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ABSTRACT: We investigated the Fe-site substitution effect on
the structural and magnetic properties of the infinite layer iron
oxide Sr(Fe; .M,)O, (M = Co, Mn) using synchrotron X-ray
diffraction, neutron diffraction, and *’Fe Mdssbauer spectros-
copy. Both systems have a similar solubility limit of x ~ 0.3,

retaining the ideal infinite layer structure with a space group of

P4/mmm. For the Fe—Co system, both in-plane and out-of-
plane axes decrease linearly and only sh§htly with x, reflecting
the ionic radius difference between Fe*" and Co>'. For the
Fe—Mn system the lattice evolution also follows Vegard’s law
but is anisotropic: the in-plane axis increases, while the out-of-
plane decreases prominently. The magnetic properties are little

Sr(Fe,Co)O,

Sr(Fe,Mn)O,

antiferromagnet paramagnet

influenced by Co substitution. On the contrary, Mn substitution drastically destabilizes the G-type magnetic order, featured by a
significant reduction and a large distribution of the hyperfine field in the Mossbauer spectra, which suggests the presence of magnetic
frustration induced presumably by a ferromagnetic out-of-plane Mn—Fe interaction.

1. INTRODUCTION

SrCu”" 0, can adopt an infinite layer (IL) structure (Figure 1),
the simplest structure among nondoped parent structures for
high-temperature superconducting cupper oxides." At ambient
pressure, solid solutions of this compound are not readily
formed, existing only as the solid solution (Sr;_,Ca,)CuO, in
a narrow composition region (0.86 < x < 0.91). High-pressure
synthesis can expand the solubility range to (Sr;_,Ca,)CuO,
(0 < x<0.9)*and (Sr;_,Ba,)CuO, (0 < x < 0.33).> It becomes a
superconductor when moderate carriers are injected into the
CuO, layer under high pressure, as first reported by (Sr;_,
Nd,)CuO,.*

A topochemical low-temperature reducing reaction of a
perovskite LaN13+O3 with metal hydrides yielded an isostructur-
al compound LaNi* O, in the form of either powder’ or thin
film.® LaN1+02 film could also be fabricated by metal organic
decomposition.” Formation of LaNiO, or the NiO, square
planar coordination is understandable from the viewpoint of
solid state chemistry because a monovalent nickel is in the d°
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electronic configurations and is a Jahn—Teller active ion as in the
case of divalent copper. The lack of superconductivity in this
nickelate makes an interesting contrast with the isoelectronic
cuprate.

Recently, another isostructural system SrFe*" O, was pre-
pared by metal hydride topotactic reduction using a perovsklte
SrFeO5 (or a brownmillerite SrFeO, ) in the form of powder
and thin film.” SrFeO, exhibits magnetic order with a G-type spin
structure as found in SrCuQ,, and its Néel temperature Ty is as
high as 473 K. The upmost feature in this iron oxide is the FeO,
square planar coordination geometry in spite of a Jahn—Teller
inactive nature of d° electronic configurations. Previous studies
have demonstrated that SrFeO, bears a substantial stablhty
against the substltutlon for Sr, up to 100% of calcium,'® and up
to 30% of barium.'' However, the A-site substitution has little
influence on the magnetic order, as evidenced by only a small
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Figure 1. Crystal structure of the infinite layer (IL) structure ABO,
(SrFeO,), where blue, yellow, and red balls represent, respectively, A-
site (Sr), B-site (Fe), and oxygen atoms. The unit cell is shown by the
solid lines.

change of the hyperfine field HF in the Mossbauer spectra at
room temperature (RT) (HF = 402 T for SrFeO, and
(Sro»Cagg)FeO,'* and HF = 39.1 T for (Sr-Bag3)FeO,'").

