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Abstract

A new magnetoplumbite-type hexagonal cobalt oxide, SrCo;,019, has been synthesized at a high pressure of 3 GPa and its structural
and magnetic properties have been studied using single crystalline samples. Bond-valence calculations for five crystallographically
independent Co sites show a rather wide charge distribution from +2.15 to +3.50. Magnetic measurements have revealed anisotropic
magnetic behavior below a magnetic ordering temperature of 80 K. Comparative discussions on the structure—property relationship for
SrCo,,0;9 and related compounds suggest the presence of localized spins with a uniaxial anisotropy at the trigonal bipyramidal site.

© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

Magnetoplumbite-type (M-type) hexagonal ferrites
AFe 5,019 (4 = La, Sr, Ba, Pb) are widely used permanent
magnetic materials. Due to their strong uniaxial anisotropy
along the hexagonal axis, large saturation magnetization,
and low cost, they have been utilized in the form of nano
particles for perpendicular magnetic recording [1,2]. In
addition, a number of M-type oxides without Fe ions are
also reported. Typical examples are AAl;,09 (4 =Ca, Sr)
known as hosts of laser and luminescent materials [3], and
SrCrgGays019, of which magnetism has been studied from
the viewpoint of spin frustration on a Kagomé lattice [4].
Then, it is presumable that Co will build up of the M-type
structure because it is a spinel-forming metal as well as
Fe and Al [5]. However, while Co®"-containing M-type
hexaferrites such as BaFe;,_»,,Co,Ti,09 (0<x<6) have
been synthesized to improve their magnetic performance
[6-8], a completely Co-substituted compound has not been
reported yet.
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Recently, a new R-type hexagonal cobalt oxide
SrCosO;; has been discovered by a high-pressure (HP)
technique [9]. This material has a uniaxial magnetization
similar to the M-type hexaferrites but shows metallic
behavior unlike them [10]. Below the magnetic ordering
temperature (7,,~20K), the magnetization curves mea-
sured along the hexagonal axis show a % plateau prior to the
% saturation, which reflects the nature of the frustrated
Ising-like spins. In addition, a strong coupling between the
magnetism and electronic conduction shows up as a giant
two-staged magnetoresistance [11]. Since the M-type
compounds consist of an alternate stacking of the R-type
(SrCo¢0O11) and the spinel (S)-type (2Co0304) blocks as
shown in Fig. 1(b), the remarkable magnetoelectronic
properties discovered in SrCoqO;; spurred us to try HP
syntheses of the M-type hexagonal cobalt oxide SrCo1,0.

2. Experimental

SrCo,,0,9 was prepared with a conventional cubic anvil-
type HP apparatus. For polycrystalline samples, y-Na,
Co0O, (x~0.5) and SrCl, mixed in a molar ratio of 1:1 were
used as the starting materials. The mixture was sealed
in a gold capsule and was subjected to a treatment at 3 GPa
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Fig. 1. (a) Magnified view of a single crystal of SrC0,,0,9. (b) Schematic
crystal structure of SrCo;,0,9. The blocks of R* and S* are inverse to
those of R (R-type hexagonal block; SrCosO;;) and S (spinel block;
2Co050y), respectively.

Co(5)

and 1000 °C for 0.5h. After being taken out from the
capsule, the product was washed with distilled water in an
ultrasonic cleaner to remove NaCl, SrCl,, and SrO.
Synchrotron X-ray diffraction (SXRD) data of SrCo1,019
were collected on an imaging plate (IP) using a large
Debye—Scherrer camera installed at BL02B2 of SPring-8,
where the sample was sealed into a glass capillary with an
internal diameter of 0.2mm. The data collected in 0.01°
step with the incident beam of a wavelength of 0.77596 A
were analyzed by the Rietveld method using a Rietan-2000
program [12].

The starting material for the crystal growth was an
oxygen deficient Ruddlesden—Popper phase Sr3Co,07_s
(0~1) synthesized at 1050-1100 °C in air [13]. A mixture of
Sr3C0,07_s and KCl in a wt. ratio of 4:1 was sealed in a
gold capsule (¢4 x 6mm) and compressed at 3 GPa. The
sample was heated to 800 °C at a rate of 80 K/min, then up
to 950-1000 °C at a reduced rate of 2 K/min, and finally
quenched to room temperature. As shown in Fig. 1(a), the
single crystals of SrCo;,0O;9 have a hexagonal morphology
with a black luster (0.35x 0.35x 0.2mm in dimension,
typically). X-ray data for a single crystalline sample
(0.1 x0.1 x0.05mm in dimension) were collected on

Rigaku R-AXIS RAPID using monochromated MoKa
radiation. Number of the reflections measured is 5860, and
that of the independent reflections is 1512. The crystal
structure was refined by the full-matrix least-squares on F
technique. The occupancy factors were fixed at 1 during the
final process because their deviations from 1 were
negligible. DC magnetization was measured using single
crystalline samples with a MPMS SQUID magnetometer
(Quantum Design) in external magnetic fields of 1 and 7T.

