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Crystal structures, and magnetic, electric, and thermal prop-
erties of fluorite related compounds Ln;RuQ; (Ln = Sm, Eu)
have been investigated. For Eu;RuQ,, a magnetic transition due
to Ru** ions is found at Ty =22.5 K on the susceptibility—tem-
perature curve. Specific heat measurements also exhibit a A-type
anomaly at the same temperature. The Mossbauer spectrum
measured at 10 K shows broadening of the line corresponding to
magnetic splitting. For Sm;RuQ,, two magnetic anomalies have
been observed at 10.5 and 22.5 K from its magnetic susceptibility
measurements. Below 22.5 K Ru®* ions are antiferromagneti-
cally coupled, and when the temperature is decreased through
10.5K the ordering of Sm** ions occurs rapidly. Specific heat
measurements show first-order transition peaks at 7= 280 and
190 K for Eu;RuO, and Sm;RuQ,, respectively. The results of
magnetic susceptibility and electric resistivity measurements
indicate that these transitions are structural phase transitions.
(© 2001 Academic Press

1. INTRODUCTION

Compounds of composition Lnz;MO-, where Ln is a lan-
thanide and M is the 4d or 5d transition metal, have been
investigated by several researchers (1-7). For large Ln ca-
tions, an orthorhombic fluorite-related superstructure is
found, while for the smaller Ln cations, the structure is
defect fluorite. Allpress and Rossell (1) pointed out the
probable space group Cmcm for La;NbO- and C222, for
Ln;NDbO- (Ln = Nd, Gd, Ho, Y). Rossell (2) determined the
precise crystal structure of LasNbO, by X-ray powder
diffraction and single-crystal electron diffraction experi-
ments. One-third of the La ions are eight-coordinated and
lie in rows in the [001] direction which alternate with
parallel rows of corner-linked NbOg octahedra within slabs
parallel to [100]. The remaining two-thirds of the La ions
are seven-coordinated and lie between the slabs of the LaOg
and NbOg polyhedra.

The electronic and magnetic properties of the complex
oxides containing pentavalent ruthenium ions attract our
attention. The electronic configuration of Ru®* ions is
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[Kr]4d® ([Kr] = krypton core). Such highly oxidized ca-
tions from the second transition series sometimes show
quite unusual magnetic behavior. Van Berkel and Ijdo (3)
first described Nd;RuO, with space group Cmcm as
a superstructure of the cubic fluorite structure with

Aorth = 2Af1uorites Dorth X Corth ¥ </ 20f1u0rite and suggested the
same structure as that found for La;NbO-, determined from
X-ray diffraction measurements. After that, Groen et al.,
determined the precise structure (4). However, the physical
properties of Ln;RuO, have not been studied until very
recently. Khalifah et al., investigated electronic and mag-
netic properties of La;RuO- through its neutron diffraction,
electrical resistivity, and magnetic susceptibility measure-
ments and band structure calculations (6). La;RuQ- is
a semiconductor and it transforms to an antiferromagnetic
state at Ty = 17 K. Frederick reported the magnetic prop-
erties of Pr3RuO, (7). Pr3RuO- is also antiferromagnetic
below T = 50 K.

Here, we prepared two Ln;RuO- (Ln = Sm, Eu) and have
performed measurements for their magnetic, electrical resis-
tive, Mossbauer spectroscopic, and thermal properties. The
results will be discussed.

2. EXPERIMENTAL

As starting materials, Sm,03(99.9%), Eu,05(99.9%), and
Ru0,(99.9%) were used. These reagents were obtained from
Nihon Yttrium Co. Ltd. (for Sm,03) and Soekawa Chem-
ical Co. Ltd. (for Eu,03 and RuQO,). They were weighed in
appropriate metal ratios and the mixtures were ground in
an agate morter, pressed into pellets and reacted in air at
1200°C for 48 h with several grindings.

X-ray powder diffractometry was carried out in the re-
gion 10°<260 <120° in increments of 0.02° (20) with
a Rigaku MultiFlex using CuKo radiation. The structures
were refined with the Rietveld method, using the Rietan
program (8).

