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Ten Layered Hexagonal Perovskite Sr5Ru5-xO15 (x = 0.90), a Weak

Ferromagnet with a Giant Coercive Field Hc∼ 12 T
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A single crystal of Sr5Ru5-xO15 (x = 0.90(2)) with mixed valence of Ru(IV) and Ru(V) was
synthesized under a high pressure of 4 GPa with an oxidizer. Sr5Ru5-xO15 crystallizes in a hexagonal
perovskite-type structurewith a space groupP63/mmc (No.194), a=5.5600(11) Å, and c=22.830(5) Å.
An alternative stacking of four corner-sharing (c) SrO3 layers and one face-sharing (h) SrO3 layer
linking RuO6 octahedra and its doubling along c-axis gives a 10 layer period hexagonal cell (10H)
which is denoted by (cccch)2. The partial deficiency of Ru found in face-sharing octahedra, as reported
for 8H-Sr4Ru4-xO12 (x=0.95)with (ccch)2 stacking, yields an averageRu valence estimate of 4.87. The
bond valence analysis indicates that the valence ofRu in fully corner-sharing octahedra is nearly 5,while
that of Ru in face-sharing octahedra is considerably lower than 5. This compound is a weakly
ferromagnetic metal with Curie temperature Tc = 160 K and a saturated moment of 0.07 and
0.05 μB/Ru in H ^ c and H // c, respectively. In the ferromagnetic state, we found remarkable
enhancement of the coercivity below 50 K. At 1.7 K, a giant coercive field of ∼12 T was observed.
We argue that Ru(IV,V) in face-sharing layers are responsible for the ferromagnetism and that possible
glassy character due to frustration and disorder may at least in part contribute to the giant coercivity.

The 4d electrons of ruthenium are known to exhibit both

localized and itinerant characters.The subtle balancebetween

localization and itinerancy can be modified by the crystal

structure and the valence state of Ru, giving rise to a rich

variety of electronic and magnetic properties. In the Sr-Ru-

(IV)-O system, for example, Sr2RuO4
1 in the Ruddlesden-

Popper series (SrnRun-1O3n-2, n=2) is a paramagneticmetal

and shows superconductivity at 1.5 K. Sr3Ru2O7
2 (n=3) is

also a paramagnetic metal but shows ametamagmetic transi-

tion, indicative of close proximity to magnetic order. In

addition, SrRuO3
3 (n=¥, perovskite type) is a ferromagnetic

metal (Curie temperature,Tc=160K). All these compounds

have a stacked square-lattice structure consisting of corner-
shared network of RuO6 octahedra.

By introducing Ru(V) which can be usually stabilized
under a high oxygen pressure4-6 or hydroxide melts,7 one
can widen the structural varieties and find not only
corner-sharing but also edge- and face-sharing RuO6

octahedra. Sr4Ru(V)2O9,
4 for example, has a pseudo one-

dimensional structure with face-sharing octahedral, whereas
Sr2Ru(V,VI)3O10

5 has a rutile-related structure in which
edge-sharing octahedra are realized. Magnetic and electro-
nic properties of such Ru(V)-including compounds with
distinct structural features are, thus, quite attractive in view
of a possible interplay of itinerant and localized character
of Ru 4d electrons which can give rise to phase transitions.
A decade ago, a perovskite related compound, 8H-Sr4-

Ru(V,VI)4-xO12
6 was reported to crystallize with an eight

layer period hexagonal (8H) cell in which face-sharing RuO6

layerswere inserted intoSrRuO3perovskites.This compound
falls into the category of so-called hexagonal perovskite,
An-xBn-yO3n-d,

8which is describedby the stacking sequence
of corner-sharing (c) and face-sharing (h) closed packingAO3

layers. Sr4Ru4-xO12 can be accordingly described as (ccch)2.
Such a hexagonal perovskite, e.g., BaFeO3 ((cch)2), BaNiO3