3. Results and discussion
3.1. Synthesis

The polycrystalline samples of SrCo;,0;9 were obtained
by the following reaction:

12Nag5Co0O; + 3SrCl, : GP&OO ¢ SrCo1,019

+ 6NaCl + 2SrO + 3/20,. (1)

We regard this process as an exchange reaction driven by
the great stability of NaCl. A powder X-ray diffraction
pattern together with a calculated profile is shown in Fig. 2
(See the Supporting information for the refined structural
parameters).

The crystal growth process of SrCo;,0,9 is essentially
the same as that for SrCogO;; in a sense that both crystals
form from incongruently molten Sr;Co,O7_s, though the
pressure applied is slightly different as 3 GPa for SrCo,O;9
and 2 GPa for SrCo¢O;;. The quenching from above the
melting point (~950°C), not slow cooling as for usual
crystal growth, was needed to minimize the mixed
formation of undesirable [Sr,0,_5].CoO, [14]. We note
here that the Sr/Co ratio of the starting material
Sr3C0,07_; is deviated significantly from the target ratio.
However, when the Sr/Co ratio was adjusted to % by
adding CoO, we could not obtain any single crystals, owing
to an enhancement of the melting point. The excess SrO
mixed with KCl is better flux for crystal growth.

1

Intensity (arb. unit)

Intensity (arb. unit)

0 R R AR R R R L el g
e o e e e ’ : : ; : i
10 15 20 25 30 35 40 45 50 55 60 65 70
20(°)

Fig. 2. Measured (+), calculated (line) and differential (bottom line)
powder XRD patterns of SrCo;,0;9 (2:0.77596A) taken at room
temperature. The ticks indicate the positions of the reflections. Uni-
dentified peaks from tiny amount of impurities were excluded during the
refinements.
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3.2. Structure

Structural analyses on the single crystalline sample
showed SrCo;,019 to be isostructural with the M-type
hexaferrite (S.G.: P63/mmc), as illustrated in Fig. 1(b). The
refined structural parameters and the bond distances are
given in Tables 1 and 2, respectively. The unit cell contains
five different crystallographic sites for Co ions. The Co(1)
ions are octahedrally coordinated, and these octahedral
share their edges to form a Kagomé plane with a com-
position of Co(1);0g. The Co(2) ions are also octahedrally
coordinated, which are dimerized to Co(2),0y by face-
sharing. The other Co ions form Co(3)Os trigonal
bipyramids, Co(4)O4 tetrahedra, and Co(5)O¢ octahedra
(see Figs. 3(a) and (b)). The Sr ions are coordinated by 12
oxygen ions forming six relatively long Sr—O bonds
(2.833 A) within the mirror plane and six relatively short
Sr—O bonds (2.643 A) out of the mirror plane.

One of the important features of SrCo;,09, by contrast
with SrFe;,O9, is a wide charge distribution for Co ions
over different crystallographic sites. Table 3 summarizes
bond-valence calculations [15] using the refined Co—O bond
lengths as Co(1)*°%, Co(2y**1*, Co3)*76", Co(@)*!15*,
Co(5)*** and also those for related cobalt oxides. Roughly
mentioning, the tetrahedral site, Co(4), and the trigonal
bipyramidal site, Co(3), have relatively low valences of +2
and + 3, respectively, while those for the octahedral sites
(Co(1), Co(2), Co(5)) are in between + 3 and +4. Itis worth
noting that the tetrahedral site in Co;0y4, a normal spinel, is
occupied by a divalent Co ion, whereas that in the magnetite
Fe;04, an inverse spinel, is occupied by a trivalent Fe ion.
Comparing SrCo;,0;9 with SrCogOy;, the valences of Co
ions in the R-type block (Co(1)—(3)) are almost the same,

double minima in M-type compounds such as SrFe;,09,
SrAl;,019 and SrGa;,019 [16-18]. Although, in the single-
crystal structure refinements of SrCo;,0O9, the least-square
calculations assuming the two equivalent sites (4e) slightly
away from the center of the trigonal bipyramid were less
effective, the reminiscence of the double minima is reflected
in the larger Us; values for Co(3) indicating an anharmonic
thermal vibration of the atom (see Table 1).