The temperature dependence of the magnetic susceptibil-
ity was measured for Sm3RuO- in the temperature region
2K <T <350K and for Euz3RuO; in the temperature
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X-ray diffraction profiles for EuRuO-. The calculated and observed diffraction profiles are shown on the top solid line and the cross markers,

respectively. The vertical marks in the middle show positions calculated for Bragg reflections. The lower trace is a plot of the difference between calculated

and observed intensities.

region 2 K < T <400 K in a magnetic field of 0.1 T with
a SQUID magnetometer (Quantum Design, Model
MPMS). The magnetic susceptibility data were collected
both after cooling the sample from room temperature to 2 K
in a zero field (ZFC) and after cooling it in an applied field of
0.1 T (FC).

The temperature dependence of the resistivity of
Eu3;RuO,; was measured by the standard four-probe
method in DC mode over the temperature range
150 K < T < 400 K. The measurements of the specific heat
were performed using a relaxation technique for Sm;RuO,
in the temperature range 1.8 K < T <350K and for
Eu3;RuO; in the temperature range 1.8 K < T <400 K.
The sample in the form of a pellet was mounted on an
aluminum plate with apiezon for better thermal contact.
Measurements of resistivity and specific heat were recorded
with a Quantum Design PPMS.

The '3'Eu-Mossbauer absorption spectra for Eu;RuO-
were measured with a commercial transmissional Mdss-
bauer spectrometer (VT-6000, Laboratory Equipment Co.,
Japan) at the temperatures 10, 50, and 260 K and RT. The
spectrometer was calibrated using the magnetic hyperfine
structure of «-Fe and the isomer shift was determined rela-
tive to the shift of europium trifluoride (EuF;). **!SmF;
with activity of 1.85 GBq was used as the y-ray source.

3. RESULTS AND DISCUSSION
3.1. Crystal Structure

For both Sm;RuO, and Euz;Ru0O-, the X-ray diffraction
patterns were indexed on an orthorhombic unit cell (space
group Cmcm). Figure 1 shows the X-ray diffraction profile
for EusRuQO-, as an example. No reflection forbidden for

a C lattice was observed; ie., the space group
Pnma(La;NbO-) (9) or P2,2,2, (LasMoQO-) (10) is not
applicable to this case. This space group Cmcm is the same
space group as that reported for other Ln;RuO- (Ln = La,
Pr, Nd). Their lattice parameters and atomic positions are
listed in Table 1, and some important bond lengths and

TABLE 1
Crystal Structure Data for Ln;RuO, (Ln = Sm, Eu)

Atoms  Positions B(A?)

Sm;RuO,
Space group Cmcm
Z=14 a=10.75522) A b=17.3356(1)A c¢=T7.4375(1)A V = 586.79(2) A3

Ry, =1545% Ry =268% Rp=200%

Sm(1) 4a 0 0 0 0.97(11)
Sm(2) 8g 0.2236(3) 0.3054(4) 0.25 0.48(7)
Ru 4b 0 0.25 0 0.32(13)
O(1) 16h 0.125(2) 0.317(3) —0.040(2) 0.58(36)
0(2) 8g 0.129(3) 0.023(4) 0.25 0.58(36)
0(3) 4c 0 0.420(5) 0.25 0.58(36)
Eu;Ru0O-,

Space group Cmcm
Z=4 a=10.6927(1)A b= 7.3228(1)A ¢=T7.4125(1)A V = 580.40(1) A*

Ry, =13.50% R;=224% Ry=175%

Eu(1) 4a 0 0 0 0.91(10)
Eu(2) 8g 0.2240(2)  03036(3) 025 0.27(6)
Ru 4b 0 0.25 0 0.25(10)
o(1) t6h 012720  03162) —0.0392)  0.77(28)
0Q) 8g 0.1302)  0.023(3) 025 0.77(28)
003) 4c 0 0.418(4) 0.25 0.77(28)

Note. Definitions of reliability factors R, Ry, and R are given as follows
Ry, = [, W(F (o)l = [F(O)?/Y WIF(O)\Z]”Z, Ry = ) |1l(0) — Ie)l/}. Ii(o),
and Ry =" [[I0)]"* — [Tc)]'21/3. [Tx(0)]">.
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TABLE 2
Bond Lengths and Angles for Ln;RuQ, (Ln = Sm, Eu)

Sm;RuO,

Ru-0O(1) 1.92(2) x4 Sm(2)-0(2) 2.24(3)

Ru-0(3) 1.95(1)x 2 Sm(2)-0O(2) 2.31(3)
Sm(2)-O(1) 2.40(2) x 2

Sm(1)-0O(1) 2.71(2)x 4 Sm(2)-0(1) 243(2)x2

Sm(1)-0O(2) 2.33(2)x 4 Sm(2)-0(3) 2.55(1)

