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Magnetic and dielectric properties of the ruthenium double perovskites Ry,MRuO4 were studied (R=La, Pr
and Nd, M=Mg, Co, Ni and Zn). For R=La, the materials with the magnetic M** ions (M=Co and Ni)
showed magnetic ordering and large dielectric constants (~5000). On the other hand, for the non-magnetic
M** ions (M=Mg and Zn), magnetic ordering was not observed. In addition, their dielectric constants were
found to be small (~100-200). Together with the imaginary part and the tand component of the dielectric
response, the large dielectric constants for M=Co and Ni may be related to a smooth response of polar

regions. Brief discussion for related materials R, MRuQg with R=Pr and Nd is also described.
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1. INTRODUCTION

Perovskite ruthenium oxides A, Ru O3, (4=Ca
and Sr) are known to exhibit some intriguing physical
properties, e.g. spin-triplet superconductivity [1]. These
properties are believed to originate from a peculiarity of
Ru-44 electrons. In course of extensive investigations of
full details of the properties, a more complicated
perovskite ruthenium system, denoted as a double
perovskite, is attracting recent considerable attention.
The formula of this system is expressed as R,MRuOg
(R=rare earths, M=transition metals), in which the two
different transition-metal ions are settled at the
crystallographic B-site in the perovskite structure [2-7].

A systematic study of magnetic and electrical
properties of this system was recently reported for
LayMRuOg with several M elements [8]. The wide
variation of the properties with changing M was
discussed on the basis of the band structures consisting
of Ru-4d and M-3d orbitals.

In this study, we have investigated the magnetic and
dielectric properties of some ruthenium double
perovskite oxides to obtain further insights into these
materials. Their dielectric properties would be
interesting in the context of the recent discovery of
multiferroic behavior in transition-metal oxides [8]. To
compare the results, the investigation was carried out for
R;MRuQOg with both the magnetic M ions (Co and Ni)
and the non-magnetic M ions (Mg and Zn).

2. EXPERIMENTAL

The samples were prepared by a solid-state reaction,
as noted previously [5]. Their crystal structures were
examined by powder X-ray diffraction (XRD) using
Cu-Ka radiation. The XRD patterns were refined by the
Rietveld method (RIETAN-2000) [9]. The DC and AC
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magnetic measurements were carried out by use of a
SQUID magnetometer (Quantum Design MPMS). The
AC dielectric response was measured below 300 K by
an impedance analyzer (HP-4284A) equipped with a He
refrigerator. X-ray absorption measurements were also
performed to observe the electronic structures. The
measurements were carried out at the BLO1 and BL38
beamlines using synchrotron radiation of SPring-8.
The other details have been noted elsewhere [5,10].

3. RESULTS AND DISCUSSION

The XRD patterns of all the La;MRuOg samples
could be fitted on the assumption of the monoclinic
P2,/n structure, in which the M and Ru atoms are settled
with an ordered arrangement [2-7]. As a previous
synchrotron-radiation XRD study on La,NiRuOg
revealed a partial crystallographic disorder of Ni and Ru
[6], we attempted to refine the patterns with changing
the occupancies of M and Ru. The refinement showed a
small randomness of the occupancies. The randomness
was found to be ~1% (M=Mg), ~5-6% (M=Ni and Zn)
and ~10% (M=Co). An example of the obtained fitting
parameters for A=Ni is shown in Table 1.

Figure 1 shows the magnetization plotted against the
temperature for La,NiRuOg and La,ZnRuOg. La;NiRuOg
exhibits antiferromagnetic ordering at ~25 K (Fig. 1a),
as reported in previous papers [8,10]. Almost the same
transition temperature was obtained also for A=Co (not
shown) [8]. On the other hand, magnetic ordering is not
observed for La,ZnRuQg (Fig. 2b) and La;MgRuOg. The
absence of magnetic ordering was also verified by the
measurements of isothermal magnetization and AC
magnetic susceptibility (Fig. 2b). This behavior is
different from that reported previously, in which a
ferromagnetic ordering is observed at 165 K [8]. This
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Table 1. Fitting parameters obtained from the
Rietveld analysis for La,NiRuOg (a=5.5644(2),
b=5.5955(2), c=7.8706(3) A, Ryp=9.54%, RI=1.48%2.
Isotropic thermal parameters (B) were 0.4-0.5 (A%
[5].

Atom Occupancy x y z

La 1 0.0078(5) 0.0424(2) 0.2499(5)
Nil 0.94(1) 0.5 0 0

Rul 0.06(1) 0.5 0 0

Ni2 0.06(1) 0.5 0 0.5

Ru2 0.94(1) 0.5 0 0.5

o1 1 0.2815(15) 0.2890(41) 0.0326(44)
02 1 0.2023(35) -0.2130(39) 0.0500(41)
03 1 -0.0876(34) 0.4888(16) 0.2466(42)

difference may arise from some unknown factors (such
as heating and cooling rates) and requires further
experimental studies of this system.

