PHYSICAL REVIEW B 77, 014406 (2008)

Crystallographic and magnetic properties of the mixed-valence oxides CaRu;_.Mn,O;
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The crystallographic and magnetic properties of CaRu;_Mn, 03 (0=x=1.0) were investigated in detail by
x-ray powder diffraction, magnetization, and magnetic Compton scattering measurements. The lattice param-
eters show considerable deviation from Vegard’s law. Ferromagnetism appears at a relatively large Mn con-
centration (x=0.2), and the magnetization and the Curie temperature have a maximum at a Mn content near
x=0.7. The magnetic Compton scattering measurement revealed that Mn makes a dominant contribution to the
magnetization and the Mn moment is antiparallel to the Ru moment, which is induced by Mn doping. The
anomalous change in the unit cell volume and the occurrence of ferromagnetism were discussed on the basis
of the mixed-valence model of Mn**, Mn**, Ru**, and Ru®* ions. The Mn-composition dependence of the
spontaneous magnetization was explained semiquantitatively assuming (1) ferromagnetic coupling between
Mn?** and Mn** ions, (2) antiferromagnetic coupling between Ru>* and Mn ions, and (3) the theoretical spin
moments of Mn**, Mn**, and Ru>*. The ferromagnetic interaction between Mn>* and Mn** ions seems to make
a dominant contribution to the Curie temperature. The CaRu;_,Mn, O3 system is considered to be a ferrimagnet
induced through competition between the ferromagnetic interaction between Mn ions and the antiferromagnetic

interaction between Ru>* and Mn ions.
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I. INTRODUCTION

Ruthenium oxides show interesting magnetic and electric
properties due to the large spatial extent of the 4d wave
function and the relatively strong electron correlation of 4d
electrons. For example, RuO, is a metallic substance with
Pauli paramagnetism, and Sr,RuQ, is a superconductor with
Tc at 0.93 K.' Among ruthenium oxides, SrRuO; and
CaRuO; are well-known ruthenates that have been studied
for four decades. Although SrRuOj; is known as a ferromag-
net with the Curie temperature 7 at 165 K, the magnetism
of isomorphic CaRuO; remains uncertain. The magnetic mo-
ment of CaRuOj; cannot be observed in neutron diffraction
and Mossbauer measurements at low temperature in spite of
the antiferromagnetic behavior at high temperatures. The Cu-
rie constant corresponds to S=1, and the Weiss temperature
® is negative (=140 K).>? Furthermore, no magnetic order
was observed in our muon spin rotation measurement at tem-
peratures down to 0.3 K. Therefore, CaRuOj; is considered to
be the most suitable substance for understanding the mecha-
nism of the occurrence of ferromagnetism. Within the frame-
work of the self-consistent renormalization spin fluctuation
theory, Kiyama et al. suggested that SrRuO; falls under the
category of itinerant ferromagnetism and CaRuOj is a para-
magnet with a strong electron correlation that is on the verge
of magnetic ordering.*

Cao et al reported that CaRuO; readily evolves into a
magnetically ordered phase when Sn is slightly doped.’ Fur-
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thermore, it has been reported that ferromagnetism occurred
by the substitution of various magnetic and nonmagnetic
ions, such as Ti, Mn, Fe, Ni, and Rh, into the Ru site of
CaRu0;.%7 In particular, He and Cava referred to this phe-
nomenon as “disorder-induced ferromagnetism” and consid-
ered it to be a phenomenon that is specific to CaRuO; with a
strong electron correlation. Among these doped CaRuOjs, the
CaRu;_,Mn,O; system is particularly interesting because of
its relatively large magnetic moment and higher 7~ than that
of the ferromagnetic StRuOj;. Previously, the magnetic and
transport properties of the CaMn;_,Ru, O; system were stud-
ied by Maignan and co-workers, and its ferromagnetism was
explained from the viewpoint of the double exchange inter-
action between Mn** and Mn>* ions.®-'® However, no quan-
titative explanation has been given for the Mn-composition
dependence of the occurrence of ferromagnetism because the
system was considered to be highly inhomogeneous.