In this paper, we performed the B-site (Fe) substitution by Co
and Mn. The main motivations are two-fold. (I) Structural
stability: first-principles calculations based on density functional
theory have revealed that SrFeQ, is indeed a thermodynamically
stable phase with strong in-plane and out-of-plane exchange
interactions.">'* Therefore, although the IL structure of StMnO,
and SrCoO, has not yet been reported and Co’*O, and
Mn*"0, square planar coordination is very rarely obtained,>” "’
we expect that such a coordination can exist as a solid solution
Sr(Fe;_,M,)O, (M = Co, Mn) to a certain extent. (II) Con-
trolling physical properties: SrFeO, shares structural features
with the recently discovered iron pnictide superconductors in
that the iron ions are coordinated 4-fold and form a two-
dimensional square lattice. It has been shown in the iron
pnictides that electron doping by Fe-to-Co substitution leads
to superconductivity.'®"” In addition, knowing that application
of pressure to SrFeO, induces three simultaneous transitions, i.e.,
a spin state transition from a high-spin (S = 2) to an intermediate-
spin (S = 1) state, an insulator-to-metal transition, and an
antiferromagnetic-to-ferromagnetic transition,”® the Mn”>" (d°)
and Co*" (d”) substitution at the Fe*" (d°) site in StFeO, may
correspond, respectively, to hole and electron doping, giving rise
to potential novel magnetic and transport properties.

2. EXPERIMENTAL SECTION

Precursors Sr(Fe;_,Mn,)O; and Sr(Fe;_,Co,)O; (x = 0.1, 0.2,
0.3, 0.4) were prepared using high-temperature solid state reactions
from SrCO3 (99.99%), Fe,03 (99.99%), Mn304 (99.99%), and Co30,4
(99.99%) purchased from Rare Metallic Ltd. The appropriate mixture of
the starting regents was ground thoroughly, pelletized, and preheated at
1000 °C for 24 h. After being reground and pelletized, the pellets were
heated again at 1200 °C for 24 h. The reduction of Sr(Fe, _,M,)O3 was
carried out using two molar excess of CaH,. The mixture was ground and
pelletized in an Ar-filled glovebox and was sealed in an evacuated Pyrex
tube (volume 15 cm®) with a residual pressure of less than 1.3 x 10~°
MPa. The samples were reacted at 250 °C for 24 h. After the hydride
reduction process, residual CaH, and CaO byproduct were removed
from the products by washing them with 0.1 M of NH,Cl in dried
methanol solution. The obtained compounds are all black and insulating.

The X-ray diffraction data were collected on Mac Science MXP18
diffractometer equipped with a graphite monochromator and a Cu K,
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Figure 2. RT powder XRD patterns of the products after the low-
temperature reduction of Sr(Fe; ,M,)0, (M = Co, Mn;
x=00.1,02, 0.3, 0.4). Impurity peaks in x = 0.4 (Co) are indicated
by an asterisk (*). The perovskite-based framework is completely
decomposed for x = 0.4 (Mn).

source (1.5406 A). The powder synchrotron X-ray diffraction experi-
ments on Sr(Fe, Mn,)O, (x=0.1,0.2,0.3) were performed at RT on
the large Debye—Scherrer camera installed at the source of BL02B2 in
the Synchrotron Radiation Research Institute SPring-8 in Japan. We
used an imaging plate as a detector. The incident beam from a bending
magnet was monochromatized to 0.7749 A. The sample powder was
sealed in a Pyrex capillary with an inner diameter of 0.1 mm. The
synchrotron data were collected on a 26 range from 0° to 75° with an
interval step of 0.01°. Unfortunately, we could not obtain the synchro-
tron X-ray diffraction data on the Co-substituted samples because of the
limited beam time and the instability of the substituted samples, which
are air sensitive. We also observed that they tend to decompose with
time even in the argon-filled glovebox.

