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Abstract: Electronic/magnetic transitions and their structural consequences in Fe-based Mott insulators in a regime of very high static density are the main issue of this
short review paper. The paper focuses on the above-mentioned topics based primarily on our previous and ongoing experimental HP studies employing: (i) diamond
anvil cells, (ii) synchrotron X-ray diffraction, (iii) 57 Fe
Mössbauer spectroscopy, (iv) electrical resistance and (v)
X-ray absorption spectroscopy. It is shown that applying
pressure to such strongly correlated systems leads to a
number of changes; including quenching of the orbital
moment, quenching of Jahn-Teller distortion, spin crossover, inter-valence charge transfer, insulator–metal transition, moment collapse and volume collapse. These
changes may occur simultaneously or sequentially over a
range of pressures. Any of these may be accompanied by
or be a consequence of a structural phase transition;
namely, a change in crystal symmetry. Analyzing this
rich variety of phenomena we show the main scenarios
which such strongly correlated systems may undergo on
the way to a correlation breakdown (Mott transition). To
illustrate these scenarios we present recent results for
MFeO3 (M ¼ Fe, Ga, Lu, Eu, Pr) and CaFe2 O4 ferric oxides; FeCl2 and FeI2 ferrous halides, and FeCr2 S4 sulfide.
Fe3 O4 is given as an example case for the impact of
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1 Introduction
During the past two decades the so called Mott insulators, belonging to the 3d–d transition metal compounds
(TMC), became the focus of intensive basic and applied
research in materials science. The main reason was the
important discoveries of the high-Tc superconductivity in
doped rare-earth copper-oxides [1], and recently in the
layered iron arsenic compounds [2], and the observation
of the giant magneto-resistance effects in doped manganese oxides [3].
In general, electronic and magnetic properties of
TMCs have been in the limelight of condensed-matter
physics since the mid-thirties of the past century, when
Peierls pointed out that in-situ electron-electron interactions must be taken into account to explain the insulating properties of the Transition-Metal-(TM) Oxides [4].
It was clear by then that the conventional Wilson theory
of electronic energy bands could not account for an energy gap of the order of eVs in the d-bands of the TMC.
Following the neutron scattering development, it became
clear that electronic and magnetic properties of TMCs are
closely related.
It has been recognized that the localization of carriers, and corresponding insulating behavior of the
Mott insulator, is a result of strong on-site Coulomb
repulsion that is not mitigated by the restricted range
of kinetic energies available to the narrow d–d-band
system. As a result, an energy gap opens within the
3d–d band, splitting it into an upper and lower subband separated by an energy U that is greater than a
critical value of the d–d-band dispersional width W. A
prototype of theoretical understanding for the transition between the Mott insulating state and the metallic
state was accomplished by using a simplified model of
lattice fermions. The well-known Hubbard model [5] is
thus the simplest description of electron correlation effects in solids. Its Hamiltonian is characterized by a
kinetic energy term t, denoting the hopping of an electron from site i to its nearest neighbor site j, and by
the extra energy cost U of putting two electrons
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The insulating property may be attributeed to a d–d
energy gap U (the Mott-Hubbard gap) or due to a p–d
gap Δ, the charge-transfer gap, depending on whether
the TM d–d-band or the anion p-band is the highest occupied band [6]. The majority of the Mott insulators order
antiferromagnetically with relatively large optical gaps
(1–4 eV) and their magnetic state is intimately linked to
the TM-ion electronic state in conformity with Hund’s
rules. Their electrical/magnetic properties can be substantially altered by chemical doping or externally induced band broadening either by pressure or temperature culminating in an insulator-metal transition
concurrent with a collapse of local moments [7], the socalled Mott transition.
The bandwidth of such a Mott insulator is susceptible to applied pressure, and therefore experiments in
which the gap parameters can be varied in a controlled
way, e.g. with pressure, represent a crucial test of any
existing theory and should provide incentives for the development of improved theories of correlated-electron
systems and eventually to the engineering of new materials. Static high-pressure (HP) structural, magnetic and
transport properties obtained these days with Diamond
Anvil Cells is the main tool in the studies of properties of
Mott insulators and the Mott transition.
Another important electronic/magnetic phenomenon
attained within the correlated regime at HP with significance to the crystal structure is the spin crossover; a
high- to low-spin transition (HS-LS), resulting from the
pressure-induced increase of the crystal field [8]. For ferric systems this will result in a substantial decrease of
magnetic moment and ordering temperature in Fe3þ
(S ¼ 5/2 ! S ¼ 1/2), and in complete collapse of magnetism in Fe2þ compounds (S ¼ 2 ! S ¼ 0). The latter case
has been observed in several ferrous oxides such as Wüstite (FeO) [9], Mg1x Fex O [10] and FeS [11].
Other electronic/magnetic transitions induced by HP
within the correlated state are: (i) Fe-TM inter-valence
charge transfer resulting from an increase in the overlap
of atomic orbitals, and (ii) quenching of the orbital term
[12, 13] and/or of the Jahn-Teller effect [14]. All the above
mentioned electronic transitions corroborate as a rule
with appreciable structural transformations being either
a cause or a consequence of the latter.
This paper focuses on the above-mentioned topics
emanating primarily from our previous experimental in-

