PHYSICAL REVIEW B 103, 174108 (2021)

Synchrotron Mossbauer spectroscopic and x-ray diffraction study of ferropericlase in the
high-pressure range of the lower mantle region

Maki Hamada,!"- Seiji Kamada R Eiji Ohtani | Tatsuya Sakamaki | Takaya Mitsui J Ryo Masuda 4
Naohisa Hirao®,’ Yasuo Ohishi,’ and Masahide Akasaka®
' Department of Earth Science, Graduate School of Science, Tohoku University, Sendai 980-8578, Japan
2Frontier Research Institute for Interdisciplinary Sciences, Tohoku University, Sendai 980-8578, Japan
3National Institutes for Quantum and Radiological Science and Technology, 1-1-1, Kouto, Sayo, Hyogo 679-5148, Japan
4Research Reactor Institute, Kyoto University, Asashironishi, Kumatori, Sennan, Osaka 590-0494, Japan
3Japan Synchrotron Radiation Research Institute, Sayo, Hyogo 679-5198, Japan
SDepartment of Geoscience, Graduate School of Science and Engineering, Shimane University, Matsue 690-8504, Japan

® (Received 22 February 2021; accepted 15 April 2021; published 12 May 2021)

Systematic change of structural transition and high-spin (HS) to low-spin (LS) transition of Fe** in syn-
thetic (Mg, ¢Feo.4)O-ferropericlase for pressures up to that of the lower mantle region were investigated using
synchrotron x-ray diffraction (XRD) and synchrotron Mossbauer spectroscopic methods. The XRD patterns
and the Mossbauer spectra were measured up to 160 GPa at room temperature. The results of the synchrotron
XRD analysis indicate that the cubic structure of (Mg, (Feo 4)O-ferropericlase is maintained up to 160 GPa. The
Mossbauer spectra at 19.8 and 24.0 GPa consist of three doublets assigned to HS Fe?" at the octahedral site. At
pressures from 61 to 136 GPa, a singlet assigned to LS Fe*" is added to the three HS Fe?* doublets, and its area
ratio with respect to the HS Fe?™ doublets gradually increase with increasing pressure. At pressures above 136
GPa, the Mossbauer spectra consist of only an LS Fe?" singlet, implying that all Fe at these pressures is in a LS
state. The resulting spin crossover pressure interval from 61 to 136 GPa indicates the coexistence of both HS and
LS Fe?" at pressure conditions from the upper part to the bottom of the lower mantle.
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I. INTRODUCTION

(Mg, _,Fe,)O minerals (periclase with x < 0.5; wiistite
with x > 0.5) are considered to be one of the main phases
of the Earth’s lower mantle [1-7]. Since Fe-bearing periclase
with a composition between x = 0.1 and 0.4 (hereinafter,
referred to as ferropericlase) is expected to be the second-
most-abundant mineral of the Earth’s lower mantle after
(Mg, Fe)SiO3 phase, this mineral has been studied using the
synchrotron x-ray diffraction (XRD) method, x-ray emission
spectroscopy, Mossbauer spectroscopy, and x-ray absorption
near-edge structure analysis (XANES) to clarify its structural
transition and the spin transition of Fe?* at high pressures
[1-10]. Moreover, the FeO end member wiistite at high pres-
sures has been studied in detail to understand its structural
transition, the spin transition of Fe?*, and its magnetic prop-
erties [5,11-15].

Ferropericlase and wiistite have a cubic structure with
space group Fm3m (Bl in Strukturbericht designation) at
ambient pressure and temperature and transform into a rhom-
bohedral structure with space group R3m at high pressure.
The transition pressure depends on the chemical compo-
sition of periclase-wiistite solid solution. The structural
transition for wiistite takes place at pressure >9—18GPa at
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300 K for wiistite [5,16-19] and at a pressure >20GPa
for (Mg, ;oFeo.90)O-wiistite [3]. However, as noted by Kan-
tor [20], some controversy exists regarding the minimum
iron content that allows structural transition in ferroperi-
clase. Lin et al. [21] reported that no structural transition
occurs in (Mg 39Feg 61 )O-wiistite up to 102 GPa, whereas
in situ experiments combining the XRD method, Md&ssbauer
spectroscopy, and XANES spectroscopy under nonhydro-
static stress conditions revealed the structural transition of
(Mg goFeo.20)O-ferropericlase with a cubic system to the
phase with a trigonal system at 35(1) GPa and room tempera-
ture and determined the unit-cell parameters of the trigonal
(Mg, sFep»)O-ferropericlase at 41 GPa as a = 2.810(5)A
and o = 60.70(1)° [7]. Based on their results and pub-
lished data, Kantor et al. [7] constructed a phase diagram
for (Mg,Fe)O phase at room temperature showing the phase
boundary on the structural transition from Bl to trigonal
systems, in which the BIl-to-trigonal transition boundary
obtained by nonhydrostatic stress experiments is located
on the lower-pressure side than that obtained by hydro-
static stress experiments. The result by Speziale er al. [3]
that (Mg, ¢Feo)O-ferropericlase remains a B1 structure, at
least up to 62 GPa under hydrostatic conditions, is con-
sistent with the suggestion by Kantor et al. [7] that the
transition from a cubic system to a trigonal system could be
stress induced.

