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Magnetic Properties of 8H-Type Hexagonal Ba(Na; /4Ru3/4)O3
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The magnetic properties of 8 H-type hexagonal-type Ba(Na; 4Ruz/4)O3 having a 2D geometry of Ru’*(12,°) ions were
studied by magnetic-susceptibility measurements in the temperature range 5 K < T < 700 K. In this structure, the face-
shared RuOg octahedra form (Ru200)®~ clusters with a 2D array, which are sandwiched by 2D layers of the NaOg and the
RuOg corner-shared octahedra. The magnetic data show an antiferromagnetism-like behavior, and could be well fitted to a
Curie-Weiss law above 520 K with s =3.74 ps and 6 =—1330 K. At a lower temperature range of 262 K <T <520 K,
it showed a reduced magnetic moment of teg=2.32 ug and § = —221 K by a new Curie-Weiss law fit. The y(7) behavior
showed a strong external field dependence below 262 K, and magnetic anomaly peaks could be observed in low-field FC
data at 30, 110, and 180 K, respectively. The magnetic properties of Ba(Na;/4Ru3/4)Os are discussed concerning both a
long-range 3D antiferromagnetic order and a spin-glass-like behavior.

In perovskite-type ABOs compounds with a relatively large
A-site cation the tolerance factor exceeds unity; thus, an oc-
tahedral BOg array may be distorted compared to that in
the ideal perovskite structure, and the symmetry changes to
rhombohedral or hexagonal. In the hexagonal structure, the
face-shared BOg octahedra are connected by sharing cor-
ners of the other corner-shared BOg octahedra in a certain
stacking sequence. The face-sharing of octahedra may re-
sult from an attractive metal-metal interaction which is strong
enough to overcome the repulsive metal-metal positive-core-
interaction. Many hexagonal-type compounds with different
stacking sequences have been reported. Hexagonal BaTiO3
is a six-layer (6H) hexagonal with the stacking sequence
cchech. Other types with different stacking sequences can
be stabilized in the hexagonal structure, for example, the
2H type of BaNiO;," the 3H type of the high-temperature
form of Ba(Zn, ;3Nb,/3)03,” the 4H type of Bas/sSr| /sRuO3
and BaMnOs3,** the 5H type of BasTa,O1s,” the 6H type
of BaTiO; and high-temperature form of BaMnOs3,® the 9H
type of BaRuOs3,>* the 10H type of BajgWgLisOs3p,” the 12H
type of BayRe;Co012,%” the 24H type of BayRe;Ba01,,%
However, in some hexagonal compounds with the ruthe-
nium ion in B-site, for example, Ba(B’; ;3Ru,3)03 (B'=Mg,
Ca, Sr, Co, Ni, Cu, Zn, and Cd)"'~"¥ and Ba(B’, /4Ru3/4)O3
(B'=Nb and Ta),' only the ruthenium ions occupy the face-
shared octahedral sites. In these cases, the ruthenium ions
with outer 4d-electrons prefer face-shared octahedral sites,
and the Ru—Ru bonding is stabilized via an overlap of the
half-filled or more than-half-filled #,, orbitals (15,* and 1,,°

for Ru** and Ru®*, respectively) in the hexagonal structures.
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For A(B', /4Ru3/4)03 compounds, a perovskite structure sta-
bilizes when we choose A = Sr?*,'® but a hexagonal structure
stabilizes when A=Ba?*.'"'® In this case, two different kinds
of hexagonal structures appear, i.e., one is the 6H type with
a smaller B’ ion of Li*,'® and the other is the 8H-type hexag-
onal with a bigger B’ ion of Na*, respectively. In the case
of the 8H-type Ba(Na, /4Ru;,4)O3 with an eight-layer stack-
ing sequence of ccch, the B-site ions, Na* and Ru’*, settle
into octahedral sites with ordered arrangements and form a
quasi-two-dimensional structure. The face-shared RuQOg oc-
tahedra form a (RuyQo)®~ cluster layer in the c-plane. The
Ru, 0y cluster layers, the NaOg layers, and the RuOg lay-
ers are sequentially stacked. The magnetic susceptibility of
the octahedrally coordinated Ru>* ions is expected to follow
a Curie-Weiss law with an effective magnetic moment of
3.78 ug, given by the spin-only formula, tesr =g+/S(S+1), in
the paramagnetic state at higher temperature. We could ex-
pect some various magnetic interactions of direct Ru-Ru and
Ru-O-Ru superexchange couplings between the 5, orbitals,
including a long-range 3D magnetic order via a diamagnetic
NaOg octahedral layer in Ba(Na, /4Rus3/4)03.

