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Abstract

Magnetic and structure transitions of Mn;_,Fe, O, solid solutions under extreme conditions are clarified by neutron time-of-
flight scattering diffraction and X-ray Mossbauer measurement. The ferrimagnetic-to-paramagnetic transition temperature
(100 °C) of Mn,FeO, spinel is different from the tetragonal-to-cubic structure transition temperature (180 °C). The structure
transition temperature decreases with increasing pressure. The transition is not coupled with the magnetic transition. Synchro-
tron X-ray Mossbauer experiments have revealed the pressure effects on the distribution of Fe** and Fe** at the tetrahedral
and octahedral sites in the spinel structure. Ferrimagnetic MnFe,O, and Mn,FeO, spinels show sextet spectral features with
hyperfine structure elicited by internal magnetic fields. Cubic MnFe,O, spinel and tetragonal Mn,FeO, transform to high-
pressure orthorhombic postspinel phase above pressures of 18.4 GPa and 14.0 GPa, respectively. The transition pressure
decreases with increasing Mn content. The postspinel phase has a paramagnetic property. Mn,O,, dimers of two octahedra
are linked via common edge in three dimentional direction. The occupancy of Fe?* in the tatrahedral site is decreased
with increasig pressure, indicating more oredered structure. Consequently, the inverse parameter of the spinel structure is
increased with increasing pressure. The magnetic structure refinements clarify the paramagnetic and ferrimagnetic structure
of MnFe,0, and Mn,FeO, spinel as a function of pressure. The magnetic moment is ordered between A and B sites with the
anti-parallel distribution along the b axis. The nuclear tetragonal structure (ay, ay, cy) has the ferrimagnetic structure but
the orthorhombic magnetic structure has the ferrimagnetic structure with the lattice constants (a,,, by,, c,,). The magnetic
moment is ordered between A and B sites with the anti-parallel distribution along the b,, axis.
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Introduction

Important information about plate tectonics and geomag-
netic reversals has been derived from measurements of rem-
nant magnetization of spinels in basalts. Spinels are also
the most fundamental magnetic compounds in industrial
applications. Their magnetic properties, charge transfer and
electrical resistivity changing under high-pressure condi-
tions are significant research issues of intensive studies.
The iron bearing spinels are the most fundamental magnetic
compounds in industrial applications (Fei et al. 1999; Lavina
et al. 1994; Jackson et al. 2005; Lin et al. 2013).

Structure analyses of the solid solution between Fe;0,
and Mn;0, were conducted using thermal neutron diffrac-
tion by Hasting et al. (1956); Murasik et al. (1964). They
are composed of mixed-charge cations in the tetrahedral
(A) and octahedral (B) sites in AB,0, spinels. Iron-rich
members of the Mn,_ Fe, O, spinels have a magnetic struc-
ture of two-dimensional triangular Yafet-Kittel spin con-
figuration reported by Yafet et al. (1952); Boucher et al.
(1971); Gutzmer et al. (1995). Disorder of the cations in
two sites has a great influence on magnetic properties such
as saturation magnetization, exchange couplings and fer-
rimagnetic ordering temperatures.

Magnetite undergoes a phase transition to a high-pressure
(HP) form, called h-Fe;O,. The stability field and the crystal
structure of the HP magnetite, first, show a CaTi,O,-type
structure with space group Bbmm (Cmcm) above 25 GPa,
and second, defined to be CaMn,O-type structure (Pbcm).
Several experiments have been devoted to magnetite under
high-pressure conditions by X-ray powder diffraction (Haa-
vik et al. 2000; Kuriki et al. 2002; Dubrobinsky et al. 2003;
Rozenberg et al. 2007; Reichmann et al., 2004). The Verwey
transition temperature of Fe;O, decreases non-linearly with
increasing pressure (Todo et al. 2001). A big change in resis-
tivity at the Verwey transition temperature was observed at
pressure below 6.5 GPa. The pressure dependence of elec-
trical resistivity of magnetite was measured under 100 GPa
(Muramatsu et al. 2016).

The Néel temperatures of Fe; ,Mn,O, solid solutions at
ambient pressure are: Fe;0, (858 K), MnFe,0, (563 K) and
Mn,FeO, (413 K) Mn;0, (41.8 K). Mn,_,Fe, O, spinel struc-
ture transforms to a high-pressure phase of orthorhombic
CaMn,0O,-type postspinel structure. The transition pressures
of the Mn,_,Fe, O, solid solution at ambient temperature are:
Fe;0, at 21.8 GPa, MnFe,0, at 18.4 GPa and Mn;0, at 10
GPa (Fei et al. 1999; Ye et al. 2015; Yamanaka et al 2022;
Paris et al. 1992). The present neutron diffraction and X-ray
Maossbauer spectroscopy shed light on the magnetic and
structure change under extreme conditions.

Mn,_Fe O, spinel solid solutions are composed of
mixed charged cations of Mn**, Mn*, Fe?* and Fe’" in
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the A and B sites in the AB,0, spinel structure. In the
Mn;_Fe, O, solid solution, the spinel phase changes from
cubic-to-tetragonal structure with increasing Mn content at
ambient pressure. (Van Hook et al., 1958;McMurdie et al.
1950; Wickham 1969, Yamanaka et al. 1973).

Numerous investigations have been conducted on the
temperature dependence of the cation distribution in
Mn,_Fe, O, spinel solid solution. (Hasting 1956; Rieck
et al. 1966). Their phase stabilities and structures under
extreme conditions have been studied. (Xu et al. 2004,
Kirby et al., 1996; Yamanaka et al. 2001). The Curie tem-
perature of Mn;0, of about — 250 °C was reported by
Boucher et al. (1971); Ole’s, et al. (1976); Chardon et al.
(1986).

Curie temperatures in these spinels increase with increas-
ing Fe content: 140 °C in Mn,FeO, (synthetic ferrite),
290 °C in MnFe,0, (jacobsite) and 585 °C in Fe;0, (mag-
netite) (Nakagiri et al. 1986; Willerd et al. 1999).

