Communication

J]OURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JACS

High-Temperature Ferrimagnetism Driven by Lattice Distortion in

Double Perovskite Ca,FeOsOgq

Hai L. Feng,*’dr’;t Masao Arai,® Yoshitaka Matsushita,II Yoshihiro Tsujimoto,™ Yanfeng Guo, "V
Clastin I Sathish,Jr’fF Xia Wang,T Ya-Hua Yuan,T’i Masahiko Tanaka,” and Kazunari Yamaura® ¥

TSuperconducting Properties Unit, National Institute for Materials Science, 1-1 Namiki, Tsukuba, Ibaraki 305-0044, Japan
*Graduate School of Chemical Sciences and Engineering, Hokkaido University, North 10 West 8, Kita-ku, Sapporo, Hokkaido

060-0810, Japan

§Computational Materials Science Center, National Institute for Materials Science, 1-1 Namiki, Tsukuba, Ibaraki 305-0044, Japan
IMaterials Analysis Station, National Institute for Materials Science, 1-2-1 Sengen, Tsukuba, Ibaraki 305-0047, Japan
Materials Processing Unit, National Institute for Materials Science, 1-2-1 Sengen, Tsukuba, Ibaraki 305-0047, Japan
#Synchrotron X-ray Station at SPring-8, National Institute for Materials Science, Kohto 1-1-1, Sayo-cho, Hyogo 679-5148, Japan

© Supporting Information

ABSTRACT: Sd and 3d hybrid solid-state oxide
Ca,FeOsOg crystallizes into an ordered double-perovskite
structure with a space group of P2,/n with high-pressures
and temperatures. Ca,FeOsOg presents a long-range
ferrimagnetic transition at a temperature of ~320 K (T)
and is not a band insulator, but is electrically insulating like
the recently discovered Sr,CrOsOg (T. ~725 K). The
electronic stat of Ca,FeOsOy is adjacent to a half-metallic
state as well as that of Sr,CrOsOg. In addition, the high-T,
ferrimagnetism was driven by lattice distortion, which was
observed for the first time among double-perovskite oxides
and represents complex interplays between spins and
orbitals. Unlike conventional ferrite and garnet, the
interplays likely play a pivotal role of the ferrimagnetism.
A new class of 5d—3d hybrid ferrimagnetic insulators with
high-T. is established to develop practically and scientifi-
cally useful spintronic materials.

olid-state perovskite oxides, with the general structure

ABO;, with unpaired d-electrons show scientifically and
practically useful electromagnetic properties such as ferromag-
netism, multiferroicity, and colossal magnetoresistance, depend-
ing on the combinations of A (alkali metal, alkali earth metal,
rare earth metal, or solution of those) and B (transition metal).
Most of the useful properties appear when B is a 3d element,
probably because unpaired 3d electrons strongly correlate with
each other or with oxygen 2p electrons in the perovskite
lattice." For example, the on-site Coulomb interaction U, which
roughly outlines the degree of electronic correlations is in the
range of 2—10 €V for 3d perovskite oxides,® while U of 5d
perovskite oxides is usually <~1 eV.>?

Recently, Sd(4d)—3d hybrid solid-state oxides have attracted
great attention due to the half-metallic (HM) nature found in
double perovskite oxides Sr,FeMoO,*® and Sr,FeReO, ~°
which exhibit spin-polarized transitions at temperatures greater
than 400 K. The double perovskite oxide is usually denoted as
A,BB’Og, where B and B’ atoms are ordered, doubling the unit
cell of ABO;. In the HM state, 3d—t,, and 5d(4d)—t,, electrons
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in the B and B’ sites, respectively, play a pivotal role in the
highly spin-polarized conduction, which was argued to result
from a generalized double exchange mechanism.'”'" The high
temperatures imply possible developments of novel spintronic
applications, which may work without cooling. Furthermore,
additional double perovskite oxides have been suggested to be
HM at room temperature.”'*">> Therefore, prospects for
spintronics applications are very high and enormous efforts
have been made not only to develop HM properties, but also to
explore novel Sd(4d)—3d hybrid properties.

