and from DFT
calculations for the high-spin (HS) and low-spin (LS) configurations.
A distinct volume drop is observed between 60 and 70 GPa, which is
clearly associated with the HS-LS transition as concluded from the
excellent agreement with the theoretical calculations. The pressure
point at 70 GPa was measured on decompression. Lines represent
equation of state fits to the data. For the experimental data, a guide to
the eye has been added for pressures larger than 60 GPa (dotted line).
Errors are smaller than the symbol size.

agreement with the calculated octahedral volume compression
of the HS and LS phases is excellent and shows that the
phase transition observed experimentally is clearly associated
with the HS-LS transition in Fe3+. As both single crystals
remained optically transparent and orange colored across the
phase transition up to the highest pressure obtained, a transition
to a metallic state can be excluded as the driving force for the
volume collapse.

In contrast to the large volume collapse in the FeO6

octahedra, the bond distances in the SiO4 tetrahedra and CaO8

triangular dodecahedra do not show any distinct changes at the
phase transition (Fig. 4). The two symmetrically independent
Ca–O bond distances become equal within uncertainties
already in the HS phase at about 55 GPa (Fig. 4). They remain
similar on further pressure increase up to the maximal pressure
obtained (Fig. 4). This behavior can be described by the bond
length distortion (BLD) of the polyhedron:

BLD(%) = 100

n

n∑

i=1

|di − 〈d〉|
〈d〉 ,

where di is the bond length and 〈d〉 is the average bond
length in the polyhedron [37]. The bond length distortion of
the CaO8 triangular dodecahedron decreases to nearly zero
% on pressure increase to about 55.5 GPa, and then remains
close to zero % across the spin transition and in the LS phase
up to at least 77 GPa. The angular distortion of the SiO4

tetrahedron shows a slight, continuous decrease on pressure
increase without observable discontinuity at the spin transition.

FIG. 4. Compression of the interatomic bond distances in an-
dradite obtained from experiment (Exp) (filled symbols) and DFT
(open symbols for HS and gray filled symbols for LS configuration).
The two distinct Ca–O bond distances are equal within uncertainties
above 50 GPa. The decrease of the Fe–O bond distance between 60
and 70 GPa is associated with the HS-LS transition in Fe3+. The
Si–O bond is not affected by the spin transition. Lines are guides to
the DFT-HS (dashed dotted lines) and DFT-LS (dashed lines) data.
Errors are smaller than the symbol size.

The edge length distortion (ELD) describes the distortion
of the FeO6 octahedron and is characterized by

ELD(%) = 100

n

n∑

i=1

|OOi − 〈OO〉|
〈OO〉 ,

where OOi is the edge length of the polyhedron and 〈OO〉
is the average edge length [37]. In an earlier theoretical study
it was predicted that the edge length distortion of FeO6 in
andradite decreases on pressure increase until it is minimal
at about 30 GPa before it increases again but with a changed
sense of distortion [38]. From our current calculations, the
minimum of the distortion is predicted at a lower pressure
of about 10 GPa. This is in excellent agreement with our
experimental data, where the minimum is observed between
10 and 15 GPa (Fig. 5). This result clearly shows that the initial
pressure-induced change of the FeO6 octahedral distortion
is not associated with the pressure-induced spin transition.
At the spin transition the edge length distortion of the FeO6

octahedron is discontinuously reduced (Fig. 5).
The pressure-induced spin transition is also clearly reflected