In the present study, we prepared high-quality polycrys-
talline specimens of CaRu;_Mn,O5; and investigated their
crystallographic and magnetic properties in detail. The direc-
tion of the Mn and Ru spin moments was confirmed by a
magnetic Compton scattering experiment, and the origin of
the ferromagnetism and the possible magnetic structure were
discussed.

II. EXPERIMENT

Polycrystalline specimens of CaRu;_,MnO; (0=x
=1.0) were prepared by the usual solid-state reaction
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method using high-purity reagents of CaCOj3; (99.9%), Ru
metal (99.9%), and Mn,0; (99.9%). A stoichiometric
amount of the reagents was mixed in an agate mortar, and the
mixture was calcined at 1000 °C for 6 h. After the mixture
was reground and pelletized under the pressure of
100 kg/cm?, sintering was performed at 1200 °C for 48 h.
The mixing and sintering were repeated several times so as
to obtain homogenous specimens. The sintered pellet was
annealed at 480 °C for 2 days in an oxygen atmosphere.
The chemical composition and homogeneity of the speci-
men were characterized by electron-probe microanalysis us-
ing wavelength-dispersive spectrometers. The crystal struc-
ture was characterized by x-ray powder diffraction using
Cu K« radiation and subsequent refinement of the diffraction
data using the Rietveld method. The electronic states of Mn
and Ru ions were examined by x-ray photoelectron spectros-
copy (XPS) using a photon energy of 1253.6 eV (Mg Ka).
The magnetic property was characterized using a supercon-
ducting quantum interference device magnetometer at tem-
peratures between 2 and 300 K under an applied magnetic
field up to 70 kOe. The magnetic Compton profile was mea-
sured at the beamline BLOSW of SPring-8 after cooling the
specimen down to 10 K under an applied field of 25 kOe.
The details of the experiment are described in Refs. 11-15.

III. RESULTS AND DISCUSSION

A. Crystallographic properties and electronic states of Mn and
Ru

All the specimens were single phase, and all the diffrac-
tion data were refined well assuming an orthorhombic
GdFeO;-type structure of the space group Pnma. In the en-
tire composition range, specimens retained the GdFeOs-type
structure, and no structural change was observed. Figures
1(a) and 1(b) show the Mn-content dependence of the refined
orthorhombic lattice parameters and the unit cell volume. All
the lattice parameters and the unit cell volume decreased as
the Mn content increased. When Ru** (0.062 nm) in CaRuO4
is replaced by Mn** (0.053 nm), the lattice parameters are
expected to decrease linearly following Vegard’s law. How-
ever, the experimental data deviated considerably from the
linearity. This indicates that some other ions with larger ionic
radii and valence than those of Mn** exist in the system.
Through their studies on CaMn;_,Ru, O3, Maignan and co-
workers suggested that Mn doping increases the oxidation
state of Ru to 5+, and Mn>* is introduced simultaneously to
compensate for the charge unbalance.®'° Our neutron dif-
fraction and Mossbauer measurements for CaRug gsFeq 1503
revealed that there is no oxygen vacancy and that Fe exists as
a trivalent ion.'"!2 In this case, Ru must exist as a Ru>* ion
for charge compensation. Moreover, the magnetic Compton
scattering measurement for CaRu,_,Ti,O; showed the exis-
tence of Ti** and Ru’* ions.'? The coexistence of trivalent 3d
transition metal (M>*) and Ru’* ions seems to be a common
phenomenon in the CaRu;_,M O5 system. Therefore, it is
plausible expectation that some part of the doped Mn has the
3+ oxidation state rather than 4+. The average ionic radius of
the Mn**-Ru’* pair is estimated to be 0.0605 nm using the
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FIG. 1. The Mn-content dependence of (a) the refined ortho-
rhombic lattice parameters and (b) the unit cell volume for
CaRu;_Mn,O;.

ionic radii reported in Ref. 14. This is larger than the radius
(0.058 nm) of Mn** ion. When a Mn ion is doped as a triva-
lent ion along with a Ru’* ion, the reduction in the lattice
parameters must be smaller than that expected for simple
Mn** doping. This must be the reason that the lattice param-
eters deviate from Vegard’s law.