vestigations employing the following high-pressure
methodologies: (i) diamond anvil cells (DACs) capable of
generating static pressures beyond 100 GPa, (ii) X-ray
diffraction (XRD) to characterize crystal structures and
interatomic distances, (iii) 57 Fe Mössbauer spectroscopy
(MS), a magnetic probe to document the in-situ magnetic/electronic transitions, (iv) electrical resistance to
quantify electronic mobility and detect the insulator-metal transitions; and (v) X-ray absorption spectroscopy
(XAS) to study valence and coordination changes in Fe
and corresponding TM constituents. Although HP-MS is
limited to Fe-containing TMC, the principles governing
electron- and spin-correlation effects can be probed in a
coherent fashion, and in support of a deeper theoretical
understanding. Furthermore, major constituents of the
Earth’s interior are Fe-bearing magnetic insulators (oxides and silicates), and investigating their magnetic/electronic and structural properties under extreme P–T conditions is of extreme importance not only to basic
properties of magnetism but also to Earth sciences.

2 Pressure-induced correlation
breakdown in ferric compounds
2.1 A case of a band width-driven Mott
transition
As it was mentioned above, the definitive electronic transition in Mott insulators is the pressure-induced breakdown of the d–d correlation leading to an insulator-metal
(IM) transition concurrent with a collapse of magnetism;
namely, the Mott transition (MT) [4]. A notable example
pertinent to the nature of these strongly correlated systems has been the discovery of the pressure-induced
Mott-transition in NiI2 [15, 16]. No detectable structural
changes at the transition range have been observed.
However, later studies performed on a series of Fecontaining compounds show that the MT is usually accompanied by an appreciable reduction of interatomic
distances and crystal volume. Such a transition has been
evidently observed in hematite (Fe2 O3 ) [17, 18], and recently in GaFeO3 [19]. The studies in GaFeO3 revealed
that the structural instability of the low pressure partially
low-coordination Pc21 n lattice beyond 25 GPa results in a
sturdier perovskite Pbnm structure (Pv), which undergoes
at +53 GPa a reversible isostructural transition, characterized by a discontinuous volume V(P) drop of +3%
(Fig. 1). This isostructural transition corroborates with
the onset of a new non-magnetic component which
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Fig. 1: Pressure evolution of the unit-cell volume of GaFeO3 . The solid, dotted, dash-dotted, and dashed lines are theoretical fits for
the Pc21 n, LP perovskite, HP perovskite, and LiNbO3 (LN)-type phases using the second-order Birch-Murnaghan (BM) equation of state
(EOS). The variables obtained were: K0 ¼ 230(4) GPa, V0 ¼ 312.2(4) Å3
for the Pc21 n structure; K0 ¼ 296(25) GPa, V0 ¼ 291.7 (2.4) Å3 for the LP
perovskite structure; K0 ¼ 383(48) GPa, V0 ¼ 274.6(4.4) Å3 for the HP
perovskite structure, and K0 ¼ 223(9) GPa, V0 ¼ 298.7(8) Å3 for the LNtype upon decompression and recompression. The volume was normalized to six unit formulas of GaFeO3 , i.e. Z ¼ 8 for Pc21 n phase, Z ¼ 4
for Pbnm orthorhombic perovskite, and Z ¼ 6 for LiNbO3 -type R3c phase. The inset shows the relative volume of the FeO6 polyhedra for all
phases as a function of pressure. Note the polyhedral volume drop at
Vpol /V0pol + 0.85. The solid and open symbols correspond to the compression and decompression cycles, respectively.

shows no sign of a magnetic hyperfine interaction down
to 5 K (Fig. 2), and a precipitous decrease in R(P)1 (Fig. 3).
The obtained electrical transport activation energy decreases linearly with pressure suggesting a gradual closing of the corresponding gap at +68 GPa (see upper inset Fig. 3), which was confirmed by the observed change
in the sign of the slope of RP (T) curves (lower inset Fig. 3).
These electronic/magnetic features of the high pressure


1 In XRD studies, the transition occurs within a narrow pressure
range. According to MS, the transition pressure appears to be a bit
higher and it occurs within a broader pressure range. A systematic
reason could be the different geometries of the signal collection methods: in the synchrotron XRD measurements the pressure is usually
measured in the center of the sample cavity and the signal derives
from a small central part of the sample, whereas in Mössbauer studies the signal is collected from a much larger part of the sample
(~2/3) resulting in possible pressure gradient effects which could be
significant. In resistivity measurements the role of pressure gradients could be even more substantial due to the usage of a solid
pressure medium.