3.3. Magnetism

Figs. 4(a) and (b) show the magnetism of SrCo;,O;9
measured in a magnetic field applied parallel (M./H) or
perpendicular (M,,/H) to the c-axis. At H=1T, two
anomalies were found at low temperatures. At 80K (7,1),
a sharp increase of M,,/H sets in, indicating a long range
magnetic ordering, whereas the corresponding anomaly
for M /H is almost smeared out. The magnetic anisotropy
becomes significant below Tp,;. Around 5K (7},,), magneti-
zation show a small downturn for either direction, which may
presumably be caused by a spin reorientation. This downturn
fades away at H = 7T because the high-temperature spin
structure is stabilized. The high-temperature magnetic sus-
ceptibilities can be fitted to a Curie—Weiss law, yielding Weiss
temperatures of —57 and —47 K, respectively, indicating the
predominance of antiferromagnetic interactions between
the localized spins. The interpretation was reinforced by the

Table 2
Selected bond distances and bond-valence sums of cations for SrCo;,09

Atoms Bond length (A) Atoms Bond length (A)

S Co(1-0(5)x2  1.864(1) Co(4)-0(4)x3  1.913(1)

thoug3h+ the averaged Co Valel;cg +1s s1gn1ﬁc;agtly lower as Co(1)-0(1) 1907(1) Co(d) O(2) 1.9432)
SrCoi; Oj9 than that of SrCog””" Oy;. This is due to the Co(1)-0(2) 1.923(1)
presence of Co’™ at the tetrahedral site in the S-block of the Co(1)-0@) x2  1.923(1) Co(5»-O(1)x 6 1.901(1)
former oxide. Co(2)-0(3) x3  1.903(1 Sr—O(5) x 6 2.643(1

Another point to be emphasized as an important feature CZEZi—OES; z 3 1'9158 si_og z 6 2.83351;
of SrCo1,019 can be found at the trigonal bipyramidal site.
It has been suggested by XRD analyses and Mdssbauer (C:O(g)fg(?xg é‘?gg(g)
studies that the potential within the trigonal bipyramid has oBrom x 17
Table 1
Refined positional and anisotropic thermal parameters (Az x 10% of SrCo;,01, single crystal with space group P6s/mmec (No.194)
Atom Site X y z Uy Uss U, Uz U
Sr(1) 2d 2/3 1/3 1/4 72.3(10) U 56.3(13) 36.3(5) 0 0
Co(1) 12k 0.33266(4) 0.16632(2) 0.10834(1) 42.7(9) 43.4(6) 41.709) 21.6(4) 0.2(6) 0.3(3)
Co(2) 4f 1/3 2/3 0.19135(1) 45.8(10) U 27.1(12) 23.2(5) 0 0
Co(3) 2b 0 0 1/4 56.7(12) U 71.0(2) 27.9(6) 0 0
Co(4) 4f 1/3 2/3 0.02739(1) 67.9(10) U, 68.1(13) 34.3(5) 0 0
Co(5) 2a 0 0 0 48.3(12) Un 40(2) 23.9(6) 0 0
o(1) de 0 0 0.15392(6) 7(4) Ui, 64(7) 32) 0 0
0Q) 4f 2/3 13 0.06188(8) 72(5) U 74(7) 36(2) 0 0
003) 6h 0.1876(1) 0.3753(2) 1/4 94(5) 28(7) 35(5) 14(3) 0 0
0o(4) 12k 0.1486(1) 0.2972(2) 0.05604(5) 83(3) 79(5) 36(3) 40(2) 2.5(16) 5(3)
0(5) 12k 0.5070(1) 0.0140(2) 0.15223(5) 72(3) 89(4) 59(4) 45(2) 16(2) 32(3)

a=56526)A, c=21.81Q2)A, V= 603.2(10)A%, Z =2, D = 6.049 gJem’, R = 5.49%, Ry = 7.02%, Goodness of Fit Indicator = 1.009.
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O4)

Fig. 3. (a) Magnified view of Co—O polyhedra located around z = 0.25, and (b) z = 0.

