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This account describes the synthesis, crystal structures and magnetic properties of double perovskites A,LnMOg

and 6H-perovskites Ba;LnRu,O9 (A = Sr, Ba; Ln = Y, lanthanides; M = Nb, Ta, Ru).

The double perovskites

A;LnMOg have two kinds of cations, Ln and M, in the B site of the perovskite ABOs3. These cations adopt the alter-
native ordered arrangement. Measurements of the magnetic susceptibility, specific heat, and powder neutron diffraction
showed that all of the A,L.nRuOg compounds exhibited an antiferromagnetic transition at low temperatures and a com-
plex temperature dependence of the magnetic susceptibility below their transition temperatures. In these compounds, the
magnetic interaction between the Ln (4f electrons) and Ru (4d electrons) ions via the Ln—O-Ru pathway contributes
greatly to their magnetic cooperative phenomena. The structural and magnetic studies for the 6H-perovskites
Baz;LnRu;09 show that the Ln cations occupy the corner-sharing octahedra (LnOg octahedron) and the Ru cations oc-
cupy the face-sharing octahedra (Ru;Og dimer). The BazLnRu,0O9 compounds show a characteristic temperature-depen-
dence of the magnetic susceptibilities, that is, a broad maximum at temperatures above 135 K and a magnetic transition
at 5-15 K. These magnetic properties mainly reflect two kinds of the magnetic interactions: the interaction between Ln
and Ru ions and that between Ru ions in the Ru,Oy dimer.

The perovskite-type oxide has the general formula ABOs3, in
which A represents a large metal cation and B represents a
small one. Figure 1 shows the typical structure of the cubic
perovskite ABO3. The perovskite structure can be described
as a framework of corner-shared BOg octahedra. This structur-
al feature is appropriate for the investigation of the magnetic
interaction between the B site ions, because the perovskite
has a linear alignment of B-O-B. Generally, the mechanism
of the magnetic interaction between magnetic ions in a local-
ized electron system is the superexchange interaction via an
intermediate anion between them; such an interaction becomes

Fig. 1. The schematic structure of cubic ABO; perovskite.

strong when the angle of the superexchange pathway is 90° or
180°.! By reflecting the magnetic interaction via a 180° B—O—
B pathway, the perovskite show various magnetic properties.’

These perovskite-type oxides have some flexibility in the
chemical composition and the crystal structure; the combina-
tion of many kinds of ions and the control of their crystal struc-
tures are possible. Therefore, the perovskite-related com-
pounds can show a variety of physical properties reflecting
the nature of the constituent cations. Since the discovery of
the high-temperature superconductivity in perovskite-related
oxides containing copper,’ many studies on the transition met-
al oxides have been performed to elucidate the mechanism of
high-temperature superconductivity and to search for new
superconductors. Besides the superconductivity, many inter-
esting physical properties such as ionic conductivity,*
ferroelectricity,” and giant magnetoresistance® have been
found in the transition metal oxides with the perovskite-related
structure.

Our concern is with the magnetic properties of the oxides
containing lanthanide ions. The most stable oxidation state
of lanthanide (Ln) ions is trivalent, and the electronic config-
uration of Ln*t ions is [Xel]4f” ([Xe]: xenon electronic
core). The magnetic properties of the lanthanide ions are fas-
cinating for the reason of their systematic variety and intelligi-
ble complexity. Their magnetic properties are determined by



1094 Bull. Chem. Soc. Jpn., 76, No. 6 (2003)

the unpaired 4f electrons. They are highly localized electrons,
and the orbital contributions to their magnetic moments are
significant. These features are in contrast with those of d elec-
trons: the d orbitals are located in the valence shell and their
contributions to the magnetic moments are essentially
quenched. Generally, the shielding by the surrounding 5s
and 5p electrons in the outer shell makes the magnetic interac-
tions between 4f electrons in the condensed matter very weak,
compared with those between d electrons. In fact, many of the
lanthanide oxides order magnetically at < 4 K.

One of the most challenging problems in the modern chem-
istry of lanthanide compounds is to find a compound in which
strong magnetic superexchange interactions between 4f elec-
trons exist, which give rise to a long-range magnetic ordering
at relatively high temperatures, and to elucidate their
mechanism. We have been focusing our attention on the crys-
tal structures of the perovskite-type compounds containing lan-
thanide ions. The lanthanide ion is relatively large and tends
to adopt a high coordination number. Therefore, the lantha-
nide ion usually sits at the A site of the perovskite-oxide
ABOs. As described already, the perovskites have some flex-
ibility of chemical composition and the possibility of combina-
tion of many kinds of ions. By selecting large alkaline earth
elements such as Sr and Ba as the A site atoms, one finds that
lanthanides occupy the 6-coordinate B sites. Not the A site
ions but the B site ions normally determine the physical prop-
erties of the perovskites ABOs. In order to elucidate the be-
havior of 4f electrons which systematize the lanthanide series,
we have investigated the crystal structures and magnetic prop-
erties of many ABO;-type perovskites containing lanthanide
ions at the B-site.3!> Among them, it is noteworthy that
BaPrOs, SrTbOs, and BaTbO3 show antiferromagnetic transi-
tions at relatively high temperatures, i.e., 11.5, 32.0, and 33.4
K, respectively.®%13

Now, our interests are turned to the perovskite oxides con-
taining both the lanthanide ions and transition metal ions (M)
at the B sites. Solid state chemistry of perovskite-type oxides
containing ruthenium has recently attracted a great deal of
interest. These materials adopt a diverse range of structures
and show a wide range of magnetic and electronic
properties. For example, reports have featured the perovskite
SrRuO; (metallic and ferromagnetic behavior below 160 K),'6
the layered perovskite Sr,RuQO, (superconductivity below 1
K),"7 the pyrochlores Tl,Ru,;O; (metal-insulator transition at
125 K),'® and Ln,Ru,0; (spin-glass like behavior below 80
K)'19

In this account, we focus our attention on the perovskite-re-
lated oxides containing both lanthanide and ruthenium ions,
such as double perovskites A,LnRuQOg and 6H-perovskites
A3;LnRuy0g; we have studied their structural and magnetic
properties. The contents of this paper are as follows. In sec-
tion 1, we describe the crystal structure and magnetic proper-
ties of the double perovskites A,Ln>*M>+Og (A = Sr, Ba; Ln
= Y, lanthanides, M = Nb, Ta) in which only Ln ions are
magnetic. Some basic knowledge about the A,L.nMOg-type
compounds is obtained, i.e., the crystal structure (distortion
of the structure, order/disorder arrangement of the B site ions,
and the chemical environment at the B site, etc.) and the mag-
netic behavior of the 4f electrons of the Ln3* ions in the octa-
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hedral crystal field environment. In section 2, we discuss the
magnetic properties of the double perovskites A,Ln**Ru>*+Og
compounds. They have shown antiferromagnetic transitions at
low temperatures. Magnetic susceptibility, specific heat and
neutron diffraction measurements have revealed that this mag-
netic transition is due to the antiferromagnetic ordering of both
Ru’* and Ln®* ions. In section 3, we report the crystal struc-
ture and magnetic properties of 6H-perovskites Ba;LnRu;Oy.
This crystal structure consists of the linkage of the LnOg¢ octa-
hedra and Ru,Oy dimers. They have shown a characteristic
temperature-dependence of the magnetic susceptibilities. In
these compounds, there exist magnetic interactions between
4f electrons of lanthanide ions, those between 4d electrons
of ruthenium ions, and those between the 4f and 4d
electrons. The principal motivation of this study is to investi-
gate systematically the structural and magnetic properties of
these compounds, and to elucidate each of the magnetic inter-
actions.

1. Double Perovskites A,LnMOg (A = Sr, Ba; Ln = Y,
Lanthanides; M = Nb, Ta)

The double perovskites Ba,L.nTaOg,2%?! Ba,L.nNbOg,?? and
Sr,LnTa0s?® adopt the charge configuration AZ*,Ln3*-
M>+Qg. In these compounds, only Ln** ions contribute to
the magnetic behavior, because the Sr’*, Ba’*, Nb>*, and
Ta’* ions are diamagnetic. Therefore, these compounds are
appropriate for investigating the magnetic properties of 4f
electrons in the B sites of the perovskites ABOs. This section
describes the structural and magnetic properties of
Ba;L.nTaOg, Ba,LnNbOg, and Sr,LnTaOg, by using the pow-
der X-ray diffraction, magnetic susceptibility, '>'Eu Mbss-
bauer spectroscopy, and electron paramagnetic resonance
(EPR) measurements.

Synthesis and Crystal Structures of A,LnNbOg and
A,LnTaOg. Polycrystalline samples of Ba,LnTaOg,
Ba,LnNbOg, and Sr,L.nTaOg were synthesized by the solid-
state reaction method. Starting materials were BaCOj3, SrCOs,
Nb,0s, Tay0s, Ln,O3 (Ln = Y, La, Nd, Sm—-Gd, Dy-Lu),
Pr¢Oy1, and Tb4O7. These reagents were weighed in appropri-
ate metal ratios and ground intimately in an agate mortar. The
mixtures were pressed into pellets and the pellets were cal-
cined at 1173 K. The calcined materials were reground and
sintered in air at 1573-1773 K for several days with intermedi-
ate regrinding and repelletizing.