A further structural transition of wiistite from a trigonal
structure to a hexagonal structure with space group P63 /mmc
(B8 in Strukturbericht designation) at ~70—75GPa and
600—1600 K has also been proposed [22-27]. The transition

©2021 American Physical Society
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from a B1 structure to a B8 structure, observed in wiistite,
did not occur in ferropericlase and Mg-bearing wiistite under
hydrostatic stress conditions up to 86—102 GPa and 2500 K
[21,24].

Although structural transitions from B1 to distorted struc-
tures with lower symmetries in transition metal monoxides
were suggested to be due to the exchange interactions that
result from antiferromagnetic ordering [28], high-pressure
Mbossbauer and ultrasonic elasticity study of wiistite revealed
a magnetic transition at ~5 GPa, which differs signifi-
cantly from the structural transition pressure [4,5]. Moreover,
Kantor et al. [7] indicated that, despite a structural transi-
tion in (Mg, gFeo,)O-ferropericlase at 35(1) GPa and room
temperature, magnetic splitting was not recognized in the
Mossbauer data of the high-pressure phase (=56 GPa), which
proves the stability of the rhombohedral distortion in the
absence of magnetic ordering. Therefore, Kantor et al. [7]
concluded that a rhombohedral distortion of (Mg, 3Feg»)O-
ferropericlase is not associated with long-range magnetic
ordering.

As reviewed by Speziale er al. [3] for the experimental
and theoretical results on the periclase-wiistite solid solution,
the pressure at which the high-spin (HS) to low-spin (LS)
transition in Fe?* ions takes place increases with increasing
FeO content in periclase-wiistite solid solution: 40—60 GPa
for ferropericlase with 10 mol.% FeO, and >80-90 GPa for
Mg-bearing wiistite and wiistite [2,6-9,12,29-33]. In Moss-
bauer spectroscopy and x-ray emission spectroscopic studies
for (Mg, sFeq,)O-ferropericlase by Kantor et al. [7], they
assigned a Mossbauer doublet appearing > ~ 50 GPa to Fe?*
in the LS state and showed that the spin crossover pressure
at room temperature ranges until just >100 GPa, based on
the calculated spin number and the relative area ratio of the
LS Fe?* doublet. On the other hand, Hamada et al. [15]
performed a Mossbauer study of synthetic Fej ¢O-wiistite at
pressures up to 203 GPa at 300 K using synchrotron Moss-
bauer spectroscopy and found that the magnetic component
of Fe>* decreases gradually with increasing pressure from 91
to 203 GPa, while the nonmagnetic component increases with
pressure in the same pressure range.

In addition to studies focused on wiistite and ferropericlase
with rather poor Fe content, Fei et al. [34] measured simul-
taneous high P-T synchrotron XRD data of (Mg, (Fe4)O-
ferropericlase to 30 GPa and 800 K, because the ferropericlase
with 40 mol. % FeO is in equilibrium with perovskite with 10
mol. % Fe under lower mantle conditions [34], and applied
the experimental P-V-T data to derive geophysically relevant
parameters, such as bulk modulus, the Anderson-Griineisen
parameter, and the Griineisen parameter. Recently, Soloma-
tova et al. [35] indicated that the spin crossover range of
(Mg0.52Fe2+oA48)O-ferropericlase is from 44 to 84 GPa by
XRD and time-domain synchrotron nuclear forward scattering
analysis and suggested that the spin crossover might have been
completed >84 GPa.