(h), often appears when the tolerance factor for ABO3
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perovskite, t, (t = (rAþrO)/(2)
1/2 (rBþrO), where r is an

effective ionic radius), is larger than 1.00. Therefore, it may
be natural that a hexagonal perovskite structure is stabilized
in Sr4Ru(V,VI)4-xO12 with t ∼ 1.04. Another distinct struc-
tural feature of Sr4Ru4-xO12 is that the occupancy of Ru in
face-sharing octahedra is only about 50%, probably due to
the strong electrostatic repulsion between the two types of
Ru ions.
Stimulated by this investigation, we have carefully ex-

plored closely related Sr-Ru-O compounds using a high-
pressure method. Here, we report the synthesis, crystal
structure, and physical properties of a new hexagonal per-
ovskite, 10H-Sr5Ru5-xO15,with (cccch)2 stacking.We found
a weak ferromagnetism below 160Kwith an extremely high
coercivityHc ∼ 12 T at 1.7 K.

Experimental Section

The samples were prepared from an equimolar mixture of

anhydrate Sr(OH)2 (99.995%, Sigma-Aldrich, dried at 100 �C)
and RuO2 (99.9%, Kojundo Chemical CO., dried at 350 �C) with
an oxidizer, KClO3 (99.99%, Sigma-Aldrich, ca. 15% weight of

total mixture). The pelletized powder was sealed in a gold cell

(3.5mmindiameter and6.4mm inheight) and thenassembled into

a pyrophyllite cube together with a carbon tube-heater and an

insulating boron nitride sleeve. It was heated at 950 �C for 0.5-2 h

under 4 GPa using a cubic anvil-type high-pressure apparatus

(TRY engineering Co., CA 180P). Two kinds ofmicrocrystal were

obtained together with RuO2 (unreacted) and KCl (the decom-

positionofKClO3).The two types of crystal could bedistinguished

very easily by the shape. The thermal stability was examined by

thermogravimetricmeter (Mac Science) in flowing oxygen gas

(99.999%). The magnetic property of these crystals was measured

after washing in diluted HCl aqueous solution. Compositional

analyses were carried out by an inductively coupled plasma (ICP,

Shimadzu ICPS-1000IV), electron probe microanalyzer (EPMA,

JEOL, JXA-8200), and energy dispersive X-ray analyzer (EDX,

JEOL, JED-2200) combined with a scanning electron microscope

(SEM, JEOL, JSM-6330F).
Structural data for a platelike black single crystal (0.12� 0.08

� 0.03 mm3) were collected on a diffractometer (RIGAKU

AFC-8) equipped with a CCD detector (Saturn70) with MoKR
radiation by an oscillationmethod at 300K.The initial structure

of the crystal was solved by a direct method using the programs

SHELXS979 and refined by a full matrix least-squares method

using the programSHELXL97.15.9 The detail is described in the

CIF (Supporting Information).
The electrical resistivity and the specific heat were measured

using a physical property measurement system (Quantum

Design, PPMS). The susceptibility (-1 T < H < 1 T) was

measured with a superconducting quantum interference device

(SQUID) magnetometer (Quantum Design, MPMS) using 20

crystals glued to a high purity aluminum plate with the crystal

plane parallel to the plate. For measurements of magnetic

property at higher magnetic field, the following instruments

are used (i) a vibrating sample magnetometer (superconducting

magnet, -12 T <H< 12 T, Oxford VSM), (ii) a torque meter

with a cantilever (superconducting magnet,-15 T<H<15 T

and hybrid magnet, 0 T < H < 27 T, Institute of Materials

Research, Tohoku Univ.), and (iii) a torque meter with a

cantilever (a pulse high-field generator, -23 T < H < 33 T,

Kobe Univ.).