In the present experiment, magnetic and structure studies
of MnFe,0, and Mn,FeO, were conducted using neutron
time-of-flight scattering diffraction under high-pressure
condition at PLANET J-PARC (Hattori et al. 2015). Our
previous Raman spectroscopic studies and synchrotron
X-ray powder diffraction studies of various postspinels have
proposed orthorhombic phases of CaFe,O,-type (Pmma),
CaTi,0,-type (Cmcm) and CaMn,O,-type (Pbcm) structures
as high-pressure polymorphs of different spinels (Yamanaka
et al. 2008). Transformations of the oxide spinels are sum-
marized in Table 1. These phases further transform to a new
phase by martensitic transformation to a maximal isotropic
subgroup structure.

X-ray structure analysis of Mn,_Fe, O, causes an ambigu-
ity, because X-ray atomic scattering factors of Fe (26) and
Mn (25) are extremely similar. Neutron diffraction, however,
has an effective advantage for the precise diffraction studies
of Mn, ,Fe, O,, because of the big difference in the coherent
scattering lengths of Mn (- 3.73 fm) and Fe (9.54 fm). X-ray
powder diffraction study at high pressures up to 40 GPa has
been also performed by synchrotron radiation at Photon Fac-
tory using symmetric diamond anvil pressure cell (DAC) in
this experiment.

Mossbauer spectroscopy (MS) study is the effective
method to investigate the iron elctronic properties at high
pressure. MS allows distingushing between ferric and fer-
rous ions. High and low spin states of Fe and their rela-
tive abundance in substances are clarified. MS studies of
high-pressure Fe;O, (h-Fe;O,) at ambient temperature have
been carried out by Pasternak et al. (1994). The cation dis-
tributions in spinels at ambient conditions were reported
by Mossbauer experiments and NMR studies (Yasuoka
et al. 1967; Singh et al. 1981). Hyperfine-structure spectra
changes of ferrites were reported as a function of pressure
(Kobayashi et al. (2006).
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Table 1 Transformations of the
oxide spinels are summarized

Transition pressure of high-pressure polymers of post spinel

in three types. of CaTi,0O,, Compound postspinel Press (GPa) method reference
CaFe,0, and CaMn,0,
Cubic spinel-to-postspinel
ZnFe,0, CaFe204 24.6GPa DAC Raman Z. Wang et al (2003a, b)
ZnFe,0, CaMn204 or 24.4GPa quenched  XRD D. Levy et al. (2000)
CaTi204
CoFe204 CaFe204 32.5GPa DAC Raman Z. Wang et al (2003a, b)
MgFe204 CaMn204  24.6GPa DAC XRD D. Andrault and N.B.
Casanova (2001)

Fe304 CaTi204 24GPa DAC XRD Y. Fei et al (1999)

Fe304 CaMn204  21.8GPa DAC XRD C.Haaviketal (2000)

Fe304 CaTi204 2%k DAC XRD ARicolleau and Y. Fei

(2016)
MgCr204 CaFe204 14.2GPa DAC Raman Z. Wang et al (2002)
Fe2TiO4 CaTi204 16GPa DAC XRD Y. Wu et al (2012)
CaMn204 quenched  Mdessbauer

FeCr204 CaTi204 12-16GPa 1300C  quenched XRD T. Ishii et al (2014)

Fe2TiO4 CaTi204 15GPa quenched XRD M. Akaogi (2019)

MnFe204 CaMn204 18GPa DAC XRD L. Ye (2015)

MnFe204 CaMn204 18GPa DAC NRD Present work

MgAI204 CaTi204 25GPa quenched XRD M. Akaogi (1999)

Tetragonal spinel-to-postspinel

Mn304 CaMn204 7.2GPa 673 K quenched XRD J. Darul (2013)

Mn304 CaMn204 10GPa DAC XRD E. Paris (1992)

Mn2FeO CaMn204 13GPa DAC NRD Present work
MgMn204 CaMn204  30GPa DAC XRD L. Malavasi (2005)

CoFe204 CaFe204 32.5GPa DAC XRD Z. Wang (2003a)

Postspinels transform from CaMn,0O, to the CaTi,O, structure with increasing pressure. The latter phase
further transforms to new phase with multisite transformation by maximal isotropic subgroup structure

change (Yamanaka et al. 2008)

The pressure dependence of the site occupancy and their
magnetic structures were determined. In the present study,
neutron diffraction at high pressure and high temperature
has been conducted. The precise cation distribution has been
elucidated by use of the significant difference in coherent
scattering lengths between Mn and Fe. Furthermore. Fe**
and Fe®* distributions have been clarified by synchrotron
X-ray Mossbauer experiments at increasing pressure. We
also investigated the electrical resistivity measurement with
increasing pressure up to 40 GPa to elucidate the enhance-
ment of electrical conductivity from semiconductor to metal
in Mn;_Fe O, spinel and postspinel with increasing pres-
sure (Yamanaka et al. 2022). The observed enhancement
of electrical resistivity with increasing pressure is shown in
Supplement file 1.

Experiment

Powder samples of MnFe,O, and Mn,FeO, were prepared
by solid—solid reaction at ambient pressure. To prepare the
samples used for X-ray Mossbauer experiment, isotope-
enriched samples with 30% °’Fe content were prepared.
The sample preparation is detailed in the supplement file 2.

Neutron diffraction experiment was executed at
BL-11 J-PARC (Japan Proton Accelerator Research Com-
plex, Japan Atomic Energy Agency) under high-pressure
using spallation neutron time-of-flight (TOF) facility.
We used a Paris—Edinburgh (PE) press (VX4) for the
experiments at pressures up to 40 GPa at room tempera-
ture (Hattori et al. 2019), and also a large-volume six-
axis multi-anvil press ATSUHIME at PLANET J-PARC
(Sano-Furukawa et al. 2014) for the experiments at pres-
sures to 10 GPa and high temperatures up to 2000 °C.
Incident neutron wavelength is 0.3 A-5.8 A and beam size
is 15 mm X 15 mm at maximum.
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We performed Rietveld analyses of neutron diffraction
data to refine the nuclear structure and magnetic structure.
The analysis is conducted using the program GSAS (Lar-
son et al. 1994; Toby 2001). The integrated intensity I,
is produced by combination of magnetic scattering factor
F,,(h) and nuclear scattering factor F(h):

1, = s(WAMWL(hym(h) {|Fy(W)|* + | Fy(W)|* }, (1)

where s: scale factor, A: absorption, L: Lorentz factor and
m: multiplicity.