Fig. 2: Mössbauer spectra of GaFeO3 recorded at 15 K for various
pressures. The hyperfine field (Hhf ) is typical of the Fe3þ oxides and
reflects the magnetization at saturation (T % TN ) as a function of
pressure. Up to 56 GPa this is the only spectral component. At
62 GPa a non-magnetic quadrupole-split component (dotted line)
appears with relative abundance increasing with pressure. There is
no apparent spectral change up to 98 GPa. The absence of magnetic components down to the lowest temperature of 5 K (85 GPa
spectrum) strongly supports the onset of the MT characterized by
the magnetic collapse due to the d–d correlation breakdown.

HP perovskite are consistent with the Mott transition driven by a band-width broadening mechanism.
Following decompression, the R3c structure, which
is structurally related to the Pv-type, becomes the stable
one below 24 GPa, but upon recompression it is replaced
again by the uncorrelated HP Pv at +53 GPa. It is noteworthy that the electronic transition to the uncorrelated
state occurs at the same pressure, regardless of the preceding structures: Pbnm or R3c, when the relative volume of the FeO6 polyhedra Vpol /V0pol reaches 0.84–0.85
(Fig. 1, inset). In both cases the relative volume reduction
at this point remains the same +3% corresponding with
+6% volume decrease of the Fe–O6 polyhedra2.

2 An interesting case of a bandwidth-driven insulator-metal transition was observed in LaMnO3 [14]. It was found that the pronounced cooperative Jahn–Teller (JT) distortion and the GdFeO3 -type distortion (octahedral tilting) decrease with increasing pressure, and
finally the JT effect and the concomitant orbital order are completely suppressed at 18 GPa. On the other hand, the system remains in-

G. Kh. Rozenberg et al., Mott insulators at extreme conditions  213

Fig. 3: The variation of R(P) of GaFeO3 with ΔV/V0 at 300 K. A
sharp decrease in R is observed in the 0–0.08 ΔV/V0 range
(0–20 GPa) taking place at the Pc21 n phase. Following the onset
of the perovskite phase the change in R(P) is more gradual till
ΔV/V0 + 0.20 (P + 55 GPa), where delocalization of the electrons
is triggered by a gradual d–d or p–d gap closure, reaching a
metallic state at P + 68 GPa (see lower and upper insets).

2.2 A case of a Mott transition driven
by a structural transition
In the archetypal Fe-oxide, FeFeO3 hematite (space
group R3c), exactly as in the recompression cycle in
GaFeO3 , the first-order structural phase transition corroborating with the Mott transition takes place at
P + 50 GPa (Vpol /V0pol + 0.84) [17, 18]. The Mott transition has been manifested by a sharp IM transition (Fig. 4)
agreeing with an onset of the nonmagnetic state. The relative volume reduction at the transition point is +10%.
In contrast to GaFeO3 , in the case of hematite up to
the pressure at which the low-pressure (LP) to HP struc
sulating to +32 GPa where it undergoes a bandwidth-driven insulator-metal transition. Delocalization of electron states which suppresses the JT effect, but is too weak to make the system metallic, appears to be a key feature of insulating transition metal oxides with
quenched JT distortion.

Fig. 4: The pressure dependence of the logarithm of the resistance
of Fe2 O3 , recorded at 300 K. The solid circles (●) are data points
recorded during the first cycle of compression, solid diamonds ([)
at the successive compression cycles, and open circles (○) at successive decompression cycles. The large change in the resistance
between the first and successive compression cycles is explained
as due to compacting of the powder sample. Note the big decrease
in R of the sample, by more than six orders of magnitude till its full
metallization at P + 60 GPa. The vertical dotted lines set the boundaries between the insulating LP, mixed intermediate, and metallic
HP phases The inset shows the temperature dependence of the
electrical conductance σ at various pressures in the temperature
range 4.2–300 K. Note the linear relationship of ln (σ) versus T 1=4
for the LP phase. The σ(T) behavior signals a change of the conduction mechanism in the range between 40 and 48 GPa, which is
attributed to the appearance of the metallic phase. At P $ 55 GPa it
behaves as a metal with dR/dT > 0.

