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ABSTRACT

We report the results of x-ray diffraction and >’ Fe Méssbauer spectroscopy study, complemented by ab-
initio electronic structure and the hyperfine-interaction parameters calculations, of the 40 K supercon-
ductor (Lipg Feg;)OHFeSe. The superconductor crystallizes in the tetragonal space group P4/nmm with
the lattice constants a = 3.7865(2) A and ¢ = 9.2802(6) A. Evidence is provided for the presence of an
anisotropic mixture of strong covalent and weak ionic chemical bonding and of metallic characteristics.
The Mdssbauer spectra consist of two quadrupole-doublet patterns corresponding to Fe?" at the 2a and
2b sites. Contrary to the claims in the literature, we demonstrate unequivocally that there is no magnetic
ordering of the 2a-site Fe magnetic moments down to 2.0 K. The calculated hyperfine-interaction pa-
rameters at the two Fe sites show general agreement with the experimental ones. The Debye temper-
atures for the 2a and 2b sites are found to be 186(21) and 397(4) K, respectively.

Antiferromagnetism
Debye temperature

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The tetragonal binary phase -Feio; Se exhibits superconduc-
tivity below the critical temperature T, = 8.5 K [1,2]. Intercalation
of alkali metals, alkali earths, rare earths (A) or small molecules into
the adjacent FeSe layers increases the T, value of the derived
superconductors AyFe;_y Sez [3,4], Lix(Cs Hs N),Fey_, Sex [5], and
Liy(NH)y(NH3)1_y Fep Se, (Ref. [6]) up to ~46 K. Films of FeSe
one unit cell thick grown on SrTiO3 substrates become super-
conducting [7—10] below ~65 K — the highest T in the Fe-based
superconductors.

Very recently, new FeSe-derived superconductors (Lipg Fep2)
OHFeSe (REfS. []],12]) with T = 40 K, (Lio'g FEO.z)OH(FEO_gz Li)0.0S
Se (Ref. [13]) with T. = 43 K, and the series (Li;_x Fex)OHFeSe [14],
(Li;—x Fex)OHFeq_y Se [15], and (Lig g Feg2)OHFe(S1_x Sex) (Ref. [16])
with T values up to 40 K, were discovered. What is particularly
interesting about these new superconductors is the claim of the
existence in them of long-range, 3d magnetic ordering with
ordering temperatures much lower than T. In particular, canted
antiferromagnetism at ~8.5 K (Ref. [11]) or field-induced ferro-
magnetism [12] were suggested to exist in the (Lipg Feg,)OHFeSe
superconductor. In a superconductor of a similar composition, (Lig g
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Fe.2)OH(Feg g, Li)0.08 Se, ferromagnetism with the Curie temper-
ature Tc = 10 K was suggested [13]. In both superconductors, the
magnetic ordering was suggested to be associated with Fe atoms
located at a site in the hydroxide layer [11—13].

Whereas the coexistence of the commonly believed antagonistic
phenomena of superconductivity and long-range, 3d magnetic or-
der in the bulk is not impossible, it is nevertheless surprising. Since
the putative magnetic order is associated with the Fe atoms, the
best way to assess whether it is intrinsic to the superconducting
phase, or is due to extrinsic effects (such as magnetic secondary
phases or grain boundaries), is to use an Fe-sensitive local probe.
Here we use the >’Fe Mossbauer spectroscopy [17] to demonstrate
unequivocally that the Fe magnetic moments in the 40 K super-
conductor (Lipg Feg)OHFeSe do not order magnetically down to
20K

2. Experimental and theoretical methods

The polycrystalline sample of composition (Ligg Feg,)OHFeSe
was prepared by the hydrothermal reaction method, as described
earlier [11].

An X-ray diffraction measurement was carried out at 298 K in
Bragg-Brentano geometry on a PANalytical X'Pert scanning
diffractometer using Cu Ko radiation in the 26 range 5—80° in steps
of 0.02°. The K@ line was eliminated by using a Kevex PSi2 Peltier-
cooled solid-state Si detector.
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Fig. 1. Powder x-ray diffraction pattern of (LiogFep2)OHFeSe at 298 K. The experi-
mental data are denoted by open circles, while the line through the circles represents
the results of the Rietveld refinement. The row of vertical bars shows the Bragg peak
positions for the P4/nmm space group. The lower solid line represents the difference
curve between experimental and calculated patterns. The symbol V/ indicates the
Bragg peak position of an unidentified impurity phase.