The nuclear structure factor F(h) for neutron diffraction
is expressed by

Fy(hy) = Sg;b;T;exp [2pi(hx; + ky; + Iz;)], )

where T} is the temperature factor of j atom. y indicates the
y-factor of the nuclear magneton.

(y =1.913). b is the scattering length ( by, =—3.73 fm,
bp.=9.54 fm).

And magnetic scattering factor F,(h) is

FM(hk) =gez/2mcz\/1 — <cos’h> xf(hk)
Sg;b;T;exp [2pi(hx; + ky; + Iz;)|,

yOe 2m,c* = 2.696(fin), (3)

where u is magnetic moment.

The detailed derivation of the neutron diffraction refine-
ment is presented in the Supplement file 3.

Neutron diffraction experiments cannot provide precise
information about the distribution of Fe?" and Fe** between
the A and B sites in the Mn—ferrite spinel and the M1 and
M2 sites of the postspinel structure under high pressure. We
measured the synchrotron X-ray Mossbauer spectra of the
Mn,Fe;_ O, solid solution at SPring-8 BL-10XU (Hirao et al.
2020) under high pressure using micro-beam with the wave-
length of 14.4 keV and diamond anvil cell (DAC). A symmet-
ric diamond anvil cell was used to generate high pressure. Ne
gas was used as a pressure transmitting media. Rh gasket of
200 pm thick was preindented to 80 pm. High-pressure meas-
urement was performed by ruby-fluorescence scale.

We used the program MossA (Prescher et al. 2012) for the
analysis of our Mossbauer spectra and determined the cation
distribution as a function of pressure. Deviations from Lor-
entzian profile shape may have to be fitted using Voigtian (a
convolution of Gaussian and Lorentzian functions). The full
width half maxim (FWHM) of spectrum is related to the posi-
tional disorder of cations.

The isomer shift is referred to the spectrum from zero veloc-
ity of the >’Fe spectrum in Fe,0;. The peak positions of the
spectra were detected within an error of less than +0.05 mm/
sec. The internal magnetic fields of the hyperfine structure
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spectra were determined with the reference of 26.26 T (330
kOe) of the 3’Fe in Fe,0; spectrum.

Result and discussion

Pressure effect on the cooperative Jahn-Teller
distortion of Mn,FeO, spinel phase

Mn;_ Fe O, spinel structure transforms to high-pressure
phase of orthorhombic CaMn,O,-type postspinel structure.
Present neutron diffraction study reveals the phase diagram
of Mn;_ Fe O, under high pressure at ambient temperature,
which is presented in Fig. 1. Structure transition from tetrag-
onal to cubic of Mn,FeQO, spinel under pressure at 20 °C
is shown as a function of normalized unit-cell volume.
Mn,FeO, and MnFe,0, spinel transform to postspinel at
different pressures at 14.0 GPa and 18.4 GPa, respectively.

Present neutron diffraction patterns of Mn,FeO, at 2.2
GPa in the heating experiment disclose the tetragonal-to-
cubic transition temperature at 180 °C. The cooling experi-
ments show the back transformation from cubic structure to
the tetragonal structure at 140 °C. The tetragonal-to-cubic
transition is reversible and shows hysteresis, as shown in
Fig. 2.

Mn** (3d*) prefers octahedral configuration in the
strong ligand field. In the Mn;_ Fe O, solid solution, Mn-
rich phases present lattice distortion due to the cooperative
Jahn-Teller (JT) effects. At ambient pressure, Mn;O, trans-
forms from tetragonal (/4,/amd z=4) to cubic (Fd_3m z=28)

FAYS
25] Fr?
Aﬂ,i‘i L
Orthorhombic
© 207 postspinel [
o aramagnetic
o
~ 157
g Paffis (1992)
wn | 4’: I- >
«n 10 :
o &
o 5 Cubic spine
Tetragonal
spinel
0* b
0.0 1.0 2.0 3.0
Fe MnFe,O Mn,FeO Mn,O, .
ferrirrfag“netic fenima%grfetic ferrilz'nagn%tic paramaghetic
MnxFe3-x04

Fig. 1 Phase diagram of Mn;_ Fe O, under high pressure at ambient
temperature is presented by powder neutron diffraction study. Symbol
of red stars indicate the X-ray Mossbauer experiment with increasing
pressure in the present study at SPring-8. Plotted data with variable
chemical compositions at ambient conditions are from Wickham et al.
(1969) and Yamanaka ey al. (1973)
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Fig.2 Jahn-Teller effect
degradation and appearance in
Mn,FeO, transition between
tetragonal and cubic spinel
spinels are shown. Neutron dif-

Jahn-Teller effect of Mn,FeO,
between tetragonal and cubic at 2.2 GPa
Increasing temperature

Decreasing temperature

fraction experiment of Mn,FeO,
at 2.2 GPa with increasing
temperature confirms the
tetragonal-to-cubic transition
temperature at 180 °C. In the
cooling experiments the cubic
structure transforms back to the
tetragonal structure at 140 °C.
The tetragonal-to-cubic transi-
tion is reversible and shows a
hysteresis of the transition

0 5,000 10,000 15,000 20,000
TOF Jus

at 1170 °C (McMurdie et al. 1950) with vanishing JT effect.
The phase has an elongated structure along the c-axis with
c/a>1.

The tetragonal-to-cubic transition temperature of
Mn,FeO, is 160 °C at 3 GPa and 180 ‘C at1GPa by the
temperature dependence of c/a. These experiments prove
the transition temperature decreases with increasing pres-
sure. P-T boundary between the tetragonal and cubic phases
has a negative slope. The distortion of the elongation along
the c-axis disappears in the cubic Mn,FeO,. The lattice
distortion may be reduced with increasing temperature and
finally the lattice constant ratio becomes c/a = 1. resulting in
the transformation to the cubic symmetry (¢ =a).

The two-phase mixtures with postspinel are found in
the transition region (Fig. 3). The normalized unit-cell
volumes of the three phases of cubic, tetragonal spinel
and orthorhombic postspinel are shown in the figure. Both
spinels have two-phase mixture regions with high-pressure
postspinel phase.