Results and Discussion

1. Synthesis, Composition, and Structure. The first key
process to obtain new Sr-Ru-O compounds with Ru(V)
was the stabilizationof ahigher oxidation statewhile keeping
a nearly equimolar ratio of Sr and Ru. Starting from SrO
and RuO2 together with an oxidizer KClO3 provided only
SrRuO3 which is a typical Ru(IV) oxide. Using Sr(OH)2
instead of SrO, however, two types of crystals, apparently
different from SrRuO3, were obtained as described below.
This may result from a hydrothermal reaction occuring in a
closed and high-pressured cell with water supplied by the
hydroxide. Sr4Ru4-xO12 with homologous structure of our
new compound is also obtained by hydrothermal reaction.
The pH may depend on the nominal ratio of Sr(OH)2.
Actually, a ratio of product and crystal size depended on
the nominal ratio of RuO2 and Sr(OH)2. In comparison,
starting from Ca(OH)2, RuO2, and the oxidizer resulted in
polycrystalline Ca2Ru2O7 with pyrochlore-type structure.
Further experiments are needed to investigate how the
hydroxide works in the reaction.
SEM observation of the sample revealed that the product

consists of black platelike crystals (typically, hexagonal
shape, ∼150 � 150 � 10 μm3; see the inset of Figure 3c)
and black rodlike crystals (typically, ∼300 � 50 � 50 μm3).
The EPMA analysis indicated metal ratios of Sr/Ru =
1.00:0.82 and Sr/Ru = 1.00:3.44 for plate- and rodlike
crystals, respectively. These results agreed reasonably with
those from EDX and ICP analyses. No incorporation of K
and Cl in the crystals was found in EPMA.
The rodlike crystals were found to have a triclinic cell with

space group P1 (No. 2), a=6.6408(10) Å, b=7.3386(11) Å,
c=7.4398(16) Å, R=82.372(9) �, β=84.468(10) �, and γ=
60.481(7) � with a composition of Sr2Ru7O18 from single
crystal X-ray diffraction (XRD) analysis. The structure was
isomorphous with Ba2Ru7O18

10 prepared by the hydrother-
mal method. The details of structure and properties of
Sr2Ru7O18 will be described elsewhere.
The powder XRD pattern on the crushed powder of the

platelike crystals could be indexed by assuming a layered
structure in hexagonal unit cell, with a∼ 5.56 Å and c∼ 11.4
or 22.8 Å, as shown in Supplemental Figure 1 (Supporting
Information). A few weak peaks from RuO2 (starting
material) and KCl (a decomposition product of oxidizer,
KClO3) and a trace of peaks from unknown origin are
observed; the amount of RuO2 depended on the batches,
but no SrRuO3, Sr2RuO4, Sr3Ru2O7, Sr4Ru4-xO12, and
Sr2Ru7O18were found in the patterns.A single crystalXRD
pattern was consistent with this cell. We then examined
various perovskite-based structural models with different
stacking as shown inFigure 1a (chhch)2 as in 10H-BaRuO3,

11

Figure 1b (ccchh)2 as in 10H-BaLa4Ti4O15,
12 and Figure 1c

(cccch)2 stacking.We found that the (cccch)2model provided
the most reasonable fit to XRD data. Refined structural
parameters and interatomic distances/angles are listed in
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Tables 1 and 2.Note that the partial deficiency ofRu exists in
face-sharing RuO6 as in Sr4Ru4-xO12.

6 The composition
obtained by the refinement of XRD was Sr5Ru4.10(2)O15, in
good agreement with the chemical analysis. This yields an
averagedvalenceofRu tobe 4.87.Wehave tried to synthesize
samples with different values of x by changing the synthesis
temperature and nominal composition of Sr/Ru. However,
the obtained crystals always resulted in constant lattice and
reproducible magnetic properties with negligible change
(within error bars) for all samples. Therefore, it is concluded
that x = 0.90(2) is the only stable composition, at least for
samplespreparedat apressureof 4GPa.However,wecannot
be certain that the rutheniumdeficiency is homogeneous on a
microscopic level.We note that the difference in the standard
deviation for the x and y parameters can be accounted for
when the anisotropy of displacement parameter, U, is taken
into account.
Thermogravimetric analysis (TGA) of the powdered