Figure 2 shows the XPS spectra of the Mn 2p;3, and
Ru 3p5), core levels for CaRu;_ Mn,O; with various Mn
contents. Mn 2p5,, peaks are displayed alongside those of
Mn,0O5. The peak positions were determined by fitting the
theoretical profiles to the data. The peaks of Mn and Ru
could not be separated to the peaks of Mn3*, Mn**, Ru**, and
Ru’* ions. However, the binding energy of the Mn 2p;,, core

I CaRu, Mn O, Mn (2p,,,)

Intensity (arb. units)

650 645 640 635
Binding energy (eV)
Ru (3p;,,)

Intensity (arb. units)

475 470 465 460 455
Binding energy (eV)

FIG. 2. The XPS spectra of Mn 2p3,, and Ru 3p;), core levels
for CaRu;_Mn,O5; with various Mn contents. Bars indicate the
peak position obtained by the fitting.
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FIG. 3. The unit cell volume of the isomorphic CaMO; (M
=Mn, V,Fe, Ti,Ru,Ir,Nb,Sn,Zr,Pd) as a function of the cube of
the ionic radii of M ions.

level in CaRu,_,Mn,Oy5 is larger than that of Mn®* in Mn,0O;
but smaller than that of Mn** in CaMnO3, suggesting that
Mn has an average ionic valence between 3+ and 4+. When
the Mn content increases, the Mn 2p;,, peak shifts to higher
energies and approaches the binding energy of Mn in
CaMnOs;. On the other hand, the Ru 3p;,, peak also shifts to
higher energies as the Mn content increases, suggesting the
generation of Ru’* ions. These results suggest the coexist-
ence of Mn**, Mn**, Ru*, and Ru’* ions in the
CaRu;_,Mn,O5 system.

Figure 3 shows the unit cell volume of isomorphic
CaMO; (M=Ti,V,Mn,Fe,Ge,Zr,Nb,Ru,Sn,Ir,Pb) as a
function of the cube of the average ionic radius of the tran-
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sition metal ions.'* It is seen that the unit cell volume V is
proportional to the cube of the average ionic radius r,, of the
transition metal ions. This suggests that the average ionic
radius of transition metal ions can be estimated from the unit
cell volume. The relation

V=2243r +0.1735 (1)

was obtained by a linear approximation. As reported above,
Mn3*, Mn**, Ru**, and Ru®" ions seem to coexist in the
CaRu,_,M,0O5 system. In this case, r,, is represented by the
relation

Fon = Pvinat + Pvina(X = 1) + rryst + rrya(1 = x = 1), (2)

where 7yi3, PMnds 7Rugs aNd 7pys are the ionic radii of Mn3*,
Mn**, Ru**, and Ru’* ions, respectively, and x and ¢ are the
Mn content and the fraction of the Mn?* ion, respectively. 7,
can be estimated from relation (1) using the experimentally
obtained unit cell volume V, and the fraction of each ion can
then be determined for specimens with various Mn compo-
sitions following relation (2) using the reported ionic radii of
metal ions.'> The estimated fractions of each ion are listed in
Table 1. It is evident that the concentrations of Mn** and
Mn** are almost the same as long as Ru’* can compensate
for the charge unbalance caused by the substitution of Mn?*.
The coexistence of Mn** and Mn** ions will exert a consid-
erable influence on the magnetic properties of
CaRu;_,Mn,Oj;. In the following section, the magnetic prop-
erties are discussed using the ionic fractions shown in Table
L

TABLE 1. The experimental cell volume, estimated average ionic radius, calculated ionic fraction, theo-
retical moment, and estimated fraction of Mn>*-Mn** pairs. The average ionic radii were calculated by Eq.
(1) using the cell volume, and the ionic fractions were calculated by Eq. (2) using the average ionic radii. The
fractions of Mn3*-Mn** pairs were assumed to be equivalent to the Mn>* ion fraction.