In this paper we describe the magnetic properties for the
eight-layered (8H) hexagonal Ba(Na;/4Ru;3/4)O;. Discus-
sions are given on the magnetic properties of Ru’* ions in Ba-
(Na; /4Ru3/4)O3 in terms of a pseudo-2D geometry of RuOg
octahedra.

Experimental

1. Experimental Details.  Polycrystalline samples were pre-
pared by a solid-state reaction method with starting materials of
BaCOs3, Na;CO3, and RuO; (all are 99.9%). A mixture of the raw
materials, where 20 mol% excess of the Na,CO3; component over
the stoichiometric composition was mixed so as to compensate for
its volatilization, was pressed into pellets and fired at 1053 K for
24 h in a flow of oxygen gas. The products with excess sodium
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were ground and pressed into pellets, and fired at 1173 K for 24 h
in an oxygen gas flow. The pellets were ground, and washed with
distilled water in order to remove any residual sodium compounds.
The finally prepared pellets were fired at 1173 K for 12 h. For a
Rietveld profile analysis, the powder X-ray diffraction data were
recorded at room temperature by a MAC Science MPX18HF X-ray
diffractometer using graphite-monochromatized Cu K« radiation.
The magnetic susceptibilities were measured for the temperature
range from 5 to 350 K by SQUID magnetometers (Quantum De-
sign MPMS-2 at TIT and MPMS at KRISS), and for the range from
300—700 K by a Shimadzu MB-2 Faraday-type balance.

2. Experimental Result. We previously reported on the crystal
structure and magnetism of a series of Sr(B’, /4Ru3z/4)03 (B'=Liand
Na) compounds.'® The result showed that these compounds stably
crystallize into a perovskite structure with the space group Pnma.
The average valence state of Ru ions in these oxides were greater
than 4.9, showing that the penta-valent Ru ion was stabilized in the
6-coordinated octahedral sites. When the Ba ion is substituted for
the A-site, the hexagonal structure is stabilized. These structures
for the Sr(B'1/4Ru3/4)03 (B =Li and Na) and Ba(Nay/4Rus/4)03
are consitent with the values of their tolerance factors, i.e., t=
1004, 0977, and 0.947 for Ba(Na1/4Ru3/4)O3, Sr(Na1/4RU3/4)03,
and Sr(Na, 4Ru3/4)Os, respectively. Battle etal. reported onaresult
concerning a neutron-diffraction experiment showing that the 8H
hexagonal Ba(Na, /4Rusz/4)O3 has the lower-symmetry space group
P63me (S.G. No. 186).'® In this crystal structure, the face-shared
octahedra are occupied only by Ru®* ions, as in the case of P63/mimc;
however, the corner-shared octahedral sites have a perfectly ordered
1: 1 distribution of Ru and Na. By aleast-squares fit of well-defined
13 Cu Ka; reflection lines with an internal standard of Si powder at
high angles, cell parameters of a=5.7940(2) Aand ¢=19.204(1) A
could be obtained in this experiment. The octahedral arrangements
in Ba(Na,/4Ru3/4)O; are constructed on the basis of the refined
atomic positional parameters,'® and are shown in Fig. 1.

The resistivity was measured from room temperature up to 1000
K in air by a standard four-probe method. The result is shown
in Fig. 2. The resistivity was very high at room temperature, and
showed a semiconducting behavior with increasing temperature.

The magnetic-susceptibility data of Ba(Na, 4Ru3/4)O3 are shown
in Fig. 3. The magnetic-susceptibility measurements were per-
formed with a Faraday balance in the high-temperature range of
300 K<T<700 K and with SQUID magnetometers in the low-
temperature range of 7<<350 K with a field cool of H=35 kG.
Our experimental results obtained with two different SQUID mag-
netometers (MPMS-2 at TIT and MPMS at KRISS) showed no
significant difference in the measured magnetic-susceptibility data.
Below room temperature, we measured the magnetic susceptibility
under the field-cool condition. A magnetic field in the range from
0 G to 10 kG was applied to the sample at 300 K; then, the temper-
ature was cooled down to 4.2 K. The magnetic susceptibility was
measured with increasing temperature from 4.2 K under a magnetic
field. Zero-field cool measurements were performed under mag-
netic fields of 10 G after zero field cool was reached. The results
are shown in Fig. 4. In Fig. 5, we show the magnetic hysteresis loop
of the Ba(Na;;4Ru3,4)O3; measured at 6 K and 300 K, respectively.
At 6 K, the hysteresis was measured under zero field cool and field
cool at 10 kG. The magnetic field was swept by £5 kG starting
from zero. The results are shown in Fig. 5(a).

