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Short-range order and Fe clustering in Mg,_ . Fe O under high pressure
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By combining high-pressure and high-temperature Mossbauer spectroscopic studies of (Mg,Fe)O with re-
sults of ab initio simulations, several important properties of this material were established. Under high
pressure (Mg,Fe)O shows changes in the short-range order with the tendency to form iron clusters. These
changes were found to be irreversible, implying sluggish kinetics of these processes at ambient conditions. The
pressure-induced spin crossover is interpreted here as a gradual noncooperative transition. The onset and width
of spin crossover depends, therefore, not only on pressure, temperature, and composition, but also on short-

range order in the FeO-MgO solid solution.
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I. INTRODUCTION

The (Mg,Fe)O solid solution has been the subject of nu-
merous recent studies, both experimental and theoretical .=
Magnesium-rich (Mg,Fe)O (mineral name ferropericlase) is
one of the most important phases for earth sciences since it
forms a significant part of the earth’s lower mantle and is
probably the most abundant simple oxide within the Earth.®
Many recent studies focus on the pressure-induced spin
crossover of Fe?* in this material and the consequences of
the electronic transition on elasticity, density, transport prop-
erties, etc. The endmember FeO shows interesting physical
behavior, caused by the presence of unpaired d electrons and
their interactions such as antiferromagnetic ordering,” high-
pressure  polymorphism,® and possible  spin-pairing
transition.” FeO is also a strongly correlated material and is
often used as a test compound for different ab initio tech-
niques that aim to include the effect of electronic correlations
in the model.'>'2 In contrast, MgO is one of the simplest
oxides, and its properties can be calculated with high accu-
racy within the conventional approximations of density-
functional theory.!® The effect of dissolving FeO in MgO is
therefore interesting not only for earth sciences, but also for
fundamental physics.

Every solid solution or alloy is characterized not only by
its composition, but also by the relative positions of its ele-
ments, distributed over one or more crystallographic sites.
Two components can form either a random (completely dis-
ordered) solution, or a solution with some degree of long-
range or short-range ordering. The effects of long-range or-
der (LRO) and short-range order (SRO) have been studied in
detail in many metallic alloys systems, starting from the clas-
sical work of Cowley.'* Atomic ordering affects many physi-
cal properties of the material. SRO can be easily studied
experimentally in the case when mixing atoms occupy two or
more nonequivalent positions and is directly coupled to the
long-range order. In such a case the relative populations of
different structural sites can be determined using a number of
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conventional methods, in particular x-ray diffraction, Moss-
bauer or optical spectroscopy, NMR, etc. Typical examples
of such systems are the silicate mineral olivine
(Mg,Fe),SiO, and orthopyroxene (Mg, Fe)SiOs, where there
are two slightly different octahedral sites M1 and M2, and
the distribution of Fe/Mg between these positions changes
with temperature.'>!° If two or more components occupy one
crystallographic position, only experimental methods sensi-
tive to the local atomic environment can be used to study
SRO, which makes the experimental observation of short-
range cation ordering more difficult.

Up to now, (Mg,Fe)O has always been regarded as a fully
disordered solid solution with no SRO. Indeed, (Mg,Fe)O at
ambient pressure shows continuous miscibility and no evi-
dence for any tendency to form ordered structural com-
pounds has ever been observed. Waychunas et al.!” showed
the absence of SRO in (Mg,Fe)O samples of different com-
positions synthesized at ambient pressure and high tempera-
tures, based on a combined extended x-ray absorption spec-
troscopy (EXAFS) and Mdossbauer spectroscopic study.
However, at high pressures the situation can be different.
There is experimental evidence for the decomposition of
(Mg.,Fe)O into Fe-rich and Mg-rich components in the laser-
heated diamond-anvil cell, implying the appearance of a mis-
cibility gap under high pressure.'®!° The existence of a mis-
cibility gap means that Fe ions tend to separate from Mg
ions, and therefore under high-pressures SRO in (Mg,Fe)O
solid solutions could deviate from a random distribution,
with a tendency toward Fe clustering. This manuscript pre-
sents the results of an experimental and theoretical study of
(Mg,,Fe;_,)O solid solutions with x=0.8—0.95 in order to
establish the actual SRO in ferropericlase under high pres-
sure and its effect on the pressure-induced spin crossover.

II. EXPERIMENTAL DETAILS

Three ferropericlase samples were used in this study, con-
taining 5, 13, and 20 mol % of iron (samples Fe5, Fel3 and
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Fe20, respectively). The samples were synthesized in a
CO/CO, gas-flowing furnace at 1200 °C and log fO,=
—17.4. Starting materials for the synthesis were pure MgO
and ’Fe-enriched Fe,O; powders, which were carefully
ground, mixed together, and compressed in dense pellets to
provide better intergranular connection. The samples were
annealed for ~100 hours and during this period twice
crashed and regrained in order to achieve good chemical het-
erogeneity. Samples then were rapidly quenched into cold
reservoir with the same gas mixture to prevent possible iron
oxidation. Samples purity has been checked with the x-ray
diffraction, Mdossbauer spectroscopy and microprobe analy-
sis, and no chemical heterogeneities were observed. The
Fe’*/>Fe ratio was about 3.2% for the Fe20 sample, 2.5%
for the Fel3 sample, and 1.5% for the Fe5 sample.

High-pressure Mossbauer spectroscopic measurements
were performed using a diamond-anvil-cell (DAC) tech-
nique. We used diamond anvils with 250 to 400 um culet
sizes. Final Re gasket thickness was 15 or 30 wm and the
sample chamber was 125 to 150 um in diameter. A constant-
acceleration Mossbauer spectrometer with transmission ge-
ometry was equipped with a high-specific activity point >’Co
source in a Rh matrix. Two types of experiments were done,
under purely hydrostatic conditions using an ethanol:metha-
nol:water (16:3:1) mixture as a pressure transmission me-
dium up to 11 GPa, and under nonhydrostatic conditions
without pressure medium up to 105 GPa. Small ruby chips
were loaded in the DAC together with the sample for the
pressure determination.?”

