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Ferromagnetism Induced by Substitution of the Iron(IV) Ion by an
Unusual High-Valence Nickel(IV) Ion in Antiferromagnetic SrFeQO;

Hayato Seki, Yoshiteru Hosaka, Takashi Saito, Masaichiro Mizumaki, and Yuichi Shimakawa*

Abstract: Novel cubic perovskites SrFe; Ni,O; (0<x<0.5)
with unusual high-valence iron(IV) and nickel(IV) ions were
obtained by high-pressure and high-temperature synthesis.
Substantial magnetic moments of Ni'', which is intrinsically
nonmagnetic with a nominal d° electron configuration, were
induced by the large magnetic moments of Fe' through orbital
hybridization with oxygen. As a result, ferromagnetism with
the transition temperature (T.) above room temperature could
be induced.

l n addition to the usual valence states of 3d transition-metal
cations in oxides, such as Fe'/Fe" for Fe and Ni' for Ni,
unusual high-valence states, such as Fe'¥ and Ni'V, can be
stabilized in a strongly oxidizing atmosphere.*! Tron(IV) is
stabilized in the cubic perovskite SrFeOs, which is synthesized
at high pressure and temperature.”) The iron(IV) ion in the
perovskite, having a nominal d* electron configuration in the
corner-sharing FeO,4 octahedron, has a spin of §=2, and at
low temperatures the compound shows a helical magnetism as
a result of competing ferromagnetic and antiferromagnetic
interactions between the spins.”*¥ Ni'¥, on the other hand, is
stabilized in hexagonal perovskites such as SrNiO; and
BaNiOj; and is expected to have a low spin state (S =0).’!
Indeed, BaNiO; is nonmagnetic.'*'? As reported herein,
upon preparation of a solid solution of SrFeO; and SrNiO;,
we found that Ni'V is stabilized in the SrFeOj-type cubic
perovskite Sr(Fe',_Ni",)O, with x up to 0.5. Interestingly,
the substitution of Fe' ions by Ni' ions in the helical
antiferromagnetic SrFeO; induces ferromagnetism with
a transition temperature (7,) higher than room temperature.

Solid-solution samples of Sr(Fe, ,Ni,)O; were obtained
by synthesis under high-pressure (10-15 GPa) and high-
temperature (1273 K) conditions with KCIO, as the oxidizing
agent. Although very small amounts of NiO are detected in
the powder X-ray diffraction (XRD) patterns, the obtained
compounds with x <0.5 are found to crystalize with a cubic
Pm3m perovskite structure with the general formula ABO;
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(see the XRD patterns recorded under ambient conditions in
Figure S1 in the Supporting Information). As shown in
Figure 1, the lattice parameter decreases linearly with
increases in the amount of Ni, also confirming the successful
substitution of Fe by Ni in the perovskite. Rietveld structure
refinements with synchrotron XRD data confirm that the
oxygen sites are fully occupied (a typical refinement result for
the x =0.4 compound is presented in Figure S2 and Table S1),
giving the nominal composition of Sr(Fe, ,Ni,)O; with an
average valence of 4 + for the B site cations.
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Figure 1. Composition dependence of the cubic lattice parameter of
Sr(Fe,_,Ni,)O;. The experimental error for each value is smaller than
the size of the red data points. The blue line is a linear fit following
Vegard's law.

The temperature dependence of the magnetic suscepti-
bility of Sr(Fe,_,Ni,)O; (0<x<0.5) is shown Figure 2. As
reported previously, StFeO; (x=0) shows an antiferromag-
netic-like transition at 135 K.! The behaviors of the samples
with x =0.1 and 0.2 are similar to that of SrFeO;. On the other
hand, large increases in magnetization with decreasing
temperature are detected for the samples with x=0.4 and
0.5. Field dependence of the magnetic moment at 5K
(Figure 3) confirmed the ferromagnetic-like behaviors for
the x=0.4 and 0.5 samples with saturation magnetizations
2.38 and 1.80 yy f.u.™!, respectively. Importantly, the magnetic
transition temperatures of those samples are higher than
room temperature (see Figure S3 for M-H data at room
temperature).