Results and Discussion

The face-shared RuOg octahedra form (Ruy Qg)®~ clusters,

Magnetic Properties of Ba(Naj;4Ru3z,4)O03

Fig. 1. Two-dimensional arrangement of RuOg and NaOg
octahedra in the 8H structure of Ba(Na,/sRu3,4)03. (a);
stacking of octahedra, (b); atomic coordination.

T(K)
800 500 400 300
8.0 T T T ol
nt‘.'
Let”
70 | o g
G"

~ 80 |7
£
Q
S 50
Q
£

40 [ BaNa+/4Ru3/403

3.0 [

1 ] ] 1
2.0
1.0 1.5 2.0 25 3.0 3.5
1000/T (K

Fig. 2. Resistivity data of Ba(Na;/4Rus/4)O; in the temper-

ature range 300 K < 7' < 1000 K.

which are arranged two-dimensionally. These Ru,Oq cluster
layers are sandwiched by two-dimensional arrays of NaOg
and the RuQOg corner-shared octahedra. From Fig. 1, where
Ba ions are not drawn for simplicity, two-dimensionally ar-
ranged layers of the corner-shared RuOg octahedra, Ru,Og
clusters, and NaOg octahedra can be well understood.

The resisvitity of Ba(Na; 4Ru3/4)O3 exhibits a semicon-
ducting behavior with high resistivity, as shown in Fig. 2.
The room-temperature resistivity was 2650 € cm, which is
consistent with the value reported by Battle et al.'® An acti-
vation energy of 0.17 eV could be obtained from the relation
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Fig. 3. Magnetic susceptibility data of Ba(Na;/4Ru3/4)O;.
The magnetic susceptibility is measured with increasing
temperature after field cool process (H =5 kG), below room

temperature.
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Fig. 4. Variation of the y(7T) behaviors of Ba(Na,; /4Ru3/4)O;3
with the various field-cool conditions.

0= 0,In (— E,/kT) in the vicinity of room temperature.

The temperature dependence of the magnetic suscepti-
bility shows a typical antiferromagnetism-like feature with a
Néel temperature of T,~262 K, if one sees the FC (H=5 kG)
data, as shown in Fig. 3. However, the inverse of the mag-
netic-susceptibility data shows three different y(7") behaviors
quite clearly. Above 520 K in the spin non-correlated para-
magnetic region, the magnetic susceptibility data obey the
Curie-Weiss law, with #=—1332 K. The calculated effective
magnetic moment from the Curie constant is feg =3.74 ug.
The effective magnetic moment in the paramagnetic phase
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Fig. 5. Magnetic hysteresis loop of Ba(Na;/4Ru3/4)O3 mea-
sured at 6 K (a), and at 300 K (b).

of Ba(Na; 4Ru3/4)O3 is consistent with the value of the spin-
only value (g+/S(S+1)) of the tgg configuration of the Ru>*
ion. In the temperature range 262 K < 7'< 520 K, the slope in
1/x(T) changes from that of the higher temperature region.
The constants 8 =—221 and pesr =2.32 ug could be obtained
from a new Curie-Weiss law fit.

The quite reduced effective magnetic moment of Ba-
(Naj /4Ru3,4)03 in the range 262 K < T < 520 K indicates
that some spin-correlations among the Ru®* ions do exist.
We would expect several kinds of magnetic interactions in
Ba(Na; /4Ru3/4)O3, the Ru—Ru direct intracluster interaction,
the Ru—-O(2)-Ru superexchange interaction, the interlayer
interaction between Ru, Oy cluster and the corner shared-oc-
tahedra, and the Ru(1)-O-Na—Ru(3) long-range interlayer
interactions via a 2-D array of NaQg octahedra. Among
them, the direct Ru—Ru interaction is considerably strong,
and dominantly determines the magnetic properties, because
the Ru—Ru separation is relatively small and the #,, orbital
stabilized by the resulting trigonal field is directed towards
the common face.” The low value of the effective magnetic
moment observed in the spin-correlated paramagnetic range
(262—520 K) is considered to be associated with the mag-
netic spin interaction in the RuyOg cluster among mostly
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antiferromagnetic, but imperfectly antiferromagnetically or-
dered, Ru’* ions.