The present transition case from tetragonal-to-cubic
phase of Mn,FeO, is extremely rare for the JT transi-
tion under compression. The following spinels: Fe,TiO,
(Yamanaka et al. 2013), FeCr,0, (Kyono et al. 2011a, b),
ZnMn,0, (Choi et al. 2006), CuMn,0, (Waskowska et al.
2001), CuFe,0, (Kyono et al., 2015), ZnGa,0O, (Errando-
nea et al. 2009), NiMn,O, (Asbrink et al., 1988), transitions
from cubic-to-tetragonal spinel show the with increasing
pressure. Many of them have the tetragonal distortion with
flattened octahedral distortion along the c-axis (c/a<1).
The octahedral site of the tetragonal phase of Mn,FeO,

300°C
280°C Jow 40°C
260°C Lh-. -
ey 60
240°C —
220°C w
200°C | oy 100°C
180°C
= | 120°C
160°C | {
140°C ‘ | 140°C
120°C |
"‘*“““*'-“‘«—“w\.un -l Y — '\M vw&.lﬁooc
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80°C 1 180°C
60°C F\-'Mu.\r'-fﬂ.k‘".\.‘W.«.« Mo ldpimiiby 200°C
40°C L |
susdty, | 20°C e "‘v‘h"}",vku\-l«" boleemoiond Wso! Mt 300°C
25,000 30,000 0 500 10,000 15,000 20000 25000 30.000
TOF Jus

o 640 T
< [ Mn,Fe0, tetragonal spinel
~ 620 | e ferrimagnetic ]
Q [ 4
g F 0
5 6001 MnFe,0,5 orthorhombic |
2 cgo [ cubicspinel postspinel ]
§ I ferrimagnetic paramagnetic 1
E 560 [ ]
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L \.\l\,
480 PY T W VAN T Y DU THET VIR VAT VA T TR P R AN [V O T VO T Y o W | -

Pressure ( GPa)

Fig.3 Pressure dependence of the unit-cell volume of Mn,FeO, and
MnFe20,. Mn2FeO4 and MnFe,0, transform to postspinel at pres-
sures: 14.0 GPa and 18.4 GPa, respectively. Shadowed area indicates
the two-phase mixture

is elongated along the c-axis and the lattice constant ratio
c/a>1 according to the crystal field stabilization energy
(CFSE). Topological presentation is developed from the JT
distortion. Pressure dependence of cooperative JT distortion
in Mn,FeO, is caused by localized orbital electronic states
of Mn** under extreme conditions.

The result of the structure refinements of cubic MnFe,O,
and tetragonal Mn,FeO, are presented in Supplement
Table 1 and Supplement Table 2. The site occupancies are
also presented in these tables. Their bond distances of A—O
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and B-O together with AO, tetrahedral volume and BOg
octahedral volume are presented in the tables.

The magnetic interaction is induced by supper exchange
mechanism via oxygen. A—O and B—O bond distances and
A-O-B bond angle are strongly related for the mechanism.

The compressions of the inter-nucleus distances A—A,
A-B and B-B are strongly affected to the supper exchange.
The B-B distance is much smaller than the other two A—-A
and A-B distances (Fig. 4). Then, the super-exchange
between the B and the adjacent B cation is easier to gain
extremely low resistivity. With compression, B—-B shorter
distance promotes a higher conduction. The B—B super-
exchange model in the corner sharing octahedra is shown

MnFe,0, spinel Mn,FeO, spinel

38 3.8
P o oAA ? % @A'A. %
<356 ® . T 361 ¢ &
g T x  xA 5 kX % xAB 5
8 *AB 8 FX¥ ¥ABy x| 2
834 *X 8l 34| Llc g
2 S
© (%] & P4
L32 | [ .l e -
== cubic spinel s - P _g
g B-B £ lc BB Z
2300 e o, S 303333 g o S
= e o n
(44
2.8 2.8
0 5 10 15 20 0 5 10 15 20

Pressure /GPa Pressure /GPa

Fig.4 Inter-cation distances A—A, B-B, and A-B in MnFe,O, and
Mn2FeO,. The B-B distances in MnFe,O, and Mn,FeO, are much
shorter than the A-A and A-B distances

Fig.5 Super exchange for the
electron hopping between Fe?*
and Fe** ion is more possible
in the B site than the A site.
The super-exchange between

in Fig. 5. Super exchange for the electron hopping between
Fe?* and Fe** ion is more possible.

Cation ordering

MnFe,0, and Mn,FeO, compounds are composed of the
mixed-charge elements and their ionic radii are similar.
According to the effective ionic radii (Shannon et al. 1969)
and cation site preference (Duniz et al. 1957, 1960), posi-
tional change of these cations may be possible at high pres-
sure. The distortions of the tetrahedral and octahedral sites
make cation exchange possible by compression.

The cation exchange is common at high temperature and
thermal atomic vibration is a strong mechanism for the cat-
ion positional change. Charge transfer in Fe?t, Fe**, Mn?*
and Mn>* is often observed in many experiments. Neutron
diffraction studies show the change of the site occupancies at
the A and B site and A—O and B-O distances at extreme high
pressures. The bond distances at the A and B sites of Mn—O
and Fe—O were evaluated through neutron diffraction study.

The site occupancies have a significant effect on electri-
cal conductivity. The magnetic moments of the A and B
sites in the MnFe,O, and Mn,FeO, spinel structures were
also clearly observed. The inverse parameter i of the spinel
structure in (Mn>*Fe®t, )[Mn*, Fe’*, Fe®*,]0, could
be precisely defined for MnFe,O,. At high pressure, just
before the transition pressures of the respective samples,
they more closely adopt the normal spinel structure with
i=1. The inverse parameter of MnFe,0O, is presented as a
function of pressure in Fig. 6.