Ave.(Sm(1)-0) 2.52 Ave.(Sm(2)-0) 2.39

Ru-0O(3)-Ru 145.1(22)

O(1)-Ru-0(3) 86.6(9)

O(1)-Ru-0(1) 89.2(12)

Eu;Ru0O-,

Ru-0(1) 1.93(2) x4 Eu(2)-0O(2) 2.24(2)

Ru-0(3) 1.95(1)x 2 Eu(2)-0(2) 2.28(2)
Eu(2)-0(1) 2.38(2)x 2

Eu(1)-O(1) 2.70(2) x 4 Eu(2)-0(1) 2.40(2) x 2

Eu(1)-0O(2) 2.32(2)x 4 Eu(2)-0O(3) 2.54(1)

Ave.(Eu(1)-0) 2.51 Ave.(Eu(2)-0) 2.37

Ru-0O(3)-Ru 144.0(17)

O(1)-Ru-0(3) 85.9(7)

O(1)-Ru-0(1) 89.4(9)

angles are listed in Table 2. Figure 2 illustrates the crystal
structure of Ln;RuO, (Ln = Sm, Eu). In this structure,
corner-shared RuOg octahedra form one-dimensional chain
parallel to the c-axis. This chain is tilting not in the g-axis
direction but in the bc plane, and has the mirror plane
perpendicular to the a-axis existing center of it. Neighboring
LnOg cubes and RuOg octahedroan share edges and are
arranged alternately along the b-axis. The plane formed
by the LnOg and RuOyg is parallel to the bc plane and
it is separated by the other lanthanum ions, Ln(2), which
have seven-fold coordination. The lattice parameters are
determined: a = 10.7552(1) A, b= 7.3356(1) A,  and
¢=743751)A for Sm;RuO,, and a=10.692702)A,
b =17.3228(1) A, and ¢ = 7.4125(1) A for Eu;RuO,. With
increasing atomic number of the lanthanide ions (which
means decreasing ionic radius of Ln®>"), the lattice para-
meter decreases, as expected. The average seven-coor-
dinated Eu-O and six-coordinated Ru-O lengths are 2.37
and 1.94 A, respectively (see Table 2), which are very near to
the values calculated from Shannon’s ionic radii (2.39 and
1.945 /f\). The average length for eight-coordinated Eu-0,
2.51 A, is a little longer than that calculated from Shannon’s
ionic radii, 2.446 A. These results indicate the bond lengths
determined in this study are reasonable as the Eu-O and
Ru-O bond lengths. The same result is found in the bond
lengths for Sm;RuO-.

3.2. Specific Heat for Eu;Ru0O,

Figure 3 shows the temperature dependence of specific
heat for EusRuO,. Two transition peaks are found at
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22.5 and 280K, respectively. The transition at lower
temperature, 22.5 K is the A-type second-order transition,
indicating the occurrence of magnetic transition at this
temperature. On the other hand, the shape of transition
peak at higher temperature, 280 K, is characteristic of the
first-order transition. And the variation of the specific heat
with temperature is different below and above the transition
temperature, which implies that the lattice component of
specific heat changes at 280 K, indicating this transition is
the structural phase transition. We will calculate the Debye
temperature 0 above 280 K by fitting the theoretical equa-
tion of lattice specific heat to the experimental data,

T 3 [*xp 4 x
Clallice =9 NkB <0_> J\ dx L

D 0 (€ —1)* L]

The Debye temperature is estimated to be 0, = 520 K.

Now we can calculate the lattice contribution to the

specific heat at T =280 K, and then derive the entropy

change, AS(T)= f(C/T)dT. It is calculated to be
AS =4.32Jmol 'K~ from the C/T versus T curve.