The x-ray absorption nears edge structure (XANES) mea-
surements were carried out on the dispersive x-ray absorp-
tion beamline ID24 at the ESRF. The gap of the undulator
was optimized to have the maximum of the first harmonic in
the energy range 70007500 eV. The optics comprised a pair
of curved SiC mirrors in a Kirkpatrick Baez geometry at a
grazing incidence angle of 3 mrad, followed by a Si(111)
polychromator crystal in the Bragg geometry and an addi-
tional vertically focusing Si mirror at a grazing incidence of
3.5 mrad.?! The size of the beam on the sample was approxi-
mately 10 umX 10 um full width at half maximum
(FWHM). Spectra were recorded using a charge-coupled-
device (CCD)-based position sensitive detector in the energy
range 7070-7330 eV for Fe K-edge. Pixel-energy calibration
was obtained by measuring spectra on a reference Fe foil
sample.

The ab initio calculations were performed within the gen-
eralized gradient approximation (GGA) of the density-
functional theory (DFT). We used the frozen-core all electron
projector augmented wave (PAW) method, as implemented
in the ab initio total-energy and molecular-dynamics pro-
gram Vienna ab initio simulation program (VASP).2> We used
the GGA+U formalism formulated by Dudarev et al.'® to
account for the strong on-site Coulomb repulsion among
rather localized d electrons of iron. In this approach only the
difference between U and J is significant,'” and consequently
we will henceforth treat them as one single parameter, for
simplicity labeled as U.

For the supercell calculations we used either a 4 X4 X4
Monkhorst-Pack k point mesh> (two irreducible k points)
and Gaussian smearing with a smearing parameter of 0.20
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FIG. 1. (Color online) Méssbauer spectrum at ambient condi-
tions of the Fe20 sample (circles), simulated Lorentzian line-shape
spectrum (dashed line), and quadrupole splitting distribution (QSD)
model (solid line). Residuals for both models are shown above the
spectrum. The doppler velocity is given relative to the 57Co:Rh
source. Inset: quadrupole splitting distribution function. The dashed
line shows the QS value from the Lorentzian line-shape analysis.

eV. To assure accurate results we used a plane-wave cutoff
energy of 600 eV for all calculations. We modeled (Mg,Fe)O
using a 2 X2 X2 supercell (64 atom sites), derived from the
ideal NaCl structure. Different concentrations of iron were
modeled by changing the number of iron atoms in the super-
cell. For the chosen supercell changing one Mg for a Fe atom
would correspond to the concentration of 3.125% Fe. For the
Fe atom eight electrons were treated as valent. Our test cal-
culations showed that the inclusion of the semicore Fe p
states into calculation did not noticeably change results in the
considered pressure range considered here.

IIl. AMBIENT-PRESSURE RESULTS AND THE ANALYSIS
OF MOSSBAUER SPECTRA

Mbossbauer spectra of the studied ferropericlase samples at
ambient conditions show paramagnetic-type absorption with
a well-resolved quadrupole splitting (QS) (indicated by the
symbol A) (Fig. 1). (Mg,Fe)O is a cubic oxide with a NaCl-
type crystal structure, and cations should occupy an octahe-
dral position that has nominally perfect cubic symmetry. In
such a case there is no electrical field gradient on the Fe?*
nuclei, and therefore there should be no quadrupole splitting
in the Mossbauer spectrum of FeO or (Mg,Fe)O.%* Indeed, in
pure stoichiometric FeO (Ref. 25) or in extremely diluted
(Mg,Fe)0,%° where the local cation environment of the Fe
ion is extremely homogeneous [all neighbors are Fe in the
case of FeO and Mg in the case of highly diluted (Mg,Fe)O],
quadrupole splitting is quite small (<0.2 mm/s). This non-
zero value arises from a small Jahn-Teller distortion of the
FeOg octahedron. In all other cases (Mg,Fe)O Méssbauer
spectra show a well-resolved quadrupole splitting,'”?” indi-
cating some local distortion of the FeOg octahedron.?* This
distortion is caused by the nonequivalent next-nearest-
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neighbor coordination, and therefore the analysis of quadru-
pole splitting in ferropericlase provides information on the
local environment of Fe ions.

Experimental Mossbauer spectra could not be described
sufficiently well with simple Lorentzian lines, as shown by
the dashed line in Fig. 1. This effect is well known for some
disordered Fe alloys and implies a distribution of hyperfine
parameters. This method was successfully applied to the
analysis of hyperfine magnetic splitting”® and quadrupole
splitting.? In particular, Mossbauer spectra of ferropericlase
can be described with a quadrupole splitting distribution
model. In such a model a probability distribution of QS can
be extracted from the experimental spectra (Fig. 1, inset).

The extraction (or reconstruction) of the quadrupole split-
ting probability distribution function requires an accurate de-
termination of the experimental absorption peak profile. The
theoretical narrow limit for absorption is a Lorentzian peak
shape with line width of 0.194 mm/s, which is the natural
linewidth of >’Fe for the Mossbauer transition. Experimen-
tally absorption peaks are observed to be significantly
broader, and can be modeled using a Voigt function. The
main contributions to the experimental linewidth and shape
are: the natural line width, which is a physical constant,
broadening due to multiple absorption in the sample (sample
thickness effect), broadening due to source aging (in this
study a high-specific activity Mossbauer source was used,
and this effect is significant), and the experimental instru-
mental resolution. The Mossbauer sample thickness effect
can be calculated from the known sample composition, >'Fe
concentration, density, and thickness, while the effect of the
emission profile and experimental resolution was determined
by measuring a standard material spectrum (iron foil). The
isomer shift & was refined simultaneously with the A prob-
ability distribution function. Mossbauer spectra of ferroperi-
clase with different compositions show similar isomer shift
(around 1.04 mm/s), while quadrupole splitting varies sig-
nificantly. Therefore, we assumed no correlation between &
and A in the distribution model. All of the Mdssbauer spectra
analysis and least-squares fitting was performed using
NORMOS-90 software.3"