B and the adjacent B cations

is easier to gain extremely low o
resistivity. With compression, xy
B-B shorter distance promotes

a higher conduction. The B-B

super-exchange model is shown

in the corner sharing octahedra

MnFe,0,

(Mn?*|_Fe¥* )[Mn** jFe* Fe**, , 10,

z() [001))

vy (1 [010])
v
x () [100))

Electron hopping
Fe;,04y™)

(Fe’*)[Fe?*Fe*]0,

Mn,FeO,
(Mn?*,_Fe** )[Mn** |, Fe?* Fe**| 510,

B - site

@ Springer

B - site



Physics and Chemistry of Minerals (2022) 49:41

Page70of 14 41

1.00
MnFe,0,

« o09s | (Mn*Fe )M n*,,,Fe? Fe**]O,
% E [ ] =
£ E ® E
o 0.96
|
= b ]
o .
o 094 | 1
- b e ]
q>) :
= 0.92 — e g

0.90 ® | I I I L

0 2 4 6 8 10 12
Pressure

Fig.6 Inverse parameter as a function of pressure of Mn,FeO,

Fe®* in the tetrahedral (A) site 37.4%
y—

1 I
Fez‘raﬂd_'Eﬂlul_mgro;_Lah'gdLall(B) site 62.6%

6500

6000

5500 |

i | <

Mn Fe,0, spinel|| % - [
5000 [0.25 GPa 300K|  : ¥
cubic ¥ :
4500 |ferrimagnetic

200

-200

Fig.7 Mossbauer spectrum of MnFe,O, at 0.25GPa. Mossbauer
spectrum of MnFe,O, cubic spinel at 0.25 GPa and 300 K is shown.
The spectra indicate two hyperfine structures of sextet patterns indi-
cating ferrimagnetic moment of the A and B sites. The spectrum of
the A site is assigned to Fe** in the tetrahedral site. The spectrum of
the B site is assigned to mixture of Fe** and Fe?* in the octahedral
site. Intensity spectra ratio of the A and B site is presented

Mossbauer resonance experiment also shows Fe?* and
Fe** positional change in the A and B site at high pressure.
Maossbauer spectra indicate two hyperfine structures of sex-
tet patterns indicating ferrimagnetic moment of the A and
B sites of MnFe,O, cubic spinel at 0.25 GPa and 300 K in
Fig. 7. The spectrum of the A site is assigned to Fe>* in the
tetrahedral site. The spectrum of the octahedral site (B) site
is assigned to mixture of Fe** and Fe?*. These Fe** and Fe?*
cations in the B site are not individually separated because
of the electron hopping between these cations.

29.5%

Fe,Z'a_miF'_eim_}hg_crr.tangdfaLLBJﬂite 70.5%

Fe3* in[the teil:rahecllral (A) slite

1300
1200

1100

1000
900 MnFe,0, spin
10.0 GPa 300

8001 cubic

700 | ferrimagnetic =

Fig.8 Mossbauer spectrum of MnFe,O, at 10.0 GPa and 300 K.
Mossbauer spectrum of MnFe,O, cubic spinel at 12.5 GPa and
300 K. The spectra show very similar hyperfine structures of sextet
patterns to the spectra at 0.25 GPa shown in Fig. 5

Fe?*and Fe3* in the octahedral (B) site 55.6(4.5)%
T T
[Fe3‘ in khe octahedral (A) s]ite 44.4(4.5)%
3500 = = =
3000 X
\
2500
MnFe,0, spinel
2000f 17.0GPa 300K
cubic
15001 ferrimagnetic
L .
':f -z} 3 2 1 0 g 2 & 4 =)
200 4
0 i 3
-200 A

Fig. 9 Mossbauer spectrum of MnFe,O, cubic ferrimagnetic phase at
17.0 GPa 300 K. One doublet indicates the Fe** spectrum at the tetra-
hedral site One sextet shows the Fe?* and Fe>* spectrum at the octa-
hedral site are shown. The former spectrum proves neither hyperfine
structure and nor internal magnetic field

Mossbauer spectra of MnFe,O, cubic spinel at 10.0 GPa
and 300 K are shown in Fig. 8 and they indicate two hyper-
fine structures of sextet patterns indicating ferrimagnetic
moment of the A and B sites, which is a very similar spectra
of the spectra in Fig. 7. Internal magnetic field observed
from the both sextets at A and B sites are not changed
between two pressures, 0.25 and 10.0 GPa.

Under further compression at 17.0 GPa 300 K shown in
Fig. 9, Mossbauer spectrum of MnFe,O, cubic ferrimagnetic
phase shows one doublet indicates the Fe** spectrum at the
A site and one sextet shows the Fe?* and Fe** spectrum at
the B site. The former spectrum proves neither hyperfine
structure and nor internal magnetic field. The spectrum of
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the hyperfine structure at the A site is not observed but the
spectrum at the B site shows the internal magnetic field.

Neutron diffraction study of MnFe,O, and Mn,FeO,
spinels indicates the ferrimagnetic cubic spinel structure at
pressures up to 17.4 GPa and 14.0 GPa, respectively. Moss-
bauer spectra do not show any remarkable change up to 12.5
GPa. However, at 17.0 GPa the spectrum changes from sex-
tet to doublet, proving neither hyperfine structure and nor
internal magnetic field and magnetic moment of magnetic
ions disappears, as shown in Fig. 9. Peak width of the sextet
spectrum becomes broad at 17.0 GPa. The positional disor-
der of magnetic ions in the octahedral (B) site induces the
peak broadening of the large FWHM in the spectrum.

Mossbauer spectra of the orthorhombic postspinel
Mn,FeO, at 18.0 GPa and 300 K have two doublets, as
shown in Fig. 10. One indicates the sixfold octahedron indi-
cating Fe** in the octahedral site (M2 site). Another doublet
represents Fe* in the highly distorted eightfold large cation
site (M1 site) with good reason of a large quadruple split-
ting. Two doublets of the Mossbauer spectra of postspinel
indicate paramagnetic behavior. The result of Fe** and Fe**
distributions in the Y'™M1 and YIM2 sites is expressed by
the following cation distribution: V"'[Mn** ¢, Fe**( 1561V
(Mn**; ¢r0.Fe?¥ ) 37,),0,. There is no sextet spectra in the
postspinel phases of Mn,FeO, and MnFe,O, proving they
are paramagnetic at high pressures.

In the Mossbauer spectra, the relative intensities of indi-
vidual components possibly give a suggestion of the cor-
responding population. The intensities of the various peaks
reflect the relative concentrations of cations. Observed site
occupancies are estimated from the peak intensities of the
Mossbauer spectra of MnFe,O, and Mn,FeO, at various

Fe?*in the M2 site 25.6%
1

Fe3*in the M1site 74.4%
[

1600 TR e
1400 ) \
Mn,FeO, postspinel ‘ [ Y
oo 18OGPa 300K [ .
orthorhombic AW
aramagnetic f 1
w000, P . 4
| \_‘
¥ v
800 V2(Mn3*, 5sFe?y ) MHMNZ*, (o Mn3*) 5 Fe3; 5510,
5 4 3 2 1 0 1 2 3 4 5
100 ‘ !