In this paper, synthetic (Mg, 4Feo 4)O-ferropericlase was
investigated using energy-domain Mossbauer absorption
spectroscopy at 19.8, 24.0, 61, 97, 108, 120, 130, 136,
and 160 GPa and synchrotron XRD methods at 19.8, 24.0,
35.7, 61, 103.0, 120, 130, 136, 153, and 160 GPa to
clarify the systematic change of structural transition and

spin state transition of Fe?" against the Fe’™ content in
ferropericlase.

II. EXPERIMENTAL METHODS

A. Synthesis of (Mg, (Fe(4)O-ferropericlase used for
high-pressure experiments

Ferropericlase with a composition of (Mg, sFeo4)O used
as a starting material was synthesized by sintering of a mixture
of >’Fe;03 (96.63% of >'Fe enrichment, ISOFLEX) and MgO
(99.0%, Junsei Chemical Co., Ltd.) at low oxygen fugacity.
The mixture was pressed into thin pellets and placed in a plat-
inum crucible. The mixture was held at 1400 °C for 34 h at an
oxygen fugacity condition higher than that of the iron-wiistite
buffer, which was obtained by controlling the H,—CO, gas
mixture [36]. Finally, the sample was quenched at liquid ni-
trogen temperature.

To determine the phase and lattice constant, the synthetic
product of (Mg, (Feo.4)O-ferropericlase was identified using
powder XRD by Cu K, radiation at room temperature. The
powdered product was formed into a pellet and mounted on a
silicon plate. Step-scan powder diffraction data were collected
using a Bruker D8 ADVANCE automated Bragg-Brentano
diffractometer system equipped with incident- and diffracted-
beam Soller slits, 1° divergence and scatter slits, a 0.15 mm
receiving slit, and a LINXEYE detector. The Cu x-ray tube
was operated at 40 kV and 40 mA. Profiles were taken be-
tween 20° and 80° 20 using a step interval of 0.02° and a
step counting time of 2.0 s. The XRD profiles were analyzed
by PDIndexer [37,38] using a Symmetric Pseudo-Voigt func-
tion. The XRD pattern of this product at ambient conditions
(Fig. 1) indicates a single phase of ferropericlase of the cubic
system with space group Fm3m. The lattice constant was
determined to be a = 4.260(1)/0%, which is consistent with
the result on the (Mg 4Feo.4)O ferropericlase by Rosenhauer
et al. [39] and Solomatova et al. [35]. Thus, we conclude that
the synthetic product is a single phase with the (Mg, (Fe.4)O-
ferropericlase.

The Mossbauer spectrum of the synthetic (Mg, ¢(Feo.4)O-
ferropericlase measured using the BL11XU beam line of the
SPring-8 synchrotron radiation facility, Hyogo, Japan, in the
ambient condition (details of the method are given below) is
shown in Fig. 1. The spectrum was fitted with three nonmag-
netic doublets: isomer shift (IS) = 1.07(2) and quadrupole
splitting (QS) = 0.3(2) mm/s for doublet AA’, IS = 1.12(2)
and QS = 1.0(2) mm/s for the doublet BB’, and IS = 1.07(2)
and QS = 1.6(2) mm/s for the doublet CC’ (Table I). These
values, especially IS values, indicate that all the doublets are
assigned to be HS Fe?* at the octahedral sites.

B. Synchrotron XRD and synchrotron Mossbauer spectroscopic
analyses at high pressure

The experiments at room temperature and high pressure
were performed using a diamond anvil cell with culet sizes
of 75, 200, and 300 wm. A rhenium or tungsten metal sheet
was pre-indented to 20 um in thickness. The holes drilled
into the gasket as a sample chamber for each culet size were
20-28 pum in thickness () x ¢18-30 um for a culet size of
75 pm, t = 32 x ¢100 um for a culet size of 200 um, and
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FIG. 1. (a) X-ray diffraction pattern measured using a Bruker D8 ADVANCE and (b) Mssbauer spectrum measured at SPring-8 BL11XU
of (Mg, (Fe*"4)-ferropericlase at 1 atm. The residual is shown below the spectrum. The doublets are least-square fits to the empirical data

assuming quadrupole split components with different intensities.

t =57 x $120 um for a culet size of 300 pum. Potassium
chloride (KCl), heated for 2 h for the purpose of desiccation,
was used as the pressure medium for experiments at 130, 136,
153, and 160 GPa, and potassium bromide (KBr), heated for
2 h for the purpose of desiccation, was used as the pressure
medium for experiments at 0, 24, 35.7, and 103.0 GPa. The
experiments at 19.8, 61,97, 108, and 120 GPa were performed
without pressure medium. The pressure was estimated by the
ruby fluorescence method [40] and the diamond 7;, Raman
shift [41].