Cell Average Theoretical ~ Fraction of
Mn volume ionic radius®  Mn3* Mn** Ru** Ru>* moment®  Mn3*-Mn**
content (nm?) (nm) fraction fraction fraction fraction (up/fu.) pairs
0 0.2267 0.0620 0 0 1.00 0 0 0
0.1 0.2255 0.0615 0.06 0.04 0.834 0.06 0.18 0.06
0.2 0.2239 0.0607 0.09 0.11 0.71 0.09 0.42 0.09
0.3 0.2228 0.0602 0.16 0.14 0.54 0.16 0.59 0.16
0.4 0.2215 0.0597 0.21 0.19 0.39 0.21 0.78 0.21
0.5 0.2200 0.0589 0.24 0.26 0.26 0.24 1.01 0.24
0.6 0.2184 0.0582 0.27 0.33 0.13 0.27 1.26 0.27
0.7 0.2158 0.0570 0.22 0.48 0.08 0.22 1.54 0.22
0.8 0.2133 0.0559 0.18 0.62 0.02 0.18 1.26 0.18
0.9 0.2106 0.0546 0.10 0.80 0 0.10 0.82 0.10
1.0 0.2072 0.0530 0 1.00 0 0 0 0

The jonic radii of Mn**, Mn**, Ru**, and Ru>* were assumed as 0.0645, 0.053, 0.062, and 0.0565 nm,

respectively, following the report by Shannon (Ref. 14).

bTheoretical moments were calculated using the fraction of each ion assuming the spin moments of Mn3*,
Mn**, Ru**, and Ru>* as 4ug, 3, 2up, and 3up, respectively.
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FIG. 4. The temperature dependence of the magnetization for
CaRu;_ Mn, O3 under an applied field of 10 kOe.

B. Magnetic properties
1. Magnetization measurements

Figure 4 shows the temperature dependence of the mag-
netization measured for CaRu;_,Mn,O; under an applied
field of 10 kOe. The M(T) curves of specimens with a Mn
content of x=0.2 show ferromagnetic behavior. The Mn-
content dependence of T and the Weiss temperature © are
shown in Fig. 5. T~ was determined as a reflection point of
the M(T) curve by differentiating the magnetization with re-
spect to the temperature, and ® was determined by fitting the
Curie-Weiss formula to the M(T) data. The M(T) curves are
consistent with those reported in former studies regarding the
fact that ferromagnetism with relatively high 7 occurs by
Mn doping.”® It is seen that ® changes its sign from negative
to positive at about x=0.15. In the ferromagnetic composi-
tion range, T increases as the Mn content increases and has
a maximum at x=0.7 (T~ 170 K). This is essentially simi-
lar to the results of Maignan et al.® but differs from those of
He and Cava,’ in which the T was almost independent of
the Mn content. This discrepancy seems to be due to the
difference in the quality of specimens. In the present study,
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FIG. 5. The Mn-content dependence of the Curie temperature
T¢ and the Weiss temperature ® for CaRu;_ Mn,Os.
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FIG. 6. The magnetic-field dependence of the magnetization for
CaRu;_Mn,O5 at 2 K.

the composition dependence of the 7 was observed clearly
when the specimens were prepared under a well-controlled
condition.

The field dependence of the magnetization measured for
CaRu;_Mn,O; at 2 K is shown in Fig. 6. The M(H) of
specimens with x=0.1 shows hysteresis; however, M(H) of
the specimens with 0.1 <x=<0.3 shows a linear increase at
higher magnetic fields and does not approach saturation even
at 70 kOe. On the other hand, specimens with a Mn content
of x=0.4 show typical ferromagnetic behavior that tends to
saturate at higher magnetic fields. These results indicate that
stable ferromagnetism is established in specimens with a
relatively large Mn content. Figure 7 shows the Mn-content
dependence of the magnetic moment determined at 70 kOe
and the moment determined by extrapolating the M(H™")
plot to H~'=0. The magnetic moment increases remarkably
at about x=0.3 and shows a sharp decrease as the Mn content
increases after reaching the maximum at x=0.7. This behav-
ior differs considerably from that of CaRu,_,Fe O;.