3.3. Magnetic Susceptibility for Eu;RuO,

The temperature dependence of magnetic susceptibi-
lities for Eu3RuO, is shown in Fig. 4. It is found that
Eu;RuO, shows an antiferromagnetic transition at
Tx = 22.5 K, in accordance with the specific heat data. The
susceptibility increases rapidly when the temperature is de-
creased through ca. 24 K and a great divergence between
the ZFC and FC magnetic susceptibility occurs at 22.5 K.
The reciprocal susceptibility vs temperature curve shows the
deviation from the Curie-Weiss law below 35 K. A short-
range magnetic ordering between Ru’* ions might be
responsible for this deviation. In a very low-temperature
region, the FC susceptibility has saturation value
v =37x10" emu mol™! (u=6.6x10"2py) and the
ZFC  susceptibility attains a  constant  value,
o= 14x10"%emu mol ! (u=25x10"3 pug). The elec-
tronic configuration of the Eu®* ion in Eu;RuO-, is [Xe]4f*
([Xe]:xenon core). The ground state 'F, of Eu®* is non-
magnetic and the excited states ’F, are close enough to give
energy differences comparable to kzT (kg, Bolzmann con-
stant) at room temperature. Eu®>" has a magnetic moment
due to the perturbation effect from these excited states. But
this moment is very small. Therefore the magnetic ordering
in the Eu;RuQO5 should be due to the superexchange inter-
action between Ru®" ions along the pathway of Ru-O-Ru.
The Neél temperature for EusRuO, (T = 22.5 K) is higher
than that for LazRuO, (T = 17 K), which is due to the
increase of the orbital overlap of d.: (Ru*) and p, (O*7) in
the Eu;RuO,. The Rietveld analysis for Eu;RuO, and
La;RuO, show that the bond length of Ru-O(3) for
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FIG. 2. The crystal structure of Ln;RuO- (Ln = Sm, Eu).

Eu;RuO; is certainly shorter than that for La;RuO,
(1.994(1) for LazRuO5, 1.95(1) for Eu3;RuQO-), although the
bond angles of Ru-O(3)-Ru are not different between these
two compounds (144.9(1)° for La;RuO,, 144.0(17)° for
Eus;RuO5). Another possible reason for the high magnetic
transition temperature of Eu;RuQO- is that the nonzero
moments of Eu** ions might contribute to the magnetic
exchange interactions.

Since the large divergence between the ZFC and FC
susceptibilities for Eu;RuO, was observed below the
transition temperature, we have performed measurements of
the field dependence of magnetization. A magnetic hyster-
esis loop has been observed, suggesting the existence of
a ferromagnetic component in the magnetic moment of
ruthenium. It is estimated to be u = 7.1 x 10~ % yy from the
remnant magnetization. When the magnetic field of 5T is

applied, the magnetic moment of Ru®* is 0.41 up, which
is much smaller than the theoretical value p = 3ug in
the case where all the Ru®" moments are ferromagneti-
cally arranged. We consider that this is due to the contri-
bution of the weak ferromagnetic component. For
compounds with low crystal symmetry having no inversion
symmetry, a Dzyaloshinsky—-Moriya (D-M) interaction
can exist between the antiferromagnetically ordered
moments, which results in the existence of a weak ferro-
magnetic component in the susceptibility (11). Since
the EuzRuO, shows a very sharp peak in the magnetic
susceptibility vs temperature curve at 22.5 K (see Fig. 4b),
we can exclude the possibility that this magnetic inter-
action is of the one-dimensional Ising type, although the
RuOyg octahedra are arranged one-dimensionally in this
structure.
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FIG. 3. Temperature dependence of specific heat of EusRuO5 in the
temperature ranges, (a) 2K < T <400K and (b) 15K < T <30K. The
calculated lattice specific heat is shown with the solid line.

Detailed magnetic susceptibility measurements around
280 K show the slight magnetic anomaly in the susceptibil-
ity vs temperature curve (see Fig. 4c), which is in accordance
with the results of specific heat measurements.

3.4. Electrical Resistivity for Eu;RuQO;

In Fig. 5a, the electrical resistivity of EusRuO-, p, is
plotted as a function of reciprocal temperature. The hyster-
esis loop is observed around 280 K (see Fig. 5b). At the same
temperature, both the specific heat and the magnetic suscep-
tibility show anomalies. But no jump of resistivity is
observed and the resistivity is in the range for semicon-
ductors throughout the measurements, as will be described
below. Therefore, this transition is not a metal-insulator
transition such as is observed, for example, for rare
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FIG. 5. Plots of electrical resistivity versus, (a) reciprocal temperature
and (b) temperature plot for EusRuO,.

earth nickel perovskites LnNiOj3 (12, 13) or mixed valence
manganese perovskites 4, _ . A.MnOj; (14).