in the high-pressure Raman spectra of andradite by the
appearance of three broad bands occurring at about 610, 770,
and 1050 cm−1 in the LS phase at 64.8 to 77.8 GPa (Fig. 6).
Raman spectra were measured on decompression. At pressures
below 71 GPa the intensity of the three broad bands starts
to decrease and finally vanishes at about 62.7 GPa (Fig. 6).
This behavior indicates that there is no large hysteresis of the
phase transition and that the spin transition occurs gradually
over a pressure range of at least 5 GPa. We cannot currently
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FIG. 5. Pressure dependence of the edge length distortion (ELD)
in FeO6. The minimum of the ELD at around 10 GPa has already
been predicted in an earlier theoretical study at a higher pressure of
about 30 GPa [38] and is not associated with the spin transition. At
pressures larger than 60 GPa the ELD is strongly reduced due to the
spin transition. In this pressure region, the agreement with theory is
not as outstanding, but the difference is small on an absolute scale.
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FIG. 6. Selected Raman spectra of an andradite single crystal
measured on decompression from 77.8 GPa to ambient conditions.
At the highest pressures down to 64.8 GPa broad bands (marked by
stars) are observed at about 610, 770, and 1050 cm−1 in the low-spin
phase of andradite.

FIG. 7. Pressure-dependent shifts of the Raman modes of andra-
dite with 7 mole% skiagite component measured on decompression
from 77.8 GPa to ambient conditions.

assign these three bands. They are significantly broader than
the bands due to phonons, and currently we believe that they do
not originate from the lattice dynamics. However, calculations
to identify if they stem from electronic transitions were beyond
the scope of the present study. The vibrational properties of
andradite have been extensively studied at ambient pressures
by experiment [39,40] and theory [41], and experimentally
at high pressure up to 22 GPa and high temperature up to
1173 K [42]. From the detailed pressure-dependent shifts of
the Raman modes the mode Grüneisen parameters γi of the
HS phase were calculated according to γi = (B0/νi0)(∂νi/∂p),
where B0 is the bulk modulus at ambient pressure (GPa), ν

is the frequency (cm−1), p is the pressure (GPa), and νi0 is
the frequency of the vibrational mode i at ambient pressure
(cm−1), with B0 = 161 GPa (Fig. 7). γi range between 0.61
and 1.34. See Supplemental Material [32] for a detailed table
of the pressure-dependent shifts of the Raman modes of
andradite and their Grüneisen parameters. While the pressure
dependence of the vibrational frequencies is nearly linear in
the HS phase, anomalies are observed across the spin transition
between 62 and 70 GPa (Fig. 7). As all Raman modes remain
observable across the HS-LS transition and in the LS phase,
there is no indication for a transition to a metallic state such as
was observed by a vanishing of the Raman modes at the Mott
transition in CaFe2O4 [43].

The DFT calculations converged to ferromagnetic ground
state structures. A population analysis for the HS phases
yielded a nominal spin for each Fe3+ of 2.04 �, i.e., about
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80% of the ideal value of 5× 1
2 �. This was independent of

pressure. For the LS structures, the population analysis gave
0.44 �, close to 90% of the expected ideal value of 1

2 �. Again,
there was no pressure dependence of this spin population and
no intermediate values were observed in the DFT calculations.

DFT calculations allow us to compute the spin-pairing
energy (SPE). For this, we first compute the ground state
energy of a fully geometry-optimized structure. Then we
fix all structural parameters and recompute the ground state
energy by a self-consistent total energy calculation in which
the ions are constrained to be in a low-spin state. The difference
between these two energies (�E) is −1.16 eV/Fe3+ ion.
Fe3+ is a d5 ion, which in the high-spin state contributes no
crystal-field stabilization energy, as the energy gain relative
to the field-free ion of the three unpaired electrons in the
t2g state is −3 × 0.4 × 10Dq, while the relative energy cost
of occupying the eg state with two unpaired electrons is
+2 × 0.6 × 10Dq. The energy difference between the two
states we calculated is �E = −20Dq + SPE. For andradite
10Dq ≈ 1.5 eV [44,45], and hence the SPE = 4.16 eV, which
corresponds to 33553 cm−1. This is in reasonable agreement
with the SPE value of 29875 cm−1 for the field-free ion
[46]. DFT calculations such as those performed here suffer
from well-known shortcomings regarding the computation of
energies of excited states, and hence the accuracy of the value
for the SPE obtained here needs to be confirmed by further
calculations, e.g., by time-dependent DFT calculations. Such
calculations are currently being performed.