In the face-centered cubic (fcc) lattice of ferropericlase
every Fe ion has 12 next-nearest cation neighbors (NNN).
We assume that in the case where NNNs are of the same type
(12 Mg or 12 Fe), there is no distortion of the central site and
the minimum quadrupole splitting should be observed. In the
case that one NNN differs from the others (11 Mg+1 Fe or
11 Fe+1 Mg), some small distortion of the central octahe-
dron occurs and A is slightly higher, and so on up to the
6 Mg+6 Fe configuration which has the highest A. The
probability of any configuration can be easily calculated
from the known pair-correlation function Pp.. (i.e., the
probability of finding an Fe ion in the NNN coordination
shell of another Fe ion),

12!

n!(12-n!)’ M

P(n) = P;eFe[(l - PFCFC)lz_n]

where P(n) is the probability of an Fe ion to have n Fe ions
in its NNN coordination shell. In the case of random cation
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distribution Pp.p. is equal to the Fe concentration x(Fe),
while in the case of clusterization Pp.g, > x(Fe). It is usually
assumed!” that in the case of long-range-ordered distribu-
tions Pr.g. <x(Fe); however, this is not necessarily true and
superstuctural cation arrangements should be described by
more than one pair-correlation function (not only in the first
coordination shell, but also in the second, the third and so
on). For disordered and clusterized solutions the consider-
ation of only the first cation coordination shell (NNN) is
sufficient and the short-range order parameter o is given sim-

ply by

_ PFeFe — X(Fe)

7= 1 -x(Fe) ’ @

where in this notation ¢ is synonymous with the Warren-
Cowley short-range order parameter.’! From Eq. (2) it is
obvious that o=0 for the random (disordered) solution and
o>0 in case of clusterization (and o=1 in the case of com-
plete decomposition of the solid solution into pure MgO and
FeO).

The correlation between the local environment of the Fe
ion and its quadrupole splitting is not trivial. We found, how-
ever, that even the simplest assumptions work relatively
well. We assume a linear relationship between quadrupole
splitting A and the number of nonequivalent NNN cations as

A=aN+b, (3)

where N is an integer varying between 0 and 6, indicating the
number of nonequivalent NNN cations (e.g., N=3 for the
3 Fe+9 Mg and 3 Mg+9 Fe configurations), and a and b
are fit parameters. In order to obtain the a and b coefficients,
one should fit the experimentally observed A distribution to
the histogram calculated from Eq. (1) assuming a certain
Pr.r. value. It is known that ferropericlase samples quenched
from high temperatures at ambient pressure are random
solutions,!” and Py, therefore is equal to the Fe concentra-
tion. We used A distribution functions of the Fe20 sample,
which has the broader A distribution, to calibrate a and b
(Fig. 2), and obtained a=0.233 mm/s and »=0.236 mm/s.
Note that the value A=0.236 mm/s for the homogeneously
surrounded Fe ion obtained here is quite close to the value of
~0.19 mm/s obtained by Waychunas et al.'” using a quite
different analysis method. After the a and b coefficients are
determined, the inverse procedure could be applied to the
experimentally observed QS distribution in order to obtain
Pr.r. and the short-range order parameter o. With these em-
pirically obtained a and b parameters we calculated the Pg.p,
values for the synthesized Fe5 and Fel3 samples to be 0.08
and 0.18, respectively, which are reasonably close to the
nominal values of 0.05 and 0.13 for the disordered solutions.

Mossbauer hyperfine parameters can also be calculated
using ab initio methods. The detailed results of our calcula-
tions are discussed below, but here it is useful to compare the
experimental ambient conditions results with theoretical pre-
dictions. The relationship between s-electron charge density
and isomer shift is given by
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FIG. 2. Quadrupole splitting distribution functions (solid line with black circles) of the samples (from left to right) Fe5, Fel3, and Fe20.
Histograms show the simulated distribution according to Eq. (3) (for Pg.p.=0.08, 0.18 and 0.20, from left to right).
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where (Rf,) and (Rf) are the mean-square radii of the ground
and excited nuclear states, |#,(0)g]*> and [14,(0)4|? are the
electron densities at the emitting and absorbing nuclei and Z
is the atomic number.3? The mean-square radii of the excited
nuclear state could not be calculated or measured directly,
and for practical usage a simple relationship AS=a X Ay is
used, where A is the change in isomer shift and A is the
change in electron density. Experimental estimation of the
coefficient « is straightforward: the electron density for sev-
eral Fe compounds can be calculated using ab initio meth-
ods, and isomer shifts can be measured experimentally. How-
ever the value of « can vary depending on which theoretical
method and compounds are used: literature values vary from
-0.11 to —0.62 bohr? ¢~! sec™! mm (Table I). Our approach
was to calculate the electron charge density on Fe nuclei in

TABLE 1. Conversion parameter « for S7Fe determined by dif-
ferent authors.

a

(bohr® ¢! sec™! mm) Author(s) Year
-0.11 Simanek and Sroubek (Ref. 33) 1967
-0.13 Pleiter and Kolk (Ref. 34) 1971
-0.15 Simanek and Wong (Ref. 35) 1968
-0.15 Sharma and Sharma (Ref. 36) 1972
-0.17 Kiindig (Ref. 37) 1976
-0.19 Wakoh and Yamashita (Ref. 38) 1968
-0.23 Duff (Ref. 39) 1974
-0.28 Moyzis and Drickamer (Ref. 40) 1968
-0.33 McNab et al. (Ref. 41) 1971
-0.34 Trautwein et al. (Ref. 42) 1973
-0.37 Ingalls (Ref. 43) 1967
-0.38 Walch and Ellis (Ref. 44) 1973
-0.51 Walker et al. (Ref. 45) 1961
-0.62 Uher and Sorensen (Ref. 46) 1966
-0.32 Present work

the supercell containing one, two, and three Fe ions for pres-
sures close to ambient, and the resulting values for different
numbers of Fe ions were similar. We also calculated the
charge density for a-Fe since experimental values of the cen-
ter shift reported here are given relative to a-Fe. Only the
a-Fe value and one ferropericlase calculation at zero pres-
sure were used to calibrate the a coefficient. The value ob-
tained (—0.32 bohr’ ¢~! sec™! mm) agrees well with many
previous determinations (see Table I), suggesting that charge
density is predicted accurately using this method.
Mbossbauer quadrupole splitting depends on the electrical
field gradient (EFG) at the Fe nucleus. The EFG can be
described by three principal components: V., V,,, and V,,.
The eigenvalues of V_, V,, and V,, axes are chosen in order
of decreasing absolute EFG magnitude, and the direction as-
sociated with V_, is called the principal direction of the EFG.
The eigenvectors can be averaged according to the scheme

V*=|sz

7>
1+—=°, 5
. (5)

. Vxx_vvv
with the asymmetry parameter 7=—,—".