Powder neutron diffraction experiments on Sr(Fe; _,M,)O3 (M =
Co, Mn; x=0.1,0.2,0.3) were carried out at RT on the Kinken powder
diffractometer for high-efficiency and high-resolution measurements
with multicounters, HERMES, of the Institute for Materials Research
(IMR), Tohoku University, installed at the guide hall of the JRR-3
reactor in the Japan Atomic Energy Agency (JAEA), Tokai”' The
incident neutron with a wavelength of 1.8204 A was
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Figure 3. Unit cell parameters of Sr(Fe; ,M,)O, (M = Co (circles),
Mn (squares); x = 0,° 0.1, 0.2, 0.3) at RT.

monochromatized by the 331 reflection of a Ge crystal. The 12/-blank-
sample-18’ collimation was employed. A polycrystalline sample of
about 4 g mass was placed into a vanadium cylinder. For the sake of
comparison, the end phase SrFeO, was also measured. Data was
collected with the step-scan procedure using 150 neutron detectors in
a 26 range from 3° to 153° with a step width of 0.1°. Due to the air
sensitivity of the sample, the neutron diffraction pattern for SrFe .
Co(30, has a higher background (~1000 counts) than the others
(~250 counts). In addition, the background intensity becomes higher
atlower angles, which is possibly due to the presence of moisture. This
background causes relatively high errors of the thermal parameters in
the Rietveld refinement.

The obtained synchrotron XRD and neutron data were analyzed by
the Rietveld method using JANA2006** and the RIETAN-FP
program.”® The agreement indices used were R-weighted pattern, Ry, =
[Zwi(ym - yic)z/zwi(yio)z]l/zl R pattern, R, = 2|}’io - )’ic|/z(y1'o)’ and
goodness of fit (GOF), ¥y = [RWP/RQXP]Z, where Ry, = [(N — P)/
Zwiyioz] o 2 ¥io and y;. are the observed and calculated intensities, w; is the
weighting factor, N is the total number of y,, data when the background
is refined, and P is the number of adjusted parameters.

*7Fe Mossbauer spectroscopy measurements were carried out at
RT. The data were collected in transmission geometry using an >’ Fe
y-ray source in combination with a constant-acceleration spectro-
meter. The source velocity was calibrated using 0.-Fe. The obtained
spectra were fitted with the Lorentzian function programmed by
Prof. N. Hosoito.

B RESULTS AND DISCUSSION

The purity of the Sr(Fe; _,M,)O;_, (x=0.1,0.2,0.3 and 0.4)
precursors was confirmed by laboratory X-ray diffraction. For
each solid solution, all diffraction peaks were indexed in a
(pseudo) cubic unit cell, consistent with the reported data****
(see Figure S1, Supporting Information). No impurity phase was
detected within the accuracy of our experiment. As shown in
Figure 2, the laboratory X-ray diffraction patterns of both Mn and

Mn: x=01

4

Intensity (x10 counts)

i

[ [ [ i 1 L e L L VR O L1
L

TR ST A R ST H

5 10 15 20 25 30 35 40 45 50 55 60 65

20 (Degree)

251 Mn:x=02

201

3

Intensity (x10™ counts)

5k
e

[ | L T T T 1y Y I

1
4 $
L PR PR L L L ) L L

5 10 15 20 25 30 35 40 45 50 55 60 65

20 (Degree)

20F Mn:x=03

3

Intensity (x10" counts)

I | i LI A S TR VRO IR LU UAO IR NN TR R IR IR LR LTI T T
[ I I L I T L A LV I A 1}

1

I
3 ~ .
Ml MU A I 1 1 1 1 1 1 1 1

5 10 15 20 25 30 35 40 45 50 55 60 6
26 (Degree)

Figure 4. Observed (crosses), calculated (lines), and difference plots
from the structural refinement of the powder synchrotron XRD data for
Sr(Fe;_,Mn,)O, (x=0.1,0.2,0.3). The ticks represent the positions of
the calculated Bragg reflections. The lower ticks for x = 0.3 (Mn)
represent the positions of the calculated Bragg reflections of the
brownmillerite-type SrFeO, s structure.