D. Compressibility

The pressure dependencies of the overall and polyhedral
volumes of andradite from experiment and theory were fitted
to third- and second-order Birch-Murnaghan (BM) equations-
of-state, respectively, using the least-squares method and the
program EosFit [47]. Experimental p-V data were restricted
to pressures of up to 55.5 GPa for the fit to the HS phase, and
were weighted with the experimental errors of the pressures
and of the volumes only for the overall bulk modulus. Fits to
the DFT data were performed in the whole pressure range from
0–80 GPa for both the HS and LS phase. Results are compared
to literature data in Table II.

The experimentally determined overall bulk modulus is
similar to the literature values of andradite within standard
deviation (Table II). The values for the polyhedral bulk moduli
obtained in this study seem to be more reliable than those
reported by Hazen and Finger [13] as concluded from the
excellent agreement with the results from DFT calculations.
This is not surprising, as the data by Hazen and Finger
[13] were collected using a laboratory x-ray source, which
has much less intensity and a much larger beam divergence
than the brilliant synchrotron radiation and allows less access
to the reciprocal space due to the longer wavelength used.
Further, an alcohol mixture was used as pressure-transmitting
medium in the earlier study, which is much less hydrostatic
at pressures above 10 GPa than neon used in this study. Our
results clearly reflect the expected high stiffness of the SiO4

tetrahedron.

IV. DISCUSSION AND CONCLUSION

The isosymmetric transition in andradite is the first solely
pressure-induced structural phase transition reported in a
silicate garnet so far. A large pressure-induced change of the
FeO6 octahedral volume, as observed in andradite and many
other Fe3+-bearing compounds, may not only be associated
with a HS-LS transition but also due to a Mott transition.
A simultaneous moment collapse, volume collapse, and
metallization transition would result in a direct transition from
the high-spin to a zero-spin state, avoiding the low-spin state,
and was reported for CaFe2O4 [43]. However, the transition
of andradite at high pressure is clearly not associated with
an insulator-metal transition concurrent with a collapse of the
magnetic moment as the andradite crystals remain optically
transparent. A transition into a metallic state would lead to an
opaque sample. Further, the Raman bands remain observable
across the spin transition, whereas they would probably vanish
in the case of a metallic state. Hence, the spin transition in
andradite is not due to a Mott transition but is clearly associated
to a HS-LS transition.

Table III gives a summary of spin transitions observed
experimentally in Fe3+ of octahedral oxygen coordination
within oxides. For most of the compounds noble gases (He,
Ne, or Ar) were used as pressure-transmitting media for at least
part of the experiments and transition pressures given within
Table III refer to these experiments. No pressure medium was
used in the study of ε-FeOOH [36], and polyethyl siloxane
fluid (PES-5) was used in the cases of Y3Fe5O12 garnet
[7,9] and NdFeO3 perovskite [49]. It is well known that the
use of nonhydrostatic pressure media can have a significant
effect on the evolution of high-pressure phases such as in
CuGeO3 [50], or may shift the occurrence of phase transitions
to lower pressures due to the presence of deviatoric stresses
such as in ZnO, AlN [51], and MnWO4 [52]. The influence of
different pressure media on the pressure of the spin transition
is discussed within the studies where more than one pressure
media were used [43,53–56] but generally is in the range
of up to a few GPa for these compounds. Combinations
of different experimental methods were used in the studies
summarized in Table III, including powder and single-crystal
x-ray diffraction, Raman and x-ray emission spectroscopy,
conventional and synchrotron Mössbauer spectroscopy, nu-
clear forward scattering, optical absorption, and electrical
resistance measurements, which were accompanied by model
calculations in some cases.