The substitution of Fe by Ni in the antiferromagnetic
SrFeO; thus induces ferromagnetism with a transition tem-
perature higher than room temperature. If Ni'¥ has an §=0
low-spin state like that of the Ni'V in BaNiO,, the results
suggest that the ferromagnetism is induced by introducing
nonmagnetic Ni'V ions into the helical antiferromagnetic Fe'"
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Figure 2. Temperature (T) dependence of magnetic susceptibility
(MH™") for Sr(Fe;_,Ni,)O; measured at 10 kOe upon heating after
zero-field cooling.
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Figure 3. Magnetic field (H) dependence of magnetic moment (M) at
5 K for Sr(Fe,_,Ni,)O;.

spin sublattice. To verify this hypothetical model, valence and
magnetic states of cations were examined in detail. Figure 4
shows the *'Fe Maossbauer spectroscopy results for
SrFe sNi, sO; obtained at 5 and 300 K (see Table S2 for the
fitting parameters). The spectrum at 5 K consists of a single
component with an isomer shift (IS) of 0.090(8) mms'
relative to a-Fe and a hyperfine field (HF) of 293.8(4) kOe.
These values are close to those for other Fe'Y-containing
perovskites, such as SrFeO,.”! We can thus conclude that the
valence state of the iron in the present Sr(Fe, Ni,)Oj is kept
at 4+ in the range of 0 <x <0.5. Since there is no oxygen
deficiency in the perovskite structure, the results also give the
unusually high-valence state of 4 4 for the substituting Ni ions
in the compounds. The spectrum at 300 K also confirms the
ferromagnetism of the iron(IV) ions. Although the spectrum
contains a Fe' paramagnetic component because the mea-
surement temperature is close to the magnetic transition
temperature, the major part, whose spectrum is considerably
broadened, consists of a Fe'” magnetic sextet with a reduced
HF of 191.5(4) kOe.

The element selective analysis of magnetic circular
dichroism (MCD) from X-ray absorption spectroscopy
(XAS) reveals the magnetic structure of the ferromagnetic
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Figure 4. *’Fe M&ssbauer spectra of SrFeysNigsO; recorded at a) 5 K
and b) 300 K. The dots and solid lines, respectively, represent the
measured experimental data and the Lorentzian fits.

Sr(Fe,_Ni,)O;. The XAS-MCD spectra for the x=0.4
sample at 20 K, which is below the magnetic transition
temperature, are shown in Figure 5. Contrary to our spec-

0.8 1 | |
0.6
0.4
0.2
0.0 1
> 92
£ 1%
g 700 g
E 0 8 1 1 1 £
2 0.6 3
X 0.4 s
0.2 o
0.0 .
0.0
AvEl MCD .01
850 860 870 880

Energy / eV —»

Figure 5. XAS spectra obtained using parallel (/,; red curve) and
antiparallel (I_; blue) photon spins for SrFe,¢Niy,O5 a) near the Fe L;
and L, edges and b) Ni L; and L, edges. The MCD intensities, defined
as the difference between the two absorption spectra, are shown at the
bottom as green traces.

ulation of nonmagnetic (S = 0) Ni' ions, MCD intensities are
evidently observed at NiL; and L,edges, indicating the
magnetic moments at the Ni'V site. The MCD intensities at the
L; and L, edges, respectively, for both Fe and Ni are negative
and positive. The signs of the MCD intensities at the Fe L
edges, being the same as the signs of the intensities at the Ni L
edges, indicate that the Bsite Fe and Ni spins couple
ferromagnetically. The spin moments obtained from the
XAS-MCD intensities by using magneto-optical sum
rules!™ ™) are 3.69(7) ug for Fe and 1.26(4) ug for Ni. The
ferromagnetic structure with those Fe and Ni spins gives the
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magnetization of 2.71(5) ug f.u.™! for the sample with x =0.4,
which agrees well with the detected saturation moments,
2.38 up fu. ' at SK.