Synchrotron XRD patterns at 19.8, 24.0, 35.7, 61, 103.0,
120, 130, 136, 153, and 160 GPa and room temperature were
measured at the BL10XU beamline of the SPring-8 [42] syn-
chrotron radiation facility, Harima, Japan. A pinhole with a
diameter of 50 um and an imaging plate detector (Rigaku R-
AXISIV*T, 300 x 300 mm, pixel size: 0.10 mm) were used.
The measured two-dimensional images were analyzed by the
[PAnalyzer software package, and one-dimensional profiles
were analyzed by the PDIndexer software package [37,38].

The 3’Fe-Mossbauer spectra measurements in the energy
domain using a nuclear Bragg monochromator were per-
formed at 19.8, 24.0, 61, 97, 108, and 120 GPa at the BL11XU
beamline and at 130, 136, and 160 GPa at the BL10XU
beamline [43,44]. The energy for the y rays used in the syn-
chrotron Mossbauer spectroscopic experiments was 14.4125
keV, which was obtained from x-rays using a double-crystal
premonochromator. Then the bandwidth of the incident x-ray
was set to be ~2.5—4 meV using a high-resolution monochro-
mator (HRM). The HRM was placed in front of the sample at
the BL11XU and behind the sample at the BL10XU to take
XRD patterns. The incident x-ray beam was monochroma-
tized to a single line by a >’FeBOj single crystal near the Néel
temperature in the magnetic field. The final energy bandwidth
of the x-ray beam was set to be 15-16 neV. The source
Doppler shift was obtained by oscillating the crystal parallel
to the reflection plane [43,44]. The size of the incident beam

in the experimental hatch was 0.4(V) x 1.6(H) mm, and the
beam was horizontally focused to 0.4(V) x 0.02(H) mm in
size at the BL11XU and 0.05(V) x 0.15(H) mm in size at
the BL10XU. The Mossbauer data were counted using a Nal
scintillation counter and were obtained using a sinusoidal
acceleration spectrometer fitted with a 1024-channel analyzer.
The typical data collection time range was from 1 to 9 h for
spectra, depending on the pressure. The IS was referenced to a
standard metallic >’Fe foil at room temperature under ambient
pressure, and the Doppler velocity was calibrated with respect
to the same standard. The MossA software package [45] was
used for computational analysis.

III. RESULTS

A. Synchrotron XRD analysis of the
(Mg, ¢Fey.4)O-ferropericlase at high pressure

The synchrotron XRD patterns of the (Mg, Feo4)O-
ferropericlase measured up to 160 GPa are shown in Fig. 2.
The XRD patterns at 19.8, 24.0, and 35.7 GPa indicate that
the (Mg, (Feo 4)O-ferropericlase has a cubic B1 structure. At
pressures >61 GPa, the broadening of the Bragg reflections
with 111, 220, 311, and 222 indices in the cubic system
is observed in the XRD patterns. In addition, the reflection
with a 220 index splits slightly at 120 GPa. Kantor et al.
[7] found such broadening of the Bragg reflection in the
XRD profile of (Mg, sFe(»)O-ferropericlase at high pressure
and revealed that the Bragg reflection broadening is due to
the structural transformation of a Bl structure to a rhom-
bohedral structure. The broadened 111, 220, 311, and 222
reflections based on the B1 structure are in fact the overlapped
reflections of 011 4 111, 101 + 112, 111 + 012 + 122,
and 220 + 222 in the rhombohedral structure. In contrast
to the case of (Mg, gFeo,)O-ferropericlase, the broadening
of the Bragg reflection for (Mg, cFeo4)O-ferropericlase in
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TABLE I. Mossbauer hyperfine parameters of synthetic ferropericlase.