The ’Fe Mossbauer measurements were conducted using a
standard Mossbauer spectrometer operating in sine mode and a
>7Co(Rh) source at room temperature. The spectrometer was cali-
brated with a 6.35-um-thick a-Fe foil [18] and the spectra were
folded. The Mossbauer absorber was made in a glove box. The
powder material was mixed with boron nitride and was put into a
high-purity, 8-um-thick Al disk container to ensure a uniform
temperature over the whole absorber. The Mdssbauer absorber was
exposed to air for about 50 s when it was transported from the
glove box to the Mdssbauer cryostat in which it was kept in a static
exchange gas atmosphere at the pressure of ~5 x 107> mbar. The
surface density of the prepared Méssbauer absorber of 17.3 mg/cm?
corresponds to an effective thickness parameter [17] t; = 4.0f,,
where f, is the Debye-Waller factor of the absorber. Since t;>1, the
resonance line shape of the Mossbauer spectrum was described
using a transmission integral formula [19]. The source linewidth of
0.12 mm/s and the background-corrected Debye-Waller factor of
the source of 0.60 were used in the fits of the Mossbauer spectra
[19].

Abinitio electronic structure and Mossbauer hyperfine-interaction
parameter calculations have been performed within the framework of
density functional theory using the full-potential linearized
augmented-plane-wave plus local orbitals (FP-LAPW+ lo) method, as
implemented in the WIEN2k package [20]. In this method, one par-
titions the unit cell into two regions: a region of non-overlapping
muffin-tin (MT) spheres centered at the atomic sites and an
interstitial region. The wave functions in the MT regions are a linear
combination of atomic radial functions times spherical harmonics,
whereas in the interstitial regions they are expanded in plane waves.

Table 1
Atomic positions for the tetragonal (Lip g Fep)OHFeSe (space group P4/nmm, origin
choice 2) obtained through Rietveld analysis.

Atom Site Point symmetry Occupancy X y z

Li 2a 4 m2 0.82(1) 3 1 0

Fe, 2a 4 m2 0.18(1) 3 I 0

0] 2c 4 mm 1.0 1 i —0.074(2)
H 2c 4 mm 1.0 1 }—l 0.174(2)
Fe, 2b 4 m2 1.00 3 i i

Se 2c 4 mm 1.0 1 03382

The basis set inside each MT sphere is split into a core and a valence
subset. The core states are treated within the spherical part of the
potential only and are assumed to have a spherically symmetric
charge density in the MT spheres. The valence wave functions in the
interstitial region were expanded in spherical harmonics up to [ = 4,
whereas in the MTregion they were expanded to a maximum of [ = 12
harmonics. For the exchange-correlation potential, the generalized
gradient approximation (GGA) scheme of Perdew, Burke, and Ern-
zerhof [21] was used. A separation energy of —6.0 Ry between the
valence and core states of individual atoms in the unit cell was chosen.
The initialization of the calculations was done using a 2a x 2b x ¢
supercell in order to account for the fractional occupation of the 2a
sites by the Li and Fe atoms.

The values of 0.59 a.u., 1.09 a.u., 2.30 a.u,, 1.69 a.u., and 2.19 a.u.
were used as the MT radii for H, O, Fe, Li, and Se, respectively. The
plane-wave cut-off parameter was set to Ryt x Kmax = 3, where
Ry is the smallest MT radius in the unit cell and Kpax is the
maximum K vector used in the plane-wave expansion in the
interstitial region. A total number of 100 k-points was used within a
10 x 10 x 10 k-mesh in the first Brillouin zone. A convergence

(b)

Fig. 2. The unit cell (a) and the layered crystal structure (b) of (Lipg Feog)OHFeSe.
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criterion for self-consistent field calculations was chosen in such a
way that the difference in energy between two successive itera-
tions did not exceed 10~ Ry. The experimental lattice constants a
and c and the atomic position parameters in the space group P4/
nmm (vide infra) were used in the calculations.