The results of the X-ray diffraction measurements show that
these compounds have a single phase. Their X-ray diffraction
patterns were indexed with a cubic unit cell (space group
Fm3m; 2a, x 2a, x 2ap) for some of A = Ba compounds or
with a monoclinic unit cell (space group P2;/n;
ﬁap X ﬁap x 2ay) for the others, where a;, represents a unit
cell parameter of the primitive perovskite (a, ~ 4 A). The dif-
fraction reflection at 26 ~ 18° was found for each compound;
this indicates that Ln and M ions in the A,LnMOQOg order
alternatively. These space groups all permit an NaCl-type or-
dered arrangement of the Ln and M ions.?* The crystal struc-
tures of A;LLnMOg are illustrated in Fig. 2.

The difference in the crystal structure can be explained by
the geometrical relationship between constituent ions. For
double perovskites A;B’B”Og, the tolerance factor ¢ is defined
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Fig. 2. Crystal structures of ordered perovskites A,LnMOg:
(a) cubic and (b) monoclinic structures.
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where ra, rgr, rgr, and rg are the ionic radii of the A, B/, B”,
and O ions, respectively. For an ideal cubic perovskite struc-
ture, the value of ¢ is equal to unity, whereas for structures dis-
torted from the cubic symmetry, the value of ¢ is usually <I.
It is expected from Eq. 1 that the distortion of the crystal struc-
ture of A,LnMOg will become more significant with decreas-
ing the ionic size of the A ion and with increasing that of the
Ln or M ion. Actually, a series of Ba;LnTaOg compounds
adopts structures more and more distorted from the cubic sym-
metry with increasing the ionic size of Ln ions, i.e., they have
the cubic (for Ln = Y, Dy-Lu), or monoclinic (for Ln = La,
Pr, Nd, Sm-Tb) structures.?? All the Sr,LnTaOg compounds
are monoclinic, because the size of the Sr** ion at the A site
is sufficiently smaller than that of the Ba?* ion.?

Figure 3 shows the variation of lattice parameters for
Sr,LnTaOg¢ and Ba,LnTaOg with the ionic radius of Lnt in
the six-coordination.’®?? The lattice parameters, am, bm, Cm
(for the monoclinic cell), and a. (for the cubic cell) increase

=
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Fig. 4. Temperature dependence of the inverse magnetic
susceptibilities of (a) Ba,GdTaOg and (b) Ba,HoTaOg.
Solid lines show the Curie—Weiss law fitting.

with the Ln?* ionic radius. In the monoclinic region, the lat-
tice parameter B, increases and the differences among am, b
and ¢, /+/2 spread with increase of the Ln>* ionic radius. This
fact indicates that the crystal structures of A,L.nTaOg are more
distorted from the cubic symmetry as the size of Ln** ion be-
comes larger. This tendency has been also found in the crystal
structures of other double perovskites A,LnMOg (A = Sr, Ba;
Ln = Y, lanthanide; M = Nb, Ru, Ir, Re).222>-28

Magnetic Properties of A,LnNbOg and A,LnTaOg.
Since the Nb>* and Ta’t ions are diamagnetic, only the
Ln?* ions contribute to the magnetic behavior of A,L.nNbOg
and A;LnTaOg. All the compounds are paramagnetic down
to 5 K202 Figure 4 shows the temperature dependence of
the inverse magnetic susceptibilities for Ba,LnTaOg (Ln =
Gd, Ho).*® The susceptibilities were fitted with the Curie—
Weiss law, and the effective magnetic moments and Weiss
constants were obtained. The effective magnetic moments
are consistent with the free-ion ones assuming that
AE > kgT, where AE is the energy difference between the
excited and ground states of the electronic multiplet, and kg
is the Boltzmann constant.

Figure 5 shows the temperature dependence of the inverse
magnetic susceptibilities for Ba,YbTaOg. At lower tempera-
tures, the temperature dependence of the susceptibility devi-
ates from the Curie-Weiss relationship. This magnetic behav-
ior has been found for some compounds and may be due to the
crystal field splitting of the Ln3* ions. In the Yb compound,
the ground state 2F7/, of Yb*" is split into two doublets (I'
and I'7) and one quartet (I'g) in the octahedral symmetry
(Fig. 6). In this case, the magnetic susceptibility of Yb**
ion is given by the following Van Vleck’s equation:*
NagiuiJ(J + 1)

3ksT
L 98+260e" 4 162¢7 +432(e™" —e~)/(a — b) +560(1 —e™")/b
378 (1 + 27 +e) ’

In(YOH) =

(@)
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Fig. 5. Temperature dependence of the inverse magnetic
susceptibilities of Ba, YbTaOg. A solid line shows the cal-
culation result by Eq. 2.

where Ny, g7, and iy are the Avogadro number, Landé g fac-
tor, and Bohr magneton, respectively, and a = (Er7 —
Ere)/kgT and b = (Erg — Ere)/kgT. By fitting Eq. 2 to the
experimental magnetic susceptibilities (Fig. 5), we determined
the energy difference between the I'¢ ground state and the I';
or I'y excited state to be Erg — Erg = 368-430 cm~! and
Er7 — Erg = 1058-1324 cm™~! for Ba, YbTaOg, Ba, YbNDOg,
and Sr, YbTaQg.2' 23

For Ln = Sm and Eu compounds, the temperature depen-
dences of magnetic susceptibilities do not obey the Curie—
Weiss law. This is due to the contribution from the excited
multiplet of Ln?* ions to the magnetic susceptibility. The
ground states of the Sm** and Eu’* are ®Hs;, and 7F,
respectively. However, the energy difference between the
ground state and the excited state 6H7/2 for Sm>* or 7F;
J=1,2,...,6) for Eu’t is not so large compared with kgT.
Hence, the population to the excited state must be taken into
consideration in the calculation of magnetic susceptibility at
higher temperatures. For the case of the Eu** ion, the molar
magnetic susceptibility can be expressed by the following
equation:°
Napt
3kgyT
A+ U35y — 15)e7 +(67.5y —25) Y + (189 — 3.5 L 3)

1+3e77 +5e73 + Te~ 07

XEu*) =

where ¥ = A/kgT is 1/21 of the ratio of the overall multiplet
width to kg7, and A is the spin-orbit coupling constant. When
the calculated magnetic susceptibility was fitted to the experi-
mental susceptibilities, the spin-orbit coupling constants for
Sm3* and Eu’* were determined to be 287-317 cm~! and
331-339 cm™!, respectively.?%-2223

The 'Eu Méssbauer spectroscopy and electron paramag-
netic resonance (EPR) measurements have been carried out.
Figure 7 shows the '3'Eu Mossbauer spectrum for Ba,EuTaOg
at room temperature.’’ The isomer shifts of A;EuMOg com-
pounds are 1.4-1.5 mms~!, which confirms that the europium
ions are in the trivalent state.>! The peak shape of the spectra

Fig. 6. The energy level diagram for the configuration 4f'3
in an octahedral crystal field.

Intensity / arb. unit

Ba EuTaO,
300K

-8 -6 -4 -2 0 2 4 6 8
Velocity / mm-s ™

Fig. 7. '3'Eu Mossbauer spectrum of Ba,EuTaOg at 300 K.
is not symmetrical, which indicates the existence of an electric
field gradient tensor at the Eu site due to the low symmetry of
this site. Taking into account this asymmetry and the quadru-
pole interaction of *!Eu nuclei, one can explain the observed
data by the sum of peaks from the 12 possible transitions
(Fig. 8).

Figure 9 shows the EPR spectrum measured at 8 K of a crys-
tal where Yb>* ions are doped in the Ba,LuTaOg.2! The hy-
perfine interaction has been observed for the EPR spectrum.
For ytterbium, there are seven isotopes. Among them, '"'Yb
(natural abundance 14.3%) and '’Yb (natural abundance
16.1%) have nuclear spins of / = 1/2 and 5/2, respectively.
In this Yb**/Ba,L.nTaOg crystal, the spacings between EPR
absorption lines become wider with resonance magnetic field,
which indicates that the electron spin quantum number and the
nuclear spin quantum number are not good quantum numbers.
The results of fitting the spin Hamiltonian to the observed EPR
spectrum are also shown in Fig. 9 by depicting the isotopic
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Fig. 9. EPR spectrum of an Yb>* ion doped in Ba,LuTaOg
measured at 8 K. Isotropic EPR absorption lines for
I =1/2 and I = 5/2 are depicted with the stick diagram
below.

EPR absorption lines with the stick diagram. The g values and
hyperfine coupling constants were determined by the analysis
of this spectrum.?! They show the existence of covalent bond-
ing in the Yb3* ion, i.e., the covalent contribution of the s and
p orbitals from the O%>~ ion to the empty 4f orbital of the Yb3*
ion.32:33

Summary of Double Perovskites A,L.nNbOg and A,-
LnTaOg. The double perovskites Ba,L.nTaOg, Ba;L.nNbOg,
and Sr,LnTaOg have an ordered perovskite structure, in which
the two B-site ions, Ln and Ta/Nb, are ordered alternatively.

Bull. Chem. Soc. Jpn., 76, No. 6 (2003) 1097

These compounds are paramagnetic down to 5 K, and no evi-
dence for the magnetic ordering of Ln** ions has been
observed. This result is quite contrastive to the results for
some ALnOj; perovskites (A = Sr, Ba, La, Ce, Pr; Ln = para-
magnetic lanthanide ions). Most of them show a magnetic
transition at low temperatures.®%!1-13:15 For example, SrTbO3
and BaTbO; both show an antiferromagnetic transition by the
magnetic ordering of Tb*t ions at 32.0 and 334 K,
respectively.’> In the double perovskites A, LnMOg (M =
Nb, Ta), half of the B-site ions are occupied with nonmagnetic
M3* ions, which makes the magnetic interaction between Ln3t
ions very weak.

