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The spin states of Fe?* ions in Mg, ;5Fe, ,sO magnesiowiistite crystals at high hydrostatic pressures up to 90
GPa created in a diamond-anvil cell with helium as a pressure-transmitting medium have been investigated
by transmission and synchrotron Mdssbauer spectroscopy at room temperature. An electron transition from
the high-spin (HS) state to the low-spin (LS) state (HS—LS crossover) has been observed in the pressure
range of 55—70 GPa. The true HS—LS transition occurs in a narrow pressure range and the extension of the
electron transition to ~15 GPa is attributed to the effect of the nearest environment and to thermal fluctua-
tions between the high-spin and low-spin states and at finite temperatures. It has been found that the lowest
pressure at which the electron HS—LS transition can occur in the Mg, _ Fe, system is 50—55 GPa.
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1. INTRODUCTION

Magnesiowiistite (Mg,Fe)O has an fcc rock salt
structure and is one of the main minerals in the Earth’s
lower mantle [1—3]. For this reason, the investigation
of its properties at high pressures and temperatures is
of high fundamental significance and is very important
for geophysics.

Pressure-induced transitions in (Mg,Fe)O at
which the physical properties of the crystal such as the
electric and heat conductivities, density, compressibil-
ity, speed of sound, and viscosity radically change are
of large interest [4, 5]. In particular, the transition of
the Fe?* ions from the high-spin (HS) state with S'= 2
to the low-spin (LS) state with .§ = 0 was observed in
[5-9]. This effect was studied using three methods
providing information on the electronic state of a crys-
tal in high-pressure diamond-anvil cells. In addition
to traditional transmission Mossbauer spectroscopy
based on the absorption of y radiation passed through
a sample, nuclear resonant forward scattering of syn-
chrotron radiation (NFS or synchrotron Mossbauer
spectroscopy of ’Fe nuclei) and Fe K;, high-resolution
X-ray emission spectroscopy (XES) also involving
synchrotron radiation were used.

Since experiments at high and ultrahigh pressures
on micron samples in diamond-anvil cells are compli-
cated, it is difficult to interpret the experimental
results. In particular, the character of the electron
transition in iron ions is discussed. For example, Kan-

tor et al. [10] stated that the HS—LS transition of Fe**
in the Mg, ;sFe, ,5sO crystal occurs in a wide pressure
range of ~(50—100) GPa, whereas the transition
revealed in [7] occurs at (62 + 6) GPa, i.e., in a much
narrower pressure range. It was shown in [7] that the
character of the electron transition observed by various
methods can strongly depend on the effective thick-
ness of the crystal and the degree of the nonhydrosta-
ticity of the experimental conditions. For this reason,
the real character of the electron transition remains
unclear.

In this work, we report the investigations of the
transmission and synchrotron Méssbauer spectra from
the Fe nuclei in the Mg, ,sFe, ,sO magnesiowlistite
crystal at hydrostatic pressures up to 90 GPa created in
a diamond-anvil cell with helium as a pressure-trans-
mitting medium.

2. EXPERIMENTAL PROCEDURE

Polycrystalline Mg, ;sFe,,s0 and Mg, Fe,,0
magnesiowlistite samples were synthesized using
ceramic technology and contained iron atoms
enriched in the 3’Fe isotope up to 96% [5].

For high-pressure measurements up to 90 GPa, the
diamond-anvil cell was used. The diameter of the
working area of the diamond anvils was about 300 pm.
The sample powder was preliminarily pressed between
the diamond anvils in the high-pressure cell; as a
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Fig. 1. (Color online) Mossbauer absorption spectra from
the >’Fe nuclei in the Mg ;5Fw 550 and Mg, gFe, ,0

crystals (points) recorded at room temperature and normal
pressure in comparison with the calculated spectra for the

(blue doublet) Fe2* and (cherry blossom doublet) Fe3*
ions.

result, a plate 3 um in thickness and 70 x 70 pm in size
was obtained. Such a sample was placed into the hole
in a rhenium gasket with a diameter of about 80 pm.
To measure the pressure in the ruby scale, several ruby
pieces about 5 um in size were placed in the working
hole of the cell at different points of the working vol-
ume in order to estimate the pressure gradient in the
cell. To create the hydrostatic condition of the experi-
ment, the working volume of the cell was filled with
helium as a medium transferring pressure. The control
measurements of the pressure at the center and
periphery of the working volume of the cell show that
the pressure gradient on the sample was no more than
0.2 GPa at a maximum pressure of 90 GPa in the
experiment.

The mossbauer absorption spectra from the *’Fe
nuclei in the sample were detected at room tempera-
ture on a standard MS1100Em spectrometer in the
constant-acceleration regime. The >’Co(Rd) gamma
source was at room temperature. The isomeric shifts
were measured with respect to the reference o-Fe
sample (18-pm foil annealed in hydrogen) at room
temperature. The computer procession of the spectra
was performed with the Univem MS program.