tural transition is established, the temperature dependence of the resistance is typical of an insulator (Fig. 4,
inset). Furthermore, the characteristics of the R(T) curves
barely change with pressure, with no hint whatsoever of
a gap closure. Also, within the LP phase, the Fe–O bonds
through the common edges are not decreased; they even
exhibit a slight increase with pressure, and the Fe–O–Fe
bond angle barely changes, all these hindering the formation of a conducting network at LP, and thus suggesting that such a network could be formed only at the HP
phase. All this allows to propose that in Fe2 O3 , in contrast to GaFeO3 and in contradiction with the theoretical
assumption of Kunes et al. [20], the crystal-structure
change drives the gap closure and the Mott transition
[18, 21]. Our recent thorough XRD and MS studies [22]
confirm this idea. These studies show that upon compression the combined structural/electronic transition
takes place at +54 GPa; however, upon decompression a
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reverse electronic transition to the strongly correlated
state takes place at +51 GPa, while the HP structure
stays unchanged with only a volume increase of +7%.
Meanwhile, the structural transition back to the R3c
structure occurs only below 37 GPa. This undoubtedly
shows that the Mott transition in Fe2 O3 takes place within the HP structure.

2.3 A case of a Mott transition driven
by an increasing crystal-field splitting
It is noteworthy, that not only a structural transition
could be the driving force of the Mott transition; another
preliminary electronic transition could serve as a trigger
of the correlation breakdown. Thus, as it was mentioned
above, quite often within the correlated regime a spin
crossover takes place resulting, for ferric systems, in a
substantial decrease of magnetic moments due to a
S ¼ 5/2 ! S ¼ 1/2 crossover. This phenomenon has been
observed in several ferric oxides such as RFeO3 (R / La,
Pr, Eu, Lu) orthoferrites [23, 24] (space group Pbnm [25]),
where close to 40–50 GPa significant changes in the
magnetic properties; namely, a transition from an antiferromagnetic high spin (HS) to a paramagnetic low spin
(LS) state takes place. For all studied materials the transition to the HP LS phase is a reversible isostructural
phase transition accompanied by significant volume
shrinkage (Fig. 5) driven by the shrinkage of the FeO6 octahedra. It is noteworthy, that for all studied materials
the spin state variation and corresponding variation of
the volume are discontinuous. Therefore, the transition
can be considered as a first-order isostructural phase
transition with a large volume reduction.
It is also noteworthy, that a HS-LS transition usually
corroborates with a precipitous resistance decrease [23,
26] suggesting that the spin crossover in the Fe sublattice
approaches a gap closure and metallization transition.
Recent theoretical calculations for MnO [27] have shown
that for some materials the spin crossover may initiate a
complete closure of the insulating gap. In such a case
the increasing crystal-field splitting and not the increasing bandwidth initiates the collapse of the correlated insulating state.
Experimentally such a scenario was observed recently in CaFe2 O4 . MS and R(P,T) studies of CaFe2 O4 have
shown the onset of a non-magnetic, metallic state above
50 GPa [28]. However, unlike GaFeO3 , where a gradual
pressure-induced closing of the insulating gap was observed, in CaFe2 O4 the value of the electrical transport
activation energy remains almost unchanged until the

Fig. 5: Pressure evolution of the unit-cell volumes of LuFeO3 ,
EuFeO3 , and PrFeO3 . For LuFeO3 and EuFeO3 the (—), and (---) lines
are theoretical fits for the LP, and HP phases, respectively, using
the second-order BM EOS. For PrFeO3 the solid, dash, and dot lines
are theoretical fits for the LP, intermediate HP (HP1), and HP2
phases, respectively (see Ref. [25]). The insets show the pressure
dependence of the atomic coordinates of Lu, Eu and Pr. The circle
and square symbols correspond to the X- and Y-coordinates respectively. For LuFeO3 and PrFeO3 solid and open symbols correspond to the compression and decompression cycles respectively.
Note that for the larger and intermediate rare-earth the volume collapse concurs with a substantial reduction of the lattice distortion
while for the smaller Lu a “pure” isostructural transition is observed
with no appreciable distortion change.

transition. Another significant difference is a nearly double, compared to GaFeO3 , +12% decrease of the Fe polyhedral volume [29] corroborating with the correlation
breakdown. All this suggests the scenario of the Hubbard
gap closure driven by the HS-LS transition. At that, since
MS did not reveal any evidence of a preceding LS state,
even at pressures in which both the LP and HP phases
coexist, it appears that the HS-LS transition immediately
leads to an IM transition. In such a case, structural alterations accompanying the HS-LS crossover could be
amplified with structural consequences of the MT. This
explains the huge +12% decrease of the Fe polyhedral
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volume observed in the XRD experiment [29]. It is noteworthy that a similar scenario has been observed in
BiFeO3 but with a clear separation of +10 GPa between
the spin crossover and Mott transition [30].