The resistivity increase with decreasing temperature is
found for semiconductors and it is 170 Q cm at 300 K. From
its Arrhenius plot, a band gap AE, is estimated to be 0.25 eV
in the temperature range 150 K<T <250 K below the
transition temperature, and AE, = 0.26 eV in the temper-
ature range 310 K< T <400 K above that temperature.
These values are comparable to that reported for Laz;RuO-,
(AE, = 0.28 eV), and suggesting that the d electrons of Ru®*
ions are localized. Considering the electronic configuration
of the pentavelent ruthenium ion, 4d>(:3,e)), this com-
pound is considered to be a Mott insulator.

3.5. Mossbauer Spectra

Figure 6 shows the Mossbauer spectra measured at room
temperature in the velocity range —10mms ! <v <
10 mms~ !, As the structural analysis has indicated that the
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FIG. 4. Temperature dependence of magnetic susceptibilities of

Euz;RuO, in the temperature ranges, (a) SK < T <400K, (b) 2K <
T <50K, and (c) 260K < T < 310K.
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Eu ions occupy two kinds of sites, we assume two different
environments for europium ions in analyzing the spectra.
The ratio of their sites is Eu(1): Eu(2) =1:2.

First, we will discuss the isomer shifts (IS) determined in
this study (see Fig. 6). The isomer shift ¢ is proportional to
the difference in the probability density for the electrons at
the nucleus of the absorber ¥, (0) and the source ¥5(0), and
to the difference between the nuclear radii in the excited and
the ground states AR, and it is given by

5 o {IWA(O))” — [¥5(0)1%} x AR. [2]
In the case of europium, the sign of AR is positive. There-
fore, the IS increases with increasing electron density at
the nucleus of absorber (at the sample). As the Eu-O bond
length is shorter, its stronger covalency weakens the
shielding effect of the 4f electron on the 6s orbital. Therefore,
a negative linear relationship between the IS of Eu®* and
the Eu-O bond length has been reported for various oxides
containing europium (15, 16). In this experiment the isomer
shifts of Eu(1) and Eu(2) are determined to be 0.63(8)
and 0.88(4) mm s~ !, respectively. Since the average bond
length of Eu(1)-O (2.51 /QX) is longer than that of Eu(2)-O
(2.37 /OX), the trend of the isomer shifts is in accordance
with the above relationship. Since the Eu(1) and Eu(2) sites
have the point symmetry 2/m and m, respectively, an electric
field gradient (EFG) tensor exists, and we have to consider
the effect of an electric quadrupole coupling eV,,0Q.
The interaction between the EFG tensor and the elec-
tric quadrupole moment Q, is described by the following
Hamiltonian,

V.
_ VO [317 — I(I + 1) + n(I7 — )],

Q4121 — 1) (3]

where [ is the nuclear spin, # is the asymmetric parameter,
and Vj; is the electric field gradient tensor. The EFG tensor
of principal direction, V;, is divided into two components;
ie, it is given by Vzz = Vagice + Vay, Where Vigice 18 the
component of the contribution of the lattice, i.e., the crystal
field formed from the coordinated oxygen ions, and V, is
the component of the contribution of the 4f orbitals of the
europium ions. The asymmetry parameter 5 is given by
n = (V,y — Vix)/Vzz. If the point symmetry of the europium
site is lower than threefold symmetry (— 3m), this parameter
should be considered. Although some europium oxides con-
taining distorted EuOg octahedra, such as monoclinic per-
ovskites give positive quadrupole coupling constants
(17, 18), most of europium oxides have negative values. In
this study, eV,,Q is negative for both the sites Eu(1) and
Eu(2) (see Fig. 6). The asymmetric parameters # for Eu(1)
and Eu(2) are determined to be 0.0(5) and 0.9(1), respective-
ly. The asymmetric parameter for Eu(2) is larger than that

HARADA AND HINATSU

Relative intensity / %

Il 1 L 1 |

15 100 -5 0 5 0 15
Velocity / mm s™

FIG. 7. The Mossbauer spectra for EuzRuO- in the velocity range
—15mms ! <v<15mms~!at 10K, 50K, 260 K, and RT.

for Eu(1). This result is in accordance with the crystallo-
graphic result that the symmetry of the 7-coordinate site
Eu(2) (point symmetry m) is lower than that of the 8-
coordinate site Eu(1) (point symmetry 2/m).