Beamline  Pressure Pressure medium  Doublets IS* (mm/s) QS® (mm/s) TI'° (mm/s) Arearatio (%) Assignment
BL11XU  Ambient condition KBr Three doublets
AA 1.07(2) 0.3(2) 0.94(4) 29(10) Fe?* (HS)
BB’ 1.12(2) 1.0(2) 0.94(4) 44(11) Fe?* (HS)
cC 1.07(2) 1.6(2) 0.94(4) 27(10) Fe’* (HS)
19.8(9) No Three doublets
AA’ 0.898(4) 0.43(3) 0.82(2) 33(1) Fe?* (HS)
BB’ 0.925(4) 1.30(4) 0.82(3) 40(1) Fe’* (HS)
cC 0.907(6) 2.11(4) 0.82(4) 27(1) Fe?* (HS)
24.0(9) KBr Three doublets
AA’ 0.895(7) 0.41(3) 0.78(2) 33(2) Fe?* (HS)
BB’ 0.951(5) 1.72(4) 0.78(3) 45(2) Fe>* (HS)
cC 0.90(1) 2.09(5) 0.78(4) 22(2) Fe?* (HS)
61(1) No Three doublets and singlet
AA 0.823(3) 0.75(2) 0.66(2) 33(1) Fe’* (HS)
BB’ 0.834(3) 1.44(3) 0.66(2) 33(1) Fe?* (HS)
cC 0.807(6) 2.14(3) 0.66(2) 17.8(9) Fe’* (HS)
D 0.808(4) 0.66(2) 15.9(7) Fe?* (LS)
97(1) No Three doublets and singlet
AA’ 0.632(6) 0.70(6) 0.73(4) 37(2) Fe?* (HS)
BB’ 0.648(7) 1.42(6) 0.73(4) 31(2) Fe?* (HS)
cC 0.60(2) 2.24(7) 0.73(4) 13(1) Fe?* (HS)
D 0.615(8) 0.73(4) 19(2) Fe?* (LS)
108(8) No Three doublets and singlet
AA’ 0.592(6) 0.69(7) 0.72(5) 39(3) Fe?* (HS)
BB’ 0.603(8) 1.38(9) 0.72(5) 28(3) Fe’* (HS)
cC 0.57(2) 2.1(1) 0.72(5) 13(3) Fe?* (HS)
D 0.579(8) 0.72(5) 19(3) Fe?* (LS)
120(7) No Three doublets and singlet
AA 0.503(8) 0.7909) 0.84(7) 42(3) Fe?* (HS)
BB’ 0.47(1) 1.6(1) 0.84(7) 25(3) Fe?* (HS)
cC 0.37(4) 2.3(2) 0.84(7) 9(3) Fe’* (HS)
D 0.491(8) 0.84(7) 24(3) Fe?* (LS)
BLI10OXU  130(1) KCl1 Three doublets and singlet
AA 0.63(4) 0.8(1) 0.7(2) 41(7) Fe’* (HS)
BB’ 0.76(8) 1.9(2) 0.7(2) 16(5) Fe?* (HS)
cC 1.0(2) 2.9(5) 0.7(2) 8(4) Fe?* (HS)
D 0.54(3) 0.7(2) 36(7) Fe’* (LS)
136(1) KCl One singlet
D 0.59(2) 1.52(9) 100 Fe?* (LS)
160(1) KCl One singlet
D 0.49(3) 1.4(1) 100 Fe?* (LS)

2Isomer shift referenced to a metallic iron absorber.
®Quadrupole splitting.
¢Full width at half maximum.

this paper is observed in all XRD patterns measured at
high pressure, and there is no unique diffraction due to the
trigonal structure. Thus, the Bragg reflection broadening of
(Mg, ¢Feo.4)O-ferropericlase at high pressure cannot be at-
tributed to the cubic-rhombohedral structural transformation.
We assume that the nonhydrostatic conditions in the sample
chamber are the reason for the Bragg reflection broadening.
In the experiments at 24, 35.7, 103.0, 130, 136, 153, and 160
GPa, KC1 and KBr were used as pressure media to achieve the
hydrostatic stress condition, although the experiments at 19.8,
61, 97, 108, and 120 GPa were performed without a pressure
medium. However, Takemura [46] indicated that, even in the

high-pressure experiments using a pressure medium, the hy-
drostatic condition was not necessarily realized because the
solid pressure-transmitting medium did not practically affect
the achievement of the hydrostatic condition. Therefore, the
broadening of XRD peaks may have been caused by micros-
train and related stress under the nonhydrostatic condition.
To compare the obtained result with the data by Fei et al.
[47] and that by Solomatova et al. [35], the cell volume of the
(Mg, cFeo.4)O-ferropericlase in this paper, calculated as the
cubic system, is shown with respect to pressure in Fig. 3. The
above studies also indicated that ferropericlases with chemical
compositions like that of this paper preserve the cubic struc-
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FIG. 2. X-ray diffraction  patterns of (Mg, Fe? o4)-
ferropericlase measured at room temperature. Diffraction peaks
with Miller indices belonging to (Mg, (Fe**4)-ferropericlase. KCI:
pressure medium. The diffraction pattern at 0 GPa is measured using
a Bruker D§ ADVANCE.