1.8
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FIG. 7. The Mn-content dependence of the magnetic moment
determined at 70 kOe, the moment determined by extrapolating the
M(H™") plot to H"'=0, and the moment estimated by assuming the
mixed valence model. The data reported by He and Cava (Ref. 7)
and Maignan et al. (Ref. 8) are also shown for comparison.

014406-4



CRYSTALLOGRAPHIC AND MAGNETIC PROPERTIES OF...

03 -
| / \ CaRuj ;Mn ;0,
B \ o experiment
- 02F ; — calculation
= . o exp.-fit
g r 7g' - Mn3d
. L Q --Rudd
2 01 - Ru
s
\m ) .
2 00 i e S »
E A
~ 01 f
R ‘I
_042 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
-10 -8 6 4 -2 0 2 4 6 8 10

Electron momentum p (arb.units)

FIG. 8. The experimental magnetic Compton profile (open
circle) of CaRugsMn( 505 at 10 K under a field of 2.5 T and the
profile (solid line) simulated on the basis of the ferrimagnetic
model. The one-dot chain line and the broken line are the calculated
RHF Compton profiles for Mn 3d and Ru 4d electrons, respectively.

It is well known that in the CaRu;_,Fe O3 system ferro-
magnetism appears for a very small Fe doping (x<0.1) and
the magnetic moment has a maximum at x=0.15. Our mag-
netic Compton scattering experiment revealed that the ratio
of the Fe spin moment to the Ru spin moment is 0.5 for a
specimen of x=0.15,'% indicating that Ru makes a dominant
contribution to the magnetization of CaRu,_.Fe O;. The
magnetism of CaRu;_,Fe O; was explained by the FeRug
cluster model, in which a Fe ion induces a magnetic moment
on the six nearest-neighbor Ru ions and the Fe ion couples
with six surrounding Ru ions antiferromagnetically. Ferro-
magnetism (or ferrimagnetism) occurs when the clusters or-
der ferromagnetically by sharing a Ru ion.!" On the contrary,
ferromagnetism appears at a relatively large Mn content in
the CaRu;_ Mn,O; system. If Ru in CaRu;_,Mn,O5 is in
the same electronic state as that in CaRu;_Fe O; and the
MnRug cluster participates to the ferromagnetism, ferromag-
netism will appear with very small Mn doping (x<<0.1).
Therefore, another model that is different from that of Fe
doping must be considered to explain the ferromagnetism of
CaRul_anxO3.

2. Magnetic Compton scattering measurements

Figure 8 shows the magnetic Compton scattering profile
for CaRu, sMn, 505 at 10 K under a field of 25 kOe. J;,,,(p.)
is the one-dimensional projection of the spin-polarized elec-
tron momentum density given by

Jmag(Pz)zjf[”T(P)_nl(P)]ddePy’

where n1(p) and n | (p) are the momentum densities of the
majority and minority spin bands, respectively, and the area
under J,,,,(p.) is equal to the total spin moment per f.u.!”-2
The magnetic moment of 0.92ug/f.u. was assigned to the
experimental magnetic Compton profile (MCP) in compari-
son with the MCP of standard Fe metal. This value is con-
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sistent with the result of the magnetization measurement,
which is shown in Fig. 7. The MCP was decomposed into the
Mn 3d and Ru 4d profiles by fitting the experimental profile
to that obtained by an ab initio restricted Hartree-Fock
(RHF) cluster calculation.?'?? The calculated RHF Compton
profiles for Mn 3d and Ru 4d electrons are shown in Fig. 8.
The ratio of the Mn spin moment to the Ru spin moment was
determined to be 2.3, and the experimental MCP could be
fitted well when the magnetic moments of 1.62ug/f.u. and
—0.71up/f.u. were assigned for the Mn 3d and Ru 4d pro-
files, respectively. This result indicates that the Mn spin
makes a dominant contribution to the magnetization and is
antiparallel to the Ru spin moment, which is induced by Mn
doping.