Co systems (x = 0.1, 0.2 and 0.3) after CaH, reduction were
readily indexed in a tetragonal unit cell. Lattice parameters
calculated by the least-squares fitting of selected peaks are plotted
as a function of x in Figure 3, together with the data for SrFeO,
(x=0).® For each solid solution system, the linear dependence of
the lattice parameters, i.e., Vegard’s law, can be seen in this
concentration range, suggesting successful synthesis of the solid
solution. However, the x = 0.4 specimen contained, together with
the IL phase for M = Co, a large amount of impurity phases that
could not be indexed. Thus, the solubility limit for both solid
solutions should be x 2 0.3.
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A marked difference exists between the two solid solutions
(see Figure 3): the concentration dependence of the volume is
opposite in its sign, namely, negative and positive for M = Co and
Mn, respectively, and the ratio |dV/dx]| is greater for M = Mn
than for Co. The behavior in the Co case can be understood in
terms of the difference in the ionic radius between Fe*" (0.64 A)
and Co”" (0.58 A) in a high-spin state.”® However, interpreta-

Table 1. Synchrotron XRD Rietveld Refinement for Sr-
(Fe;_,Mn,)O, (x = 0.1, 0.2, 0.3)

x in Sr(Fe,_,Mn,)O,

0.1 0.2 0.3
a(A) 3.9947(3) 3.9990(4) 4.0083(8)
c(A) 3.4878(2) 3.4611(2) 3.4490(2)
Bin Sr (A?) 0.71(3) 0.42(1) 0.45(3)
Bin M (A?) 0.11(3) 0.32(1) 0.47(4)
Bin O (A% 0.96(7) 0.46(3) 0.90(9)
R (%) 9.51 6.61 9.52
R, (%) 5.84 4.78 627
Ve 4.32 1.83 4.72

¢ All refinements were performed using the ideal IL structure, P4/mmm
space group with Sr on 1d (1/2,1/2,1/2), (Fe;_Mn,) on 1a (0, 0, 0),
and O on 2f (1/2, 0, 0).

tion of the behavior in the Mn case is not at all straightforward
given the similar ionic radii of Mn®>" (0.66 A) and Fe>".*°
Furthermore, the composition dependence of lattice parameters
is anisotropic in M = Mn: the in-plane length increases, while the
out-of-plane length decreases. At this stage, we do not have any
explicit explanation of the anisotropic lattice evolution, but these
anomalous behaviors tell us the necessity to consider a model
beyond the simple hard-sphere model.

The high-resolution synchrotron X-ray diffraction patterns for
Sr(Fe,_,Mn,)O, (x = 0.1—0.3) can also be indexed in a
tetragonal unit cell. A brownmillerite-type (StFeO,s) phase
and an unknown impurity were detected as a minor impurity
for x = 0.3 and 0.2, respectively, but additional peaks originating
from superstructure peaks as observed in CaFeO, could not be
detected.”” The peak widths of the target phase do not differ from
the nonsubstituted SrFeO, sample, demonstrating that the
crystallinity of the B-site-substituted samples is as good as that
of SrFeQ,. Rietveld structural refinement of Sr(Fe,_,Mn,)O,
(x=0.1—0.3) was performed using the ideal IL structure with the
space group P4/mmm as a starting model. For x = 0.3, the
brownmillerite-type phase was introduced as the secondary
phase. The Fe and Mn atoms were distributed randomly, and
thermal parameters of all atoms are allowed to vary. The
refinement converged rapidly, yielding reasonable thermal para-
meters. Figure 4 represents the typical results of the refinement,
and Table 1 summarizes the details of refined parameters.