3. Results and discussion
3.1. Structural characterization

The room-temperature powder x-ray diffraction pattern of (Lig g
Fep)OHFeSe is shown in Fig. 1. The studied compound crystallizes
in the tetragonal space group P4/nmm (No. 129) [11]. A Rietveld
refinement [22] of the pattern in Fig. 1 yields the lattice parameters
a = 3.7865(2) A, c = 9.2802(6) A, and the atomic positional pa-
rameters that are listed in Table 1. The values of these parameters

0.0080
0.2064
0.4048
0.6032
0.8016
1.0000

EEOOC.

compare well with the corresponding values reported earlier
[11,13]. We note that the Bragg peak at 26=15.9" (Fig. 1) must
originate from a small amount of an unidentified second phase
present in the sample studied.

The crystal structure of (Lip g Feg2)OHFeSe in the P4/nmm space
group is shown in Fig. 2. The presence of covalent bonding (vide
infra) is indicated pictorially by rods in the unit cell (Fig. 2).

3.2. Ab-initio calculations

3.2.1. Charge density distribution

The calculated valence charge density distribution in the (100),
(001), and (110) planes is shown in Fig. 3. One notices that in the
(100) plane [Fig. 3(a)], the charge density is concentrated along
three structural layers. A strong covalent bonding between Fe, O,
and H is observed for the top and bottom layers (green regions). A

(<)

Fig. 3. Electron charge density distribution (in units of e/A®) in the (100) (a), (001) (b), and (110) (c) planes.
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similar strong bonding between Fe and Se can be seen for the
middle layer. However, the negligible charge density between the
layers (red regions) indicates ionic bonding between them.

Fig. 3(b) shows that strong covalent bonds are formed between
Fe and four neighboring O atoms. However, there is a negligible
charge density in the vicinity of Li atoms which suggests that these
atoms participate in ionic bonding. Weaker covalent bonds are
formed between neighboring Fe atoms, and Fe and Se atoms, in the
(110) plane [Fig. 3(c)].

By examining the valence charge densities in these three planes
one can conclude that a relatively good electrical transport of this
compound arises from Fe states forming strong covalent bonds. The
directional covalent bonds between the atoms are also shown
schematically by rods in the unit cell and the layered crystal
structure of (Ligg Feg)OHFeSe in Fig. 2. It is thus suggested that a
relatively good electrical conductivity originates partially from the
Fe—Se layers.

3.2.2. Electronic structure

Fig. 4 shows the total and atom-resolved density of states (DOS)
of (Lipg Feg)OHFeSe. One notices a large number of accessible
states that are widely spread into two major energy regions:
between —2.75 to —6 eV and between 1.5 and —2 eV with respect to
the Fermi energy (Eg). The DOS in the first energy region is mainly
due to the Fe;, Se, and O atoms. However, in the second energy
region, i.e., in the energy region around the Fermi energy, the DOS
is almost completely due to the Fe; and Fe; atoms. What is
remarkable in this energy region is that in the direct vicinity of Eg
the total DOS is dominated by the Feq states. This important finding
has not been observed in the total DOS of an idealized (the
approximate of the real compound) compound LiOHFeSe in
Ref. [23].

Whereas the electronic states due to the Fe; atoms are mainly
located around Ef, those due to the Fe, atoms are spread continu-
ously across Ep, with relatively high peaks below and above Eg
(Fig. 4). There is almost no contribution to the DOS from the H
atoms. However, the O and Se atoms contribute significantly to the
DOS in the lower energy region, typically from —2.75 to —6 eV with
respect to Er

The calculated DOS also provides information on the nature of
chemical bonding between the different elements in the compound
studied. A high degree of overlap of Fe;, Se, and O states (Fig. 4)
leads to chemical bonding of the covalent type. This confirms the
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Fig. 4. Total and atom-resolved density of states of (Lipg Fep,)OHFeSe.

conclusion derived from the calculated charge density distribution
plots (vide supra).

The calculated electronic band structure of (Lig.g Feg)OHFeSe is
shown in Fig. 5. One can notice a high concentration of the elec-
tronic states in the energy interval between —1.4 to 1.2 eV with
respect to Eg. This is indicative of good electrical conductivity of
(Lipg Feg2)OHFeSe. These bands are all due to the Fe atoms, as
discussed earlier. One can also observe that within the Fermi en-
ergy region there is a rather small variation of a given band with
energy along different symmetry directions. This points towards a
small and almost constant value of the effective mass in this energy
region. This results in a relatively high electron mobility, which
leads to good electrical conductivity.