The double perovskite oxide Sr,CrOsOg which was
synthesized in 2007, showed a ferrimagnetic (FIM) transition
at T, of ~725 K,** the highest reported T.. of the perovskite and
double perovskite oxides.'® However, the generalized double
exchange mechanism was unable to account for the 725 K
transition because Sr,CrOsOy is a multiorbital Mott insulator
and the FIM state is thus distinguishable from the HM state.”®
The high-T, FIM transition was novel; therefore, an additional
5d—3d hybrid high-T, FIM oxide was highly desired to
elucidate the mechanism of the high-T, transition.

Here we report a novel double perovskite oxide, Ca,FeOsOy,
synthesized using a high-temperature and pressure. It
crystallizes into a monoclinic double perovskite structure like
many double perovskite oxides. Notably, it shows an FIM
transition at a T of 320 K. It is not a band insulator, but is
highly insulating electrically. Thus, the explanation for the high-
T. FIM transition of Ca,FeOsOy is likely similar to that of
Sr,CrOsOq.

Polycrystalline Ca,FeOsO4 was synthesized by solid-state
reaction under high-pressure, and the final product was
characterized using synchrotron X-ray diffraction (SXRD; see
Supporting Information for details). The SXRD study
determined the crystal structure of Ca,FeOsO4 to be
monoclinic with a space group of P2,/n, as was reported for
many B-site ordered double perovskites.”**” The refined SXRD
patterns are shown in Figure 1. Generally in a double
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Figure 1. Rietveld refined SXRD profiles of Ca,FeOsOy. Inset (a) is a
crystallographic view along the [001] direction and (b) along the
[110] direction. The blue and brown octahedral represent FeO4 and
OsOg, respectively. The solid spheres represent Ca.

perovskite structure, the degree of the B-site order depends on
synthetic conditions ranging from 100% ordered (an ordered
rock-salt type) to 0% ordered (a disordered type). Thus, during
the refinements, Fe and Os ions were randomly mixed at the
same crystallographic site in a 1:1 molar ratio. However, we
were unable to reach a reasonable structure solution using these
conditions. Alternatively, Fe and Os could be assumed to
occupy independent sites. In subsequent refinements, the
displacement parameters were temporally fixed at 0.5 A% while
the occupancies were fixed. Finally, the analysis indicated that
Fe and Os atoms were ordered approximately 90% in the B-site.
The small imperfection may be related to the proximity of the
ionic radii of Fe>* (0.645 A) and Os** (0.575 A).***° The cell
parameters of Ca,FeOsO, were a = 5.3931(6) A, b = 5.5084(3)
A, c=7.6790(3) A, and 8 = 89.0211(49)°. The reliable indexes
were R, = 1.81% and R, = 2.95%.>° Details of the analysis are
summarized in Tables S1 and S2.

The average bond length of 0s*"—0 was ~1.956 A,
comparable to that of Os’*—O in other perovskite oxides
(1.946 A for NaOsO;>" and 1.960 A for La,NaOsOg).>* The
bond valence sum, calculated from the bond distances,*** was
3.00 for Fe and 4.74 for Os, indicating 3+ and 5+ valence states
of the atoms, respectively.”® Bond valence parameters rp,_q =
1.751, ro—0 = 1.868, and B 0.37 were used in the
estimation.