Sr5Ru4-xO15 indicated that weight loss started at 540 �C
and continued to 780 �Cwith a narrow plateau at 650 �C in
flowingoxygengas at ambient pressure.TheXRDpatternof
the sample heated up to 850 �C revealed that Sr5Ru5-xO15

transforms to SrRuO3 and a small amount of SrO. Total
weight loss of 2.0% should correspond to the oxygen loss by
the reduction from Ru(V) to Ru(IV), indicative of the
presence of Ru(V) in Sr5Ru5-xO15. This also proves that

there is no incorporation of an extra hydroxyl group attri-
bute to the starting material Sr(OH)2
Figure 2a shows the local structure of Sr5Ru5-xO15 in

comparison with that of SrRuO3 (Figure 2b). The averaged
Ru-O bond length for Ru(1) and Ru(2) in the fully corner-
sharingoctahedra is 1.933 Å and1.936 ((1.869þ 2.003)/2) Å,
respectively, which are distinctly shorter than that of Sr-
RuO3,

3b 1.984 Å. The distance ofRu(1)/Ru(2)-O,∼1.94 Å,
corresponds to pentavalence in an empirical relationship13

between Ru-O distance and the oxidation state of Ru. The
bond valence sum study,14 an estimation method of valence

Figure 1. Schematic crystal structure models of 10H and 8H hexagonal perovskite oxides. Octahedra represent RuO6(TiO6) that are connected by face
sharing (h) and corner sharing (c).

Table 1. Refined Structural Parameters of Sr5Ru5-xO15 at 300 K
a

atom site g x y z Ueq (Å
2)

Ru(1) 2a 1.0 0 0 0 0.0045(5)
Ru(2) 4f 1.0 0.3333 0.6667 0.09957(6) 0.0060(4)
Ru(3) 4f 0.553(8) 0.3333 0.6667 0.69946(11) 0.0087(8)
Sr(1) 2c 1.0 0.3333 0.6667 0.25 0.0123(6)
Sr(2) 4e 1.0 0 0 0.15875(9) 0.0250(6)
Sr(3) 4f 1.0 0.3333 0.6667 0.55343(8) 0.0123(5)
O(1) 12k 1.0 0.5076(12) 0.015(2) 0.6465(4) 0.037(3)
O(2) 12k 1.0 0.1682(14) 0.336(3) 0.0462(5) 0.047(3)
O(3) 6h 1.0 0.8308(15) 0.662(3) 0.25 0.029(3)

a Space group P63/mmc (#194), a = 5.5600(11) Å, c = 22.830(5) Å,
V=611.2(2) Å3, Rwp= 5.51%, and S (goodness of fit) = 1.33. CIF for
Sr5Ru5-xO15 is available in the Supporting Information.

Table 2. Selected Bond Distances and Angles of Sr5Ru5-xO15 at 300K,

and Bond Valence Sum14 for Each Site of Metals

bond
distance (Å)/
angle (deg) multiplicity

bond valence
sum

Ru(1)-O(2) 1.933(11) 6 Ru(1) 5.41
Ru(2)-O(1) 1.869(10) 3
Ru(2)-O(2) 2.003(10) 3 Ru(2) 5.45
Ru(3)-O(3) 1.957(12) 3
Ru(3)-O(1) 2.068(10) 3 Ru(3) 4.41
Sr(1)-O(3) 2.7801(6) 6
Sr(1)-O(1) 2.816(11) 6 Sr(1) 1.91
Sr(2)-O(3) 2.645(9) 3
Sr(2)-O(1) 2.7950(11) 6
Sr(2)-O(2) 3.038(14) 3 Sr(2) 1.94
Sr(3)-O(1) 2.707(12) 3
Sr(3)-O(2) 2.775(14) 3
Sr(3)-O(2) 2.7849(9) 6 Sr(3) 2.10
Ru(1)-Ru(1) 3.933(7) 6
Ru(2)-Ru(1) 3.933(7) 3
Ru(2)-Ru(3) 3.937(7) 3
Ru(3)-Ru(3) 2.307(5) 1
Ru(1)-O(2)-Ru(1) 175.6(8)
Ru(2)-O(1)-Ru(3) 179.2(7)
Ru(3)-O(3)-Ru(3) 72.3(5)

(13) Stizer, K. E.; Smith, M. D.; Gemmill, W. R.; Loye, H.-C. J. Am.
Chem. Soc. 2002, 124, 13877.