The large natural linewidth of the ' **Eu-Mssbauer spec-
trum ([, = 1.31 mms~!) and the existence of two in-
equivalent sites in the crystal make the determination of its
hyperfine structure difficult. In addition, because measure-
ments of the temperature dependence of the **!Eu Mdss-
bauer spectra were carried out over the scanning velocity
range between —15 and 15mms™', we could not fit
the spectra with 12 Lorentzian because of the wide interval
of the velocity. The results of the fitting with one Lorentzian
for the Mossbauer spectra measured at various temper-
atures are shown in Fig. 7, and the isomer shifts (IS) and full
widths at half-maximum (FWHM) are listed in Table 3.
Both IS and FWHM increase with decreasing temperature.
At 10 K, the spectra broaden greatly, indicating that a mag-
netic splitting occurs at this temperature. This result is in
good agreement with the behavior found in the magnetic
susceptibility and specific heat measurements below
Tx = 22.5 K. The result that the IS increases with decreas-
ing temperature is ascribable to the second-order Doppler
shift with relativistic effects (19). This energy shift is
described by the equation

OkOp[1 [T\ (™7 x3
- Sy d 4
MC[4+ <0D> L e

5]):
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TABLE 3
Mossbauer Parameters of Eu;RuO,

IS (mms™ 1) FWHM (mms~1!)
RT 0.80(1) 4.43(5)
260K 0.81(1) 4.46(4)
SOK 0.91(1) 5.04(5)
10K 0.93(1) 9.91(9)

where k is the Boltzmann constant, M is the atomic mass of
europium, C is the speed of light, and 6 is the Debye
temperature. Substituting 520 K, estimated from the specific
heat data for 60p, we may obtain an energy shift
dp = 0.0435mm ~!s between RT and 10 K. About 30% of
the difference in isomer shifts between these temperature
(0.13 mm s~ ') is due to the second-order Doppler shift. The
rest of the difference should be attributable to the crystallo-
graphic result that Eu-O bond lengths become shorter with
decreasing temperature, because there exists a negative rela-
tionship between the isomer shift and the Eu-O bond
length, as described above.

3.6. Magnetic Susceptibility and Specific Heat of Sm;RuQO,

Figure 8 shows the temperature dependence of magnetic
susceptibility for Sm3RuO-. This Sm;RuO- shows an anti-
ferromagnetic transition at Ty = 22.5 K, and the divergence
between ZFC and FC magnetic susceptibility has been
obtained below this temperature. Its divergence is very
larger when the temperature is decreased through 10.5 K
(see Fig. 8b). Figure 9 shows the temperature dependence of
specific heat for Sm;RuQ-. It exhibits a sharp A-type peak at
22.5K and a broad anomaly appears in the temperature
range below 10.5 K. These results are in good accordance
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FIG. 8. Temperature dependence of magnetic susceptibilities of
Sm;RuO in the temperature ranges, (a) S K < T <350K,(b)2 K < T <
40K, and (c) 170K < T <220 K.
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temperature ranges (a) 1.8 K < T <400 K and (b) 1.8 K < T <40 K. The
calculated lattice specific heat is shown by the solid line.

with magnetic susceptibility measurements. It is interesting
that the antiferromagnetic transition temperature for
Sm;RuO, (Ty =22.5K) agrees with that for EuzRuO,
(Tx = 22.5K). This transition temperature is also near to
that for La;RuO, (T = 17 K). Therefore, we consider that
these magnetic interactions are caused by the same interac-
tion mechanism (between Ru’* ions) and that they have no
relation with the kinds of rare earth ions.

As shown in Fig. 9a, another specific heat anomaly has
been found at 190 K. At the same temperature, the magnetic
susceptibility also shows a small anomaly (see Fig. 8c). This
behavior is quite similar to the case of EusRuO-, and we
consider that this transition is also the structural phase
transition. The Debye temperature for Sm;RuO- is cal-
culated to be 0, = 540 K by fitting Eq. [1] to the experi-
mental data. After the component of lattice contribution
is subtracted from the specific heat, the entropy change
at T = 190K is calculated to be AS =2.46Jmol 'K 1.
This value is smaller than that for Eu;RuO, (AS =
432Jmol *K™1).