A high degeneracy of electronic states along the I' direction is
evident (Fig. 5), as is expected for the highest degree of symmetry
in the Brillouin zone. The X and M symmetry points also show a
relatively high degeneracy of electronic states. As one moves away
from these high-symmetry directions, the degeneracy of electronic
states is partially reduced. In other words, the electronic states
remain confined to a narrow energy region and this accounts for
the metallic behavior of the compound studied. A relatively dense
band region is observed for low energies (below about —3 eV with
respect to Er). These states originate from the semi-core states of
various atoms in (Ligg Feg2)OHFeSe and do not play a significant
role in the electronic transport properties of this compound.

3.2.3. Hyperfine-interaction parameters

Numerical analysis of Mossbauer spectra of a non-magnetic
compound yields the two most important hyperfine-interaction
parameters: the isomer shift, g, and the principal component of
the electric field gradient (EFG) tensor, V,,, with the asymmetry
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Fig. 5. Energy band structure of (Lio g Fep2)OHFeSe.
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parameter, 5 [17]. If the crystal structure of a compound studied is
known, these parameters in principle can be also obtained from
first-principles calculations [24]. For the compound studied here,
the Fe atoms are located at the sites with the point symmetry 4 m2
(Table 1), which ensures n = 0 at these sites.

The isomer shift results from the difference in the total electron
density at the Mossbauer nucleus in the compound studied, p(0),
and in the reference compound, pref0),

50 = a(p(0) = prer(0))), (1)

where « is a calibration constant. In calculating p(0), relativistic
spin-orbit effects were invoked in order to account for the possi-
bility of the penetration of the py; electrons into the 57Fe nuclei. An
a-Fe (with the bcc structure and the lattice constant of 2.8665 A)
was chosen as a reference compound. The calculated value of pef0)
is 15309.918 a.u.~>. The calculated values of p(0) at the Fe; and Fe,
sites are 15307.058 and 15308.059 a.u.~3, respectively. Using the
calibration constant a = —0.291 a.u.3(mm/s) (Ref. [25]), Eq. (1) gives
001 = 0.832 mm/s and 6p» = 0.541 mm/s.

The calculations of V,, at the Feq and Fe; sites yielded the values
of —6.762 x 10%' and 0.505 x 10%' V/m?, respectively. The quad-
rupole splitting (the distance between two resonance lines in a

quadrupole doublet) is defined [17] as A = %eQ V2|, where e is the
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Fig. 6. °’Fe Mossbauer spectra of (Ligg Feo,)OHFeSe at the indicated temperatures
fitted (black solid lines) with two quadrupole doublets (blue and dark green solid
lines) due to Fe, and Fe; atoms (Table 1) of the main phase, and a quadrupole doublet
(pink solid lines) originating from the impurity phase. The inset shows the 295.2 K
spectrum with enlarged vertical and horizontal scales. The zero-velocity origin is
relative to a-Fe at room temperature. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

proton charge and Q is the electric quadrupole moment of the *7 Fe
nucleus [26]. Thus, the calculated values of V,, at the Fe; and Fe,
sites correspond to A; = 1.055 mm/s and A, = 0.079 mm/s,
respectively.

The above calculations thus predict that the quadrupole doublet
due to Fe atoms at the Fe; site should have larger g and A values
than the values corresponding to the quadrupole doublet due to Fe
atoms at the Fe; site.