(14) (a) Brown, I. D.; Altermatt, D. Acta Crystallogr. 1985, 41B, 244. (b)
Brese, N. E.; O’Keeffe, M. Acta Crystallogr. 1991, 47B, 192. (c)
Santoro, A.; et al. J. Solid State Chem. 2000, 151, 245. Bond valence
sum, Vi, is given the formula, Vi = Σj exp((R0-Rij)/0.37) (R0, the
constant value for each cation-anion combination determined by the
empirical data, and Rij, bond distance obtained by the structural
analysis of a target compound). VRu and VSr were calculated using
R0=1.895 for Ru5þ-O2- and R0 = 2.118 for Sr2þ-O2- .
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from the bond distances, also supported that both Ru(1)
and Ru(2) are higher than 5, while Ru(3) is considerably
lower than 5, as listed in Table 2. The bond angles
of corner-sharing linking, Ru(1)-O(2)-Ru(2) and
Ru(2)-O(1)-Ru(3), are 175.6� and 179.2�, respectively,
which are close to the ideal angle of 180�. This indicates
the local coordination of the octahedra in Sr5Ru5-xO15 is
almost free from internal stress, in contrast to the case for
SrRuO3 where the strong bending of the Ru-O-Ru
bond by 162.79� is observed.3b

The face-sharing layer RuO6 octahedra, where Ru is
located in a triangular lattice as shown in Figure 2c, are
structurally distinct from the fully corner-sharing octahe-
dra. About 45% of Ru(3) was found to be deficient in the
structural analysis. It may be ascribed to an electrostatic
repulsion between Ru(3)-Ru(3) atoms placed with consid-
erably short distance, 2.308 Å. Similar deficiency of cations
was seen also in 8H-Sr4Ru4-xO12

6 and 10H-La4BaTi4O15
12

with double and triple face-sharing layers, respectively (cf.
Figure 1d,b). In the case of 8H-Sr4Ru4-xO12, the two facing
Ru sites are not equivalent, while in 10H-Sr5Ru4.1O15, the
two appear equivalent. We argue that the cation vacancies
are randomly distributed because of the rapid quenching
from a high temperature. Post annealing might induce an
ordering of Ru vacancy as observed in Sr4Ru4-xO12.

6 We
treat Ru(3) as one crystallographic site in this work. The
bond distances of Ru(3)-O(1) and Ru(3)-O(3), ∼2.00 Å,
are much longer than those of Ru(1)-O and Ru(2)-O,
indicating that the valence state of Ru(3) is lower than five
and likely close to four. Assuming that the valence state of
Ru(1) and Ru(2) is 5, that of Ru(3) is estimated to be 4.55
from the charge neutrality, which yields an averaged effec-
tive charge of 2.50 at theRu(3). It agrees reasonablywith the
empirical estimate forRu(3)-Ru(3) distance in face-sharing
octahedra.13 Such an irregular coordinationmay play a role
as a buffer to adjust the charge and the structure in this
compound.
As described above, the tolerance factor of SrRu(V)O3,

t=1.04, is larger than the ideal value t=1.00 but definitely
smaller than that ofBaRu(V)O3 (t=1.10). This should give
rise toacorner-sharing richhexagonalperovskite structureas
compared with the Ba analogue. In fact, 10H-Sr5Ru5-xO15

has the stacking of (cccch)2 (c/(c þ h) = 0.8), while
10H-Ba5Ru5-xO15

11 has face-sharing-rich stacking (chhch)2
(=0.4). It may be natural to anticipate that the structure of
Ba1-xSrxRuO3

15 would gradually change with increasing

Figure 2. Local coordination ofRu-Ooctahedra and their bond lengths(Å)/angles(�) asmeasured for (a) Sr5Ru5-xO15 and (b) SrRuO3 and (c) a top view
of the Ru(3) layer in Sr5Ru5-xO15.