3.7. Evaluation of Specific Heat in Low-Temperature
Regions of Sm;RuO; and Eu;RuO,

Figures 10a and 10b show the temperature dependence of
magnetic entropy change and the magnetic specific heat
divided by temperature (C,/T) in the lower temperature
region, respectively. Since the ground state J =3 of the
Sm** ion is magnetic, the magnetic interaction between
Sm°>™ ions is also important in this Sm3;RuO,. Thus we
consider that the entropy change below 10.5 K, which is not
found in EuzRuO-, corresponds to an ordering of Sm**
ions. Figure 11 shows the difference between the entropy
change of Sm;RuO-, and that of EusRuO,. The entropy

3+
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FIG. 10. (a) The magnetic entropy change versus temperature and (b)
the C,/T versus temperature for Ln;RuO, (Ln = Sm, Eu).

curve is close to 16.5 Jmol ™' K~! with increasing temper-
ature. We predict that this magnetic entropy is yielded by
the ground Kramers’ doublet of Sm** ions influenced by
the crystal field. In the case where all three Sm®* ions are
ordered, the expected magnetic entropy is 3RIn2 =
17.3 Jmol ™' K™, which is very close to the value obtained
from measurements. As the magnetic entropy change at-
tains about 75% of 3RIn2 at T = 10.5 K, the ordering of

[
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FIG. 11. The difference between the magnetic entropy of Sm3zRuO-
and that of Eu3RuO; as a function of temperature.

HARADA AND HINATSU

magnetic moments for Sm>*
temperature.

For Eu;Ru0O- we have calculated the magnetic entropy
change by subtracting the electronic and lattice contribu-
tions from the specific heat. It is known that the electronic
and lattice contributions to the specific heat are propor-
tional to the temperature and the third power of temper-
ature, respectively. We evaluate the components of the
electronic and lattice contributions by fitting the observed
specific heat to the functionf(T) =ax T + bx T + cx T3
in the temperature ranges 1.8 K < T < 3.0K and 35K <
T < 45K, where little influence of magnetic transition is
expected. The magnetic entropy change thus obtained is
33Jmol 'K~ ' (Fig. 10a). For the case of a total spin
quantum number S = 3 (for Ru’*), the magnetic entropy is
calculated to be RIn(2s+ 1)=RIn(2x3 4+ 1)=RIn4 =
11.5 Jmol ™' K™, This result indicates that zero-field split-
ting of the spin states is caused by the magnetic anisotropy,
as will be discussed below.

For the S = 3, the effective Hamiltonian determining the
ground spin state is described by the equation

proceeds rapidly below this

H= Z {D[S% — 3 S(S + D] + E(S% — Si)}, [5]

where the constant values D and E are expressed using the
second-order perturbation terms of the orbital component
A, and the spin- orbital coupling parameter A as follows:
D = — A, —3(A + Ayy)} and E = — 22(Ay — Ay)/2.
Diagonalizing the energy matrix, this effective Hamiltonian
makes four degenerating states split into two doublets,
IS=3, Mg=+3> and|S =3, Mg = + 1 > . The splitting
energy AE is given by AE = 2[D? + 3E?]V/2. Therefore the
ground state should be a doublet, and the magnetic entropy
change is calculated to be RIn 2. This consideration almost
explains the obtained small magnetic entropy change, but it
is still smaller than R In 2. This may be due to the improper
evaluation of the specific heat components other than the
magnetic entropy one.

4. CONCLUSIONS

The ZFC magnetic susceptibility measurements for
Eu3;RuO, show the antiferromagnetic transition at
Tx = 22.5K, which is due to the interactions between Ru’*
ions. '3'Eu-Mdssbauer spectroscopic measurements and
specific heat measurements also indicate the existence of the
transition at 22.5 K. A large divergence between the ZFC
and the FC magnetic susceptibilities below Ty indicates
a weak ferromagnetic component in the magnetic moment
of Ru’*. For Sm3RuO;, a magnetic anomaly has been found
at 10.5K in addition to the magnetic transition at

= 22.5 K. We consider that the magnetic transition at
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22.5 K is due to the interaction of Ru®* ions, and that the
magnetic anomaly at 10.5 K is ascribable to that of Sm>™
ions. The magnetic entropy change at 10.5 K for Sm;RuO,
suggests the ordering of Sm®* ions. For samples of
Sm;RuO, and Eu3;RuO-, the structural phase transitions
are found at 190 and 280 K, respectively. The electric resis-
tivity measurements for Euz;RuQO, show a hysteresis loop
around 280 K, but no jump of resistivity occurs. This struc-
tural phase transition is not related to a metal-insulator
transition.
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