The average bond length of Fe’*—O (2.005 A) was
comparable or slightly larger than that of Ca,FeMoO4 (2.026
A) and Sr,FeOsO4 (1.938 A); hence, it is reasonable to
conclude that Fe®* of Ca,FeOsOy is in the high-spin state as
well as Fe** of Ca,FeMoO,>® and Sr,FeOsO,.*® Note that a
high-spin to low-spin state transition via intermediate-spin state
of Fe®* in octahedral environment usually occurs at extremely
high-pressure conditions far beyond 6 GPa.*”*® Comprehen-
sive high-pressure studies of Fe oxides also imply the high-spin
state for Fe** of Ca,FeOsO,.>">"

The crystal structure of Ca,FeOsOy is shown in Figure 1,
based on the experimental solution, showing that Fe and Os
ions alternate to occupy the octahedra like a checker board.
Bond angles of the interoctahedral Fe—O—Os are 151° and
154°, which are far from 180°, indicating significant buckling of
the octahedral connection. Insets a and b show alternate
rotations of the octahedra along and perpendicular to the ¢ axis,
respectively. The Glazer’s notation is aa”b*, where the
superscripts indicate that neighbor octahedra rotated in the
same (*) and opposite (7) direction.*® The degree of distortion
is clearly more enhanced than that of Sr,FeOsOg, where the
interoctahedral Fe—O—QOs are 180° and 165°.%°
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Isothermal magnetizations of Ca,FeOsOy at 2 and 300 K are
compared with those of Sr,FeOsOg4 in Figure 2. The
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Figure 2. Isothermal magnetizations of Ca,FeOsOy4 and Sr,FeOsO4.>¢
Upper and lower insets show temperature dependent magnetic
susceptibility and electrical resistivity of polycrystalline Ca,FeOsOy,
respectively.

spontaneous magnetization of Ca,FeOsO4 was 1.2 pp/fu. at
2 K (0.5 pp/fu. at 300 K). This was in large contrast to the near
zero magnetization of isoelectronic Sr,FeOsO4.>® The observed
magnetization was, however, much lower than the theoretical
sum of the spin only moment 8.0 yg/fu. of Fe** (t,,’ e,*) and
Os** (ty). It was closer to the difference of each spin only
moment (2.0 pup/fu). Temperature dependent magnetic
susceptibility in an applied field of 10 kOe is shown in the
upper inset of Figure 2. A remarkable increase was observed
approximately 320 K, indicating the occurrence of a long-range
magnetic order. Specific heat measurements revealed that it is a
bulk transition (Figure Sla). The measurements therefore
suggest that an FIM order is established at 320 K with cooling
(Figure S2).

A small disagreement between the observed moment (1.2
up/fu.) and the theoretical FIM spin-only moment (2.0 p/
fu.) was partly due to the imperfect order of Fe/Os atoms. The
disorder should decrease the magnetic moment as follows: M =
My, X (1-2AS), where M, is the expected moment and AS is
the degree of disorder between Fe and Os atoms.**™** In
Ca,FeOsOg, M.y, was 2 pp/fu. and AS was 0.1 (10% disorder),
resulting in 1.6 uB/fu., approaching the observed moment of
1.2 pp/fu. In addition, rather stronger hybridization between
5d and oxygen 2p orbitals may reduce the local magnetic
moments to some extent, accounting in part for the
overestimation of the magnetic moment.

The lower inset of Figure 2 shows the temperature
dependent electrical resistivity (p) of Ca,FeOsO4 At room
temperature, the p was approximately 5 k€2-cm and continued
to increase upon cooling beyond the instrumental limit. The
seemingly semiconducting temperature dependence was well
characterized by the Arrhenius model; the activation energy was
estimated to be 1.2 eV within the available temperature range
(Figure S3). To further confirm the bulk semiconducting
behavior, the electronic structure of Ca,FeOsO; was inves-
tigated by means of first-principle calculations as shown in
Figure S4. The result clearly indicated that Ca,FeOsOyq is
metallic in nature, contradicting the observation in the p vs T
measurement. Alternatively, the spin-polarized calculation
resulted in a stable solution with a substantial charge gap as
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shown in Figure SS. Therefore, an antiparallel arrangement of
the Os and Fe moments (the up-spin state of Os and downspin
state of Fe are preferably occupied) can be expected as the true
ground state of Ca,FeOsOg4 The Sommerfeld coefficient was
nearly zero in the specific-heat measurements (Figure S1b),
supporting the notion of a full charge gap. The theoretical study
suggested that the spin-polarization is essential to account for
the observed FIM and semiconducting properties.