Figure 3. Temperature dependence of (a) electrical resistivity, (b) specific
heat, and (c) susceptibility for Sr5Ru5-xO15. Inset of (c) showsSEMphoto
of single crystal.Cp andM/H expressed permol ofRu, assuming x=0.90.

(15) Longo, J. M.; Kafalas, J. A. Mater. Res. Bull. 1968, 3, 687.
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x from the face-sharing rich phases 9H(chh)3, 4H(ch)2, and
6H(cch)2 to 3C((c): cubic perovskite) with only a corner-
sharing phase. From a viewpoint of pressure, it is important
to note that the synthesis pressure of 8H-Sr4Ru4-xO12

6

(0.18 GPa) was much lower than that of 10H-Sr5Ru5-xO15

(4.0 GPa). This suggests that the homologous series
SrnRun-xO3n (n= 6, 7, ...) may be synthesized by applying
higher pressure, as is known in the transformation from 9H
to 3C for BaRuO3.

16

2. Electronic, Thermal, andMagnetic Properties.Figure 3
demonstrates the physical properties of Sr5Ru5-xO15, indi-
cating that the ground state is aweakly ferromagneticmetal.
The temperature dependence of in-plane electrical resistivity
showed a metallic behavior with T2 dependence at low
temperatures and a clear signature of resistivity saturation
above 100K, as seen inFigure 3a. Suchametallic behavior is
similar to those of SrRuO3

3 and 3C-BaRuO3
16 with simple

perovskite structure only with corner-sharing octahedra but
contrasts with those of 10H-and 9H-BaRuO3

10,17 with face-
sharing-rich structure, where the resistivity shows almost no
temperature dependence with a slight upturn at low tem-
perature. This very likely suggests that the corner-sharing
Ru3O9 blocks in Sr5Ru5-xO15 are responsible for the
metallic conductivity. Out-of-plane resistivity could not be
measured due to an insufficient thickness for the transport
measurement. The specific heat, measured as a function
of temperature, is shown inFigure3b.Nopeakwasobserved
around magnetic transition. This may be due to a small
saturation value that is only 2% of full moment as shown
below and the dominance of the lattice contribution to the
heat capacity above 100 K. The electronic specific heat
coefficient, γ, was estimated to be 1.5 mJ/Ru K2 from the
low temperature specific heat (inset of Figure 3b), which is
comparable to those of a typical metal.
As shown in Figure 3c, the temperature dependence of

magnetization with H = 0.01 T showed a weakly ferro-
magnetic behavior below 160 K. Normal ferromagnetic
behavior, with a monotonic increase of magnetization
upon cooling, is observed for ^ c, while a bump is ob-
served around 80 K for H // c, suggestive of a ferrimag-
netic character with complex interplay of sublattice mag-
netization. Analogous behavior was also reported in
Sr4Ru4-xO12.

6 A Curie-Weiss fitting of the magnetic
susceptibility above Tc ∼ 160 K gives an estimate of
effective magnetic moment Peff ∼ 2.82 μB/Ru and Θ ∼
-290 K. Peff is smaller than the expected value(Pexp ∼
3.87 μB/Ru) for a S=3/2 Ru(V) ion with g=2. This can
be attributed to a partially itinerant character of Ru d
electrons. It is noted here that we have carefully consid-
ered the possibility of ferromagnetism due to a minor
inclusion of the well-known ferromagnet, SrRuO3 with
∼1.3 μB /Ru at 5 K.18 Since the magnetization of the
present sample at low temperature is 0.05-0.07 μB/Ru, if