The synchrotron Mossbauer spectra were recorded
at room temperature on the 16-IDD and 3-IDB beam
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lines at the synchrotron source at the Argonne
National Laboratory (United States). The measure-
ment procedure was described in more detail in [5, 7].

3. RESULTS OF THE EXPERIMENTS
AND DISCUSSION

3.1. Mossbauer Spectra of Magnesiowiistite
at Normal Pressure

At room temperature and normal pressure, the
Fe?* ions in the Mg, ;5Fe, ,sO crystal are in the para-
magnetic state and the Maossbauer absorption spec-
trum includes an intense quadrupole doublet (see
Fig. 1), which is attributed to the splitting of the
excited level of the "Fe nuclei (spin / = +3/2) by the
nonuniform crystal field. In addition to the central
doublet, a low-intensity component in the left wing of
the spectrum is observed (see Fig. 1) with parameters
(isomeric chemical shift /S and quadrupole splitting
0S) typical of trivalent Fe** ions.

The appearance of Fe** ions is typical of the nons-
toichiometric wiistite FeO [11] and Mg—FeO solid
solutions [12, 13] both in natural minerals and in syn-
thetic samples. For comparison, Fig. 1 shows the spec-
trum of the Mg, ;Fe, ,O magnesiowlistite, which also
exhibits the component from the Fe** ions. The con-
tents of the Fe3* ions in Mg, Fe,,0 and
Mg, ;sFe, ,sO are estimated to be about 2 and 7% of
the total amount of iron in the samples, respectively.
The trivalent iron ions can be localized both at inter-
stices and at manganese ion sites in the main MgO lat-
tice, forming dimers with a cation vacancy (00) neces-
sary for the conservation of the electroneutrality of the
molecule [12]:

(Fe’* — O — Fe3*) = 3Fe?+.

The main central doublet from Fe?* ions is strongly
broadened and obviously consists of several compo-
nents whose lines overlap.

It is worth noting that the strictly stoichiometric
compounds FeO and MgO have a purely cubic crystal
structure and, therefore, the Mossbauer spectra from
Fe?* ions both in FeO [11] and MgO weakly doped
with iron [13] contain a singlet line unsplit by quadru-
pole interaction. This is because the ground state of
the Fe?* ion (°T, term) in the ideal cubic lattice is
degenerate due to the absence of the gradients of the
crystal field. In MgO—FeO solid solutions, local dis-
tortions of oxygen octahedra occupied by iron and
manganese ions arise owing to the difference between
the ion radii and the electronic structures of these ions.
The local symmetry of the crystal field is violated and
the Mossbauer spectrum has the form of a quadrupole
doublet owing to the appearance of the gradients of the
electric field on the *’Fe nucleus.
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3.2. Local- Environment Effects

In the presence of a partial substitution of iron for
manganese, nonequivalent sites for the Fe?* ions
appear in Mg, ;sFe, ,s0 magnesiowlistite owing to the
presence of different numbers of the Mg and Fe ions in
the nearest cation environment of iron. As a result, the
Maossbauer lines are broadened, because the parame-
ters of the hyperfine interaction for the Fe ions at the
nonequivalent sites can be different. Moreover, the
lines can be broadened owing to the nonstoichiometry
effects, which are also responsible for the appearance
of cation vacancies [12].

The nearest environment of the central Fe cation in
the (Mg, Fe)O fcc structure consists of six oxygen
anions (the first anion coordination sphere) located at
a distance of a/2 (a is the unit cell parameter). Then,
the 12 nearest cations (Mg, Fe) are located at the cen-

ter of the faces of the cube at a distance of a /2 /2 (the
first cation sphere). Further, six Mg (and/or Fe) cat-
ions follow oxygen, are located on the faces of the cube
at a distance of a from the central cation, and form the
second cation coordination sphere.

The number of the nearest neighbors in the
Mg, _ Fe O crystal where the Fe ions are located ran-

domly at the manganese sites satisfies the binomial law
[14, 15]

n!
Pulm) = G
where P,(m) is the probability that an ion in the nth
coordination has m impurity ions (or ions of another
kind) among the nearest neighbors and x is the fraction
of the impurity ions. Expression (1) with x = 0.25 for
Mg, ;sFe, 550 is represented in the form

(1-)"""(x)", (1

€ ' n—-m m
Pr(m) = — 2 (0.75)"7"(0.25)". )
m!(n—m)!

Here, Pse (m) is the probability that an iron ion in the

nth coordination has m Fe ions among the nearest
neighbors.