The quadrupole splitting A is giveﬁ as

A= %eZQV*, (6)

where Q is the nuclear quadrupole moment of the first-
excited state of the absorber nucleus.* For the >’Fe isotope
0=0.16 barn.*’ In the case where the EFG is given in
atomic units (au), simply multiplying the EFG by 1.62 gives
A in units of mmy/s. In SI units, the EFG is given in units of
V/m2, where the conversion factor is 1 au=9.7174
X 10*" V/m?.

For an isolated Fe ion in a MgO matrix at zero pressure
we calculated A=1.35 mm/s. This value is significantly
higher than is expected from our experimental measurements
at room temperature (about 0.24 mm/s). This difference can
be partially explained by the temperature effect because cal-
culations were carried out for static conditions (7=0 K). To
estimate the temperature effect on the quadrupole splitting,
we performed low-temperature Mdssbauer spectroscopic
measurements of the Fe5 and Fe20 samples down to 80 K.
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FIG. 3. Temperature dependence of the average quadrupole
splitting of the Fe5 and Fe20 samples. Solid lines show the fit to the
crystal-field model (Ref. 48). Diamonds show the calculated A
value for T=0 K for an isolated Fe>* and a 2Fe cluster substituting
in a MgO matrix. The square shows the experimental value mea-
sured at 14 K for (Mg0'9996F60'0004)0 (Ref 26)

The calculated A falls in between the values of these two
samples, extrapolated to zero temperature (Fig. 3). Even in
the Fe5 sample there is a significant amount of nonisolated
Fe ions that increases the quadrupole splitting compared to
that for an isolated Fe ion. This implies that the GGA+U
calculations used in this study overestimate the Jahn-Teller
effect for the Fe2* ion, and EFG calculations can be evalu-
ated only semiquantitatively.

IV. HIGH-PRESSURE RESULTS: CLUSTERIZATION OF
IRON IONS

Upon compression (Mg,Fe)O Mossbauer spectra show
unusual behavior. In the relatively low-pressure region (up to
2-3 GPa) the mean QS significantly increases and then con-
tinues to slowly increase in a “plateau” region (Fig. 4). This
effect was observed in both hydrostatic and nonhydrostatic
experiments, and in the latter case QS increases more rap-
idly. The changes in QS are more pronounced in the Fe5
sample. On decompression A decreases but does not return
to its initial value, and Mossbauer spectra of the samples
quenched from high pressure differ significantly from those
quenched from the high-temperature—ambient-pressure syn-
thesis. This observation has several important implications.
Different short-range order states of the same material can be
quenched to ambient conditions, but only one state can be
thermodynamically stable. This means that interatomic diffu-
sion at ambient temperature is extremely slow and the SRO
achieved at high P or high T is kinetically frozen. In order to
establish a particular short-range order Fe and Mg ions must
move between octahedral positions in the oxygen close-
packed network. We have no direct information on this
mechanism, but it is enhanced dramatically during compres-
sion. As normal diffusion kinetics is virtually frozen at room
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FIG. 4. Pressure dependence of the quadrupole splitting of the
Fe5 and Fe20 samples (a and b, respectively). Black triangles point-
ing to the right are compression points, while white triangles point-
ing to the left are decompression points. Lines are given as a guide
for the eye.

temperature, there are other sources of energy required to
overcome the kinetic barrier. The compression itself transfers
a significant amount of energy into the system. For instance,
if MgO is compressed adiabatically to 10 GPa, it would heat
up by several hundred degrees. During static compression
this energy is normally dissipated, but it might be partly
absorbed for the processes discussed. Another and poten-
tially more important energy source is the mechanical inter-
granular friction due to deformation of a polycrystalline ag-
gregate. If the latter process is the dominant source of
energy, one might predict that a (Mg,Fe)O single crystal
would show much more subtle SRO changes during isother-
mal compression in a hydrostatic pressure medium.

A second important observation is that the SRO is signifi-
cant under high pressure, and Fe ions form local clusters.
This agrees with the observed decomposition of ferroperi-
clase under high pressure and temperature.'®!° Fe cluster for-
mation could also significantly affect many physical proper-
ties of the solid solution, especially those related to Fe
electronic properties (magnetic and spin state). In particular,
the local environment of Fe?* (and, therefore, Fe-Fe ex-
change and superexchange interactions) in the Fe5 sample
under pressure is very similar to that in the randomly distrib-
uted Fe20 composition.

High temperature favors a disordered cation distribution
mainly due to the entropy contribution. Entropy is, in prin-
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ciple, a function of short-range order. Excess SRO entropy
consists of two main components: configurational and excess
vibrational entropies. Excess vibrational entropy could be ei-
ther positive or negative, and its evaluation is not straight-
forward. In contrast, configurational entropy can be easily
estimated, and for the fcc cation lattice with only first-term
(NNN) correlations can be written as follows:*

AS pp=—3kpo?, (7)

where kp is the Boltzmann constant and o is the SRO param-
eter. In our experiment we found that SRO is higher in
low-Fe samples, and is maximum for the Fe5 sample. Under
high pressure the pair-correlation function P, is about 0.28
and the corresponding o value is 0.242 (Fig. 4). Therefore, at
room temperature the -TAS,,,,; contribution to the Gibbs free
energy (compared to the random cation distribution) is about
0.44 kJ/mol.