The antiferromagnetic ordering for M=Ni and Co
would be explained in terms of the magnetic interactions
between the M** and Ru*" spins [8]. For La,NiRuOg, the
X-ray absorption near edge structure (XANES) spectrum
in Fig. 2 provides the valence state of the Ru ion. The
spectrum of La;NiRuOg exhibits a similar profile to
those of ARuQ; perovskites (4=Ca and Sr) [11], in
which the Ru ions are in the 4+ state and are
octahedrally surrounded by six oxygen atoms. The peak
energies of La;NiRuQOy are almost identical to those of
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Fig.1. magnetization plotted against temperature for
(a) M=Ni and (b) M=Zn. The applied magnetic field
was 1000 Oe. FC and ZFC stand for the field-cooled
and zero-field-cooled sequences, respectively. The
inset shows the AC magnetic susceptibility for
M=Zn. The amplitude and the frequency of the AC
applied field were 4 Oe and 100 Hz, respectively.
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Fig. 2. XANES spectra of La,NiRuOg (LNR),
CaRuO; (Ca) and SrRuO; (Sr), measured at the
Ru-L; edge.

ARuO;, which means that the valence of the Ru ion is
4+, The XANES measurements were also carried out at
the Ni-K edge (not shown). The absorption edge of
La,NiRuOg was nearly the same as that of NiO (Ni*").
These results confirm that the valences of the Ru and Ni
ions are 4+ and 2+, respectively [8]. The plausible
electronic configuration of Ru* is #,,'e,, while that of
Ni?* s t2g6eg2 [8]. Thus, Ru* has a ferromagnetic
coupling with Ni** through the electron transfer between
the e, orbitals. However, our magnetization
measurements indicate that the dominant magnetic
interaction is  antiferromagnetic. The possible
antiferromagnetic interaction exists between the Ni*
ions, caused by the electron transfer between the e,
orbitals [8]. The smaller ferromagnetic interaction than
the antiferromagnetic interaction is likely ascribable to a
weak intra-atomic interaction in the Ru ion, as proposed
previously [8].

The origin of the different result of La,ZnRuQg from
that in Ref. [8] is unclear at present. However, our result
is possibly related to a weakening of magnetic
interactions; the magnetic interactions in the Ru
sub-array are not strong because of the presence of the
non-magnetic Zn®" jon located between the Ru ions.
Almost the same results obtained for M=Mg is
reasonable, since both Mg?" and Zn?" are non-magnetic
ions with almost the same ionic radius [12].

The AC dielectric measurements showed the large
dielectric constants of ~5000 at room temperature for
La,CoRuQg and La;NiRuOy, in which the magnetic M
ions are contained [10]. On the other hand, La;MgRuOq
and La,ZnRuQg showed considerably smaller dielectric
constants of 100-200 [10]. For all the oxides, their
dielectric constants monotonically decreased with
cooling the samples and exhibited no apparent anomaly
below 300 K. The results of La,NiRuQOg and La,ZnRuQg
are demonstrated in Fig. 3, which shows frequency
dependence of the diclectric constant, known as a
dielectric dispersion. The fitting lines based on the
distributed Debye-type dispersion with a parameters «;
this value is regarded as a measure of a distribution of a
size of each polar region [13]. Figure 3 also shows that
the fitting leads to large « values of ~0.3-0.5, which
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Fig. 3. Dielectric dispersion at 150 K for M=Ni and
M=7n. The squares and the solid lines stand for the
experimental data and the fitting lines, respectively.
The o values were calculated to be ~0.3 and ~0.5
for M=Ni and M=Zn, respectively.

means a wide distribution of the size of each polar
region. This value did not show a clear tendency with
changing the M element.

Figure 4 shows the temperature dependence of AC
electrical resistivity plotted against the temperature for
La;NiRuOg and La,ZnRuQg, calculated from the
imaginary part of the AC dielectric response. Both
materials exhibit similar properties to those reported in
the reference, i.e., either semiconducting or insulating
behavior below room temperature [8]. The slightly
larger activation energy for A/=Zn than that for A/=Ni
may arise from the suppression of an electron transfer of
the d-electrons, owing to the presence of the
non-magnetic closed-shell Zn>* ion.

It should be noted that the P2,/n structure observed
from XRD is centrosymmetric. Thus, a displacement of
cation and anion pairs, which is the origin of many
ferroelectric materials ever known, seems not to be
applicable to an explanation for the large dielectric
constants in Fig. 3. Recently, we found that the
lanthanide-iron oxides RFe,0, (R=Ho-Lu) are the
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Fig. 4. Temperature dependence of AC resistivity
calculated from the imaginary part of the AC
dielectric response for M=Ni and M=Zn.
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ferroelectrics by the charge-ordered alignment of the
Fe’* and Fe’' ions below 330 K [14,15]; this
ferroelectricity is not accompanied by the displacement
of cations and anions. A similar mechanism would be
possible in the present system, taking into account that
La,MRuQ; has the small ionic disordering of M*" and
Ru** (Table 1), which may break the inversion
symmetry. This seems to be an analogous situation to
the real-space non-symmetric ordering of Fe’* and Fe*"
in RFe,0,. However, more precise determination of the
crystal structure should be done.