r——rrr7rrr-TT T Tt

LI SN N B R S B R —

g6 . () Co:x=01-1 £ (dMn:x=0.1 T
2.0 i )
o 4 4
S L . ]l =
X X
vz_ - S~
el :
2 ii 14 z
gOoF T T T 8
= ' [ [l [ R " ' =
= ——J-~——~’—-¢—F—v~—r——,l—‘ A =
Il L | 1 | L l'l | L 1 L
20 40 60 80 100 120 140 20 40 60 80 100 120 140
20 (degrees) 20 (degrees)
5 L L L L (S o B B L L L
w81 by Cox=02 ] (©)Mn:x=02 ]
Sof ]
S4L ] =
x L 4z
Bof 1z
- .
| | ! l ) | L | L | 1 l L
20 40 60 80 100 120 140 20 40 60 80 100 120 140
26 (degrees) 26 (degrees)
3 S s A L L L s [ s L L
*‘é L () Co:x=03 | g () Mn: x=0.3
84t | g
s | : | =
z2f } l J l 4
z L aidat =
= Yoot e . k=
Y ALy T -
| ! | ! | ! | ! | ! | L
20 40 60 80 100 120 140 20 40 60 80 100 120 140

26 (degrees)

26 (degrees)

Figure S. Observed (crosses), calculated (lines), and difference plots from the structural refinement of the powder neutron data for (left)
Sr(Fe;_,Co,)O, (x = 0.1, 0.2, 0.3) and (right) Sr(Fe,_,Mn,)O, (x = 0.1, 0.2, 0.3). The upper and lower ticks represent the positions of the

calculated chemical and magnetic Bragg reflections (except x = 0.3, Mn).
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Table 2. Neutron Rietveld Refinement for Sr(Fe,..M,)O,
(M = Co, Mn; x = 0.1, 0.2, 0.3)

x in Sr(Fe;_,Co,)O, x in Sr(Fe;_,Mn,)O,

0.1 0.2 0.3 0.1 0.2 0.3
a (A) 3.9797(3) 3.9794(2) 3.9764(3) 3.9928(2) 4.0005(2) 4.0055(1)
c(A) 3.4653(2) 3.4643(1) 3.4648(2) 3.4609(1) 3.4548(1) 3.4553(1)

BinSr(A%) 045(6) 042(5) 03(6) 041(5) 050(5) 042(7)
Bin M (A*) 04(3) 04(2) 04(7) 038(4) 040(4) 021(6)
Bin O (A*) 075(5) 078(4) 09(10) 0.74(4) 0.82(4) 091(5)

moment (ug) 3.1 3.0 2.7 3.0 1.9 0

R,y (%) 8.24 7.09 4.03 8.29 7.68 9.11
R, (%) 645 5.56 320 6.38 5.82 7.01
x 2.69 2.64 1.66 2.67 2.13 3.37

¢ All refinements were performed using the ideal IL structure, P4/mmm
space group with Sr on 1d (1/2,1/2,1/2), (Fe, . M,) on 1a (0, 0, 0), and
O on2f(1/2,0,0).
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Figure 6. B-site BVS (upper) and Sr BVS (lower) as a function of x. We
assumed r(B) = (1 — x)ro(Fe) + arg(M), where ro(Fe) = 1.734 A,
10(Co) = 1.692 A, and ro(Mn) = 1.790 A.>* Squares and circles denote,
respectively, the Mn system and Co system. Tabulated values corre-
sponding to high-spin Fe, Co, and Mn were employed.** The lines are
the guides to the eyes.

Neutron diffraction revealed the nuclear and magnetic struc-
tures. As shown in Figure S, additional peaks to those originating
from the nuclear structure as described above were indexed
(except for x = 0.3; M = Mn) using an enlarged tetragonal unit
cell related to the synchrotron X-ray cell by v/2a x /2a X 2c.
They could be naturally ascribed to the G-type antiferromagnetic
order which was already found in the nonsubstituted SrEeO,.*
The neutron Rietveld refinement for all profiles was also con-
verged immediately when the IL structure was assumed. When
the site occupancy factor for the oxygen atom is allowed to vary, it
scarcely changed, indicating a stoichiometric oxygen content
of 2. We thus confirm that Sr(Fe, ,M,)O, (x < 0.3) crystallizes
in the ideal IL structure. The results of Rietveld structural
refinement of the neutron diffraction data are represented in
Figure S, and full details of the refined parameters are provided in
Table 2.