The pressure-induced HS-LS transition of Fe3+ in andradite
occurs at relatively high pressure, commencing at about 60 GPa
and is completed at about 70 GPa, if compared to the pressure-
induced spin transitions observed in many other Fe3+-bearing
oxides (Table III). While iron is only present as Fe3+ in
octahedral coordination in andradite, both Fe2+ and Fe3+ are
present on the octahedral B site in iron-bearing magnesium
silicate perovskites. This complicates the interpretation of
Mössbauer spectra in the silicate perovskites [10] and different
spin transition pressures of 13–20 GPa [11] and 50–60 GPa
[12] were reported for Fe3+ on the B site. We can use andradite
as a benchmark for the spin-pairing behavior of Fe3+ in
octahedral coordination in silicates and compare the spin
transition pressure of Fe3+ in andradite with those reported
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TABLE III. Spin transitions observed in Fe3+ of octahedral coordination within oxides. s.s. is site symmetry; In-Semi is insulator-to-
semiconductor; H-symm. is hydrogen-bond symmetrization. ∗Fe3+ in tetrahedral coordination.

Compound p (GPa) B (GPa) space group Fe3+ s.s. �V (%) VFeO6 /V (%) transition types

Ca3Fe2[SiO4]3, andradite, this study 60–70 161(3) Ia3̄d 3̄ 2.5 10 HS/LS
(Mg0.88Fe0.13)(Al0.11Si0.88)O3 [57] 70–83 244(3) Pbnm 1̄ 1.5 <1 HS/LS
(Mg1−xFex)SiO3 perovskite [12] 50–60 237(2) Pbnm 1̄ <error <1 HS/LS
(Mg0.9Fe0.1)SiO3 perovskite [11] 13–24 Pbnm 1̄ HS/LS
MgSi1.5Fe0.15Al0.32H2.6O6, phase D [58] 40–65 147(2) P 3̄1m 3.2 3.5 1.4 HS/LS
Fe2O3, hematite [3,4,59] 54 [59]/42–58 [3,4] 201(4) R3̄c 3 10 43 HS/LS [4], Mott [3]
ε-FeOOH [36] 53(2) 124(4) P 21nm m 11 34 HS/LS, H-symm.
α-FeOOH, goethite [56] 45 120(3)/140(5) Pnma m 12 31 HS/LS, H-symm.
CaFe2O4 spinel [43,60] 50 159(2) Pbnm m,m 8.4 30 HS/LS, Mott [43]
Y3Fe5O12, garnet-type [7,9] 48(2) 193(4) Ia3̄d 3̄, 4̄∗ HS/LS, Mott [8]
BiFeO3 [54,55,61] 45–55 76(16) R3c/Pnma 3/m 5 17.5 HS/LS, Mott [8]
FeBO3 [62–67] 46(2)/53(2) [64] 225(25) R3̄c 3̄ 8.6 25 HS/LS, In-Semi [8]
GdFe3(BO3)4 [53,66] 43 160(6) R32 2 16 HS/LS, In-Semi [8]
LaFeO3 perovskite [68,69] 35–50 Pbnm 1̄ 3 17.9 HS/LS, In-Semi [8]
PrFeO3 perovskite [69,70] 35–50 274(5) Pbnm 1̄ 3–4 18.1 HS/LS, In-Semi [8]
NdFeO3 perovskite [49] 35–45 244(4) Pbnm 1̄ 4 18.3 HS/LS, In-Semi [8]
EuFeO3 perovskite [70] 50–60 241(2.5) Pbnm 1̄ ≈ 5 18.8 HS/LS, In-Semi [8]
LuFeO3 perovskite [70] 50–60 241(5) Pbnm 1̄ 6.5 19.8 HS/LS, In-Semi [8]

for silicate perovskites. Our results then support the finding of
Catalli et al. [12], who concluded that the HS-LS transition
of Fe3+ at the octahedral B site in iron-bearing magnesium
silicate perovskite, (Mg1−xFex)SiO3, occurs at 50–60 GPa [12]
and at 70–83 GPa in aluminous perovskite [57], and cast doubt
on the very low pressure of 13–24 GPa reported for the HS-LS
transition of Fe3+ on the B site in (Mg0.9Fe0.1)SiO3 perovskite
by Lin et al. [11] A comparison with the spin-transition
pressures of Fe3+ in other oxides, with an average range of
45–55 GPa, also shows that a low spin-transition pressure of
13–24 GPa is highly unlikely for Fe3+ in octahedral oxygen
coordination (Table III).