2. Double Perovskites A;LnRuQg (A = Sr, Ba;
Ln = Y, Lanthanides)

This section describes the crystal structures and magnetic
properties of the double perovskites A,L.nRuQOg (A = Sr, Ba;
Ln =Y, lanthanides). These compounds have pentavalent ru-
thenium ions at the B sites; two kinds of B site ions, Ln** and
Ru’*, order alternatively. The perovskite-related oxides con-
taining ruthenium ions often exhibit interesting magnetic and
electronic properties.'!”  Therefore, the A,LnRuQOg com-
pounds should also show various attractive magnetic
properties. In addition, since they contain both ruthenium
and lanthanide ions, we may observe magnetic cooperative
phenomena due to the interactions between d electrons (ruthe-
nium) and 4f electrons (lanthanides).

Crystal Structures and Magnetic Properties of
Sr,LnRuQg. Polycrystalline samples of Sr,LnRuQOg (Ln =
Eu-Lu) were synthesized by firing the mixtures of strontium
carbonate, lanthanide oxides, and ruthenium dioxide (RuO,),
initially at 1173 K in air for 12 h and then at 1473-1573 K
for several days with several intermediate grindings and
pelletings. Their X-ray diffraction patterns were indexed on
a monoclinic unit cell (space group P2;/n). Their structural
analyses using the Rietveld method show that the Ln and Ru
ions are arranged in an alternating manner (NaCl-type).

The Sr,LnRuQOg compounds show a variety of temperature
dependences of magnetic susceptibilities at low tempera-
tures.”> The susceptibility measurements show that the anti-
ferromagnetic transition occurs in all the Sr,L.nRuOg com-
pounds. Figure 10 shows the temperature dependence of the
magnetic susceptibilities for SroHoRuOg and Sr;TmRuOg.
Their Néel temperatures, effective magnetic moments and
Weiss constants are listed in Table 1. In these magnetic tran-
sitions, the magnetic interaction between Ru* ions should op-
erate significantly, because the transition temperatures do not
exhibit such large differences among compounds. Generally,
the antiferromagnetic ordering of Ru’* ions in the Sr,BRuOg
(where B is a trivalent diamagnetic ion) is due to the super-
exchange interaction between nearest neighboring Ru’* ions,
i.e., the pathway is Ru-O-O-Ru or Ru-O-B-O-Ru.*® In
the present Sr,LnRuQOg, two kinds of magnetic ions exist;
therefore, not only the magnetic interaction between Ru®* ions
but also the interaction between Ln3* and Ru’* ions (the path-
way is Ln—O-Ru) should contribute to the magnetic properties
of these compounds. Since the interactions between Ln** ions
are very weak, as is mentioned for Ba,LnMOg (M = non-
magnetic Nb>t+ and Ta>* ions) in section 1, we need not con-
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Table 1. Néel Temperatures, Effective Magnetic Moments,
and Weiss Constants for Sr,LnRuQOg

Ln Tn/K et/ B 0/K Ref.
Y 26 3.13 —142 (34), (35)
Gd 31 7.1(2) —8(1) (25)
Tb 41 9.1(1) —15(3) 25)
Dy 38 10.4(2) ~20(3) (25)
Ho 36 10.6(2) —20(3) (25)
o 4 9.8(1) —22(3) (25)
9.72(7) —12(1) (36)
Tm 36 8.1(1) —47(4) (25)
Yb 44 6.6(3) —225(23) 25)
Lu 30 3.2(1) —205(15) (25), (37)

sider their contributions to the magnetic ordering found in
these Sr,LLnRuOg compounds.

For all the Sr,LnRuOg compounds, the field dependence of
the magnetization was measured at 10 K over the magnetic
field range of —5 T < H <5 T. Figure 11 shows the varia-
tion of magnetization as a function of magnetic field for
SroHoRuOg¢ (Ty = 36 K) at various temperatures.25 For all
the compounds, small magnetic hysteresis was observed below
the Néel temperature. In addition to this, a large divergence
between the FC (field cooling condition) and ZFC (zero field
cooling condition) susceptibilities was found. These experi-
mental results indicate that Sr,LnRuOg are not ideal
antiferromagnets. This is probably due to the contribution of
the weak ferromagnetic component to the magnetic property.
In the case of the compounds with a low crystal symmetry
such as monoclinic symmetry, the Dzyaloshinsky—Moriya
(D-M) interaction can exist between the ordered elements,
which results in the existence of a weak ferromagnetic compo-
nent in their susceptibilities.>
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Fig. 11. Field dependence of
Sr,HoRuOyg at 40, 30, and 10 K.
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Fig. 12. Temperature dependence of the magnetic suscep-
tibilities of Sro,EuRuOg. A solid line in the inset shows
the calculation result by Eq. 4.

Figure 12 shows the temperature dependence of the magnet-
ic susceptibility for Sr,EuRuOg;% it does not obey the Curie—
Weiss law. This can be explained by the same reason as that
for the A,EuMOg (A = Sr, Ba; M = Nb, Ta) in section 1, i.e.,
the ground state 7Fy, of Eu’t and the excited states 'F;
(J=1,2,...,6) are close enough to give energy differences
comparable to kg7 at room temperature. If the magnetic be-
havior of Eu* and Ru* ions is independent in the paramag-
netic region, the susceptibility of Sr,EuRuO¢ will be given by



Y. Hinatsu et al.

the sum of the susceptibilities of each paramagnetic ion. In
that case, the total magnetic susceptibility of Sr,EuRuOg is
given by

Xm = XEBu ) + X(Ru™) + Xrpp, 4)
where
(Ru’) NA/'Lgff:uzB
u = -,
X 3kg(T — 0)

and Xpp is the temperature-independent susceptibility of
Sr,EuRuQg. By fitting Eq. 4 to the experimental susceptibil-
ity, one can estimate the effective magnetic moment and Weiss
constant to be .5 =3.1(1) ug and 6= -399(16) K,
respectively. The large negative Weiss constant indicates
the existence of an antiferromagnetic interaction between
Ru’* ions.

The Néel temperatures for the Sr,LnRuOg (Ln = Tb-Tm)
compounds are higher than that for Sr,LuRuO¢ (T = 30 K,
Lu** is diamagnetic).>>7 This fact indicates that the magnetic
interactions between Ru>* and Ln** ions greatly contribute to
the antiferromagnetic ordering in the Sr;LnRuOg compounds.
The Néel temperature for SrEuRuOg is close to that for
Sr,LuRuOg. Since the ground state of Eu®* ion, i.e., 'Fy is
nonmagnetic, the magnetic interaction between Eu** and
Ru’* ions is negligible for this antiferromagnetic transition.

Crystal Structures and Magnetic Properties of
Ba,LnRuQg¢. Polycrystalline samples of Ba,L.LnRuOg (Ln
=Y, Pr, Nd, Er-Yb) were synthesized by firing the mixtures
of barium carbonate, lanthanide oxides, and ruthenium di-
oxide, initially at 1173 K in air for 12 h and then at 1473—
1573 K for several days, with several intermediate grindings
and pelletings. The Rietveld analyses of their X-ray diffrac-
tion patterns show that the compounds with larger lanthanides
(Ln = Pr and Nd) adopt a monoclinic unit cell (space group
P2,/n),%%41 and that those with smaller lanthanides (Ln =
Y, Er—Yb) adopt a cubic unit cell (space group Fm3m).*>*

All the Ba;LnRuOg compounds show an antiferromagnetic
transition at lower temperatures and have higher Néel tempera-
tures (Ty = 30-117 K) than those for the corresponding
Sr,LnRuOg compounds (Ty = 2644 K). The magnetic tran-
sition temperatures and some magnetic parameters for
Ba,L.nRuOg are listed in Table 2. We will describe in detail
the magnetic properties of Ba; YRuOg and Ba;ErRuQg in the
following.

Table 2. Néel Temperatures, Effective Magnetic Moments,
and Weiss Constants for Ba,L.LnRuOg

Ln Tn/K Wit/ Mo 0/K Ref.
Y 37 4.5(2) —630(9) (37), (42)
La 29.5 4.00 —304 (35)
Pr 117 5.24(1) —133(2) (40)
Nd 57 4.96(1) —35(1) 41)
Gd 48 8.0 —-13 (44)
Ho 51 10.8 20 (45)
Er 40 9.52(2) —14.6(5) (42)
Tm 0 7.92(2) —34(1) (43)
Yb 48 4.20(6) —181(6) (43)
Lu 35 4.4(1) —630(9) (37)

Bull. Chem. Soc. Jpn., 76, No. 6 (2003) 1099

The temperature dependence of the magnetic susceptibil-
ities for Ba, YRuOg is plotted in Fig. 13(a); it indicates the ex-
istence of a magnetic anomaly at 37 K. Figure 13(b) shows the
variation of its specific heat as a function of temperature. The
A-type anomaly has been observed, which corresponds to the
magnetic anomaly found in the magnetic susceptibility. This
anomaly is due to the antiferromagnetic ordering of Ru’*
ions,*? because Y>* ions are diamagnetic.