The magnetic susceptibility of Ba(Na;/4Rus/4)O3 be-
comes divergent along with a variation of the external cooling
field at T<262 K, as can be seen in Fig. 4. The y(7) at low
temperature shows a very complex behavior in the low-field
FC data. As shown in Fig. 4(a), four magnetic anomalies
can be observed at 262, 180, 110, and 30 K. The peak po-
sitions of the first three anomalies are consistent with the
result of Battle et al., while their y(7) data show quite dif-
ferent behaviors compared to our data below 262 K. The
last three peaks in this report disappear when the external
field (H) is increased, i. e., the 30 K peak disappears when
H> 50 G, the 110 K peak when H > 100 G, and the 180
K peak when H > 5 kG, respectively, while the 262 K peak
is not influenced at all. Below 262 K, the nearest-neighbor
superexchange interactions, being of comparable strength,
stabilize an antiferromagnetic ordering of Ru’* ions in the
face-shared and the corner-shared RuQOg octahedra. The peak
at 180 K may be associated with the pseudo-2D weak fer-
romagnetic correlations of Ru’* ions in the corner-shared
RuOg octahedra. A spin reorientation occurs at 110 K. The
peak at ca. 30 K in ZFC is considered to be associated with
the onset of a dynamic crossover, which may be related to a
long-range 3D antiferromagnetic order involving the NaOg
octahedra; it is observed only when a low external field is
applied. As shown in Fig. 4(a), the 30 K magnetic anomaly
peak shows a tendency of decreasing the peak temperature as
H is increased. The peak position was measured to be 30, 23,
and 18 K at H=10 G, H=30 G, and H=50 G, respectively.
At H=100 G, the anomaly peak is not observable down to 5
K (the lower limit of our experiments), but looks like a peak
exists at around 5 K, or just below. As the cooling field was
increased above 100 G, the anomaly apparently disappeared,
accompanying a decrease of y with increasing H at lower
temperature, as can be seen in Fig. 5(b). This type of mag-
netic anomaly peak behavior at a low field has been observed
in NazRuQy. The rock-salt related compound of NazRuOy,
in which RusOq4 clusters are isolated by NaOg octahedra,
exhibits a long-range 3D antiferromagnetic ordering with a
Neel temperature of 30 K.>

In Fig. 5, we show the results of magnetic hysteresis-
loop measurements of Ba(Na;/4Ru3/4)0;. A displacement
of the hysteresis loop is observed in the FC data, which were
measured at 6 K with a 10 kG field cool process, as shown
in Fig. 5(a).

The y(T) behaviors of Ba(Na; 4Ru3/4)O3 discussed so far,
e.g., the divergence of y below the cusp at 262 K, the dis-
placement of the hysteresis loop and the variation in the peak
position at 30 K, suggest further examples of spin-glass-like
behaviors. A reduce effective magnetic moment is observed
in the spin-glasses of Sr,FeNbOg2? and in FeSbO4.”? The
Sr,FeNbOQg perovskite is reported to show three different
magnetic behaviors along with a variation of the tempera-
ture. It shows an effective magnetic moment of s =5.8
g in the temperature range 7 > 700 K, and follows a new
Curie—Weiss law with g =3.4 yg in the temperature range

Magnetic Properties of Ba(Naj4Ru3,4)O3

32.5 K< T <700 K. It shows a spin-glass state below 32.5
K. The rutile-related dilute antiferromagnetic FeSbOy4 shows
an effective magnetic moment of tegr =6.0 g and ey =3.2
ug in the temperature ranges 300 K < T'< 1000 K and 70
K < T <300 K, respectively. The magnetic susceptibility
exhibits a divergence between ZFC and FC below ca. 70
K, entering a spin-glass state. The disappearance of mag-
netic anomaly peaks with increasing magnetic field has been
observed in spin-glasses of Eug1SrpeS* and FeSbOs. A
variation in the position of the y(7T) peaks was observed in
the spinel spin-glass of Co,TiO4, and was explained ac-
cording to the Gabay and Toulouse theory (Ref. 26 and
references therein). Gabay and Toulouse have shown that
it is possible to have three phase transitions: paramagnetic
stateMferro/ferri/antiferromagnetic state<™5 mixed phase
1<, mixed phase 2. More than three susceptibility peaks
can occur in any system if the x and y components of the
spin do not freeze simultaneously at Ty, but freeze at two
different temperatures, say 7"y and 7"y