The vibrational entropy contribution as a function of SRO
is not known. The vibrational entropy difference between
completely decomposed (o=1) and completely disordered
(o=0) solutions is given as>

0
AS, ;= 3k 1n(—?) , (8)
O
where 6, and 6}, are the Debye temperatures of the mechani-
cal mixture of the components and of the random solid so-

lution, respectively. The Z—Z ratio is not lower than 0.93 for
Mg-rich ferropericlase,”’ and at room temperature the
-TAS,;,, contribution does not exceed 0.48 kJ/mol. For 0
< o<1 this contribution should be smaller, but it still has
the same order of magnitude as the configurational entropy
contribution for the Fe5 sample. This implies that the en-
thalpy gain due to short-range ordering (AHggo) should be of
the order of kJ/mol, which is significant. The nature of
AHggp is clear: if the energy of the Fe-Mg bond Eg
<%(EF6_F6+EMg_Mg), then Fe ions would tend to separate
from each other and the solid solution would tend to form an
ordered superstructural compound (like in the CuAu alloy™?).
In the case when Efp o~ %(EFG_F6+EMg_Mg) there is no ten-
dency for ordering, and a disordered random solution is
formed due to the entropy contribution. Finally, if Eg.
>%(EFE,FE+EMg,Mg), then Fe ions would prefer to be sur-
rounded by Fe ions only and the tendency for clusterization
and further possible decomposition of the solid solution is
developed. According to our experimental observations, the
latter case exists at least in the low-Fe part of the (Mg,Fe)O
solid solution.

In order to verify this suggestion, we performed ab initio
calculations of (Mg,Fe)O with various relative Fe arrange-
ments. In the 2 X2 X2 supercell that we used in our calcu-
lations, there are 32 cation positions. When we replace one
Mg with Fe, iron ions are located quite far away from each
other and are not interacting. In this case the composition of
the supercell corresponds to (Mg g6 75F€0.031 25)0. All of the
symmetrization was switched off in the calculation, allowing
ions to shift from their high-symmetry positions. Although
the local Fe surrounding is perfectly cubic in this case, the
FeOg octahedron shows a small Jahn-Teller distortion. Fe-O
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FIG. 5. Calculated enthalpy difference for the (Fe,Mgsy)Os,
supercell as a function of Fe-Fe distance. Black circles are for a

=425 A (pressure about 0 GPa) and open circles are for a
=4.00 A (pressure about 40 GPa).

distances are nonequivalent: four oxygen ions are at 2.176 A

from the central Fe and two oxygen ions are at 2.130 A.
This small distortion supports our experimental observation
of the small quadrupole splitting produced by Fe ions in a
homogenous local surrounding. If we replace another Mg by
Fe, the total composition is (Mg ¢375F€ 0625)O, fairly close
to the Fe5 sample composition. Inside the 32 atom supercell
we can place the second Fe ion in the first (NNN position),
second, third, fourth, or sixth cation coordination shell. All of
these possibilities were tested for two different volumes,

with lattice parameter a equal to 4.25 and 4.00 A, which
corresponds to pressures of approximately 0 and 40 GPa,
respectively. The calculated energy difference between these
configurations is remarkable (Fig. 5). The energy difference
is given per one oxygen atom, and absolute values are shifted
to produce a zero value for the configuration with two Fe
ions as the closest (NNN) neighbors. The configuration with
two Fe forming a pair cluster is much more favorable com-
pared to all other configurations. There is almost no energy
difference when the second Fe ion is in at least the third or
more distant coordination shells, implying almost no Fe-Fe

interactions at a distance of larger than ~5 A. However the
second coordination shell is energetically in between the first
(NNN) shell and more distant coordination shells. This im-
plies that for an accurate description of the (Mg,Fe)O solid
solution [for example, within the cluster-variation method
CVM (Ref. 53)], at least the second correlation function need
to be included in the model. The second conclusion that can
be drawn directly from Fig. 5 is that increasing pressure
increases AHgro: when going from O to 40 GPa, the energy
difference between NNN and noninteracting configurations
increases by ~30%.

The results of our calculations are not sufficient to treat
them formally using the CVM; however we attempt esti-
mates using a simplified CVM for the highly dilute solid
solution. For the 6.25%Fe composition in the random solu-
tion more than 80% of Fe ions are either isolated from each
other, or form pairs. If we assume that only these two con-
figurations are possible, then a random solution can be de-
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scribed as 25% Fe ions that are isolated and 75% Fe ions
with another Fe as its NNN. The configuration with all Fe
forming NNN pairs would have Pr..=1/12 and 0=0.0222.
In this case AHgro=-0.36 kJ/mol from our calculations,
and at room temperature -7(AS,.,, +AS,;,) is on the order of
0.1 kJ/mol. In other words the enthalpy effect dominates
over the entropy contribution and equilibrium SRO could be
even higher, implying the formation of a significant number
of multiatomic (more than three atoms) Fe clusters in the
solid solution. This estimate strongly supports our experi-
mental observations concerning the significant SRO, espe-
cially for low-Fe concentrations in the (Mg,Fe)O solid solu-
tion.

Another interesting result of our experimental study is
that changes of short-range order are much higher for the Fe5
sample compared to the Fe20 sample (see Fig. 4). In the Fe5
sample before compression the maximum probability corre-
sponds to the two-atom 2Fe cluster. After compression, the
three-atom 3Fe cluster is the most common. We infer that the
3Fe cluster is energetically the most stable, and dilute Fe
ions tend to form 3Fe clusters. The most probable configu-
ration of the 3Fe cluster is a Fe triangle in the (111) plane
(inside a closed-packed layer of cations), in which every Fe
ion has two NNNs (for comparison, in a 3Fe linear chain
only the central ion has two NNNs). In the Fe20 sample in
the random solution already most of the Fe ions are in 3Fe
clusters; therefore changes in the SRO are much smaller. The
enthalpy gain of clusters formed by four and higher numbers
of Fe atoms is probably much smaller, and the enthalpy pen-
alty suppresses strong SRO in compositions with higher Fe
content.