Figure 14 shows the temperature dependence of the magnet-
ic susceptibility and specific heat for Ba,ErRuOg. Two mag-
netic anomalies have been found at 10 and 40 K. We consider
that the magnetic anomaly at 40 K is ascribable to the antifer-
romagnetic ordering of Ru’* ions, and that the anomaly at 10
K is due to the magnetic interaction between Er’* ions. Spe-
cific heat and neutron diffraction measurements have given the
same results,*? which will be described later. The reason why
the magnetic transition at 40 K is not clear in the magnetic sus-
ceptibility vs temperature curve is due to the magnetic moment
of the Ru* ion (3.87 1) being smaller than that of the Er*
ion (9.59 wp). Fitting of the Curie-Weiss law to the magnetic
susceptibility gives the effective magnetic moment and Weiss
constant to be 9.52(2) g and —14.6(5) K, respectively. The
value of the effective magnetic moment for Ba;ErRuOg is low-
er than that calculated from the magnetic moments for the free
ions of Ru>* and Er** (10.3 tg). This result suggests that the
magnetic ions in this compound are affected by the crystal
field to some extent. The negative Weiss constant indicates
that the predominant magnetic interaction in Ba,ErRuOg is an-
tiferromagnetic.

The specific heat data for diamagnetic compounds
Ba; YNbOg and Ba,LuNbOg are also plotted in Figs. 13(b)
and 14(b), respectively. These compounds are isomorphous
with Ba; YRuOg and Ba,ErRuQOg. Generally, the specific heat
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Fig. 13. Temperature dependence of (a) the magnetic sus-
ceptibilities and (b) specific heat of Ba, YRuOg. A solid
line shows the specific heat of Ba; YNbOg.
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the inset shows the magnetic transition temperature (see
text).

consists of the magnetic (Cpyg), electronic (Cejec), and lattice
contributions (Cy). If we assume that the electronic and lat-
tice contributions to the specific heat are equal between
Ba,YRuO¢ and Ba,YNbOg, the magnetic specific heat
(Cinag) for Ba;YRuOg is obtained by subtracting the specific
heat of Ba,YNbOg from that of Ba,YRuOg, because
Ba, YNbOg has no magnetic ions. This magnetic specific heat
is due to the magnetic ordering of the Ru’* ions in the
Ba; YRuOg. The same procedures can be applied to the case
for Ba;ErRuQOg and Ba,LuNbOg. By subtracting the specific
heat of Ba;LuNbOg from that of Ba,ErRuQOg, the magnetic
specific heat for Ba;ErRuQg is obtained. In this case, the ob-
tained magnetic specific heat is due to both the magnetic order-
ings of Ru’* and Er** ions in the Ba,ErRuQg. The tempera-
ture dependence of the magnetic specific heat and the magnetic
entropy (Smag = f (Cmag/T)dT) for Ba;YRuOg and Ba,Er-
RuOQg is shown in Fig. 15. The magnetic entropy changes as-
sociated with the antiferromagnetic transition are obtained to
be ~3.9 Jmol™'K~' for BaYRuOg and ~18 Jmol~' K~!
for Ba;ErRuQOg. These magnetic entropy changes are near
to RIn2 =5.76 Jmol~' K™! and 3RIn2 = 17.3 Jmol~' K7/,
respectively (R: molar gas constant). The result for the
Ba, YRuOg means that the ground state of the Ru’* ion should
be doublet. That is, although a total spin quantum number of
the Ru* is calculated to be S = 3/2, the four degenerating
states split into two doublets |S =3/2, Ms = £3/2 > and
|S =3/2, Mg = +£1/2 >4 If we presume that the same esti-
mation for the magnetic entropy change of Ru>* ions holds for
the case of BayErRuOg, the rest of the magnetic entropy due to
the magnetic ordering of Er** ions is 3RIn2—RIn2 =
2RIn2 = RIn4. This result indicates that the degeneracy W

heat (Cmag) and magnetic entropy (Smag) for (a)
Ba, YRuOg¢ and (b) Ba,ErRuQOg.

(cf. S=RInW) of the ground state of Er’* ion should be
four. In the octahedral crystal field, the ground multiplet
#1152 of the Er*T splits and a I'; doublet or a I'y quartet be-
comes a ground state.”’ The results of the specific heat mea-
surements indicate that the ground state of the Er’* ion should
be the ['g quartet.

Magnetic Structures of A;LnRuQg. In order to deter-
mine the magnetic structures of A,LnRuOg, we performed
the powder neutron diffraction measurements for many
compounds. As an example, the neutron diffraction profiles
for Sr,TbRuOg¢ at room temperature and 10 K are plotted in
Fig. 16. The data collected at 10 K show a number of low an-
gle peaks; these were not observed at room temperature, indi-
cating that these compounds exhibit a long-range magnetic or-
dering at low temperatures. Neither superlattice reflections nor
magnetic satellite reflections exist. The observed magnetic
peaks can be indexed with the condition that [h 4+ k + 1] is
an odd integer. Large (100) and (010) peaks are observed,
while the (001) magnetic reflection is very weak, but has a de-
tectable intensity; this fact indicates that the directions of the
magnetic moments of Ln3** and Ru>* ions cant from the ¢ axis
to some extent. The Rietveld analysis of the neutron diffrac-
tion data measured at 10 K was performed. The magnetic
structure determined for Sr,HoRuOg is illustrated in Fig.
17(a). In this magnetic structure, both the magnetic moments
of Tb®* and Ru’* ions are ordered antiferromagnetically.
Each of the magnetic moments of Tb** and Ru’* ions orders
in a type I arrangement.*’

The data concerning the magnetic structures of a series of
A;LnRuO¢ (A = Sr, Ba; Ln = Y, lanthanides) compounds
are summarized in Table 3. The A,LnRuQO¢ (Ln = Ho, Er,
Tm) compounds adopt the same magnetic structure as that of
Sr, TbRuOg, while the A;L.nRuOg compounds with Ln = Pr,
Nd, Yb adopt a magnetic structure that is different from the
structure of SryTbRuOg. The difference between these mag-
netic structures is in the arrangement of the magnetic moments
of Ln** and Ru’* ions in the ab plane. For example, in the
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(a) room temperature Sr,TbRuO,

A=1.82255A

() 10K

Intensity / arb. unit
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Fig. 16. Powder neutron diffraction profiles of Sr,TbRuOg
(a) at room temperature and (b) at 10 K. Marked (x) peaks
indicate the magnetic reflections.

Fig. 17. Schematic magnetic structures of A;LnRuQOg. Sol-
id and dashed lines indicate the cubic and monoclinic unit
cells, respectively.

case of Sr,TbRuOg, the moments of Ln*t and Ru’* are anti-
parallel with each other, while they are parallel for Ba,PrRuQOg¢
(see Figs. 17(a) and (b)).

The ordered magnetic moments of Ru’* are determined to
be 1.5-3.0 iy. The theoretical value of the magnetic moment
of Ru’* (4d3) is 3.0 (y. The difference in the ordered mo-
ments may be attributed to the thermal fluctuations of the mag-
netic moments*® and/or the covalent effects. The ordered
magnetic moments of Ln** are also smaller than the values ex-
pected from the free ion (g;J). This can be explained by the
same reasons (thermal fluctuation and covalent effect) and
by the effect of the crystal field. For some Ln>" ions, the latter
effect is important. For example, the ordered magnetic mo-
ment of the free Yb3T ion should be g;J =4 lg; however,
the values determined by the analysis of the neutron diffraction
data for Sr,YbRuOg and Ba, YbRuOg are only ~1 g. The
ground state of Yb’* in the octahedral crystal field is the T'g
state.”” The theoretical magnetic moment calculated from
the Tg state of Yb3* is g;(T's|J.|T) =8/7 x 7/6 = 1.33
M. This value is comparable with the ordered magnetic mo-
ments determined from the Rietveld analysis for the neutron
diffraction data.

Bull. Chem. Soc. Jpn., 76, No. 6 (2003) 1101

Table 3. Magnetic Structures of Ordered Perovskites
A>LnRuOg¢ (A = Sr, Ba; Ln = Y, Lanthanides) Deter-
mined by Neutron Diffraction Measurements

Type of the Ordered moments

Ln A ordering Angle /g T/K*3 Ref.
Ru Ln*! /deg*2 Ru Ln

La Ba Illa — (Lla) 1.96(10) — 2 (33)
Pr Ba I Ip 0 2.02) 2.2(1) 7 (40)
Nd Ba I I, 90 22(1)  2.3(1) 7 41)
Tb Sr 1 I, ~20 2.99(11) 4.98(12) 10 (47)
0 Sr 1 I, 0 2.74(9) 6.66(8) 10 (48)
°Ba I 1, 0 2.9 9.7 10 (45)
E Sr 1 I, 90  1.74(6) 4.59(3) 4.2 (36)
" Ba 1 I, 90 2.87(13) 4.43(8) 10 (42
T Sr 1 I, 0 1.5(1) 1.4(1) 10 (43)
M Ba 1 I, 0 2.13(5) 1.91(3) 10 (43)
vb Sr 1 I, 232 3.02) 0.9208) 10 (43)
Ba I I, 0 2.57(6) 1.00(3) 10 (43)
L Sr 1 — % 2.10(8) — 42  (37)
“Ba 1 — M 2066) — 42 (37
Y Sr 1 — —* 1.85(10) — 42 (34
Ba I — M 211(6) — 42  (37)

Note: *1 I,: parallel arrangement of magnetic moments be-
tween Ln and Ru ions in the ab plane, 1,: antiparallel arrange-
ment; *2 direction of ordered magnetic moments against the ¢
axis; k3 temperature for measurements, >4 at least # 0° be-
cause a large (001) reflection was observed.