Table 3

Nominal valences and bond—valence sums (Xs;) of Co ions in SrCo0,09, SrCoc0;;, and Co304

Composition Nominal Co valence Co(1)°* Co(2)° Co(3) Co(4)* Co(5)°
SrCo0;,019 +3 3.50 3.41 2.76 2.15 3.49
SrCos0 +3.33 3.56 3.44 2.78 - -
Co304 (Ref. [26]) +2.67 3.28 - - 2.11 3.28

The bond valence (s;) is expressed as s; = exp[(ro—r;)/Bl; B = 0.37, ro = 1.692 for Co(4) and 1.70 for Co(1)—(3) and Co(5). The Co sites in SrCosO;; and
Co0304 can be correlated with those in the R-type and S-type blocks of SrCo;,09, respectively. The nominal Co valences are calculated with assuming
oxygen ions and barium ions are divalent. The superscripts on Co(1)—(5) represent oxygen coordinations; oct (octahedral), tri (trigonal bipyramidal), tet

(tetrahedral).
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Fig. 4. Temperature dependence of molar magnetization divided by
magnetic field for SrCo,0,9, measured on heating after zero-field cooling
(ZFC) in external magnetic fields of 1 and 7T (a) parallel and
(b) perpendicular to the c-axis. Inverse molar magnetic susceptibilities
for both directions are shown as insets, respectively.

field-dependence of magnetization in the ordered states
(Figs. 5(a) and (b)), that is, the magnetization was not
saturated even at 7T. At 50K, both M,, and M, are linear
against magnetic fields up to 7T. On the other hand, as for
the 2-K data, M, shows metamagnetic behavior near 4 T and
is much larger than the linear M,,. Besides, small ferromag-
netic hystereses were observed for both directions.

Next, we interpret the origin of magnetic behavior of
SrCo;,019 by analogy to SrCogO;;. In the case of
SrCog01;, the trigonal bipyramidal site Co(3) has large
localized moments with a uniaxial anisotropy as verified by
NMR [19], neutron diffraction [20], and magnetization
studies [9]. Lee et al. has proposed that a high-spin &®
configuration (xz/yz)*(xy/(x*~y»))*(z%)" (S=2) with a
strong spin—orbit coupling under a uniaxial crystal field
yields the uniaxial magnetic moments on Co(3) [21].
Considering the similarity between SrCo;,O;9 and SrCog
O;; in the local structures of the Co—O polyhedra, the
bipyramidal site of SrCo;,09 is likely to have such a high-
spin ° configuration with a strong uniaxial magnetic
anisotropy and the octahedral sites are almost nonmag-
netic. However, in order to fully understand the magnetic
behavior, we have to consider the contributions from the
other Co ions such as the tetrahedrally coordinated Co(4)
ions. We suppose that these ions are in a d’ configuration
of (x*—y*/z%)*(xy/yz/zx)* (S = 3), whose orbital moment is
essentially absent and, therefore, magnetic contribution is
isotropic.

Cobalt oxides show a rich variety of magnetic properties
inherent to their various electronic configurations coupled to
the crystal structures: (i) perovskite-related phases, Sr,Co,,_;
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Fig. 5. Magnetization curves of SrCo;,09 at 2 and 50 K measured with
an external magnetic field parallel (a) and perpendicular (b) to the c-axis.

03,.» n=2, 3, 4, and o0) [22,23] showing ferromag-
netism with rather high Curie temperatures; (i) pseudo-one-
dimensional hexagonal compounds (43C0,0),(A43C050),,
(A =Ca, Sr) [24] showing geometrically frustrated magnetism
exemplified by a % magnetization plateau in Ca;Co,04 [25].
Additionally to them, hexaferrite-type cobalt oxides
(SrC06011)(C0304),, (n = 0,1) found at HPs of several GPa
will be a new class of interesting magnetic systems dominated
by the Ising-like spins at the trigonal bipyramidal site.

4. Conclusions

A new magnetoplumbite-type hexagonal cobalt oxide,
SrCo;,0,9, has been synthesized under a HP of 3 GPa.
We have performed X-ray structure analyses using the
single crystal of SrCo;,O;9 and found that, based on
bond-valence calculations, valences of five kinds of Co
ions are distributed widely from +2.15 to +3.5. Magnetic
susceptibilities showed magnetic transitions at Ty,1, where a

long range magnetic ordering sets in, and at T,,,, below
which the magnetization along the c-axis becomes non-
linear. Although it is not easy to give a straightforward
explanation for the magnetic ground state of SrCo,O;9
due to the multiplicity of magnetic sites, we have attributed
a major role in the anisotropic magnetism to the trigonal
bipyramidal site Co(3), on analogy to SrCogO;;.
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