Additional experimental constraints beyond simplified
thermodynamic estimates are necessary to fully understand
the P and T limits for significant SRO in (Mg,Fe)O. The only
reasonable approach is to equilibrate (Mg,Fe)O samples at
different conditions and to compare the quadrupole splitting
distribution of the quenched samples. Three experiments
with the Fe20 sample were performed: compression at room
temperature up to 30 GPa; annealing in the multianvil large-
volume press at 18 GPa and 1000 °C; and a laser-heating
experiment in the diamond-anvil cell at 40 GPa and
~1800 °C. The latter two spectra were taken from McCam-
mon et al.>* In the laser-heating experiment the temperature
was not measured, so the value of 1800 °C is a rough esti-
mation. The resulting quadrupole splitting distributions are
shown in Fig. 6. The starting material (annealed at ambient
pressure and 1200 °C) and the sample annealed at 18 GPa
and 1000 °C show very similar Mdssbauer spectra which are
assigned to the (almost fully) disordered cation distribution.
In contrast, the sample at 40 GPa (laser heated) is almost
identical to those treated at room temperature and 30 GPa.
This implies that significant SRO should exist at mantle con-
ditions since pressure strongly stabilizes clusterization in fer-
ropericlase.

Additional evidence for the changes in short-range order
is provided by XANES spectroscopy, which is a local probe
and has chemical sensitivity. In principle, a complete under-
standing of the local geometry and site coordination around
Fe can be obtained from XANES. However, the quantitative
analysis of this region presents difficulties mainly related to
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FIG. 6. Quadrupole splitting distribution of Fe20 samples with
different P and T histories. Solid line—starting material, equili-
brated at 1200 °C and ambient pressure. Dashed line—sample, an-
nealed at 1000 °C and 18 GPa in a large-volume multianvil press.
Dotted line—sample after compression to about 30 GPa at room
temperature. Dashed-dotted line—laser-heated sample (approxi-
mately 1800 °C) at 40 GPa.

the theoretical approximation in the treatment of the poten-
tial and the need for heavy time-consuming algorithms to
calculate the absorption cross section in the framework of a
full multiple-scattering approach. In order to verify the sen-
sitivity of XANES to compositional variations in the NNN
shell we have performed a comparison of the data with full
multiple-scattering calculations using a self-consistent
energy-dependent exchange-correlation Hedin-Lundqvist po-
tential (FEFF8 package). Self-consistency was obtained by
successively calculating the electron density of states, elec-
tron density, and Fermi level at each stage of the calculation
within a 33-atom cluster (corresponding to four neighbor
shells) centered on the atom for which the density of states is
calculated, and then iterated. Full multiple-scattering
XANES calculations were carried out for this cluster: all
multiple-scattering paths within this cluster were summed to
infinite order. Besides the structural information defining the
geometry of the cluster [we simulated a (Mg, ooFe 15)O clus-
ter with a=4.225 A], no other external parameters were
used as input for the XANES simulations, except for a
—2 eV shift of the energy axis. The results of the three simu-
lations are shown in Fig. 7(a), where we plot the case of
zero, six, and 12 Fe atoms as NNN. We can clearly see that
chemical ordering modifies significantly the energy region of
the inflection point at ~7123 eV, which becomes smaller
with increasing Fe content in the NNN shell, and completely
disappears for the case of 12 NNN (all Fe).

Figure 7(b) shows experimental XANES spectra of the
Fe5, Fel3, and Fe20 samples recovered after compression in
DACs to over 20 GPa, the spectrum of the Fel3 starting
material as well as that of pure wiistite (Fej¢40). There are
clear composition-dependent changes in the edge structure of
(Mg,Fe)O solid solutions. The inflection point at ~7123 eV
becomes smaller with increasing Fe content, and completely
disappears in the Fej,0 XANES spectrum, in good agree-
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FIG. 7. Fe K-edge XANES spectra in the MgO-FeO system. (a)
Full multiple-scattering simulations of (MgggoFe 10)0 with a
=4.225 A where we have modified the chemical composition of the
NNN shell. Spectra 1 to 3 are for 12, six, and zero Fe atoms in the
NNN shell of the absorbing atom, correspondingly. (b) Experimen-
tally measures XANES spectra. Spectrum 4 is the Fe5 sample after
compression; 5—Fel3 sample after compression; 6—Fe20 sample
after compression; 7—FeO wiistite sample. 8—Fe13 starting mate-
rial. The arrow indicates the region of major changes in the XANES
spectra due to changes in local Fe coordination.

ment with the multiple-scattering simulations.

There is a clear difference in the XANES spectrum of the
Fe13 sample before and after compression [curves 5 and 8 in
Fig. 7(b)]. The local Fe concentrations in the Fel3 and Fe20
samples after compression are almost identical. The Fe5
sample after compression shows a XANES spectrum almost
identical to that of the Fel3 sample before compression
(curves 4 and 8), which implies more than a twofold increase
in local Fe concentration around the Fe atom, in full agree-
ment with the Mossbauer data.

V. LOCAL COORDINATION AND SPIN STATE

Spin crossover [transition from the high-spin (HS) state
with four unpaired d electrons to the low-spin (LS) state with
all d electrons paired] of Fe?* in (Mg,Fe)O under high pres-
sure has been the subject of a large number of studies in the
past few years.! Although there is general agreement that
the transition occurs and affects (Mg,Fe)O density and elas-
ticity, the details of spin crossover and its pressure, tempera-
ture, and compositional dependence remain unclear.