The magnetic structures of the A;LnRuQOg series are based
on the type I ordering of Ru>* and Ln** ions (see Fig. 17
and Table 3), except for the type la ordering in Ba;LaRuOg.
For Ln = Y, La, Lu compounds, only the Ru’t ions are
magnetic. For such cases, the type of the magnetic ordering
of Ru’* ions is determined by the relative strength of the
two dominant magnetic interactions: one of these is the inter-
actions between the nearest neighbor Ru’* ions through the
Ru—O-0O-Ru pathway and the other one is the interactions be-
tween the next-nearest neighbor Ru’* ions through the Ru—O—
Ln-O-Ru pathway.*® 1In the case that the Ln** ions are mag-
netic, their Néel temperatures are higher than those for the
compounds containing the nonmagnetic Ln** ions, and the
long range magnetic ordering of the Ln** ions has been also
observed in the neutron diffraction measurements. These re-
sults indicate that both the magnetic interactions between Ru
ions (Ru—O-O-Ru pathway) and the interactions between Ru
and Ln ions (Ru—O-Ln pathway) contribute to the magnetic
ordering of the Ru’* and Ln** ions in the A,LnRuOg
compounds. For the Ba;L.LnRuOg and Sr,L.nRuOg that include
the same Ln ion, their magnetic structures are almost the same
(see Table 3). The difference in the magnetic structures be-
tween the A;LnRuQOg compounds with the different Ln’t ions
should reflect the characteristics of each of the Ln>* (4f*) ions
in the magnetic interactions between Ru and Ln ions.

Summary of Double Perovskites A,LnRuQg. The double
perovskites A;LnRuOg have an ordered perovskite structure in
which the Ln and Ru ions are ordered alternatively. All the
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A;LnRuOg compounds show an antiferromagnetic transition at
30-117 K; this transition is due to the magnetic cooperative
phenomena between Ru’* (4d®) and Lot (4f") ions. If the
number of 4f electrons is changed, they show a variety of mag-
netic properties at low temperatures. The neutron diffraction
measurements show that the magnetic structures of these
A;LnRuOg¢ compounds are based on the type I ordering of
Ru’* and Ln* ions.

3. 6H-Perovskites Ba;LnRu,O9 (Ln = Y, Lanthanides)

This section describes the crystal structures and magnetic
properties of perovskite-related compounds BazL.nRu;Og (Ln
=Y, lanthanides). They contain both the Ln and Ru ions as
the B site ions of the perovskite ABOjs, in the ratio of 1:2.
The increase in the proportion of smaller Ru ions makes the
tolerance factor ¢ (Eq. 1) large. As a result, the tolerance fac-
tor becomes ~1 or exceeds 1. In that case, such compounds
often adopt a hexagonal perovskite structure; the 6H-BaTiO;
type structure® is most likely.

Figure 18 shows the 6H-BaTiO; type structure; this has two
kinds of sites for the B ions: the corner-sharing octahedral site
and the face-sharing octahedral site. Generally, the B site ion
with a low oxidation state and a large size occupies the former
kind of site, and that with a high oxidation state and a small
size occupies the latter kind of site. In the case of
Baz;LnRu,09, Ln and Ru ions occupy the corner-sharing and
face-sharing sites, respectively, and form the LnOg octahedron
and the Ru,;Og polyhedron. This Ru,Og polyhedron consists
of two face-sharing RuOg octahedra and is called “Ru,QOyq di-
mer”’. The magnetic behavior of this Ru,Oy dimer is attractive
because of a very short Ru-Ru distance (2.5-2.7 A) in the
dimer. Therefore, one expects to find a strong magnetic inter-
action between Ru ions in the dimer, i.e., the formation of a
magnetic dimer.

Previously, it was reported that the magnetic susceptibilities
of BasM>*Ru’*,09 (M = Mg, Ca, Cd, and Sr) showed a broad
maximum at 400-500 K and approached zero with decreasing
temperature.’® These features were explained by the antiferro-
magnetic coupling of Ru>* ions in the dimer isolated magnet-

- 0(2)

Ru;04 dimer.
g o(1)
-— (xz)

LnO g octahedron

Fig. 18. The crystal structure of 6H-perovskite BasLn-
RUQOQ.
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ically by diamagnetic M?* ions, which has the singlet ground
state and the exchange integral J = ~ —170 K.53!

Since the most stable oxidation state of lanthanide ions is
trivalent, the valence configuration expected for BazLnRu,Og
is Ba;Ln**Ru*>*,0q. If the magnetic moments of Ru ions in
the dimer couple antiferromagnetically, each dimer has one
unpaired electron at sufficiently low temperatures. In addition,
if the lanthanide ions are magnetic, there exists a 180° Ru—O-
Ln superexchange magnetic interaction. Therefore, this series
of BazLnRu,09 compounds is likely to show interesting mag-
netic behavior due to the Ru,Oy dimer itself and the magnetic
interaction between Ru and Ln ions.

Synthesis and Crystal Structures of Ba;LnRu,;0y. Poly-
crystalline samples of BazLnRu,O9 were prepared by the con-
ventional solid-state reaction. As starting materials, BaCOs,
RuO,, Ln,O3 (Ln = Y, La, Nd, Sm-Gd, Dy-Lu), CeO,,
PrgOq1, and Tb4O; were used. Before use, La, O3 and Nd, 03
were dried in air at 1173 K for a day. The samples were
weighed in an appropriate metal ratio and well mixed in an
agate mortar. The mixtures were pressed into pellets and then
calcined at 1173 K for 12 h. The calcined materials were fired
in air at 1373-1573 K for 60-108 h with several interval grind-
ings and pelletings. The heating rate was 100 K/h. The prog-
ress of the reaction was monitored by powder X-ray diffraction
measurements.

The results of the X-ray diffraction measurements show that
Baz;LnRu;Oy (Ln =Y, La-Nd, Sm-Lu) are formed as single-
phase materials. The X-ray diffraction pattern of the Y com-
pound is shown in Fig. 19. The Rietveld analyses of these dif-
fraction data indicate that their crystal structures are a 6H-per-
ovskite structure with space group P63;/mmc (No. 194). This
result agrees with the results of previous structural studies.”>>*
The cation sites within the face-sharing octahedra of this struc-
ture are occupied by Ru ions and those within the corner-shar-
ing octahedra are occupied by Ln ions. Neither any cation dis-
order between these two sites nor any oxygen defect were
found within the error limits of these analyses.

The variation of lattice parameters for Ba;LnRu, 09 with the
ionic radius of Ln3* is shown in Fig. 20. The lattice parame-
ters for BazLnRu,Oy increase monotonously with the ionic ra-
dius of Ln3* from Lu to La, while those for the Ce, Pr and Tb
compounds deviate substantially from this trend.>> Figure
21(a) plots the variation of the refined Ln—O(2) bond lengths
with the ionic radius of Ln3*. Except for the Ce, Pr and Tb
compounds, it is found that the Ln—O(2) bond length increases
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Fig. 19. X-ray diffraction pattern of BazYRu,Oy.
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with the ionic radius of Ln3*. The refined Ce-O, Pr—O and
Tb-O bond lengths are 2.213(8), 2.195(5) and 2.132(3) A,
respectively. They are close to Ln**—0?~ lengths calculated
from Shannon’s ionic radii:*® 2.27 (for Ce), 2.25 (for Pr) and
2.16 A (for Tb). These results indicate that the Ce, Pr and
Tb ions are in the tetravalent state.

Figures 21(b) and (c) show the variation of the Ru—O(1) and
Ru-O(2) bond lengths with the ionic radius of Ln**. The O(1)
atoms are on the shared-face in the Ru,Og dimer, and O(2)
atoms are on the top or bottom face of the Ru,Og¢ dimer.
The Ru-O(1) and Ru-O(2) bond lengths are 2.002-2.046 A

Bull. Chem. Soc. Jpn., 76, No. 6 (2003) 1103

and 1.908-1.982 A, respectively, indicating that two octahedra
in this Ruy;Og dimer are distorted in shape. The Ru-O(1)
length increases with increasing the ionic radius of Ln**, while
the Ru—O(2) length decreases; such a tendency clearly indi-
cates that the shape of Ru,Oy dimers becomes more distorted
with increasing the ionic radius of Ln*.

For the Ce, Pr and Tb compounds, the Ru—O(1) and Ru—
O(2) bond lengths deviate substantially from this trend. The
average Ru—O bond lengths of these three compounds are
1.989-1.993 A. The ruthenium ions are most likely tetravalent
in the Ce, Pr, and Tb compounds, because the obtained lengths
are very close to the Ru**—0?~ lengths found in other perov-
skites, for example, CaRuOs: 1.99 A% SrRuO;: 1.984
A7 and BaRuOs5: 1.993 A% These results indicate that
the valence configuration for Ba;LnRu,O¢ (Ln = Ce, Pr,
Tb) is BasLn**Ru*t;,09. On the other hand, the average
Ru-O bond lengths of the other compounds with the Ln** ions
are 1.971-1.985 A. Such lengths are shorter than those of the
Ce, Pr, and Tb compounds and longer than Ru’>*-0?~ length
(1.965 A) found in BayM?**Ru’*,09 (M = Zn and Ni).®! This
fact indicates that the average valency of Ru ions is +4.5, as is
expected from the trivalent oxidation state of Ln ions and the
stoichiometry in the oxygen content.