The magnetic structure of SrFe ¢Ni,,O; was also analyzed
using neutron powder diffraction data. The powder diffrac-
tion pattern at 100 K and the result of Rietveld fitting are
shown in Figure 6. The refined structure parameters are listed
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Figure 6. Neutron diffraction pattern of SrFey¢Ni,,O; at 100 K and the
result of Rietveld fitting. The red dots and a black solid line represent
the detected and calculated patterns, respectively. The differences
between the detected and calculated intensities (shown in blue) are
also plotted. Vertical marks below the profiles are Bragg reflection
positions for the crystal (red) and magnetic (green) structures of
SrFeoNip4O; and those for the NiO crystal structure (purple). A small
amount NiO impurity (5.6(2) %) was included in the refinement.

in Table S3. No order of Fe and Ni ions was detected, and the
refined Fe/Ni occupation ratio (0.616(2)/0.384(2)) confirmed
the random distribution of those ions at the B site. In addition
to the nuclear reflections from the Pm3m crystal structure,
magnetic intensities are apparently superimposed. No addi-
tional superstructure magnetic reflections appeared, indicat-
ing that the magnetic unit cell is the same as the crystal unit
cell. The magnetic structure analysis revealed the ferromag-
netic arrangement of the B site spins and gave a refined
magnetic moment of 2.60(9) pg, which is consistent with the
spin moments obtained from the XAS-MCD and the
saturation magnetization.

The above results clearly show that the Ni' ions in
Sr(Fe,_Ni,)O; have magnetic moments, contrary to the
expectation of a nonmagnetic low spin state (tzgﬁ, §=0) in
an octahedral crystal field. The results also demonstrate that
the substitution of Fe' by Ni'¥ in the antiferromagnetic cubic
perovskite SrFeO; induces ferromagnetism with a magnetic
transition temperature above room temperature. It is difficult
to describe a simple electronic structure of Ni'V with
a nominally d° electron configuration, given the magnetic
moment of 1.2 py for Ni detected by XAS-MCD. In the
present Sr(Fe,_,Ni,)O;, the low-lying 3d orbitals of the
unusual high-valence Fe' and Ni'¥ ions are expected to be
strongly hybridized with the oxygen 2p orbitals, producing
partially filled e, and t,, orbitals for the Ni" ions. The large
magnetic moment of the Fe ion thus induces the substantial
moment at the Ni site through the orbital hybridization, and
a double-exchange-like interaction can mediate the ferro-
magnetism of Fe'¥ and Ni'"". Reducing the B—O bond lengths
by substituting the smaller Ni'V ion for Fe'¥ also facilitates the
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ferromagnetic interaction, as demonstrated by the ferromag-
netism detected in SrFeOs under high pressure.®

Note here that very recently Chen et al. computed the
hypothetical cubic perovskite SrNiO; by a first-principles
method and found that the ground state of SrNiO; is
ferromagnetic.!'””! Interestingly, they claimed that the Ni'V
magnetic moment of 0.855-1.689 p; (depending on the on-
site Coulomb interaction U=3.0-11.0 eV) is induced. Con-
sidering a typical U value of 5.0 eV for 3d transition-metal
oxides, the predicted value (1.170 pg) is quite comparable to
the value (1.26(4) pg) experimentally obtained herein by the
XAS-MCD measurements. Although the cubic SrNi'VO;
perovskite could not be synthesized and a mixture of
Sr;Fe,0, and NiO was obtained in our present experiments,
the orbital hybridization and the large on-site Coulomb
interaction should play important role in inducing the
ferromagnetism of the Ni'V site. With the substantial magnetic
moment at the Ni'V site, the magnetic interactions in
Sr(Fe,_,Ni,)O; are similar to those in Sr(Fe,_,Co,)O;, where
Co" (ty'e,', $=3) spins mediate the ferromagnetic spin
alignment in Sr(Fe,_,Co,)0:."®%! An important difference
between the present compounds Sr(Fe, ,Ni,)O; and the
previously reported compounds Sr(Fe,_,Co,)O; is that Ni'
with the oxygen octahedral coordination is intrinsically
nonmagnetic and that the magnetic moments of Ni'¥ are
induced by the near-neighbor Fe™ magnetic moments
through strong orbital hybridization. Note that the unusual
high-valence states of Fe' and Ni'¥ remain down to low
temperature and no anomalies resulting from charge dispro-
portionation and charge transfer between Fe and Ni ions were
detected. As evidenced from the diffraction data, it is clear
that the cubic symmetry is maintained for the samples with
x<0.5. This cubic symmetry renders the B—O—B bonds
linear, holding the broad conduction bands in the electronic
structure, and making the metallic state stable.