On the basis of the results above, the most probable
magnetic state is proposed in Figure 3a and compared with the

a b

Ca,FeOsOq

Sr,FeO0sOq
a

Monoclinic (P2,/n)

Figure 3. Proposed magnetic ordered state of (a) Ca,FeOsOg and (b)
comparison with the AF1 state of Sr,FeOsOy (sketched from refs 25
and 36). Note that arrow denotes either up-spin or down-spin.

antiferromagnetic (AF) model proposed for Sr,FeOsOq (the
AF1 phase)**° seen in Figure 3b. The nearest-neighbor spin
interaction is mediated by superexchange interactions via Fe’*—
0—0s" in both compounds.* Regarding Sr,FeOsOy, it was
argued that the superexchange interaction along the ¢ axis was
ferromagnetic (FM) because of the nature of the 180° d*—d°
bond. An artificial superlattice of LaFeO;/LaCrO; consisting of
a similar 180° d>-d® bond was indeed FM below 375 K.**
Meanwhile, the Fe—O—Os bond in the ab plane significantly
bends to 165°, leading AF order in the ab plane.* Very
recently, the proposed model of Sr,FeOsO4 was confirmed by
neutron diffraction.”® In contrast, Ca,FeOsO4 has Fe**—O—
Os** bonds at 151—154° along and perpendicular to the ¢ axis,
respectively. Because the d’—d® superexchange interaction
varies from FM to AF in a range of 125—150°,* the proposed
FIM model does not violate the superexchange model.*

The high-T. FIM state of Ca,FeOsOg4 was adapted from the
AF state of Sr,FeOsOg through a lattice distortion. Thus, the
AF to FIM transition driven by lattice distortion was observed
for the first time among double perovskite oxides, and is
perhaps one of the few examples in all known solid-state oxides.
Therefore, Ca,FeOsOg represents not only a practically useful
form of magnetism, but also a scientifically exotic state.

In conclusion, the novel double perovskite oxide Ca,FeOsOg
was synthesized under a pressure of 6 GPa, and it crystallized
into a monoclinic structure with a space group of P2,/n. The
magnetic and specific-heat measurements characterized the
FIM transition at T, of 320 K. The p measurement revealed the
electrically insulating state with an activation energy of 1.2 eV,
although Ca,FeOsOy is not a band insulator. The theoretical
consideration of the electronic structure draws the highly spin-
polarized Fe-3d and Os-5d FIM picture, which is near the HM
state [see Figure SS, in which the magnetic moments in atomic
spheres are evaluated as 4.02 uy for Fe and —1.46 uy for Os
without spin—orbit (SO) interaction and 4.02 py for Fe and
—1.34 pg for Os with SO interaction]. Although the SO
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interaction seems to be insignificant, complex interplays
between spins and orbitals likely play an important role in
establishing the FIM state of Ca,FeOsOg, unlike what was
found in conventional FIM materials such as ferrite and
garnet.** This was supported by the drastic impact of the lattice
distortion on the magnetism, in addition to the competing spin
structures recently discovered in the isoelectronic Sr,FeOsOg.*°

Ca,FeOsOg¢ and Sr,CrOsOy establish a new class of high-T,
5d—3d hybrid FIM insulators, which is adjacent to the HM
state and hence can be useful for scientific and practical
applications in spintronics. The origin of the novel FIM
transition with the remarkably higher T, of 320 K for
Ca,FeOsOg and 725 K for Sr,CrOsOg remains to be elucidated
and further studies including carrier doping to the novel FIM
state are in progress as well as neutron diffraction study.
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Includes synthesis and characterization of the compound. The
refined atom coordination, selected bond lengths and angles.
Specific heat, inverse magnetic susceptibility, and electrical
resistivity analysis. The total density of states of Ca,FeOsOq
based on the GGA, GGA+SOC, and GGA+U calculations,
respectively. This material is available free of charge via the
Internet at http://pubs.acs.org.
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