Room-temperature Maossbauer spectra of (Mg,Fe)O
samples with different compositions were collected up to 105
GPa, and at high pressure clear changes were observed, con-
sistent with spin crossover. Above ~50 GPa a new compo-
nent appears in the Mossbauer spectra of all studied ferro-
periclases. This new component has virtually zero
quadrupole splitting and an isomer shift somewhat smaller
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FIG. 8. Pressure dependence of (Mg,Fe)O isomer shift (relative
to a-Fe). Open and closed symbols are for high- and low-spin com-
ponents, respectively. Circles, diamonds, and triangles are for Fe5,
Fel3, and Fe20 samples, respectively. Solid and dashed lines show
the results of ab initio simulations.

than the high-spin component. This is typical for low-spin
Fe?*: when there are no unpaired electrons, the charge dis-
tribution becomes significantly more symmetrical and the
EFG becomes essentially zero because of the disappearance
of the valence electron EFG contribution. The total charge
(electron) density at the Fe nucleus increases, and this is the
reason for the IS decrease. The absolute change of the isomer
shift (Fig. 8) is, however, relatively small (~0.17 mm/s)
compared to those usually observed for iron-organic com-
plexes (~0.5 mm/s).’® However, this small difference be-
tween high- and low-spin Fe?* atoms in (Mg,Fe)O is fully
consistent with our ab initio simulations, shown in Fig. 8.
There was no significant difference in charge density for the
isolated Fe ion, and for 2Fe and 3Fe clusters. Calculations
were made for the cell parameter a=4.25, 4.00, and 3.80 A
and for high- and low-spin iron electronic configurations.
The isomer shift was found to be nearly independent of the
local Fe surrounding, similar to what is observed in experi-
ments.

On compression at ambient temperature, in all three fer-
ropericlase samples (Fe5, Fel3, and Fe20) the low-spin com-
ponent gradually increases with pressure, and the amount of
the high-spin component decreases accordingly (Fig. 9). The
high-spin and low-spin fractions were calculated from the
absorption areas of the subspectral components, assuming
equal Debye-Waller factors of the HS and LS Fe ions. While
this is not exactly true, this difference is small and can usu-
ally be neglected.’® The samples studied were highly en-
riched with *’Fe and the effective Mossbauer thickness was
much higher than for a “thin” absorber. The high thickness of
the absorber causes significant internal multiple absorption,
which can markedly distort the relative areas of the two sub-
spectral components in the mixed spin region. To avoid these
effects we applied thickness corrections using a full trans-
mission integral calculation.®’

The range over which high- and low-spin states coexist is
remarkable: for the Fe5 sample it is about 30 GPa, and more
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FIG. 9. (Color online) Low-spin fraction in ferropericlase as a
function of pressure. Gray circles, green diamonds, and open tri-
angles are for Fe5, Fel3, and Fe20 samples at room temperature,
respectively. Red squares—reanalyzed data from Speziale er al.
(Ref. 2), collected at 10 K for the (Mg gFe(,)O sample. See text
for details.

than 50 GPa for the Fe20 sample (Fig. 9). Such a broad
region of spin crossover cannot be attributed to pressure gra-
dients in the DAC. With several small ruby chips placed in
different parts of the sample chamber, pressure gradients
could be measured and were no higher than 5-7 GPa at the
highest pressure reached (over 100 GPa).

VI. SPIN CROSSOVER

In order to understand these results on spin crossover in
ferropericlase, one should consider the physical nature of
these changes. Spin crossover in ferropericlase is often dis-
cussed in terms of a phase transition. A number of previous
studies focused on determination of the volume (density)
collapse and the magnitude of elastic wave velocity discon-
tinuities associated with the spin transition. The question of
whether it is a first- or a second-order transition has also
been discussed.>>%-%° However, spin crossover is not neces-
sarily a phase transition. In order to apply a thermodynamic
theory of phase transitions, there should be two distinct
phases—a high-spin and a low-spin phase. In the case of two
or more possible different states of an atom (in this case
high- or low-spin electronic configurations), all the states
have always (at any finite temperature) a certain nonzero
probability. Every energy level or quantum state of an atom
is populated as described by the Boltzmann thermal popula-
tion function. This means that in any Fe’* compound and
under any thermodynamic conditions, there are some iron
ions in a high-spin and some in a low-spin state. Usually, one
state is dominating and the other state has negligible popu-
lation, and a compound is considered to be either high or low
spin. However, there can be a continuous change in spin
probability between these two states. The term “spin cross-
over” reflects this particular idea: at certain P and 7 condi-
tions the low-spin and the high-spin probabilities are equal.
Different molecules or ions within the same crystal exist in
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different spin states while the crystal is still a single phase.®!
When both spin states of iron coexist in significant amounts
in a single crystal, they cannot be considered as two distinct
phases. However, the physical properties and chemical bond-
ing in high- and low-spin Fe compounds can be significantly
different, giving rise to a real phase transition. If, as a result
of spin state changes, two different (in a thermodynamic
sense; i.e., different Gibbs energies) phases appear, it should
be described as a phase transition. For example, in the case
of a volume discontinuity or changes in crystal symmetry,
spin crossover can be described in terms of a phase transi-
tion.

All of our experimental observations are consistent with
spin changes in Mg-rich (Mg,Fe)O at high pressure occur-
ring as spin crossover without phase transition (e.g., we have
no evidence of the existence of different regions of the
samples, grains, or even domains with distinctly different
volume, symmetry, compositions, defined boundaries, etc.),
and in this case the high-spin and low-spin populations
should follow the Boltzmann distribution