In conclusion, novel cubic perovskites Sr(Fe, _ Ni,)O; with
unusual high-valence Fe' and Ni"¥ ions were obtained up to
x=0.5 by high-pressure and high-temperature synthesis.
Substantial magnetic moments of the Ni"ion, which is
intrinsically nonmagnetic with a nominal d® (§=0) electron
configuration, were induced by the large magnetic moments
of Fe'¥ through orbital hybridization with oxygen. As a result
of this orbital hybridization, ferromagnetism, with the tran-
sition temperature above room temperature, was achieved.

Experimental Section

Solid solutions of Sr(Fe,_Ni,)O; with x=0, 0.1, 0.2, 0.4, and 0.5 were
prepared by means of solid-state reactions. Stoichiometric amounts of
Fe,O; and NiO were mixed, ground in a ball mill, and calcined at
1273 K for 24 h in air. The obtained powders were then mixed with an
appropriate amount of SrO, (stored under an argon atmosphere) and
the oxidizing agent KCIO, (25 wt % ), sealed in platinum capsules, and
treated at 1273 K and either 10 GPa (x =0, 0.1, and 0.2) with a DIA-
type cubic anvil press or 15 GPa (x=0.4 and 0.5) with a 6-8 Kawai-
type high-pressure apparatus. Attempts to prepare compounds with
x > 0.6 were unsuccessful because of a solid solubility limit for Ni in
cubic SrFeO;. After the reaction, the residual KCIO, and KCI were
removed by washing in turn with distilled water and acetone.
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The obtained phases and the crystal structures were analyzed by
XRD with a Bruker D8 ADVANCE diffractometer and synchrotron
XRD. The room-temperature synchrotron XRD patterns produced at
a wavelength of 0.77425 A were collected with a large Debye—
Scherrer camera with an image plate at beamline BL02B2 in SPring-8.
Each sample was packed into a glass capillary (0.1 mm in diameter)
that was rotated during the measurement. The obtained diffraction
data were analyzed by the Rietveld method using the program
RIETAN-FP.?*! Magnetic properties of the samples were measured
using a SQUID magnetometer (MPMS, Quantum Design). The
sample was held in a nonmagnetic polypropylene straw and the
diamagnetic signal from the holder was negligibly small. Temperature
dependence of magnetic susceptibility was measured in a magnetic
field of 10 kOe upon heating after cooling in a zero field. Field
dependence of the magnetization was measured at several temper-
atures under fields ranging from —24 to 24kOe. As a large
ferromagnetic response was detected in the present experiment, the
intrinsic core diamagnetic contribution was not corrected.

The *"Fe Méssbauer spectrum at 5 K was obtained using a ’Co/
Rh radiation source. The velocity scale and the IS were determined by
using pure iron metal. The spectrum was fitted with Lorentzian
functions by a least-squares method. MCD spectra were obtained by
a total electron yield method in XAS experiments conducted at
beamline BL25SU in SPring-8. The powder sample was pasted
uniformly on a sample holder by using carbon tape. The spectra at
20 K were obtained using parallel (/,) and antiparallel (/_) photon
spins along the magnetization direction of the sample. A magnetic
field of 19 kOe was applied during the measurement. The boundaries
between L; and L, edges for Fe and Ni were set to 719 and 862 eV,
respectively, and the MCD intensity was defined as the difference
between the two absorption spectra (Iycp =1_—I,). The numbers of
holes for Fe and Ni were set to 6 and 4, respectively. The neutron
diffraction experiments for the magnetic structure analysis were
performed, with the time-of-flight method, at beamline WISH of ISIS
at RAL. The data were analyzed with the FullProf program.®!
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