-100

Fig. 10 Mossbauer spectrum of orthorhombic postspinel Mn,FeO,
spectra at 18.0 GPa. Two doublets are presented: Inner larger doublet
indicates the sixfold octahedron, which is assigned to Fe** in the M2
site. Outer doublet represents Fe** in the highly distorted eightfold
large cation site (M1 site) and postspinel is paramagnetic
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pressures. The following data: (1) the isomer shift (5), (2)
the quadruple splitting (A) and (3) the magnetic hyperfine
field (B,,) are presented in Table 2. Peak intensity (Int) ratios
of two or three spectra are also presented.

Two sextets of the spectra of MnFe,O, cubic spinel at
pressures from 1 atm to 12.5 GPa do not show a big differ-
ence in their peak intensities in Table 2 but show a slight
increase in the intensity ratio with increasing pressure. The
hypothetical structure proposed from the intensity ratio of
two sextet spectra of the MS experiment gives the cation
distribution, which is somewhat different from the result of
the neutron diffraction structure analysis.

The distortion of Mn,FeO, and MnFe,O, spinels under
compression are related to their elastic properties. The com-
pression behavior of Mn;_,Fe, O, spinels can be described by
third-order Birch-Murnaghan equation of state. The equa-
tion of state is given by

o223
23 )
{1+%(B;)—4) l(%) —1] }

where P is the pressure, V) is the reference volume, V is the
deformed volume with respect to pressure,, By, is the bulk
modulus, and B is the derivative of the bulk modulus. The
bulk modulus and its derivative are usually obtained from
fits to experimental data and are defined as

B, = —V(0P/dV)p_gandB, = (0B/0P)p_. (5)

The equations of state of MnFe,O, and Mn,FeO, show
the difference in their transition pressures. Bulk modules of
Mn,_ Fe O, spinel solid solutions are presented in Table 3.

MnFe,0, and Mn,FeO, are characterized by cation disor-
der and are more compressible than the end-members of the
solid solution. MnFe,Q, is less compressible than Mn,FeO,.

High-pressure polymorph postspinel phase

Magnetite undergoes a phase transition to a high-pressure
(HP) form, called h-Fe;O, above 25 GPa and defined to
be postspinel of CaMn,O, (Pbcm) structure. Postspinel is
characterized by herringbone structure, shown in Fig. 11.
The present X-ray Mdssbauer spectra analyses and neu-
tron diffraction experiments describe the cation distribu-
tions of Mn and Fe. The structure refinements of postspi-
nel of Mn,FeO, at pressures up to 26.8 GPa are presented
in Supplement Table 3. (The refinement of the quenched
sample is also presented in the table.) The V"M 1 site vol-
ume is much larger than the Y!M2 site. The Y''M1 site of
Mn,FeO, and MnFe,0O, postspinel is mostly occupied by
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Table 2 Modssbauer spectra analyses of MnFe,O, (cubic spinel), Mn,FeO, (tetragonal spinel) and postspinel (CaMn,O, type) of Mn,FeO,

Mbssbauer resonance spectra under high pressure

MnFe,0, spinel compound

Pressure structure Site ion 6 mm/s Amm/s Int % Byr
0.0001 GPa Tetra VAo Fe’t 0.028(0.032) 0.017(0.020) 34.3(0.5) 480(6)

Vig+ Fe?* + Fe? —0.056(0.016) 0.035(0.056) 65.7(0.8) 456(12)
2.5 GPa cubic Cubic VA Fe’t —0.021(0.18) 0.054(0.037) 30.4(0.6) 479(10)

Vig Fe?* + Fe’* 0.013(0.14) 0.034(0.027) 69.6(0.6) 444(7)
10.0GPa Cubic VA Fe** -0.019(0.013) 0.005(0.025) 29.6(0.3) 513(10)

Vig Fe? + Fe** - 0.008(0.008) 0.044(0.065) 70.9(0.3) 495(8)
12.5GPa Cubic VA Fe** 0.018(0.009) 0.091(0.028) 29.1(0.8) 542(10)

Vig Fe* + Fe** - 0.017(0.008) —0.036(0.014) 70.9(0.8) 502(8)
17.0GPa Cubic VA Fe** 0.036(0.058) 0.003(0.027) 44.4(4.5)

Vig Fe* + Fe** —0.008(0.015) 0.034(0.027) 55.6(4.5) 523 (10)
Mn,FeO, spinel compound
Pressure Structure Site Ion c mm/s Amm/s Int % Byr

Oe

0.0001GPa Tetra VA Fe* 0.072(0.032) 0.032(0.020) 12.3(1.5) 366(12)

Vig Fe?* + Fe** 0.056(0.016) 0.025(0.056) 87.7(2.8) 406(7)
10.0 GPa Tetra VA Fe** —0.094(0.029) 0.668(0.024) 5.9(2.8)

Vig Fe?* —0.034(0.016) 0.018(0.056) 7.5(2.8)

Vig Fe?* + Fe** —0.034(0.016) 0.018(0.056) 86.6(2.8) 437(12)
Postspinel (CaMn,0, type) of Mn,FeO,
Pressure Structure Site Ion 6 mm/s Amm/s Int % Byr

Oe

18.0 GPa Ortho Vi Fe** -0.253(0.014) 1.338(0.028) 25.6(3.2) -

Vim2 Fe’* —0.004(0.061) 0.461(0.011) 74.4(3.2) -

The isomer shift (IS), quadruple splitting (QS), relative intensity (Int) and internal magnetic field (BIF) of each site of MnFe,O, spinel are pre-

sented in the table spinel

o isomer (chemical) shift, A quadruple splitting, /nf intensity ratio of area ratio of two spectra. BIF hyperfine magnetic field

The number in parentheses is the error of the last decimal. (1kOe = 103/4n[kA/m)

Mn?*, which increases with increasing pressure. The VM2
site of MnFe,O, is occupied by mainly Fe and only small
amount of Mn. On the other hand, the Y"M2 of Mn,FeO, is
half-occupied by Mn. The phase of Mn,FeO, is composed
of an almost ideal ordered structure of Y [Mn?*]V{(Mn’*
Fe*| 5),0,. The atoms in the Y'M2 site are located on the
edge-sharing plane perpendicular to the c-axis, as shown in
Fig. 11. Mn,O,, dimers of two octahedra in the structures
are linked via common edges.