ture up to 148 GPa [35,47]. Although Fei et al. [47] reported a
volume change with pressure up to 140 GPa, the discontinuity
at ~120 GPa has not been reported. Our result showed that
the cell volume calculated as a cubic system becomes nearly
constant at pressures between 120 and 136 GPa and decreases
again at pressures from 136 to 160 GPa. This change is also
recognized in the cell volume variation with respect to the
pressure reported by Fei et al. [47].
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FIG. 3. Pressure-volume relationship  of (MgO'()FeHOA)-

ferropericlase at room temperature.

B. Synchrotron Mdéssbauer spectroscopic analysis at high
pressure

The Mossbauer spectra and fitted doublets and singlets are
shown in Fig. 4. The Mossbauer hyperfine parameters at these
pressures are shown in Table 1. Based on the results reported
by Kantor [20], the Mdssbauer spectra of the (Mg, ¢sFe.05)O-
and (Mg, qFeo,)O-ferropericlase up to 41 and 43 GPa,
respectively, consisted of one doublet. In contrast, the Mdss-
bauer spectra of the (Mg, (Feo.4)O-ferropericlase at 19.8 and
24.0 GPa in this paper consist of three doublets with IS =
0.895-0.898 and QS = 0.41-0.43 mm/s, IS = 0.925-0.951
and QS = 1.30-1.72mm/s, and IS = 0.90-0.907 and QS
= 2.11-2.09 mm/s, which are assigned to HS Fe2t in the
octahedral site. Solomatova et al. [35] also detected two
doublets assigned to HS Fe?' at the octahedral site in their
Mossbauer spectra of (Mg0_52F62+0_4g)O—ferropericlase mea-
sured at pressures from 4 to 37 GPa. These results indicate
that the octahedral sites in the (Mg (Feo.4)O-ferropericlase
are locally distorted by three types of next-nearest-neighbor
configurations of iron cations in the octahedral sites. The
effect of next-nearest-neighbor configurations of iron cations
at any cation site on the local distortion of the coordination
polyhedra has also been recognized by Mdossbauer spectro-
scopic studies on the Fe distribution at the octahedral sites
in pyroxene [48] and at the tetrahedral sites in melilite
[49,50].

In the Mossbauer spectra at 61-130 GPa (Fig. 4), a new
component with virtually zero QS was fitted in addition to
three doublets due to HS Fe?*. This component, fitted with a
singlet in this paper, shows smaller IS (IS = 0.808(4) mm/s at
61 GPa to 0.491(8) mm/s at 120 GPa) than the main HS Fe**
doublets AA’ and BB’ (IS =~0.807-0.834 mm/s at 61 GPa
to 0.37-0.503 mm/s at 120 GPa). Kantor [20] also reported
a component with zero QS and low IS in the Mdssbauer
spectra of (Mg 9sFeo.05)O and (Mg, ¢Feo »)O-ferropericlase
measured >~50GPa and assigned this component to LS Fe?*
at the octahedral site. We agree to the assignment by Kan-
tor [20], and thus, the singlet is assigned to LS Fe’" in
the (Mg ¢Feq.4)O-ferropericlase. The Mossbauer spectrum at
130 GPa measured at the BL10XU beamline also consists
of three doublets AA’, BB/, and CC’ (IS = 0.63-1.0 mm/s)
assigned to HS Fe?" and a singlet D (IS = 0.54 mm/s) due to
LS Fe**. However, the IS values of the doublets AA’, BB/,
and CC’ deviate from the trends of those measured at the
BL11XU beamline at 61—120 GPa (Fig. 5). One reason for
such a deviation of the data at 130 GPa may be attributed to
low statistics by limited x-ray flux. The Mossbauer spectra
at 136-160 GPa were fitted with one singlet assigned to LS
Fe?t in the octahedral site (Fig. 5), although the full widths at
half maximum (FWHMs; I = 1.52(9) and 1.4(1) mm/s at 136
and 160 GPa, respectively) are significantly larger than the
singlet at 60 — 130 GPa (I' = ~0.66—0.84 mm/s; Table I).
The broadened FWHMSs of (Mg, (Feg .4 )O-ferropericlase may
be caused by the overlap with the other doublet, which is
attributed to HS Fe’".