3 Features of the Mott transition
in ferrous compounds
3.1 A case of a Mott transition triggered
by a quenching of the orbital-term
An important feature of the Mott transition in ferrous
halides, FeHa2 (Ha ¼ I, Cl) (space group P3m and P3m1
[31]), is the formation of a structural precursor; an intermediate-pressure (IP) phase [32, 33]. This new state is
characterized by practically the same crystal volume as
the low-pressure strongly correlated phase, but with larger c- and reduced a-parameter values (Fig. 6). According
to MS studies [12, 13] a quenching of the orbital term corroborates with the formation of the IP phase resulting in
the breakdown of the spin-orbit coupling and reorientation of the magnetic moment. The quenching of the orbital term is evident from a sudden increase of the magnetic hyperfine field Hhf preceding the Mott transition
(Fig. 7). In FeI2 the transition to the IP phase takes place
at +18 GPa and in FeCl2 at +30 GPa. With a further
slight pressure increase of +2 GPa, a transition to the
new HP phase is observed, characterized by reduced volume and Fe-Ha distances (Fig. 6). This transition corroborates with a drastic decrease of R(P) resulting in the
change of the sign of dR/dT from negative to positive
(Fig. 8). This result is in concert with the sluggish magnetic collapse observed by MS (Fig. 7), thus unequivocally assigning the transition to the HP phase to a correlation breakdown (Mott transition).
The fact that in both systems the crystallographic LP
! IP transition and the quenching of the orbital term
take place at the same pressure range with no volume
nor isomer shift (IS) change3 [34] gives rather strong evidence that the observed lattice distortion in the c-direction, at the IP phase, is indeed attributed to the quenching of the orbital term. It is worth mentioning that Kunes
et al. [35], based on electronic structure calculations for
FeI2 , concluded that the quenching of the orbital term
originates from a pressure-induced change of the sym
3 A drop in IS in 57 Fe, which is negatively proportional to the increase in the s-electron density at the Fe nucleus, usually follows a
volume reduction (see Ref. [34]).

Fig. 6: Pressure evolution of the FeCl2 cell dimensions: (a) a variation of unit cell parameters and c/a ratio (b) with pressure in the
LP, IP and HP phases. Note the peculiarities in parameters behavior
corroborated with the quenching of the orbital term at P ’ 30 GPa.
Solid lines are to guide the eyes. (c) Unit-cell volume. The solid and
dotted lines are theoretical fits for the LP þ IP, and HP phases,
respectively, using the BM EOS. The transition to the HP phase is
accompanied by +3.5% volume reduction.

metry of the occupied minority-spin d–d orbital; namely,
a change from a twofold-degenerate e0g orbital to ag occupation. The latter orbital is characterized by a very strong
anisotropy of the charge and spin distribution, with the
angular part stretched along the hexagonal c axis. This is
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Fig. 8: Pressure dependence of the resistance of FeCl2 at 300 K.
R(P) hardly changes with pressure at the LP phase till an onset
of the IP phase immediately followed by HP phase corroborating
with the sharp decrease in R, by about 4 orders of magnitude. For
P > 45 GPa the metallization process is complete. The metallic behavior is clearly evident at these pressures as shown in the inset.
Fig. 7: Mössbauer spectra of FeCl2 recorded at 5 K (T % TN ). The solid line is a theoretical spectrum taking into account texture effects.
Up to +30 GPa, Hhf is the sum of spin (HS ) and orbit terms [13] but
following the orbital quenching at +30 GPa Hhf ¼ HS . Correspondingly at 34 GPa one observes the onset of a large Hhf (dashed line)
coexisting with that of the previous LP phase (dotted line). Above
34 GPa an onset of a non-magnetic component (dash-dotted line)
is observed coexisting with the magnetic IP phase (see spectrum
at 51 GPa). At 61 GPa the magnetic interaction is completely
quenched.

in good agreement with the observation of the lattice distortion in the c direction at the IP phase. It is noteworthy,
that in both systems this transformation directly culminates into a Mott transition. This suggests that the
change of the symmetry of the occupied spin d–d orbital
initiates a complete closure of the insulating gap and
correlation breakdown.