The most prominent features of the spin-glass behavior are
a cusp in the temperature dependence of the susceptibility at
the freeze temperature, a divergence of the susceptibility be-
low the temperature depending on the field cool history, and
a displacement of the hysteresis loop in the field cool process
below the freezing temperature.?” The bond frustration has
been identified as being due to a spin-glass behavior. The
frustration may be due to competition between interactions
of different signs, or it may be inherent in the underlying lat-
tice in a system with antiferromagnetic interactions. In the
spin-glasses, the magnetic interactions are predominantly
short range. The lack of magnetic Bragg reflections at low
temperature suggests that Ba(Na; ;4Rusz/4)Os is a strong frus-
trated magnetic system.”® A cationic order may result in the
next-nearest-neighbor super-exchange interactions being of
comparable strength to the nearest-neighbor interactions, and
may thereby destabilize the long-range antiferromagnetic or-
dering, but with a magnetic frustration which is insufficient to
produce a true spin-glass phase transition where the magnetic
correlation is of much shorter range. Finally, we must refer to
the randomness of the system. As the result of the mentioned
structural analysis, Ba(Na,; /4Ru3/4)O3 has a completely or-
dered B-site arrangement. Thus, the strength of the com-
petitive magnetic interactions depend on the temperature.
Recently, our group has succeeded in controlling the order
parameter of B-site ordered perovskites, Sr(Fe;/;Bi;2)03
and Ba(Fe, ,Bi)/2)O3. Both these compounds were found
to exhibit a spin-glass behavior.?® The effect of the random-
ness and bond frustration on the spin glass behavior will be
discussed in detail in the next paper.

All of the usual features of a spin-glass are observed in
the y(T) behaviors of Ba(Na; /4Ru3/4)O3, and the magnetic
anomaly peaks at 262, 180, 110, and 30 K are considered to
correspond to the phase-transition temperatures of T, Twmi,
and Typ, in a spin-glass, as predicted by Gabay and Toulouse.



L-S. Kim et al.

Conclusions

In the eight-layer hexagonal Ba(Na, /4Ru3/4)O3 having or-
dered B-site cations of Na and Ru ions, the corner-shared
RuQg octahedra and NaQOg octahedra, as well as the Ru;Og
clusters are arranged in a layered structure having 2D ge-
ometry, respectively. Ru’* ions in the compound have half-
filled #, orbitals. In the face-shared octahedra of RuyOg
clusters, the #,, orbitals directed toward the common face
and the Ru—Ru metal bonding is stabilized. From the view
point of crystal structure, very complex magnetic interactions
are expected, such as direct interactions, and superexchange
interactions, as well as interlayer long-range interactions.

The magnetic-susceptibility data of Ba(Naj;sRuz/4)O3
over a wide temperature range (10— 700 K) with FC data
below room temperature showed an antiferromagnetism-like
feature, and could be fitted to a Curie—Weiss law at high tem-
perature (> 520 K), resulting in #=—1332 K and an effective
magnetic moment of 3.74 g, which is consistent with the
spin-only formula for a localized d° ion without any orbital
contribution. In the temperature range 262 K < T < 520K, it
showed a reduced effective magnetic moment of e =2.32
Us, and 8 =—221 K by a new Curie-Weiss law fit. The low-
field FC data of y(T) showed four magnetic anomalies at 30,
110, 180, and 262 K, respectively. The 30 K peak in y(T)
is considered to be a long-range 3D antiferromagnetic order
involving a NaOg octahedra layer. The magnetic susceptibil-
ity of Ba(Nay /4Ru3/4)O3 showed a strong field dependence
below 262 K in y(7), and a displacement of the hysteresis
loop in the FC process. Not only these features, but a quite
reduced effective magnetic moment at lower temperature in
the paramagnetic-state region, strongly suggest evidence of
a spin-glass state transition in Ba(Na; ;4Rus/4)O3. To prove
areal spin-glass transition of Ba(Na; 4Ru3/4)O3, much more
intense studies are needed.

Part of this work was carried out unber a Grant-in-Aid for
Scientific Research from Ministry of Education, Science and
Culture and JSPS Research for Future Program, “ATOMIC-
SCALE SURFACE AND INTERFACE DYNAMICS”.
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