Kantor et al. [7] found a linear decrease of the IS values
of (Mg gFeo..)O-ferropericlase with increasing pressure up
to 56 GPa. This paper clarified that the IS values of the main
doublets assigned to HS Fe?* decrease almost linearly with
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FIG. 4. M&ssbauer spectra of (Mg, (Fe*.4)-ferropericlase measured at room temperature. The residual is shown below for each spectrum.
The doublets and singlet are least-square fits to the experimental data assuming quadrupole split components with different intensities. (a) and
(b) Spectra fitted with three doublets. (c)—(g) Spectra fitted with three doublets and one singlet. (h) and (i) Spectra fitted with one singlet.

increasing pressure up to 120 GPa (Fig. 5). The IS values of
the singlet also decrease with increasing pressure from 61 to
120 GPa, but those at 130, 136, and 160 GPa show similar
values in a range between 0.49 and 0.59 mm/s.

In contrast to the result for (Mg, gFeo,)O-ferropericlase
reported by Kantor et al [7], indicating a strong non-
monotonous pressure dependence of the QS (the increase of
QS up to about 36-37 GPa and decrease at higher pressures),
the systematic variation of QS of three doublets with increas-
ing pressure from 19.8 to 120 GPa is not observed (Table I,
Fig. 5). At pressures >120 GPa, the QS tends to increase
with increasing pressure, which may be due to changes in the

distortion of the Fe>* Qg octahedra by transition of HS Fe?*
to LS Fe?*.

As shown in Table I and Fig. 5, the sum of the area ratios
of HS Fe>* doublets, indicating the relative quantity of HS
Fe?", gradually decreases with increasing pressure from 24.0
to 108 GPa at ambient temperature, while that of the LS
Fe?* singlet accordingly increases with a rather small gradient
of the change. However, the area ratios of the doublets and
singlet change abruptly under pressure conditions from 108 to
130 GPa. This change in the area ratios of the doublets and
singlet is due to the progress of the spin transition of Fe’"
from HS to LS with increasing pressure.
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IV. DISCUSSION

A. Structural transition of (Mg, (Fe, 4)O-ferropericlase
at high pressure

According to the published studies, the structural transi-
tion of wiistite and ferropericlase with a high FeO content
takes place at ~9—20 GPa [3,16-19], and the transition pres-
sure increases with decreasing FeO contents. However, the
structural transition pressure of ferropericlase with lower FeO
content becomes unclear depending on the wiistite compo-
nent. As mentioned in the Results section, (Mg, cFeo.4)O-
ferropericlase has a B1 structure up to 160 GPa. Thus, the
results of this paper and previous studies [35,47] suggest that
the structural transition of (Mg, (Feo 4)O-ferropericlase does
not take place at pressures in the lower mantle condition at
room temperature and that the cubic B1 structure is stable.

The change of the cell volume with respect to the pressure
gives us further information on the structural transition. At
pressures >120 GPa, LS Fe?* increases significantly, which
causes the decrement of the cell volume. The gradient of the
cell volume against pressure changes at ~130 GPa. Since all
Fe”" ions in the (Mg, ¢Fe.4)O-ferropericlase are in a LS state
at pressures >136 GPa, the decrease of the cell volume at
pressures of up to 160 GPa is attributed to the pressure effect.
This result coincides with the result reported by Fei et al. [47],
showing the volume change at ~120-140 GPa (Fig. 3).

B. Spin crossover region in (Mg, cFe, 4)O-ferropericlase

In this paper, we found a LS Fe?* singlet in the Moss-
bauer spectrum measured at 61 GPa. This result suggests that
the starting pressure of the spin crossover in (Mg, (Fep.4)O-
ferropericlase at ambient temperature is located at 61 GPa.
Solomatova et al. [35] indicated the spin crossover pressure
range for the (Mg, s,Feq43)O to be from 45 to 84.5 GPa.
Therefore, the starting pressures of the spin crossover region
in both ferropericlases are similar to each other.