3.2 A case of a Mott transition resulting
in a nonreversible phase transition
In the FeCl2 case the observed transition is a reversible
isostructural phase transition. An exceptional transformation in ferrous compounds so far is the case where the
Mott transition is accompanied not only by reduction in
bond lengths and volume but also triggers a group symmetry change. This is the case of FeCr2 S4 (daubréelite)
[36]. This material has attracted attention due to its magnetoresistance effect (MR) reminiscent of the colossal

magnetoresistance of manganites [37]. It was found that
the local maximum, Rmax (P) on the R(T) curve, corresponding to the magnetoresistance effect, is substantially
reduced and broadened with pressure increase4 and finally disappears at +7 GPa, the highest pressure of the
single, high-spin spinel phase designated as LP1 (Fig. 9).
The suppression of Rmax (P) coincides with a gap closure
leading to metallization at +7 GPa. The 7–10 GPa range
is a coexistence pressure zone composed of three phases:
(i) LP1, a paramagnetic spinel (SG Fd3m), (ii) LP2, a nonmagnetic isostructural spinel, and (iii) HP1, a high-spin
Cr3 S4 (SG I2/m) type structure (Fig. 10). Based on MS and
R(P, T) studies it was concluded that the Mott transition
is responsible for the onset of metallization (correlation
breakdown) coinciding with the collapse of Fe2þ moments. The shortening of the Fe–O bond length due to
the electronic transition leads to a volume decrease of

4 The resistance peak is the result of a mismatch between the resistance curves at T > TN and T < TN related with a different mechanism of conductivity for the ferrimagnetic and paramagnetic phases.
It is noteworthy, that in the case of manganites (e.g. La1x Cax Mn03
[58]) an application of pressure has the same effect on the resistance
as that shown for FeCr2 S4 , the maximum is substantially reduced,
broadened and shifted to higher temperatures. However, these studies, as most other studies of electronic properties of MR materials
were limited to the low pressure range (P < 2 GPa). Undoubtedly
further studies of such materials are desirable taking into account
the obtained results.
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Fig. 9: The normalized temperature dependence of the resistance of
FeCr2 S4 at various pressures: at P + 7 GPa the slope of the R(T) curve becomes positive, signaling the onset of metallization. The inset
shows the pressure dependence of the resistance, recorded at 300 K.
Up to 7 GPa the LP phase of FeCr2 S4 is a semiconductor whose
gap decreases gradually with pressure. At 7 GPa a discontinuous
decrease in R(P) is observed, confirming the onset of metallization.

the LP phase by +1% (Fig. 11). This electronic transition
initiates a structural instability of the spinel structure resulting in a first-order phase transition into HP1, a postspinel with a Cr3 S4 -like structure. The onset of HP1 is accompanied by the Fe2þ 4 ! 6 coordination number increase resulting in an additional +12% volume reduction. In the coexistence zone the post-spinel phase is
paramagnetic but at P > 10 GPa an isostructural transition takes place and Fe2þ becomes non-magnetic. The
structural transition is irreversible with the isothermal
pressure decrease and the Cr3 S4 -like structure remains
upon full release of pressure at 300 K. Interestingly,
upon decompression the HP phase undergoes a reverse
non-correlated ! correlated transition recovering its localization features, e.g., insulating state and paramagnetism with TN < 6 K.

4 A case of pressure-induced
intervalence charge transfer
A new important electronic feature recently discovered is
pressure-induced metal–metal inter-valence charge transfer in the layered antiferromagnetic Cuþ1 Fe3þ O2 delafossite as a result of the increase in overlap of atomic orbitals. CuFeO2 delafossite is a rather close approximation
to a 2D triangular-lattice antiferromagnet; the LP R3m
structure (0–18 GPa) is composed of sheets of Fe3þ
S¼5=2

Fig. 10: Pressure evolution during compression of the Mössbauer
spectra of FeCr2 S4 recorded at 90 K (% TN ), depicting the pressureinduced electronic phases. (a–c) Spectra associated with the LP1
phase. At 7 GPa (d) two new nonmagnetic components appear designated as LP2, with substantially lower IS value, and HP1 characterized by a high QS value, respectively. At 8 GPa (e) the relative
abundances of the LP2 and HP1 phases increase at the expense of
the LP1. At 11 GPa (f) LP1 and LP2 both disappear and a new HP2
component emerges. Above 12 GPa (g) HP2 becomes the only remaining component. The lines through the experimental points are
theoretical curves obtained from the least-squares fitting programs.