First, we consider the nearest environment of the
central iron ion consisting of six Mg and/or Fe cations
at a distance of a (cations following oxygen). The cal-
culation of the probabilities by Eq. (2) for n = 6 shows
that the most probable configurations with the proba-

bilities Pge (m) in the environment of the iron ion are
(6Mg + 0Fe) — Pi(0) ~ 18%,
(5Mg + 1Fe) — Pi(1) ~ 36%,
(4Mg + 2Fe) — P;(2) ~ 30%,
(3Mg + 3Fe) - P{°(3) ~ 13%.

The contribution from each of the other configura-
tions is less than 3%.

3
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The 12 nearest Mg and/or Fe cations at the centers

of the faces of the cube at a distance of a /2 /2 from the
central iron ion form the following configurations with

the probabilities P|s (m):

(12Mg + OFe) — P}5(0) ~ 3%,
(11Mg + 1Fe) — P}5(1) ~ 13%,
(10Mg + 2Fe) — P}5(2) ~ 23%,
(9Mg + 3Fe) — P13(3) ~ 26 %, 4
(8Mg + 4Fe) — Pl5(4) ~ 19%,
(7Mg + 5Fe) — P15(5) ~ 10%,
(6Mg + 6Fe) — P5(6) ~ 4%.

The contribution from each of the other configura-
tions is no more than 3%.

The six cations following oxygen are located at the
edges of the cube and their distance from the central
cation is slightly larger than that of the 12 cations at the
centers of the faces of the cube. However, the 180° d—
p interaction with them via ¢ bonds through oxygen is
more efficient than the 90° interaction with the near-
est cations at the centers of the faces. Therefore, the
effect of the second cation coordination sphere of the
iron ion on the exchange interaction and the distor-
tion of the structure can be stronger than the effect of
the first coordination sphere. The radius of the Fe?*
jon (0.78 A for the high-spin state) is much larger than
the radius of the Mg?* ion (0.72 A) [16]; for this rea-
son, the introduction of iron to the MgO matrix
deforms both the cation framework as a whole and the
local oxygen octahedra containing iron.

The distortion degree of the local environment of
the Fe?* ion naturally depends both on the number of
cations of different kinds (Mg and Fe) in the nearest
environment and on the character of their arrange-
ment. The possibility of various variants of the local
environment should give rise to the broadening of the
Maossbauer lines owing to the difference between the
parameters of the hyperfine interaction for iron ions at
nonequivalent sites.

3.3. Gradients of the Electric Field
and Their Pressure Dependence

The electric-field gradient g at the location point of
the 3’Fe nucleus includes two main contributions: the
lattice contribution g, (from the crystal field of the
surrounding ligand ions) and the electron contribution
q.; (from the nonspherical distribution of the charge of
the electronic shell of the iron ion) [17, 18]. For the
case of the Fe?* ions, the 34° term in the cubic crystal
field Oy, can be split into the upper orbital 3E doublet
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Fig. 2. (a) Méssbauer absorption spectra and (b) NFS spectra from the 3 Fe nuclei in the Mg 75Fw( 550 crystal (points) recorded
in the diamond-anvil cell at various pressures in comparison with the calculated spectra shown by the lines.

and the lower orbital *7, triplet, which are separated
by a 10Dq energy gap. Two electrons in the high-spin

state of the Fe?* ion (ezt;g) occupy two orbitals on the

upper e, sublevel and four electrons are uniformly dis-
tributed over the three orbitals of the lower 7,, sublevel.
However, the E and 3T, levels in the ideal cubic envi-
ronment are degenerate and both contributions g,
and g, should vanish [17]. The quadrupole splitting is
absent and a singlet line is observed in the Mossbauer
spectrum of the stoichiometric FeO and MgO com-
pounds [11, 13].

Distortions of the lattice lift the degeneracy. The
nonuniform occupancy of three orbitals on the 7,, sub-
level by four electrons gives rise to a significant elec-
tric-field gradient owing to the g, contribution. Both
contributions g,, and g, in the (Fe, Mg)O magnesio-
wiistite are nonzero, but the electron contribution to
the electric field gradient is much larger than the lat-
tice contribution as shown in [7]. As a result, the
Mossbauer line is split into the quadrupole doublet,
which is observed in the experiment for the high-spin
state of Mg, ;5Fe ,50.

At P> 50 GPa, a singlet line appears in the MOss-
bauer spectrum in addition to the doublet structure
(see Fig. 2a). Its intensity increases with pressure

owing to a decrease in the intensity of the doublets.
This behavior indicates that some Fe?* ions undergo
the electronic transition at which the quadrupole split-
ting QS vanishes. This can be attributed only to a
change in the electron spin structure and the transition
of the iron ions from the high-spin state to the low-
spin one.