At pressures up to 120 GPa, both HS Fe?* doublets and a
LS Fe** singlet exist in the Mdssbauer spectra, and at >136
GPa, the HS Fe*" doublets disappear, and only the LS Fe**
singlet is a component of the spectra. Moreover, the IS values
of the HS Fe?" doublets decrease with increasing pressure up
to 120 GPa, and the IS value of the LS Fe?* singlet decreases
with increasing pressure at pressures > 136 GPa. Therefore, it
is concluded that the spin crossover of Fe?* from the HS to the
LS state in ferropericlase is completed at a pressure between
130 and 136 GPa.

In addition, Solomatova et al. [35] cautioned that reported
spin transition pressures strongly depend on the pressure
medium, pressure scale, other environmental conditions, and
the criteria for assigning a particular pressure to the transition.
The spin crossover of ferropericlase, magnesiowiistite, and
wiistite (Fig. 6) has been reported as follows: spin crossover
occurs at 90 to 140 GPa for Fe(94O-wiistite [12], at 91 to
203 GPa at 300 K for Feg 9sO-wiistite [15], at 44 to 84 GPa
for (Mg0'52Fez+0_4g )O-ferropericlase [35], at 52 to 70 GPa for
(Mg, 75Fep.25)O-ferropericlase [31], and at 50 to 100 GPa for
(Mg, sFeq»)O-ferropericlase [7]. These published data indi-
cate that the spin crossover pressure region of wiistite occurs
at a higher pressure than that of ferropericlase. As mentioned
above, the starting pressure at 61 GPa for the spin crossover
of (Mg, ¢Feo4)O-ferropericlase in this paper is like that for
ferropericlase reported by Solomatova et al. [35]. Despite
the critical opinion by Solomatova et al. [35], the published
data suggest that the pressure range of the spin crossover for
ferropericlase depends on the FeO content (Fig. 6). Our result
for the spin crossover pressure also lies on the increasing trend
of the spin crossover pressure with FeO content. It is noted
that the uppermost pressure of the spin crossover range in this
paper between 120 and 136 GPa is higher than published data
for other ferropericlases.

The existence of spin crossover of Fe in ferropericlase
under lower mantle conditions has been suggested by some
authors [51], and the LS Fe?™ increases in magma under lower
mantle conditions [52,53], which could cause the ultra-low
velocity zone (ULVZ) at the bottom of the lower mantle.
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FIG. 6. The relationship between the wiistite component and
the spin crossover region. The results of this paper are indicated
by large diamond symbols. Symbols are as follows: open circle:
experiments with gas pressure medium and no annealing before
measurements [2,12,57], open square: experiments with liquid or
solid pressure medium and no annealing before measurements, open
triangle: experiments with no pressure medium and no annealing
before measurements, closed square: experiments with liquid or
solid pressure medium and annealing before measurements, closed
triangle: experiments with no pressure medium and annealing before
measurements. NaCl [2,9,47,58], KCI (this paper) [15,31,58], KBr
(this paper), heavy mineral oil [62], and boron epoxy [60] are used as
solid or liquid pressure media. Ne [9,35,54,55,59,61] and Ar [55,56]
are also used as gas pressure media.

However, this paper revealed that HS and LS Fe?* coexist

in ferropericlase at the bottom of the lower mantle at ambi-
ent temperature since the temperature broadens the pressure

interval of the spin crossover and the coexistence of HS and
LS Fet is expected, even at the bottom of the lower mantle.
Therefore, the spin transition of Fe may not significantly affect
the formation processes of the ULVZ at the base of the lower
mantle.

V. CONCLUSIONS

The structural transition under high pressure and the Fe?*
spin crossover pressure region in a synthetic (Mg 4Feo4)O-
ferropericlase were investigated using synchrotron Mossbauer
spectroscopy and the synchrotron XRD method in the pres-
sure range from 19.8 to 160 GPa. It was clarified that the cubic
B1 structure of the (Mg, cFeo.4)O-ferropericlase remains at
least up to 160 GPa. The spin crossover in the (Mg, (Fe.4)O-
ferropericlase starts at ~61 GPa and is complete at 136 GPa
at ambient temperature, implying that both HS and LS Fe?*
coexist at the pressure conditions from the upper part of the
lower mantle to the mantle-core boundary.
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