The possible pressure-induced spin transition in garnet-
type Y3Fe5O12 occurs at a lower pressure than in andradite
(Table III). However, this reconstructive phase transition with
a proposed increase from fourfold to sixfold coordination
on the tetrahedral Fe3+ site cannot be directly compared to
the isosymmetric transition in andradite. Further, the spin
transition in Y3Fe5O12 was reported to lead to a metallic
state (Mott transition) accompanied by a magnetic transition
from the ferrimagnetic to nonmagnetic state [7,8]. Mott
transitions accompanying the spin transition in Fe3+ have also
been reported in BiFeO3 [8] and CaFe2O4 [43], and are in
dispute for Fe2O3 [3,4], whereas insulator-to-semiconductor
transitions at the spin transitions were reported for borates
and RFeO3, R = La, Pr, Nd, Eu, Lu, compounds [8,67]. The
concomitant occurrence of another electronic transition (e.g.,
Mott transition) or structural transition (e.g., hydrogen-bond
symmetrization in α- and ε-FeOOH) to the HS-LS transition
may complicate the comparison of the spin transitions in
different compounds (Table III) and may lead to additional
volume collapse at the transition.

The reduction of the unit-cell volume across the spin
transition is determined by (i) the reduction of the Fe3+O6

octahedral volume and (ii) the Fe3+ content or the proportion
of the volume occupied by FeO6 octahedra with respect to the

overall unit cell volume. Hence, the overall volume collapse
may be relatively small in the case of small Fe3+ contents.
This is the case for the respective Fe3+-bearing silicates
(Table III), whereas compounds with large Fe3+ content, where
FeO6 octahedra occupy a significant amount of the unit cell
volume, such as Fe2O3, the FeOOH phases, CaFe2O4, and
FeBO3 show a large collapse of the unit cell volume as
well. This trend between the overall volume collapse and the
volume proportion occupied by FeO6 octahedra within the
crystal structure, calculated from data at ambient conditions,
is illustrated in Figure 8.

FIG. 8. Dependence of the volume collapse at the spin transition
(�V ) on the volume proportion of FeO6 octahedra within the unit
cell for Fe3+-bearing oxides. For the series XFeO3, X = La, Pr,
Nd, Bi, Eu, Lu from bottom to top. Estimated errors are plotted
for all data. A linear regression to the data is plotted as a dashed
line.
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There is no obvious relation between the pressure of the spin
transition and the overall bulk modulus (Table III). However,
a relationship with the FeO6 octahedral bulk modulus may
be expected. In principle, the FeO6 bulk modulus should not
vary much between different oxides and hence, similar spin
transition pressures are expected. Nevertheless, variations of
the starting pressures of the spin transitions between about
35 GPa and 60 GPa are observed (Table III). Clearly, data
are missing for the bulk modulus of FeO6 of most compounds.
Another measure for the occurrence of a spin transition in Fe3+
is the pressure-induced reduction of the Fe–O bond lengths
[59]. If the Fe–O distance is reduced below a critical value, the
occurrence of a spin transition and the discontinuous reduction
of the Fe–O bond length due to the smaller ionic radius of Fe3+
in the LS state if compared to the HS state is expected. From
the comparison of the reduction of the average Fe–O distances
in hematite (α-Fe2O3), CaFe2O4, goethite (α-FeOOH), and
FeBO3 as given in Bykova et al. [59], a critical Fe–O distance
of below 1.89–1.92 Å is estimated to induce a spin transition
in these compounds. This is supported by our findings, where
the critical Fe–O distance is 1.88 Å at 60 GPa in andradite
(Table I). Therefore, the Fe–O distance of ≈1.9 Å seems to be
a critical parameter for all Fe3+ sites in octahedral oxygen

coordination. Clearly, more structural data of other ferric
compounds are needed. In summary, we have identified and
characterized a HS-LS transition in Fe3+ in andradite, repre-
sentative for the behavior of Fe3+ in octahedral coordination in
silicates.
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