Magnetic structure of Mn,FeO, and MnFe,0, spinel

Present magnetic structure analysis of Mn,FeO, and
MnFe,0, as a function of pressure is executed using the
neutron diffraction intensity /. Integrated intensity /, is a
combination of both magnetic scattering factor |F,(h) 1 and
nuclear scattering factor |F N(h)|2 by Eq. (1). Present Rietveld

refinement based on the ferrimagnetic structure discloses the
tetrahedral and octahedral symmetry of the tetragonal-to-
cubic transition with increasing pressure. The site symmetry
0.2 m. of the octahedral (B) site in the tetragonal symmetry
of 14,/amd changes to the symmetry of._3m of the cubic
symmetry of Fd_3m.

The diffraction peaks of 101 and 112 of tetragonal phase
have a large contribution of magnetic scattering. The tem-
perature evolution of the diffraction intensity of Mn2FeO4
at ambient pressure indicates that both peak intensities sud-
denly drop around 100 °C, which is displayed in Fig. 12. The
magnetic transition temperature at 100 °C of ferrimagnetic-
to-paramagnetic is different from the tetragonal-to-cubic
structure transition temperature at 180 °C. The magnetic
transition temperature is lower than that of the nuclear struc-
ture transition. The structure change is not coupled with
magnetic transition.
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Table 3 Bulk modulus of Mn;_Fe O, spinel solid solutions are presented

Bulk modulus of Fe;0, — Mn;0, solid solution
Samples B, (GPa) B, Ref. & Remark
Fe;0, 172 4 (fixed) Ricolleau and Fei (2016)
217 4 (fixed) Haavik et al. (2000)
MnFe,0, 155.8 (8) 4.9(1.1) Present study (*=0.009 R=0.99)
169(45) 2.87(40) Ye et al. (2015)
Mn,FeO, 104.2(34) 3.9(0.7) Present study ( y >=0.104 R=0.99)
Mn;0, 132.6(1.3) 4 (fixed) Darul et al. (2013)
Bulk modulus of A and B site of MnFe204 and Mn2FeO4
MnFe204 Cubic spinel
Bulk and Site B, (GPa) B, Refinement resolution
Bulk 155.8(8) 49(1.1) Z7$=1.0002 R=0.9997
AOQ, 154.94(8) 6.67(2.15) 7=1354 R=0.996
BO, 184.9(14) 6.68(2.57) 7=0.585 R=0.9996
Mn,FeO, tetragonal spinel
Unit cell and Site B, (GPa) B, Refinement resolution
Bulk 103.2 (34) 2.974(0.7) x=0.336 R=0.9971
AO, 142.9(21) 5.038(4.98) 7=1485 R=0.9941
BOg 155.6(35) 3.266(6.71) 7=1.629 R=0.9945

The values of Bo and B’ are changed with the site occupancy of Mn and Fe at the A and B sites. The equations of state of MnFe,O, and

Mn,FeO, show the difference in their transition pressure

Postspinel structure of Mn,FeO,

herringbone structure

3 dimensional Mn,0,, dimers
of octahedra (M2)

A

@@5“

® M1 (Vi)
© M2(V)
e D

Fig. 11 Postspinel is constructed by herringbone structure of the M1
octahedra array. The dimer of octahedra is distributed in three-dimen-
sional space. eightfold M2 cation has shared edges with M1 cation
and chained in the direction of the b axis

The present magnetic refinement shown in Table 4 con-
firms the site occupancies at the A and B sites of Mn,FeO,
postspinel under elevating pressure. Magnetic moment dis-
tribution of the spinel and postspinel structure requires the
effective magnetic susceptibility of cations. Effective Bohr
magneton is used from extant published data defined by
previous experiments: Mn>* (5.92 uB), Mn>* (4.90 uB),
Fe2+ (4.90 uB) and Fe3+ (5.92 uB) (Neel 1948). Iron-rich
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Fig. 12 Difference in the transition temperature between the magnetic
(ferrimagnetic-to-paramagnetic) and structure (tetragonal-to-cubic)
transition of Mn,FeO,. Magnetic transition temperature is 100 °C and
structure transition temperature is 180 °C

members of the Mn3-xFexO4 spinels have the magnetic
structure of two-dimensional Yafet-Kittel triangular spin
configuration. The magnetic structure of a powder sample
of MnFe,0, was determined by thermal neutron diffraction
(Levy 2015). Spin moments of the A and B sites of the
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T.able 4 Magnetic moment and Lattice constant site occupancy magnetic moment 22 R(F?)

site occupancy at the A and B

sites of tetragonal Mn,FeO, Press(GPa) a (A) c (/3;) Vol (/&3) Mn(tet) Mn(oct) A(tet) B(oct) total

spinel 0.0001 5.9453 8.7844 1098  0.902 0.548 —-2.002 4.655 2.653 2.173 0.222
22 5.9466 8.7498 309.41 0916 0.542 —1.186 3.314 2.128 2957 0.167
4 5.9392 8.6494 305.1 0.934 0.533 -0.077 2.043 1966 3.866 0.178
6.4 59232 8.5094 301.39 0.964 0.524 —1.556 3.166 1.61 3.099 0.139
10 59106 8.4167 294.69 0.962 0.519 -2.003 3.381 1.378 6.239 0.211

Ferrimagnetic magnetic moments of individual A and B sites are shown. And the moment in the unit cell is
presented in total. X> and R(F?) are accuracy parameters in the magnetic structure refinement

iron substitution on the magnetic property were clarified
at temperatures 10 K and 295 K (Baron et al. 1998).

The influence of iron substitution on the magnetic prop-
erties is clarified in both ordered and disordered ferrimag-
netic spinel-phases. Magnetic cations of Mn and Fe are
located at the crystallographically special position in the
tetragonal and cubic structure. Positional parameters of
these cations are variable and magnetic moments are also
variable parameters besides thermal variables. The reli-
ability factor for the refinement is enhanced by the inclu-
sion of magnetic moment effect. Nuclear structure analysis
without consideration of magnetic moment effect was not
converged properly.