3.3. Mossbauer spectroscopy

We measured first >’Fe Mossbauer spectra of (Lig g Feg»)OHFeSe
over a large velocity range (Figs. 6 and 7) in order to identify
possible patterns originating from a magnetic/nonmagnetic im-
purity phase. Down to ~77 K (Fig. 6), in addition to two quadrupole
doublets due to Fe atoms at the Fe; and Fe; sites (Table 1) of the
main phase, one clearly observes a quadrupole doublet originating
from the nonmagnetic impurity phase (the asymmetry of the more
intense Fe, quadrupole doublet is caused by preferred orientation
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Fig. 7. >’Fe Mossbauer spectra of (Ligg Feo,)OHFeSe at the indicated temperatures
fitted (black solid lines) with two quadrupole doublets (blue and dark green solid
lines) due to Fe, and Fe; atoms (Table 1) of the main phase, and a Zeeman pattern (pink
solid lines) originating from the impurity phase. The inset shows the 49.5 K spectrum
with enlarged vertical and horizontal scales. The zero-velocity origin is relative to «-Fe
at room temperature. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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(texture) in the polycrystalline Mossbauer absorber; this asym-
metry cannot be detected in the less intense Fe; and
impurity-phase doublets). Below ~50 K (Fig. 7), the two quadrupole
doublets due to Fe atoms at the Fe; and Fe, sites persist, and
the impurity phase becomes magnetically ordered and
consequently its Mossbauer spectrum is in the form of a Zeeman
pattern. It is thus clear that the ordering temperature of the
impurity phase is between 50 and 77 K. The fact that the two
quadrupole doublets due to Fe atoms at the Fe; and Fe; sites
persist down to 4.8 K (Fig. 7) already indicates the absence
of any magnetic order of the Fe;- and Fe,-site Fe atoms down to
48 K.

To verify this preliminary conclusion, and to obtain precise
hyperfine-interaction parameters of the Fe;- and Fey-site
Mossbauer patterns, Mossbauer measurements were carried out
over a small velocity range at various temperatures down to 2.0 K
(Figs. 8 and 9). It is clear that the Mossbauer pattern originating
from the impurity phase is in the form of a quadrupole doublet
(Zeeman pattern) for temperatures above (below) ~78 K. The
presence of two quadrupole doublets due to Fe atoms at the Fe; and
Fe; sites (Table 1) down to 2.0 K, i.e., the absence of any sign of
Zeeman patterns originating from these two sites, proves
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unambiguously that there is no magnetic order of the Fe magnetic
moments in the 40 K superconductor (Lipg Feg>)OHFeSe down to
20K

57Fe Mossbauer spectra of the 43 K superconductor (Ligg Feg>)
OH(Fep9; Li)0.08 Se at 30 and 2.1 K are presented in Ref. [13]. The
observed broadening of the 2.1 K spectrum as compared to that of
the 30 K spectrum was accounted for by a Zeeman pattern origi-
nating from the Fe atoms at the Fe; site with the hyperfine mag-
netic field Hyr = 30 kOe [13]. The presence of this Zeeman pattern
was taken as evidence [13] for the coexistence of 3d ferromagne-
tism associated with the Feq-site Fe atoms and superconductivity.
Fig. 10 shows a comparison between the Fe;-site component of the
2.0 K spectrum in the form of a quadrupole doublet (Fig. 9) and the
corresponding component in the form of a Zeeman pattern with
Hpe = 30 kOe. The presence of the latter component should be re-
flected in a distinct absorption in the experimental spectrum at the
velocity of ~2.1 mmy/s. Since such a distinct absorption is not
observed in the 2.0 K experimental spectrum (Fig. 10), it is sug-
gested that the broadening of the 2.1 K spectrum observed in Ref. 13
is of extrinsic origin.

The fits of the Mossbauer spectra in Figs. 8 and 9 with two Feq-
and Fey-site quadrupole-doublet components yield the following
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parameters: the quadrupole splitting A, the absorber linewidth T,
and the centre shift ¢ (relative to a-Fe at 298 K) [17].

Fig. 11 shows the temperature dependence of A; and T (i = 1,2).
The values of A7 and A; at 0 K, obtained from the extrapolation of
the low-temperature data, are 1.351(12) and 0.380(1) mm/s,
respectively. They are higher than the corresponding calculated
values of 1.055 and 0.079 mm/s. One observes that Ay is approxi-
mately constant at temperatures above ~150 K and then decreases
at lower temperatures, whereas A, is approximately constant at
temperatures below ~150 K and then decreases at higher temper-
atures. A sudden decrease(increase) of A1(A;) below(above) ~150 K
could be, in principle, caused by a possible structural phase tran-
sition at ~150 K. However, there is no evidence for such a structural
transition in the neutron diffraction data [11]. The observed tem-
perature dependence of A1 and A, must be the result of crystal-field
effects [27] on the electronic states of ferrous ions (for ferric ions,

A is nearly invariant with temperature) [17]. The absorber line-
widths I'1 and I'; (Fig. 11) change very little with temperature. In
particular, there is no sign of a dramatic increase of I'; at low
temperatures, as observed in Ref. 13, that might indicate magnetic
ordering of the Feq-site Fe atoms at ~8.5 K.