ions alternating with layers of O–Cu1þ
S¼0 –O dumbbells,
with the latter oriented along the c axis. This structure is
characterized by an unusual positive dðc=aÞ=dP (Fig. 12)
[38]. At ambient pressure the spins are highly frustrated
between neighboring layers as well as within layers [39].
The combined high-pressure studies of CuFeO2 using
X-ray diffraction, along with 57 Fe Mössbauer and Fe and
CuK-edge XAFS spectroscopy methods [40], reveal a
sequence of intricate structural/electronic-magnetic pressure-induced transitions. At 18 GPa a structural transition
takes place to a more isotropic C2/c structure (HP1) with
the O–Cu1þ
S¼0 –O axis tilted 28° from the c axis (Fig. 12).
This results in a reversal in dðc=aÞ=dP pressure derivative
from positive to negative and the stabilization of the
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Fig. 12: Pressure dependence of the unit-cell volume and crystal
anisotropy of CuFeO2 reflected by the c/a ratio at RT. The solid line
through V(P) is the theoretical fit for the LP phase using the Birch phase, squares to
Murnaghan EOS. Circles correspond to the R3m
 structures. The open points corthe C2/c, and triangles to the P3m
respond to data recorded at decompression. The stars for c/a(P) are
from [38]. The discontinuous decrease in c/a and V occurs at the
 C2/c, and the P3m
 crystal structuonset of the HP1 phase. The R3m,
res are shown in the inset. The gray, black and light gray spheres
correspond to the Fe, Cu and O atoms, respectively.
Fig. 11: (1) Pressure evolution of the lattice parameters of FeCr2 S4
obtained at the compression cycle using helium pressure medium.
(2) Pressure dependence of the unit-cell volume. Open circles correspond to the low pressure spinel phase, 4 and X correspond to
the brezinaite phase using nitrogen and helium pressure medium,
respectively. Symbols 3 and Z correspond to the decompression
cycle. The solid, dashed, and dotted lines are theoretical fits for the
LP, HP1, and HP2 phases, respectively, using the second-order BM
EOS. The volume was normalized to one unit formula of FeCr2 S4 ,
i.e. Z ¼ 8 for spinel and Z ¼ 2 for Cr3 S4 .

long-range antiferromagnetic order. Starting at +23 GPa,
with an initial volume reduction of yΔV/V0 y+ 0.16 and
an increase in overlap of atomic orbitals, the onset of
Fe2þ species (Fig. 13) concurrent with Cu1þ ! Cu2þ partial transition takes place as evident from a strong positive shift of the CuK-edge absorption onset. This leads to
2þ
3þ
2þ
ðCu1þ
S¼0 FeS¼5=2 Þ ! ðCuS¼1=2 FeS¼2 Þ inter ionic valence exchange in about 1/3 of the C2/c-CuFeO2 at P $ 27 GPa.
As a result the Cu2þ –O becomes 4-fold coordinated and
is in a new crystallographic structure with space group
P3m (designated HP2). The onset of Cu2þ (S ¼ 1/2)
paramagnetic sublattices also has a dramatic effect on
the magnetic properties of the CuFeO2 leading to a
2þ
strongly enhanced TN ; namely, TN ðCu2þ
S¼1=2 FeS¼2 Þ  2.2

3þ
TN ðCu1þ
S¼0 FeS¼5=2 Þ (see inset Fig. 13). This sequence of
transitions is reversible with no noticeable hysteresis.
With further pressure increase a transition to a new
high pressure (HP3) structure takes place. This structural
transition is followed by an onset of two new MS components above +50 GPa. One of these components is nonmagnetic, whereas the other one shows a magneticallysplit spectrum, characterized by a significantly reduced
Hhf . Considering the fact that the material remains an
insulator at this pressure range, a feasible explanation
is that at P > 50 GPa a high to low spin crossover takes
place in both iron species (Fe3þ and Fe2þ ). Similar to the
orthoferrites [25] this transition is accompanied by significant volume shrinkage. Electrical transport measurements show a precipitous reduction in the resistance, coinciding with the HS-LS transition, though culminating
into an insulator-metal transition at P > 80 GPa.

5 Concluding remarks
It is noteworthy, that sometimes the accuracy of the high
pressure diffraction study is not sufficient for unambigu-
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Fig. 14: Mössbauer spectra of the high-pressure phases of MgFe2 O4 ,
ZnFe2 O4 , and FeFe2 O4 recorded at 300 K. The solid line through the
experimental points were fitted assuming two QS components for
the Mg and Zn ferrites and three sites for magnetite. The relative
abundances of all components are equal.