The bond valence sum (BVS) calculations*® were performed
for Sr and the B site, and the results are shown in Figure 6. The Sr
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Figure 7. x dependence of the (1/2 1/2 1/2) magnetic reflection
Sr(Fe;_.M,)O, (M = Co (circles) and Mn (squares)) at RT.

BVS increases (decreases) only slightly with Mn (Co) substitu-
tion. The BVS at the B site for M = Mn decreases rapidly with x,
deviating from the formal valence of 4-2. The BVS at the B site for
M = Co also decreases with x, which appears to contradict the
reduced in-plane lattice but is in fact originating from the
difference in the empirically determined parameter ry between
Co (ro(Co) = 1.692 A) and Fe (ro(Fe) = 1.734 A).*® The
difference of r, between Fe and Mn is —0.056 A (ro(Mn) =
1.790 A), which is greater in magnitude than that between Fe and
Co (0.042 A). This can essentially explain the a-axis expansion
for the Mn solid solution. Here, the orbital occupancy might
contribute to the considerable contraction of the ¢ axis for Mn.
First-principles calculations of SrFeO, performed by several
independent groups demonstrated that the sixth down-spin
electron occupies the 2> orbital, providing the 3d electronic
configurations of (dzz)z(dxz,d},z)z(dxy)l(d,cz_yz)l.u’14 Such elec-
tronic configurations result from electrostatic and hybridization
effects. This double occuzpation of the z* orbital would be partially
removed by replacing Fe” " with Mn>" with one less d electron, i.e.
(d,) 1(dx‘,‘,dyz)z(dxy) ! (dx27y2) ! 'We propose that the depopulation
of the d, orbital can reduce the repulsion between the out-of-plane
orbitals and allow contraction of the ¢ axis.

Let us move onto the discussion of the magnetic properties.
Figure 7 shows the concentration dependence of the (1/2 1/2
1/2) magnetic reflection. Here the intensity was normalized by
the (1 1 0) nuclear reflection. One can see for M = Co that the
intensity of the magnetic reflection decreases only slightly with
x. In contrast, in the case of Mn the magnetic reflection
decreases drastically and disappears at x = 0.3. This result
indicates a significant reduction of Ty with x and that x = 0.3
(Mn) is in a paramagnetic state at RT. The magnetic moment
of the iron in SrFeO, at RT is 3.1 uy (x = 0) and aligns
perpendicular to the ¢ axis.® We assumed the same alignment of
the magnetic moment and estimated the averaged magnetic
moment of the B site as 3.1 g (x = 0.1), 3.0 g (x = 0.2), and
2.7 ug (x=0.3) for Coand 3.0 g (x =0.1) and 1.9 u (x=0.2)
for Mn. Note that it is difficult to judge whether Co** and
Mn”" ions take a high- or low-spin state solely from the RT
neutron data. However, the nearly invariant magnetic moment
observed for the Co solid solution implies a high-spin state

(S=3/2).
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Figure 8. (a) $7Fe Méssbauer spectra of Sr(Fe; ,Co,)0, (x = 0°0.1,
0.2,0.3) at RT. Circles are the experimental data. The data were fitted by
a sextet originating from the IL phase and a doublet originating from the
Fe®*-containing amorphous impurity. The corresponding subspectrum
was given by the broken line, and the total fit was given by the solid line.
(b) Distribution of the hyperfine field HF. The relative area is plotted
with an interval of 1 T.