The temperature dependence of 6;(T) (i = 1,2) is shown in Fig. 12.
In general, §(T) consists of two contributions

(2)

where §p is the intrinsic, temperature-independent isomer shift
and dsop(T) is the second-order Doppler (SOD) shift which depends
on the lattice vibrations of the Fe atoms [17]. The latter contribution
varies significantly with temperature and can be expressed in terms
of the Debye approximation of the lattice vibrations as

o(T) = do + dsop(T),
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the Fe; atoms in the form of a quadrupole doublet (dark green line) is compared with
the corresponding contribution in the form of a Zeeman pattern with Hps = 30 kOe
from Ref. [13]. The zero-velocity origin is relative to a-Fe at room temperature. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

x3dx

9kgT (T\? 1
son) =5 e (50) | e 3)
0

where kg is the Boltzmann constant, M is the mass of the Mossbauer
nucleus, c is the speed of light, and ®p, is the Debye temperature. By
fitting the experimental data 6i(T) (Fig. 12) to Eq. (2), the quantities
0p,i and Op ; were found to be dp; =0.974(5) mm/s, ®p1 =186(21) K,
and dp2 = 0.636(1) mm/s, Op 2 = 397(4) K. The experimental values
of dp1 and dp are close to the corresponding calculated values of
0.832 and 0.541 mm/s. The observed inequality ®p; < Op> is
indicative of a much larger bonding strength of the Fe atoms at the
Fe, sites than at the Fe; sites. We note here that the experimental
values of dp; and A; (i = 1,2) fulfill the theoretically predicted in-
equalities dg1 > 0p2 and A1 > Aj.

Knowledge of ®p at a given crystallographic site allows one to
calculate the absorber Debye-Waller factor f, at any temperature T
at that site from the expression

©p/T
3 E T\? xdx
fa(T) =Py - Z MC2kB®D T+ 4(®_D) / ex —1 ’
0

(4)

where E, is the energy of the Mdssbauer transition [17]. As the
absorption spectral area A of a component Mossbauer pattern due
to Fe atoms at a given site, that is determined from the transmission
integral fit [19], is proportional to the product of the concentration
of Fe, N, and f; at that site, the absorption spectral area ratio of the
Feq- and Fe;-site quadrupole doublets is

Al(T) _ Nifaa(T)
Ay(T)  Nafia(T)"

The fit of the 2.0 K Mossbauer spectrum (Fig. 9) yields
i = 0.1642(54). The values of f,1 and f,, at 2.0 K are calculated
from Eq. (4). This leads [(Eq. (5)] to %‘ = 0.181(6). This value 0le is
in excellent agreement with the value of 0. 18(1) (Table 1) deter—
mined from Rietveld analysis.

(5)
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Fig. 11. Temperature dependence of the quadrupole splitting A of Fe at the Fe, and Fe,
sites (Table 1) and of the corresponding absorber linewidth T'.

4. Summary

The results of x-ray diffraction and >’Fe Méssbauer spectroscopy
measurements, complemented by ab-initio electronic structure and
the hyperfine-interaction parameters calculations, of the recently
discovered 40 K superconductor (Ligpg Feg2)OHFeSe are presented.
The superconductor studied is shown to crystallize in the tetrag-
onal space group P4/nmm with the lattice constants a = 3.7865(2) A
and ¢ = 9.2802(6) A. It exhibits a mixture of strong covalent and
weak ionic chemical bonding and has metallic characteristics. The
Mossbauer spectra measured in the temperature range 2.0—294.9 K
are the superposition of two quadrupole-doublet components
originating from Fe atoms located at the 2a and 2b sites. We
prove that, despite recent claims to the contrary, there is no
magnetic ordering of the 2a-site Fe magnetic moments down to
2.0 K. General agreement between the calculated hyperfine-
interaction parameters at the two Fe sites and the experimental
ones is observed. We find that the Debye temperatures for the 2a
and 2b sites are 186(21) and 397(4) K, respectively. The Fe con-
centration ratio at the 2a and 2b sites determined from Rietveld
analysis is in excellent agreement with that derived from
Mossbauer spectroscopy.
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