Fig. 13: Mössbauer spectra of CuFeO2 recorded at 19 and 27 GPa:
Typical absorption spectrum of the 19–23 GPa range (C2/c structure) at 6 K (a) characterized by a single magnetic Fe3þ component
with parameter values within the range observed for ferric-oxides.
Spectra typical for 24–30 GPa range recorded at various temperatures are shown in b, c, d, and e. The fitted solid line through the
experimental points is a convolution of two spectral components:
At 6 K (b) the spectrum is composed of two magnetic components:
Fe3þ and a new one with Hhf and IS characteristic of and Fe2þ -oxides; (c) at 120 K one observes the collapse of the magnetic order of
the Fe3þ component, showing a central peak representing the fast
spin-spin relaxation typical of the T + TN regime; at 260 K (d) the
Fe2þ magnetic splitting is still observed albeit with reduced Hhf
(¼ 36 T); and at 296 K (e) the paramagnetic quadrupole-split components of Fe3þ and Fe2þ are the only ones left. The solid line is a
result of fitting to two quadrupole-split components (Fe3þ and Fe2þ )
with relative abundance of 2 : 1. The inset summarizes the TN (P) of
the two Fe species, Fe3þ and Fe2þ .

ous interpretation of the obtained structural results. In
such a case MS, as an atomic-scale structural and magnetic/electronic probe, can provide missing information
necessary for constructing a structural model. Example
of such a fruitful interaction of methods is the case of an
important geological material magnetite (Fe3 O4 ).

Spinel-like oxides are a wide group of double cation
oxides with a general formula AB2 O4 , with two different
cations populating tetrahedral and octahedral sites.
Around 25–30 GPa ferric spinels: namely, spinels with
the Fe3þ cations, usually undergo a first-order structural
transition to a more compact post-spinel (PS) structure
which has been the subject of recent X-ray diffraction
studies [41–46]. Suggestions for the PS phase are CaMn2 O4
or CaTi2 O4 -like structures characterized by a single Oh
symmetry for both Fe3þ [42–46]. Meanwhile our recent
high-pressure MS studies in normal and inverse ferric spinels MFe2 O4 (M2þ ¼ Co, Zn, Mg) revealed, persistently, for
all materials, a pressure-induced first order phase transition at the pressure range of PS ! PS ; namely, 25–40 GPa, at
which two distinct crystallographic sites of ferric ions are
created with possibly different coordination numbers and
dissimilar symmetry. This is manifested by the different
quadrupole splitting and isomer shift values (Fig. 14). This
is also the case for the PS h-Fe3 O4 (upper spectrum), where
the third component belongs to Fe2þ [47]. The suggested
[42–46] CaMn2 O4 - or CaTi2 O4 -like structures are incompatible with two Fe-sites. The only possible structure
from the earlier proposed models is the CaFe2 O4 (Pnma)
type characterized by two different Fe3þ sites [41]. However, fitting of the PS structures using CaFe2 O4 symmetry
gives rather poor results when attempting a full-profile
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Rietveld refinement. We are confident that single crystal
XRD will be useful to clear the dilemma of the post-spinel
structure of ferric spinels and, most significantly, of
magnetite.
Other important points which should be mentioned
are the experimental conditions of the different experimental techniques and the quality of the samples. Thus,
X-ray diffraction data as well as the measured properties
of materials are often affected by non-hydrostaticity of
experimental conditions. The cylindrical symmetry of the
pressure chamber in the DAC causes uniaxial stress if the
compressed material has non-zero yield strength [48].
The effects of non-hydrostatic stresses becomes significant as the applied pressure exceeds the hydrostatic limit
of the pressure-transmitting medium which for the most
commonly used pressure-transmitting media is below
10 GPa [49]. Non-hydrostatic stresses can have one or
more of several effects on the structure and stability of
crystalline materials. Thus, the non-hydrostatic stress in
DACs affects the shape and width of the diffraction lines
and this effect should be taken into account when one
analyzes the diffraction data collected at high-pressure
[50]. It has been widely observed (e.g. [51–53]) that the
evolution of the unit-cell parameters under non-hydrostatic conditions is different from that under hydrostatic
conditions. In the case of pressure-induced electronic
transitions the effect of non- hydrostaticity could be even
more significant. Thus, in the case of the Verwey transition in magnetite a highly stressed field stabilizes the insulating phase and prevents the Verwey transition at
pressures above 7 GPa [54]. This observation drastically
contradicts with the P–T diagram obtained using a cubic-anvil device [55] or soft noble gases as the pressure
medium [56], in which the role of stresses is significantly
reduced. It is noteworthy that the Verwey transition in
magnetite is extremely sensitive not only to the stress
but also to the oxygen stoichiometry [57] and this aspect
should be taken into account in the synthesis procedure.
With reference to the phenomena particularly discussed
in the present paper, non- hydrostaticity and significant
pressure gradients could be an additional reason (see
footnote 1) of the often observed discrepancy between
the values of the transition pressure obtained in XRD, MS
and R(P, T) experiments.
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