Arg ~AH
—==exp ,
kyT

)

where A;g and Ayg are relative fractions of low- and high-
spin molecules (atoms) in the crystal, AH is the enthalpy
difference between the high- and low-spin states, kp is the
Boltzmann constant, and 7 is the absolute temperature. AH is
a function of thermodynamic parameters and should change
its sign with varying thermodynamic parameters to satisfy
spin crossover conditions. When AH=0 the populations of
high- and low-spin Fe atoms are equal, and this point is
called spin crossover. In a pressure-induced spin crossover
AH changes with pressure at constant temperature, passing
through zero at some crossover pressure. Usually the en-
thalpy difference between two phases or electronic states—
here AH—changes almost linearly with pressure, at least in
the vicinity of the critical pressure. Our ab initio calculations
also support this hypothesis as shown below. The character
of spin crossover (i.e., its broadness) therefore depends on
temperature and the pressure dependences of AH. The latter
should not change significantly with temperature, and only
the crossover pressure should be temperature dependent.
Low-temperature measurements can give additional im-
portant information concerning the physical properties of
spin crossover. Low-temperature Mossbauer spectra at 10 K
for (Mg gFe(,)O were collected up to 80 GPa by Speziale er
al.? A reanalysis of the original data®> based on a two-
component fitting of each spectrum shows a significant
amount of the high-spin component even at the highest pres-
sure. The width and pressure of spin crossover at 10 K is
virtually the same as at 300 K (Fig. 9). This fact implies that
the spin crossover for the Fe20 sample cannot be described
with Eq. (9) because temperature strongly affects the Boltz-
mann distribution. However, if the spin transition occurs in
several steps, the total width of the transition zone would be
much less broadened by temperature: there would be either
several sharp steps at low temperature or several broad steps
at high temperature. If there are different types of Fe ions in
the crystal, they could have different critical crossover pres-
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FIG. 10. Calculated energy difference between the high- and
low-spin states of Fe in different Fe clusters.

sures. Such a behavior (steplike spin transition) is known
for many metal-organic complexes, for example
[Fe(2-pic);]Cl, X EtOH.5?

The reason for different Fe>* ions to have different cross-
over pressures is the difference in the local environment. An
isolated Fe** ion readily transforms to the low-spin state.
When another Fe ion is placed in the first coordination shell,
a significant electronic exchange between Fe ions appears.
This electronic exchange stabilizes the high-spin state rela-
tive to the low-spin state. This idea is supported by static ab
initio calculations (Fig. 10). The critical pressure is different
for different Fe clusters: it is about 20 GPa for the isolated Fe
ion, while for a 2Fe cluster it is about 40 GPa.

The pressure dependence of AE remains virtually the
same. Based on these static (T=0) ab initio results, one can
calculate the temperature effect using Eq. (9). If we consider
a hypothetical (Mg,Fe)O solid solution with 29% of Fe ions
being isolated, 38% forming pairs, and 33% forming 3Fe
clusters, we can calculate spin crossover for different pres-
sures and temperatures (Fig. 11). This cluster distribution is
close to those for Pg.p.=0.1, with all clusters larger than 3Fe
neglected.

The height of each step of the spin transition depends on
the relative abundance of different Fe clusters. Different
cluster abundances are defined by the composition and short-
range order. Separation (pressure difference) between these
steps is controlled by the strength of electronic exchange
between neighboring Fe ions. Electronic exchange interac-
tions normally decrease with increasing temperature.>* The
total fraction of low-spin Fe** ions depends therefore not
only on pressure, temperature, and composition, but also on
short-range order, a phenomenon that is often ignored in
solid solutions.

The temperature effect on spin crossover requires addi-
tional consideration. A “normal” temperature effect shifts the
critical point to higher pressures. This is the effect of thermal
expansion combined with a higher entropy contribution (the
electronic entropy of the high-spin state is higher than that of
the low-spin state). Temperature also increases the width of
the transition region according to Boltzmann statistics, so the
“beginning” of the transition would occur at lower pressures
and “completion” of the transition would shift to higher pres-
sures. The decrease in exchange interactions gives a different
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FIG. 11. (Color online) Low-spin fraction at different tempera-
tures from ab initio calculations (see text for details). Solid black
line is for 10K, dashed (red) line is for 300K and dotted (green) line
is for 2400K. Only the temperature contribution to Boltzmann sta-
tistics was taken into account.

effect: the width of different steps decreases, and the critical
pressure for different Fe clusters approaches that of an iso-
lated Fe ion. As a result, the total transition width could even
decrease from the high-pressure side with increasing tem-
perature. The temperature effect on spin crossover in ferro-
periclase contains several competing contributions, and if
they completely cancel each other, temperature could have
no effect on the total spin crossover in ferropericlase.
Several high-temperature Mossbauer spectroscopic mea-
surements were performed for the Fe5 and Fe20 samples up
to 750 K using a resistively heated DAC. The observed tem-
perature dependence of the spin crossover is remarkable: for
the Fe20 sample almost no temperature effect on crossover
pressure and transition width was observed [Fig. 12(b)]. For
the Fe5 sample increasing temperature results in a slight de-
crease in the crossover pressure, while the transition width
remains virtually the same [Fig. 12(a)]. These features can be
explained only within the steplike spin crossover model with
each step following Boltzmann statistics, as described above.
In terms of applications to the earth’s lower mantle, high
temperature (2000-2400 K) would cause the spin transition
in ferropericlase to be very broad and to occur over the entire
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FIG. 12. (Color online) Temperature dependence of spin cross-
over in Fe5 (a) and Fe20 (b) ferropericlase samples, measured using
the Mdssbauer spectroscopy in resistively externally heated DAC.
Boundaries are drawn at the point where low-spin or high-spin
states are no longer detectable.
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depth range of the mantle, as also suggested by other
studies.’>®® Even if electronic exchange interactions com-
pletely disappeared at these temperatures and the transition
occurred in a single step, the broadness of the transition at
these temperatures would be significant. Therefore no pro-
nounced discontinuities in any physical property of ferroperi-
clase which depend on spin state are expected at lower
mantle conditions. Indeed, no strong seismic wave disconti-
nuities are known in the lower mantle.

VII. CONCLUSIONS

Fe ions in (Mg,Fe)O demonstrate significant changes in
short-range order and deviations from regular solid solution.
The degree of short-range order changes dramatically with

PHYSICAL REVIEW B 80, 014204 (2009)

pressure, and clear signs of Fe ion clusterization were ob-
served and also supported by ab initio simulations. Pressure-
induced spin crossover in ferropericlase does not show fea-
tures characteristic for a phase transition. On the contrary, it
can be understood as thermally equilibrated high- and low-
spin states coexisting in the same phase. The relative popu-
lation of high- and low-spin Fe?* ions depends not only on
pressure, temperature, and composition, but also on the
short-range ordering.
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