The larger dielectric constants for M=Co and Ni than
those for M=Mg and Zn may be related to the electron
transfer between the M?*/Ru*’ ions. From the tand
component of the dielectric response, we have calculated
the energies required for a flip of the directions of the
polar regions [14]. The calculated values of ~0.1-0.2 eV
(not shown) are comparable to those of the electronically
ferroelectric RFe,Oy4 [14,15], in which the directions of
the polar regions are rotated by an electron transfer
between the Fe ions. This result strongly suggests an
important role of the electron transfer in the dielectric
response of LayMRuQg. The rotation of the polar regions
is assumed to become easier with decreasing the
electron-transfer energy, which manifest itself as the
resistivity in Fig. 4. It is also noteworthy that a large
dielectric response is observed if the polar regions have
a smooth response in accordance with the AC electric
field. Thus, the dielectric constant becomes larger for
M=Co and Ni than for M=Mg and Zn.

Concerning the large o values in Fig. 3, an
analogous result was also obtained for TmFeCuO,
(a~0.3) [16], in which Fe is partially substituted by Cu
in an electronically ferroelectric oxide TmFe,O4 (~0.1)
[15,16]. From the magnetic study on isostructural
LuMgFeQy, the large « is rooted in a spatial randomness
of the electron transfer between the Fe ions, originating
from a random substitution of the non-magnetic Mg*"
ion at the Fe site [17]. This result suggests that the large
a of La,MRuQg is also ascribed to some kinds of
randomness. In this context, a possible origin of the
randomness may be oxygen nonstoichiometry of 5~0.06
in La,MRuOQg,s [10]. In addition, Table 1 indicates that
the random occupation of the M and Ru ions is another
possibility for the large o values.

The properties of R,MRuQO; with heavier R
elements are also being investigated. Figure 5 shows the
XRD patterns for Nd;NiRuOg. The Rietveld analysis
confirmed the monoclinic P2,/n structure [3]. From the
fitting parameters, an enhancement of lattice distortion
was observed. As has been elucidated from many studies
of perovskites, this enhancement is owing to the
replacement of the smaller R*' ions at the so-called
A-site in the perovskite structure. For R;NiRuOg, an
average Ni/Ru-O-Ni/Ru angle was estimated to be
~154° for R=La, ~150° for Pr and ~148° for Nd.

Figure 6 shows the magnetization plotted against the
temperature for Nd,NiRuOs. Deviations between FC and
ZFC curves at ~40 K mean the existence of magnetic
irreversibility. The magnetic transition temperature was
determined by a temperature derivative of each
magnetization curve. The temperature was calculated o
be ~35 K. For Pr,NiRuQg, the transition temperature
was ~25 K. The negative Weiss temperatures of ~50 K
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Fig. 5. XRD patterns of Nd,NiRuQg (¢=5.4303(5),
b=5.6792(5), ¢=7.7328(7) A, Ryp=13.42%,
R=2.40%). The experimental and the calculated
patterns are labeled as Exp and Cal, respectively.
The vertical lines and the lowest line stand for the
calculated Bragg angles and the difference between
the experimental and calculated patterns,
respectively.

for both oxides mean that the ordering is
antiferromagnetic. The narrowing of the Ni/Ru-O-Ni/Ru
angle reduces the magnetic interactions between the
Ni/Ru ions. However, the obtained transition
temperatures are not in accord with the change of the
interactions. As the Pr'" and Nd** ions have localized
magnetic moments, one possible origin of this behavior
is a contribution of the magnetic interactions between
the R and Ru/Ni ions. The importance of such an
interaction was suggested for quasi-one-dimensional
ruthenates R,RuOs [18], in which the magnetic ordering
temperature has no correlation with the ionic radius of
R*'. To obtain further information on these oxides, their
dielectric properties are currently investigated.

4. SUMMARY

Magnetic and dielectric properties of the ruthenium
double perovskites R,MRuO4 were studied (R=La, Pr
and Nd, M=Mg, Co, Ni and Zn). For R=La, the materials
with the magnetic M** ions (M=Co and Ni) showed
magnetic ordering and large dielectric constants (~5000).
On the other hand, for the non-magnetic M** ions
(M=Mg and Zn), magnetic ordering was not observed.
In addition, their dielectric constants were found to be
small (~100-200). Together with the imaginary part and
the tand component of the dielectric response, the large
dielectric constants for M=Co and Ni may be related to a
smooth response of polar regions. As the magnetic
properties of R,MRuQg with R=Pr and Nd could not be
understood in conmection with the narrowing of the
M/Ru angle, the origin of this behavior should be
clarified in the future.
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Fig. 6. Magnetization plotted against temperature
for Nd,NiRuQs, measured with the applied field of
1000 Oe. The transition temperature was estimated
tobe ~35 K.
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