The difference in the interatomic distance between two ru-
thenium ions in the RuyOg¢ dimer supports the above
discussion. The Ru—Ru distance increases with the average
valence of Ru ions in the BazMRu,Og-type compounds:
2.481-2.515 A for Ru** ions’*3362 2517-2.582 A for
Ru*>*  jons,»3462-67 and  2.649-2.701 A for Ru’*
ions 061646869 Thig tendency is explained by the difference
in the strength of the electrostatic repulsion between ruthenium
ions.

Electrical Resistivity of Baz;LnRu;0y. The resistivity of
Baz;LnRu,;Og (Ln =Y, Lu) is plotted as a function of recipro-
cal temperature in Fig. 22(a). All the BazLnRu,O9 compounds
are nonmetallic at least in the range 100 < 7' < 400 K, show-
ing the increasing resistance with decreasing temperature.’>%3
Attempts to fit the observed data to a simple Arrhenius model
were unsuccessful. The Mott variable-range hopping (VRH)
model,”®

p o exp (To/T)"), 5)

was taken into account. When the parameter v is 1/3, experi-
mental data show good linearity (Fig. 22(b)). The resistivity of
the isostructural compounds BazMRu,09 (M = Fe, Co, Ni,
Cu, and In) was reported previously, and it was found that
the plots of log p vs T~!/3 are linear.”! Our results also sug-
gest that the semiconducting behavior of BazLnRu;O9 may
be attributable to the variable-range hopping in two
dimensions.”® The crystal structure of Ba;LnRu,Oy can be ex-
pressed by the alternate stacking of two kinds of two-dimen-
sional layers which consist of the LnOg octahedra or the
Ru;O9 polyhedra. This structural feature may account for
the observed resistivity behavior.

Magnetic Properties of BazjLnRu,Oy (Ln = Y, La, Sm,
Eu, Lu). In order to make clear the magnetic behavior of
the Ru ions in the 6H-perovskites BasLn3*Ru*3+,0y, the
magnetic properties of BazLnRu;O9 with Ln = Y, La, Sm,
Eu, and Lu,% in which the Ln>* ions are nonmagnetic or weak
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magnetic, were studied. The Ru ions occupy the face-sharing
octahedral sites (Ru,Oy dimer) and have a valence state of
+4.5. When this Ru*3*,09 dimer adopts a charge configura-
tion of Ru**Ru>*Qy, the total spin of a dimer may be S = 1/2.
In that case, it is expected that not only the intra-dimer mag-
netic interaction but also the interaction between the dimers
contribute to the magnetic properties of BazLn?>*Ru*3+,0y.

The temperature dependence of the magnetic susceptibil-
ities for Baz;YRu;O9 and BazLuRu,Og is plotted in Fig.
23(a). None of these compounds obey the Curie—Weiss law.
They show a broad maximum at 290 K (for Ln = Y), 180 K
(Sm), 135 K (Eu), and 345 K (Lu). The magnetic susceptibil-
ity of BazLaRu,;0y shows a plateau around 22 K. In addition,
they show another magnetic anomaly at low temperatures: 4.5
K (forLn =), 6.0 K (La), 12.5 K (Sm), 9.5 K (Eu), and 9.5 K
(Lu).

The observed broad maxima above 100 K are similar to
those found in the magnetic susceptibility vs temperature
curves for BasM?>*Ru’*,09 (M?*: nonmagnetic ions; M =
Mg, Ca, Sr, and Cd) reported by Darriet et al.>* They ex-
plained this behavior by using a dimer model, in which two
spins of Ru’* ions in the Ru;Og dimer couple antifer-
romagnetically. Figure 23(b) shows the variation of the recip-
rocal magnetic susceptibilities against temperature for the
present Ba; YRu,Og and BazLuRu,Og in the temperature range
of 1.8 to 80 K. Since a large temperature-independent contri-
bution to the susceptibility is observed, the data are treated in
terms of the modified Curie-Weiss law:

X=C/(T —0)~+ Xrp- (6)

In the temperature range above 20 K, applying this modified
Curie-Weiss law to the temperature dependence of the sus-

ceptibility and (b) the reciprocal magnetic susceptibility
for BazLnRu;Oy (Ln = Y and Lu). The inset of Fig.
23(a) shows the detailed susceptibilities below 10 K.
The broken lines in Fig. 23(b) show the fitting results by
the modified Curie—Weiss law (see text).

ceptibilities gives (o = 0.57 g, 0 = —10.2 K, xpp = 1.7 ¥
1073 emumol™! for BazYRu,Oy, and pho = 0.77 g, 0 =
—31.0 K, Ypqp=1.4x 1073 emumol™' for BazLuRu,0.
The magnitude of the effective magnetic moment indicates
that each Ru;Og dimer has one unpaired electron. The nega-
tive Weiss constants show that the magnetic interaction be-
tween the Ru;Og dimers is antiferromagnetic.

Figure 24(a) shows the variation of the specific heat divided
by temperature (Cp,/T) for Ba3YRu;O9 and BazLuRu,09 as a
function of temperature. An anomaly has been observed for
each compound, which corresponds to the anomaly found at
low temperatures in the magnetic susceptibility. The tempera-
ture dependence of the total entropy, which is calculated by
Stotal = f C,/T dT, is shown in Fig. 24(b). The magnetic en-
tropy change derived from this magnetic anomaly for
Ba;YRu,0O9 and BasLuRu,O¢ is estimated to be ~3.0
Jmol~' K~!. These magnetic entropy changes correspond to
the antiferromagnetic orderings of Ru*3*,0y dimers with
S = 1/2. The value of 3.0 Jmol~! K~! is smaller than the ex-
pected value RIn(2S + 1) = RIn2 = 5.76 Jmol~!' K~'. This
may be due to the occurrence of the short-range magnetic or-
dering at temperatures higher than the respective magnetic
transition temperatures.

Magnetic Properties of Ba;LnRu;0y (Ln = Gd, Ho-Yb).
The magnetic properties of 6H-perovskites BazLn**Ru*>+,0y
with Ln = Gd, Ho—-Yb®” are discussed. These lanthanide ions
have large magnetic moments. So, the Ln ions should greatly
contribute to the magnetic properties of BazLnRu;Oy. In the
case that both the Ru and Ln ions are magnetic, these com-
pounds may show magnetic cooperative phenomena due to
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the interaction between d and f electrons at sufficiently low
temperatures.

The temperature dependence of reciprocal magnetic sus-
ceptibilities for BazL.nRu;Og (Ln = Gd, Ho-Yb) is shown in
Fig. 25. The susceptibility data in the higher temperature re-
gion (T > 150 K) are fitted with the Curie-Weiss law; the ef-
fective magnetic moments [L.; and Weiss constants 6 are list-
ed in Table 4. The Weiss constants are negative; therefore, the
predominant magnetic interactions in these compounds are
antiferromagnetic. The effective magnetic moments are ob-
viously closer to those for the free Ln*t ions (tiy,+) rather
than to the values calculated from

Meal = \/IL’Lanr2 + /"l’Ru‘Hz + MRH5+2' (7)
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Table 4. The Magnetic Moments for Free Ln** Ton (tiy 3+),
Calculated Magnetic Moments for All Ions (i, ), Effec-
tive Magnetic Moments ({4.) and Weiss Constants (6)
for BazLnRu,;09 (Gd, Ho-Yb)

Lo** Hiw/ g Hecal/ M et/ M O/K
Gd** 7.94 9.28 7.68(1) —2.9(5)
Ho*t 10.58 11.62 10.15(1) —5.4(4)
Er’t 9.59 10.72 9.45(2) —-9.9(7)
Tm3+ 7.55 8.94 7.35(1) —24.5(5)
Yb3t 4.54 6.60 5.26(1) —178(2)
0.5
-~ @ Ba,GdRu,0,
|—°l [ ]
SN
£ 03 3 T,
~ Vo r L ] ¢
3 %Qgeem'rﬁ’e/

0 5 10 15 20 25
T/K
Fig. 26. Temperature dependence of (a) the magnetic sus-
ceptibility, (b) specific heat and (c) magnetic entropy of
Ba3GdRu209,

This fact indicates that the contribution of Ru ions to the effec-
tive magnetic moment is very small. Therefore, the Ru ions
should no longer be in the paramagnetic state in this tempera-
ture range, i.e., the magnetic moments of two Ru ions in each
Ru;09 dimer are coupled antiferromagnetically. The similar
antiferromagnetic coupling has been found in the analogous
6H-perovskites Ba;LnRu,Oy (Ln = nonmagnetic or weak
magnetic ions).

Figures 26(a) and 27(a) show the temperature dependence
of the magnetic susceptibility for Ba;GdRu,0Oy and
Bas;HoRu,0g at low temperatures. It is found that the materi-
als show magnetic anomalies at 14.8 K (Ln = Gd) and 10.2 K
(Ho). Figures 26(b) and 27(b) show the variation of the spe-
cific heats as a function of temperature. The specific heat of
any compound shows a A-type anomaly at the same tempera-
ture at which the magnetic anomaly is observed in the suscep-
tibility vs temperature curve. This result indicates that these
anomalies are an antiferromagnetic transition.