Several possible magnetic space groups in nine subgroups
of the tetragonal spinel structure of I4,/amd are examined
for the observed intensities. The magnetic space group of
I4,/am’d’ is the most reliable subgroup of the space group
symmetry of /4,/amd. Rietveld refinement of Mn,FeO, at
2.2 GPa 20 °C tetragonal /4,/amd with the paramagnetic
structure model is y*=10.51 and R(F2)=0.211. We ana-
lyzed the diffraction intensities of the observed data in this
study, because the quality of the data taken at high pres-
sures in this study is not sufficient to discuss the detail of
counted spins. The ferrimagnetic structure model based on
the orthorhombic space group Pmma, (which is of an iso-
morphic subgroup of 141/amd) shows much better agreement
of y*=2.157 and R(F*)=0.117. The lattice constants (a,,
by c¢yy) of Mn,FeO, of the present orthorhombic ferrimag-
netic structure are derived from the nuclear tetragonal struc-
ture (ay, ay, cy). The by, cell edge is twice larger than by, of
the paramagnetic lattice, because the magnetic moment is
ordered between A and B sites with the anti-parallel distri-
bution along the b, axis. The Rietveld analysis is shown in
Fig. 13. The distribution of the anti-parallel magnetic spins
in A and B site are presented in the figure. Pressure depend-
ence of site occupancy and magnetic moment of the ferri-
magnetic Mn,FeO, spinel are summarized in Table 4. The
site occupancies of Mn at the tetrahedral and octahedral sites
of Mn,FeO, and MnFe,0, spinels are shown with increas-
ing pressure. The cation distribution becomes close to the
ordered normal spinel structure. Ferrimagnetic spin moment

Ferrimagnetic orthorhombic
structure model

Paramagnetic tetragonal
structure model

< j #* ;
LZ A --Q3 +M M oM

o Rk

tetrahedra]  octahedral ‘
cation (A) cation (B) ¢ . .
Down spin Up spin
—
F: Fe¥* (Fe*")+Mn** M: Mn2(Fe**)

Fig. 13 Paramagnetic Mn,FeO, tetragonal structure at 2.2 GPa
is shown in the left figure. Right figure shows anti-parallel mag-
netic spin moments along the c,, axis of the ferrimagnetic Mn,FeO,
orthorhombic structure at 2.2 y’R(F2)=0. 117). Only cations are pre-
sented in the figure. They are similar positions in the paramagnetic
tetragonal structure. Ferrimagnetic lattice has ay;, by, c), and by, is
twice large by, of the paramagnetic lattice

becomes smaller at higher pressure before the transforma-
tion to the high-pressure postspinel phase.

Pressure dependence of magnetic structure was suggested
by X-ray Mossbauer experiment. Deviations from ian profile
may be induced from variations of local environments or
fluctuations of parameters.

Conclusion

Magnetic studies of minerals are reliable witnesses of
paleomagnetism by high-resolution studies of these struc-
tures. The magnetic structures are built during the cooling
of molten rock and reflect the earth's magnetic field at the
time of their formation. This record provides information on
the past behavior of Earth's magnetic field and geomagnetic
reversal. The magnetic properties are reset by the interaction
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of the magnetic spin inside the Earth's magnetic field. The
geomagnetic reversal is an indicator of magnetic field change
in plate tectonics. However, the pressure effect of the plate
tectonics still remains to be seen in the magnetic study of
minerals.

The present neutron diffraction and synchrotron X-ray
Mossbauer spectroscopic study provide the comprehen-
sion of the magnetic and structure change under extreme
conditions. Some of oxide spinels with transition elements
have a ferrimagnetic property at ambient conditions. They
transform to the postspinel structures under high-pressure
condition. Cation distributions in Mn;_,Fe, O, solid solutions
under extreme conditions are significant research subjects
not only for geophysical understands such plate tectonics
and geomagnetic reversals but also for the basic magnetic
ferrite industrial materials. Magnetic and structure transi-
tion studies are possible by neutron time-of-flight scattering
diffraction at PLANET J-PARC. Besides the neutron dif-
fraction, X-ray Mossbauer experiment is a significant and
complementary study to investigate the magnetic property
of Mnj;_Fe, O, solid solutions from the hyperfine structure
of Zeeman splitting. The present experiments disclosed the
following new discoveries of magnetic properties:

(1) The lattice distortion is not coupled with magnetic
transition. The magnetic transition temperature from fer-
rimagnetic-to-paramagnetic of spinels is lower than the
structure transition temperature from tetragonal-to-cubic
structure transition. The structure transition temperature
decreases with increasing pressure.

(2) Pressure dependence of cooperative Jahn—Teller dis-
tortion in Mn,FeOQ, is observed by the interaction between
localized orbital electronic states of Mn** and the compres-
sion of the octahedral site. The transition temperature from
tetragonal-to-cubic phase decreases with increasing pres-
sure. The transition of Mn,FeQ, is an extremely rare case for
the JT transition with increasing pressure. Generally many
spinels show cubic-to-tetragonal transition at high pressure
and the tetragonal distortion is of flattering octahedral dis-
tortion of ¢/a < 1, However, the tetragonal phase of Mn,FeO,
shows the transformation from tetragonal-to-cubic and the
octahedral site is elongated along to the c-axis and the lattice
constant ratio is c/a> 1.

(3) Inverse parameter change under compression.

X-ray Mossbauer measurement and nuetron diffraction
study confirm that the occupancy of Fe?* in the tatrahedral
site is decreased with increasig pressure, indicating more
oredered structure. The inverse parameter is increased with
increasing pressure.

(4) The cubic MnFe,0, spinel and tetragonal Mn,FeO,
transform to the high-pressure orthorhombic postspinel
phase at pressure 18.4 GPa and 14.0 GPa, respectively. The
transition pressure decreases with increasing Mn content.
The observed charge distribution of postspinel becomes an

@ Springer

almost ideally ordered structure expressed by Y/ [Mn>*1V{(M
n**, sFe*™ 5),0,, transformed from cubic Mn,FeQ, spinel.

(5) The magnetic refinements clarify the paramagnetic
and ferrimagnetic structure of MnFe,O, and Mn,FeO, spinel
as a function of pressure. The magnetic moment is ordered
between A and B sites with the anti-parallel distribution
along the b axis.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00269-022-01215-4.
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