Sr5Ru5-xO15 was nonmagnetic and all the magnetization
was generated by SrRuO3, about 5%of the sample should
be SrRuO3. If this was the case, it would have been easily
detected in our X-ray diffraction results. However, no
trace of SrRuO3 was observed in both powder and single-
crystal X-ray diffraction. More significantly, the anisot-
ropy of hysteresis loop also indicates that the ferromag-
netism cannot be attributed to SrRuO3 due to its cubic
symmetry, as described below.
An extraordinarily large coercivity was observed for

the weak ferromagnetism below 50 K. In the inset of
Figure 4, the magnetization hysteresis (M-H) loops up to
12 T withH ^ c andH // c at 25 K shown, which indicates
that the saturated moment is∼0.07 μB/Ru and∼0.05 μB/
Ru forH^ c (H // a-b plane) andH // c (H ^ a-b plane),
respectively. In accord with the temperature dependence
of magnetization, we observe clear anisotropy between
H ^ c and H // c. Detailed results on M-H loops with
various temperatures are summarized in Supplemental
Figure 2 (Supporting Information), which shows a M-H
loop has not been completed forH // c at 10K.Here, let us
focus onH // c. OtherM-H loops up to 15 T are shown in
Figure 4. At 21 K, the coercive field, Hc, is 5 T, which is
already quite a large value. Remarkably, the coercive
field keeps increasing very rapidly on cooling from 21 to
3.6 K, and at 1.7 K, the M-H curve up to 15 T is
asymmetric, meaning that the hysteresis loop has not
completely saturated even up to 15 T.Hence,Hc is, thus,
at least 12 T, a truly giant value and which is to our
knowledge, the largest among those reported so far
for any ferromagnet. The temperature dependence of
Hc determined by the M-H loops was summarized in
Figure 5. Even at around 10 K,Hc is enhanced to over 5
T. In a separate torque measurement under pulse fields
shown in Supplemental Figure 3 (Supporting In-
formation), we observed hysteresis that persists at least
up to 20 T at T = 1.5 K in inset panel of the figure,
consistent with the results of other magnetization mea-
surements. We also found that the irreversibility field

Figure 4. Temperature dependence ofmagnetization hysteresis loops for
Sr5Ru5-xO15. The inset figure shows hysteresis loops forH // c andH ^ c
at 25 K.
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can be enhanced to 22 T by tilting the field slightly
(∼12�) from the c-axis.
At this stage, the origin of the giantHc is not clear at all.

The analysis of local structure discussed above suggests
that d electrons from Ru(1) and Ru(2) sites are itinerant
and give rise to the metallic transport. The magnetism
likely arises from d electrons on Ru(3) sites in the face-
sharing octahedral. From charge neutrality, approxi-
mately 13% of Ru should be Ru(IV) which appears to
preferably occupyRu(3) site, together with 42%ofRu(V)
and 45%of vacancy. A detailed neutron diffraction study
is required to determine the magnetic structure.
Recently, some organic and oxide magnets were re-

ported to show a large coercivity over 5 T. Cobalt-radical
polymer, [Co(hfac)2BPNN] (BPNN=butoxyphenyl-ni-
tronyl nitroxide),19a with one-dimensional Ising chains
shows a high coercive field of 5.2 T at 6 K. An extra-
ordinaryHc value of 9 Twas reported in a single crystal of

a ferromagnet LuFe2O4 at 4 K.19b These Hcs are larger
than the Hc of Sm-Co and Nd-Fe-B magnets.20 How-
ever, these are not directly comparable, since the magnets
were measured at room temperature. It is interesting that
these two high coercive ferromagnets share common
features with Sr5Ru5-xO15, including the drastic enhance-
ment of coercivity at very low temperature and the
presence of geometrical frustration due to triangular
geometry. Further inspections of these common features,
we believe, are required to capture the essential ingredient
of the enhanced coercivity of these ferromagnets.

Summary

A new 10H perovskite, Sr5Ru5-xO15 (x ∼ 0.90), was
synthesized using a high-pressure technique with an
oxidizer. Sr5Ru5-xO15 crystallizes in a hexagonal system
with a=5.5600(11) Å and c=22.830(5) Å, where an
alternative stacking of a one face-sharing layer and four
corner-sharing layers (cccch)2 is realized. We found that
Sr5Ru5-xO15 is a weakly ferromagnetic metal with a
magnetic transition Tc∼ 160 K. Most notably, a giant
coercive field of 12 T was observed, the largest known so
far, which may provide us a strategy to design a highly
coercive magnet.
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Figure 5. Summary of temperature dependent coercive force of
Sr5Ru5-xO15.
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