All Mossbauer spectra for M = Co at RT (Figure 8a) have a
well developed sextet indicative of long-range magnetic order.
The separation of the sextet decreases very slowly and propor-
tionally with x, indicating a slight reduction in Ty, which is in
accordance with the neutron diffraction results. Note that each
spectrum contains a small amount of doublet component, which
can be attributed to a Fe’'-containing amorphous impurity
formed during the hydride reduction, as also reported in (Sr,
Ca)Fe0," and (Sr,Ba)FeO,."" Thus, in the following we will
focus on the sextet part, intrinsic to the infinite layer phase. The
sextet spectra were fitted using HF, quadrupole splitting QS
(which should be derived from S; — S, in Figure 8a), and isomer
shift IS as adjustable parameters. This initial fitting revealed that
IS and QS are nearly unchanged with x. However, the spectrum
peaks of the substituted samples, especially the two outer lines,
show a broadening compared to the rest of spectra, meaning a
small distribution of HF caused by the random substitution of
foreign Co ions on the iron site. Accordingly, the fitting of each
spectrum was performed allowing a distribution of HF to vary
while maintaining QS and IS. To be more explicit, each magnetic
spectrum was analyzed as a superposition of sextets having an
intensity ratio of 3:2:1:1:2:3 with the full width at half-maximum
0f0.27 mm/s but with a different HF. The Mossbauer parameters
were given in Table 3, and the obtained distribution of HF is
plotted in Figure 8b. It can be seen that the average value of HF
for Sr(Fey7Cog3)0, is slightly decreased to 35.2 T from 40.2 T
in SrFeO,. Since CaFeO, with Ty = 420 K has HF = 34.7 T at
RT,">* it is likely that the Ty of Sr(Feo,Coq3)O, has a higher

Table 3. Mossbauer Parameters for Sr(Fe,_,M,)O, (M = Co,
Mn; x = 0.1, 0.2, 0.3) at Room Temperature

M x IS (mms ™) HF (T) QS (mms ") area (%)
0° 0.498 40.2 1.16¢ 100
Co 0.1 0.494 39.0 ¢ 1.10¢ 100
0.2 0.499 387 1.14¢ 100
03 0.484 352° 1.12°¢ 100
Mn 0.1 0.500 330 1.12°¢ 100
0.2 0.561 26.1°¢ 1.32°¢ 77
0.500 0 1.22 23
0.3 0.467 0 1.29° 100

“ Averaged value. *From ref 8.€S, — S,.

Ty than CaFeO,, namely, the reduction of T with respect to
SrFeO, would be no more than 50 K. The IS and QS values do
not show considerable change with x due to preservation of the
local environment of iron against substitution.

On the other hand, the Fe-to-Mn substitution influences the
Mossbauer spectrum to a greater extent (Figure 9a). For
example, the HF of Sr(FeooMng;)O at RT is around 33 T,
which is much smaller than that of Sr(Fey ¢Cog ;) O, and is rather
close to the average value of 35.2 T in Sr(Fe,,Cog3)O,. More-
over, Sr(FegoMny ;)O, has a more prominent distribution of HF
than Sr(Fey,Cog3)O,. The x = 0.2 (Mn) spectrum is comprised
of two subspectra, a sharp doublet and a much broadened sextet.
The x = 0.3 spectrum consists only of a doublet, consistent with
the neutron diffraction data showing a paramagnetic state. The
Mn spectra were also fitted introducing a distribution of HF (see
Figure 9b). We would like to stress that the larger distribution of
HF is not simply due to poor crystallinity but due to competing
ferro- and antiferromagnetic interactions, because XRD and
neutron diffraction for both Co and Mn systems showed equally
sharp peaks. The calculated IS and QS values do not change with
x, like in the Co-substituted samples, which clearly indicates that
the (Fe,Mn)O, square planar coordination is preserved as shown
by structural analysis.

The coexistence of a doublet and sextet in the x = 0.2 (Mn)
spectrum at RT implies the presence of magnetically ordered and
disordered phases. It was already argued that all samples are
homogeneous in terms of the crystal structure within the
resolution of the synchrotron X-ray. It should be noted that
Mossbauer spectra of low-dimensional magnets have a tendency
to show the coexistence of a doublet and sextet in the vicinity of a
transition temperature,29 which could be due to local concentra-
tion inhomogeneities, local strain, and so on. The present Mn
solid solution has an inevitable concentration inhomogeneities.
In particular, in the presence of frustration, as is the case with the
Mn system, this local inhomogeneity, even if it is tiny, could have
a significant influence on the magnetic properties.