The transitions between the high-spin and low-
spin states are possible when the energy of the splitting
of the e, and #,, sublevels in the crystal field is compa-
rable with the Hund energy of the atomic exchange
interaction. In the transition from the high-spin

(eﬁ t;g ) state to the low-spin (eg tgg ) state, two electrons
from the upper e, level pass to the lower #,, sublevels. As
a result, three sublevels 7, are completely occupied by
six spin-compensated electrons (a diamagnetic state
with the spin S = 0) and the electron contribution g,
to the electric field gradient becomes zero [7, 17].

We observed the same effect in the synchrotron
NFS spectra (see Fig. 2b). The quadrupole quantum
beats observed in the spectra at pressures below
50 GPa begin to be “damped” with a further increase
in the pressure, which is associated with a decrease in
the quadrupole interaction parameter. The beats dis-
appear at P~ 70 GPa, indicating that the parameter g
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vanishes. A smooth line in the NFS spectrum at P >
70 GPa corresponds to the singlet line in the Moss-
bauer absorption spectrum typical of the low-spin
state of the Fe?* ions (see Figs. 2a, 2b).

3.4. HS—LS Transition

The relative contents of the high-spin and low-spin
components can be determined in both methods from
the areas of the spectral lines for each pressure value in
the electron transition region. Figure 3 shows the pres-
sure dependence of the content of the high-spin com-
ponent, which is obtained from the transmission and
synchrotron Maossbauer spectra recorded at room
temperature. It is seen that the HS—LS transition
begins at a pressure of about 55 GPa and ends near
70 GPa. Above 70 GPa, all of the iron ions in
Mg, ;sFe 550 are in the low-spin state.

Taking into account the hydrostatic conditions of
the experiment, we can conclude that the expansion of
the electron transition in a pressure up to =15 GPa in
this case cannot be explained by the nonuniform dis-
tribution of the pressure over the sample. As was
shown in Section 3.2, this is primarily attributed to the
local-environment effects. The Fe?* ions at different
nonequivalent sites apparently pass from the high-spin
state to the low-spin one at different pressures.

In [5], it was found that the pressure at which the
LS—HS transition occurs in the Mg, _,Fe O crystals
increases with the iron concentration x. As was shown
above, the increase in x is accompanied by an increase
in the fraction of the sites with the mixed content of
Mg and Fe cations in the nearest environment of iron.
Therefore, Fe** ions in the uniform local environment
pass to the low-spin states earlier (i.e., at a lower pres-
sure) than ions in the nonuniform environment. In
particular, according to our experiments, the spin
transition in a weakly doped MgO compound should
occur at a pressure of about 50—55 GPa. Thus, this is
the lowest pressure at which the HS—LS electron tran-
sition can occur in the Mg, _ Fe O system.

In [19—-21], it was found that the pressure width of
the spin transition also depends on the temperature.
This is due to thermal fluctuations between the high-
spin and low-spin states of the iron ion, and the high-
spin and low-spin states can coexist in the transient
range at finite temperatures.

The ab initio DFT—GGA + U calculations (U is
the Coulomb energy of electron correlations) of the
pressures at which the HS—LS transition should occur
in the Mg, _ Fe, O system at various iron concentra-
tions (at zero temperature) were performed in [22]. It
was shown that the critical transition pressure Pg
should increase with x and depends strongly on the
parameter U. In particular, for our case (x = 0.25),
P =106 and 69 GPa at U= 5 and 3 eV, respectively.
The second value more correctly describes the experi-
ment. Hence, the lower correlation energy U better
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Fig. 3. Pressure dependence of the relative content of the
high-spin component in the Mg 75Fw 550 crystal in the

electron spin transition obtained from the area of the reso-
nance lines in the transmission (MS) and synchrotron
(NFS) Mossbauer experiments.

describes the electron structure of Mg, ;sFw;,s0 at
pressures above the HS—LS transition.

To summarize, we have found that the spin cross-
over occurs in the Mg, ;sFw ,50 crystal at room tem-
perature; the iron ions pass from the high-spin para-
magnetic state (S = 2) to the low-spin diamagnetic
state (S = 0). The experiment performed under hydro-
static conditions indicates that this transition occurs in
a quite narrow pressure interval (about 15 GPa in
width) rather than in a wide range as was erroneously
assumed in [10]. It has been found that the lowest
pressure at which the electron HS—LS transition can
occur in the Mg, _,Fe,O system is 50—55 GPa.

It is worth noting that the magnetic order is absent
in the Mg, ;sFe, ,sO magnesiowlistite crystal at room
temperature and normal pressure; for this reason, the
HS—LS transition is not accompanied by a magnetic
collapse as was observed in a number of crystals such
as FeBO,;, BiFeO;, (La, Pr)FeO,;, Fe,O;, and
Y;Fes0,, [23]. In the framework of classical notions,
the order parameter (magnetization) is absent in the
Mg, ;sFw, »50 crystal at room temperature and such a
transition cannot be treated as a magnetic phase tran-
sition. At zero temperature, the spin transition can be
considered as a quantum critical point [24].
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