The specific heat mainly consists of the lattice, electronic,
and magnetic specific heats. Specific heat data for the suitable
diamagnetic A;sMM’,09 compounds which are isomorphous
with Ba3GdRu,0O9 and BasHoRu,Og are not available. Then,
in order to estimate the lattice and electronic contributions, we
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used a polynomial function of the temperature, f(7T) =
aT?® + bT? + ¢T7, in which the constants were determined by
fitting this function to the specific heat data observed between
20 and 40 K. Each calculated curve is shown in Fig. 26(b) and
27(b) as a dotted curve. The magnetic specific heat (Cp,g) for
Ba3;GdRu,; 09 and BazHoRu;0y is obtained by subtracting the
lattice and electronic contributions from the total specific heat,
i.e., Cnag(T) = Cp(T) — f(T).

The temperature dependence of the magnetic entropy calcu-
lated by Spag = f Cinag/T dT is shown in Figs. 26(c) and 27(c).
Since the magnetic entropy changes are very large compared
with those for Ba3YRu;O9 and BazLuRu;O9 (ASy,e = ~3.0
Jmol ' K~1), the magnetic transitions observed for these
Bas;LnRu,;O9 compounds are due to the magnetic ordering of
Ln** ions. The magnetic entropy change associated with
the antiferromagnetic ordering for Ba3;GdRu,0Oy is 17.5
Jmol~™' K~! (Fig. 26(c)); this value is close to RInW =
RIn8 = 17.3 Imol~! K~!'. This result is consistent with the
fact that the ground state for Gd** ion is 857, (the degeneracy
of which is W = 25 + 1 = 8) and confirms that the magnetic
anomaly at 14.8 K is due to the antiferromagnetic ordering
of Gd>* ions. The magnetic entropy change for BasHoRu,0Oq
is 14.7 Jmol~! K~! (Fig. 27(c)). In an octahedral crystal field
environment, the ground state of >I3 for the Ho®* ion is a sing-
let state I'; or a doublet state I's, and there exists a low lying
excited state (I'y; triplet).?? If these three states degenerate or
if the energy difference among them is very small, the expect-
ed entropy change due to the Ho’* antiferromagnetic transi-
tion is RIn6 = 14.9 Jmol ™' K.

Magnetic Properties of Baz;LnRu,0O9 (Ln = Ce, Pr, Th).
The 6H-perovskites Ba;LnRu,O9 with Ln = Ce, Pr, or Tb»
have a valence configuration of Ba;Ln**Ru*t,Qy. In this
case, the magnetic interactions between two Ru** ions in the
Ru**,09 dimer and those between the Ru** and Ln** ions op-
erate.

ities for Ba;L.nRu;Oy (Ln = Ce and Pr). The inset shows
the detailed susceptibilities below 16 K.
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Fig. 29. Temperature dependences of (a) the specific heat
and (b) the total entropy for Ba;LnRu,0¢ (Ln = Ce and
Pr).

The temperature dependence of the magnetic susceptibil-
ities for BazCeRu,;O9 and BazPrRu,0y is plotted in Fig. 28.
The susceptibilities gradually increase with temperature above
200 K and 100 K, respectively. These features are due to the
magnetic interaction between Ru** ions in the Ru**,0y di-
mers with a singlet ground state, S =0. For BazPrRu;0y,
an anomaly at 10.5 K in the temperature dependence of sus-
ceptibilities and the divergence between the ZFC and FC sus-
ceptibilities (see the inset of Fig. 28) is observed below this
temperature. Figure 29(a) shows the variation of the specific
heat for BazCeRu,0¢ and Baz;PrRu,0Oy as a function of
temperature. The specific heat for BazPrRuyOy shows a A-
type anomaly at 10.5 K, which corresponds to the magnetic
anomaly found in the magnetic susceptibilities. This fact indi-
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Fig. 30. EPR spectrum for Pr** ion doped in Ba3CeRu,0q
measured at 4.2 K.

cates that an antiferromagnetic transition of Pr** ions occurs at
this temperature. The temperature dependence of the total en-
tropy for Ba;CeRu,;O9 and BazPrRu,;O¢ has been calculated
from the relation Sy = f C,/TdT, and it is shown in Fig.
29(b). The magnetic entropy change associated with the anti-
ferromagnetic ordering for BasPrRu,Oy is estimated by ex-
tracting the entropy of BazCeRu,Og from that of BazPrRu;0y;
it is ~3.2 Jmol~' K~! at 15 K. The ground state 2F5/2 of the
Pr** ion is split into a doublet (I'7) and a quartet (I'g) in the
octahedral symmetry. The magnetic entropy change of
Bas;PrRu, 0y is closer to RIn2 = 5.76 Jmol~' K~! rather than
Rln4 = 11.53 Jmol~!' K~!, which indicates that the ground
state is I'7.

Since the praseodymium ion in the BasPrRu,0Oy is tetrava-
lent, an EPR spectrum should be observed because the Prtt
ion is a Kramers ion ([Xe]4f' configuration). In order to mea-
sure its EPR spectrum, we have prepared a sample in which the
BazPrRu,0y is diluted with isomorphous Ba;CeRu,0y. No
EPR spectra were observed at room temperature. At low tem-
peratures, EPR spectra could be observed. Figure 30 shows
the spectrum measured at 4.2 K. This observation of an
EPR spectrum strongly indicates that the oxidation state of
the praseodymium ion is not trivalent, but tetravalent, because
the non-Kramers Pr’* ion usually shows no EPR spectrum.”?
Five absorption lines were observed. They are due to the hy-
perfine interaction with the nuclear spin for *'Pr (I = 5/2)
(natural abundance 100%). Since the nuclear spin for “'Pr
is 5/2, the number of EPR absorption lines due to the hyper-
fine interaction should be six. However, the number of mea-
sured absorption lines is not six, but five; the sixth absorption
line was not observed in this experiment. The spacings be-
tween EPR absorption lines become wider with greater reso-
nance magnetic field, which indicates that the electron spin
quantum number and the nuclear spin quantum number are
not good quantum numbers. To analyze this EPR spectrum,
the spin Hamiltonian including the electronic Zeeman term
and the hyperfine term must be solved exactly. The solution
is well known (Breit-Rabi equation) and has been given by
Ramsey’? and others.”* The g value and hyperfine coupling
constant were determined by fitting the spin Hamiltonian to
the observed EPR spectrum.” The best fit parameters are
lg] = 0.694 and A = 0.0604 cm~!. The resonance field for
the sixth transition (the highest resonance field) is 13615 G,
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tibility for Ba;TbRu,Og. The inset shows the reciprocal
susceptibility vs temperature curve.

which is beyond our maximum obtainable magnetic field.
The measured g value is much smaller than | — 10/7|,7¢ which
shows that the crystal field effect on the behavior of a 4f elec-
tron is large.

The temperature dependence of the magnetic susceptibility
and specific heat for Ba3TbRu,0y is plotted in Fig. 31. The
susceptibility shows a maximum at 9.5 K and decreases rapid-
ly with decreasing temperature below this temperature, indi-
cating the occurrence of an antiferromagnetic transition. Be-
low the transition temperature, the ZFC and FC suscepti-
bilities diverge. The higher temperature data (7' > 20 K)
can be fitted using the Curie-Weiss law (see the inset of
Fig. 31). The obtained effective magnetic moment and Weiss
constant are 7.93(1) g and —2.8(3) K, respectively. This ef-
fective magnetic moment is closer to that for Tb** ions (7.94
p) rather than that for Tb** ions (9.72 ity), showing that the
terbium ion is in the tetravalent state. The specific heat shows
a A-type anomaly at 9.5 K, which corresponds to the magnetic
anomalies found in the magnetic susceptibilities.”®> The neu-
tron diffraction measurements were carried out above and be-
low this transition temperature (Fig. 32). The data collected at
2 K show a number of low angle peaks, which are not observed
at 15 K. They are the magnetic reflections due to an antifer-
romagnetic ordering of the Tb** ions. They are indexed in
the crystallographic unit cell with odd values of /; however,
the (001) peak (260 = ~7.2°) and other (00!) peaks are negli-
gibly weak. These facts indicate that the Tb** ions have anti-
parallel magnetic moments with each other, and that the direc-
tion of ordered moments is parallel to the ¢ axis. The magnetic
structure of BazTbRu,Oy is illustrated in Fig. 33. In this mag-
netic structure, the magnetic moments of the Tb** ions order
ferromagnetically in the xy plane, and these ferromagnetic
sheets are stacked antiferromagnetically along the ¢ axis.
The ordered magnetic moment of Tb** ions is 6.84(4) (.
This value is reasonable for Tb**+ (4f7) and comparable to
those of other perovskites containing Tb** ions: 6.76 (g
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magnetic moments.

(SrTbO3) and 6.5 (g (BaTbO3) at 10 K.13

Structural and Magnetic Transition of Baz;NdRu,Oy.
The crystal structure and magnetic properties of Ba;Nd3*-
Ru*3t,0% are very peculiar among a series of BazLnRu;Og
compounds, i.e., the structural phase transition and ferromag-
netic transition have been observed only in this compound.