From the neutron and Mossbauer experiments, we demon-
strated that Mn substitution at the iron site significantly desta-
bilizes the G-type magnetic order. Destabilization of the G-type
order should arise from competing magnetic interactions that do
not exist in the pure phase SrFeO,. First-principles calculations
on SrFeO, showed that Jg. o g and Jg._g. are both antiferro-
magnetic (~ 3 and ~1 meV, respectively),"”'* and recent
inelastic neutron scattering experiments obtained a good quan-
titative agreement.30 The Goodenough—Kanamori rule states,
when M and M’ are in the high-spin d® and d° states, that the

3993 dx.doi.org/10.1021/ic102467u |Inorg. Chem. 2011, 50, 3988-3995



Inorganic Chemistry

Intensity / arb. unit

%] E @
o o o
|

Relative ratio / %

HFIT

Figure 9. (a) *’Fe Mdssbauer spectra of Sr(Fe;_,Mn,)O, (x=0,°0.1,
0.2,0.3) at RT. Circles are the experimental data. Each subspectrum was
given by the broken line, and the total fit was given by the solid line. (b)
Distribution of the hyperfine field HF.

180° M—O—M’ superexchange interaction is antiferromagnetic.
Accordingly, the 180° Fe’T—O—Mn*" in the plane Jre—0— M
must be antiferromagnetic.

The Goodenough—Kanamori rule also states that the M—M’
direct exchange interaction (Jg. ) can be either antiferromag-
netic or ferromagnetic depending on subtle structural
differences.®" It is thus difficult to know the sign of the direct
exchange between the out-of-plane Fe’" and Mn*™, JEe—Mw
solely from the structural data. However, the significant destabi-
lization of the G-type magnetic order strongly suggests that
Jre—mn is ferromagnetic and competes strongly with the anti-
ferromagnetic Jg. g It follows that a further substitution (if
possible) would result in a phase transition to a (7, 77, 0) type
spin structure. Although the present study shows that the
solubility limit is 30%, the solubility range may be expanded by
modifying synthetic conditions (e.g, by using other metal
hydrides such as LiH and NaH), which is in progress. It is also
crucial to perform Mossbauer and neutron diffraction experi-
ments on the Mn-substituted solid solution as a function of
temperature, for example, a new magnetic structure might be
observed in the x = 0.2 sample at lower temperature.

Bl CONCLUSION

We showed that the B-site substitution in the IL structure
SrFe** 0, is tolerable up to 30% for both Co>* and Mn®>". For
the Fe—Co solid solution, a linear and slow decrease of the in-
plane and out-of-plane cell parameters is observed, which is
explained on the basis of the ionic radii of the B-site cations, Fe* "
and Co”". Co substitution has only small effect on the magnetic

properties. For the Fe—Mn solid solution, the lattice evolution is
linear but quite anisotropic featured by the increase of the a axis
and the decrease of the ¢ axis. Mn substitution results in a
significant reduction of the Néel temperature, indicating the
presence of ferromagnetic and antiferromagnetic interactions.
Although B-site substitution with different numbers of d elec-
trons failed to induce a metallicity, external stimuli such as light,
pressure, and magnetic fields may offer a chance to change the
electromagnetic properties of the Fe—Co and Fe—Mn solid
solutions. In particular, high-pressure study is interesting because
the nonsubstituted SrFeO, shows the spin-state transition, the
insulator-to-metal transition, and the antiferromagnetic-to-ferro-
magnetic transitions at 33 GPa.”® These transitions and critical
pressure could be influence by B-site substitution, which will be
reported in the future.
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