Neutron diffraction data collected at room temperature indi-
cate that BasNdRu,Oy is formed as a single phase and adopts a
6H-perovskite structure with space group P6;/mmc. Neutron
diffraction measurements were also performed at 10, 60, and
180 K to check whether the crystal phase transition occurred
or not, and to determine the crystal structures at low
temperatures.  Their diffraction profiles are shown in
Fig. 34. The crystal structure at 180 K is the same as that at

. L I R o X
10 20 30 40 50 60 70 80
20/ degrees

Fig. 34. Powder neutron diffraction profiles of Ba3;Nd-
Ru;09 at various temperatures.

room temperature (space group P6s3/mmc). The diffraction
data collected at 10 and 60 K indicate that the crystal struc-
tures at these temperatures have a lower symmetry than that
at 180 K. It has been found that the analysis using a structure
model, which has a monoclinic symmetry with space group
C2/c (No. 15), gives a good agreement with experimental
data. The crystal structure of Ba;NdRu,Oy at 60 K is illustrat-
ed in Fig. 35. The unit cell parameters (dmono = Ghexs
bmono ~ \/gbhe)(a Cmono ~ Chex and ﬁrrgono) at 60 K are
5.9173(3), 10.2425(5), 14.7663(9) A, and 90.819(2)°,
respectively. The neutron diffraction profile at 10 K indicates
that there exist some magnetic reflection peaks due to a ferro-
magnetic ordering of Nd3* ions. The crystal structure at 10 K
has the same symmetry as that at 60 K.

Powder X-ray diffraction measurements have been also per-
formed in the temperature range of 13 to 200 K. The diffrac-
tion profiles collected at 13—110 K are indexed in a monoclinic
unit cell (C2/c), and those collected at 130-200 K are indexed
in a hexagonal unit cell (P63/mmc). Therefore, it is consid-
ered that the structural phase transition occurs around 120 K.

The temperature dependence of the magnetic susceptibility
(M/H) of BazgNdRu,Oy is plotted in Fig. 36. The magnetic
susceptibility shows a rapid increase when the temperature is
decreased through 24 K, and a large divergence between the
ZFC and FC susceptibilities is found below this temperature.
These results indicate that a ferromagnetic or a ferrimagnetic
transition has occurred at 24 K. The temperature dependence
of the reciprocal susceptibility (H/M) is shown in the inset of
Fig. 36. A linear relationship between the reciprocal suscep-
tibility vs temperature is observed above 120 K. Below this
temperature, the susceptibility deviates from this relationship,
which is due to the structural phase transition. The higher tem-
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Fig. 35. The crystal structure of BazNdRu,Og at 60 K. The
dashed lines indicate the hexagonal unit cell.
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Fig. 36. Temperature dependence of the magnetic suscep-
tibility for BazNdRu,Oy at low temperatures. The inset
shows the reciprocal susceptibility vs temperature curve.

An arrow shows the phase transition temperature (see
text).

perature data (7 > 200 K) are fitted by using the Curie—Weiss
law. The obtained effective magnetic moment and Weiss con-
stant are 5.82(3) g and —85(3) K, respectively. The tem-
perature dependence of the remanent magnetization is plotted
in Fig. 37. The remanent magnetization is constant (~1.05
Mp) below 15 K and decreases with increasing temperature be-
tween 15 and 24 K. It is zero above 24 K. The field depen-
dence of the magnetization measured at 2, 10, and 25 K is
shown in Fig. 38. Data collected at 2 and 10 K show a hyster-
esis loop, which means that there exists a ferromagnetic mo-
ment.

Figure 39(a) shows the variation of the specific heat for
Bas;NdRu,;O9 as a function of temperature. Two anomalies
have been observed at 17 and 24 K. The A-type anomaly at
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Fig. 37. Temperature dependence of the remanent magneti-
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Fig. 38. Field dependence of the magnetization of
Bas;NdRu,Og at 2, 10, and 25 K.

24 K corresponds to the magnetic transition found in the mag-
netic susceptibility. The magnetic specific heat for
Baz;NdRu,0Og is obtained by subtracting the specific heat of a
nonmagnetic 6H-perovskite Ba3;SrNb,O9 from that of
Bas;NdRu,Og. The temperature dependences of the magnetic
specific heat divided by temperature (Cpqe/T) and of the mag-
netic entropy (Smag) are shown in Figs. 39(b) and 39(c). The
magnetic entropy change (ASy.s) between 1.8 and 24 K is
~11.1 Tmol"'K~!. This value is the sum of the entropy
changes for the anomalies at 17 and 24 K. It seems that the
entropy changes of these anomalies are equal; in that case,
each entropy change is very close to RInW = RIn2 = 5.76
Jmol~!' K~!. Tt is considered that they are due to the magnetic
ordering of Ru*3*,0q dimers (S = 1/2) and that of Nd** ions
with a Kramers doublet ground state.

Now the magnetic structure of BazNdRu,O¢ will be
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Ba3SrNb, Qg (see text).

discussed. The neutron diffraction measurements at 10 K (Fig.
32(b)) show some magnetic reflection peaks. The positions of
the magnetic diffraction lines are in accordance with those of
the nuclear ones. The Rietveld analysis determines the mag-
netic structure which is illustrated in Fig. 40. In this magnetic
structure, the magnetic moments of Nd** ions order ferromag-
netically and are aligned along the c-axis. The ordered mag-
netic moment is 1.65(8) pg/Nd** ion.

Summary of 6H-Perovskites Ba;LnRu;0y. The perov-
skite-related compounds BazLnRu,0¢ (Ln = Y, lanthanides)
have the 6H-BaTiOs-type structure with the space group
P65 /mmc. For the Ce, Pr, and Tb compounds, the oxidation
states of both Ru and Ln ions are tetravalent, i.e.,
Ba;Ln**Ru**,0y. On the other hand, the other compounds
adopt a valence configuration of Ba;Ln**Ru*>*,0q. Their
magnetic properties vary widely with Ln ion, and are summa-
rized in Table 5. In the Ba;LnRu,0y compounds, two kinds of
the magnetic interactions are important for determining their
magnetic properties. One is the magnetic interaction between
two Ru ions in the RuyOy dimers; this brings about a strong
antiferromagnetic coupling between the Ru ions, and the char-
acteristic temperature-dependence of the magnetic susceptibil-
ities (a broad maximum above ~100 K) is observed for
BazLnRu;09 (Ln = nonmagnetic or weak magnetic lanthanide
ions). Another important interaction is the one between the Ru
and Ln ions via the linear Ru—O-Ln pathway, which is in com-
mon with the case of double perovskites A;LnRuOg. The
magnetic transition due to the magnetic ordering of Ln ions
has been found in the Ba;LnRu,;Oy compounds (Ln = magnet-
ic ions). For the Nd and Tb compounds, the magnetic struc-
tures have been determined by the neutron diffraction mea-
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Fig. 40. Magnetic structure of Ba3NdRu,O9. Diamagnetic
ions are omitted. The arrows indicate the direction of the
magnetic moments.

Table 5. The Magnetic Properties of 6H-Perovskites
Ba3LnRu209
Oxidation Ordered magnetic
Ln . T./K Ty/K
state of Ln ion moment/{Lg

Y +3 290 4.5 (AF) — (63)
La +3 22 (plateau) 6.0 (AF) — (63)
Ce +4 >400 — — (55)
Pr +4 >380 10.5 (AF) — (55)
Nd +3 — 24.0 (F)  1.65/Nd** (10 K) (66)
Sm +3 180 12.5 (AF) — (63)
Eu +3 135 9.5 (AF) — (63)
Gd +3 — 14.8 (AF) — (67)
Tb +4 — 9.5 (AF) 6.84/Tb** 2 K) (55)
Dy +3 — 27.8 (AF) — 77)
Ho +3 — 10.2 (AF) — (67)
Er +3 — 6.0 (AF) — 67)
Tm +3 — 8.3 (AF) — (67)
Yb +3 — 4.5 (AF) — (67)
Lu +3 345 9.5 (AF) — (63)

Note. T,: temperatures at which broad maxima are observed in the

magnetic susceptibility vs temperature curves, T,: magnetic transition
temperatures, AF: antiferromagnetic, and F: ferromagnetic.

surements.

Conclusion

This account presents the solid-state chemistry of some per-
ovskite-related oxides containing lanthanide ions. Their crys-
tal structures and magnetic properties were investigated. The
magnetic interactions between 4f electrons which characterize
the magnetic properties of lanthanide ions are various and
attractive. However, the 4f electrons are effectively shielded
by the outer 5s25p° electron shells, which results in very weak
magnetic interactions between 4f electrons. If one introduces
the ruthenium ions as the d electron system and by achieving
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the alternative arrangement of the lanthanide (4f) and ruthe-
nium (4d) ions at the B-sites of the perovskite structure, the
stronger magnetic interaction between f and d electrons be-
comes important.

For the double perovskites A,LnRuOg, antiferromagnetic
transitions due to the magnetic cooperative phenomena be-
tween f and d electrons have been found at relatively high
temperatures. In addition, if the number of 4f electrons
changes, the systematical information concerning the d—f mag-
netic interaction can be obtained. For the 6H-perovskites Bas-
LnRu, 0y, the peculiar temperature dependence of the magnet-
ic susceptibilities has been observed. They have been ex-
plained by the d—f magnetic interaction and the magnetic cou-
pling between Ru ions in the Ru;Og dimer.

It is concluded that perovskite-related oxides containing
both lanthanide and ruthenium ions show interesting magnetic
properties, which originate from both the characteristics of
each magnetic ion and the magnetic interaction between
them. These studies should contribute to the total understand-
ing of the magnetic properties of the d—f electron system. In
order to deepen this understanding and to find more fascinating
magnetic properties, a further investigation on compounds
containing other metal ions such as 5d elements (osmium, rhe-
nium, and iridium) and 5f elements (actinides) will be needed.
Our study of such compounds is going on.
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