Following the ionic fractions shown in Table I, the Mn
spin moment was calculated assuming the magnetic mo-
ments of Mn®* and Mn** as 4u; and 3wy, respectively. For
Mn ion in CaRuysMnys05, 1.7ug/fu. is obtained. This
value is consistent with the value 1.62up obtained by the
Compton experiment. This fact indicates that almost all Mn
spin moments align ferromagnetically in this system and
contradicts the opinion that this system is highly
inhomogeneous.8 On the other hand, the magnetic moment
observed for Ru is quite surprising. When the magnetic mo-
ments of 2u and 3up are assigned to Ru** and Ru’* ions,
respectively, and a ferromagnetic coupling between Ru** and
Ru’* ions is assumed, 1.3ug/f.u. is obtained for the Ru ion
in CaRugsMn 505 using the ion fractions shown in Table I.
This value is excessively large to explain the experimental
value of 0.71ug/fu. (~1.42up/Ru). One possible model to
explain the experimental result is the cluster model that was
used to explain the ferromagnetism of CaRu;_,Fe O;. How-
ever, when an average magnetic moment of 1.42up is in-
duced on each Ru ion of the six nearest-neighbor sites of Mn
as in the case of Fe doping,?} ferromagnetism will appear for
very small Mn substitution levels lower than x=0.1. Con-
trary to this expectation, ferromagnetism appears for rela-
tively large Mn substitutions. Therefore, there is little possi-
bility for the cluster model to explain the occurrence of
ferromagnetism in CaRu;_Mn,O;. The MCP measurement
was also performed for CaRuy;Mny;05 and 0.39u; was
assigned to Ru. This value is considerably smaller than
that of Ru in the specimen of x=0.5. Moreover, it is clear
from the results of the MCP measurements for x=0.3 and 0.4
that the Ru moment increases as the Mn doping proceeds.
Although it is possible to consider that the induced Ru
moment grows as the Mn content increases, it seems quite
natural to consider that only a portion of the Ru ions
contributes to the magnetization. As pointed out above, it
is quite likely that Ru’* is introduced along with Mn** in
the CaRu;_,Mn,O; system and the Ru>* fraction increases
up to x=0.6 as the Mn content increases. The spin moment
of Ru, therefore, should be attributed to the Ru>* ion.
For example, when the moment of 0.71up, which was ob-
tained for Ru in specimens of x=0.5, is attributed to Ru*
ions, ~3up is assigned to a Ru ion. This value is consistent
with the theoretical moment of Ru’* and the experimental
value (2.8up/Ru at 10 K) obtained for Ru’* in Ba,HoRuOg
via the neutron diffraction measurement.”* It is surprising
that Ru** makes little contribution to the magnetic moment
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in the insulating phase CaRu;_,Mn, O3 (x>0.1). Although
the reason is presently unclear, it has been reported that
Ir’* (5d% in Ba,HolrO4 makes little contribution to the
magnetic moment.>* Since Ru** has four 4d electrons, simi-
lar electronic state to that of I’* may be realized for
Ru** in the insulating specimens of CaRu;_ ,Mn,O5. In this
case, Ru** will makes little contribution to the magnetic
moment.

3. Composition dependence of the magnetic moment

The Mn-content dependence of the magnetic moment was
calculated on the basis of the ionic fraction shown in Table I
and the facts revealed by the magnetic Compton scattering
experiment. The calculation was performed by assuming (1)
the ionic fractions shown in Table I, (2) a ferromagnetic
Mn**Mn** pair, (3) antiferromagnetic coupling among ex-
cess Mn** ions, (4) an antiparallel configuration of Ru’* and
Mn spin moments, (5) the theoretical spin moments of Mn*
(4pmp), Mn** (3up), and Ru>* (3up), and (6) no magnetic
moment on the Ru** site. The result of the calculation is
shown in Fig. 7 [calculation (1)]. The calculation result ex-
plains the experimental result for specimens with a Mn con-
tent of x=<0.6; however, there are considerable discrepancies
between the results of the experiment and calculations for
specimens with a Mn content above x=0.6. As shown in
Table 1, there are many excess Mn** ions that cannot pair
with Mn>* ions in these specimens. In the above calculation,
it is assumed that these Mn** ions have an antiferromagnetic
order [assumption (3)] and make no contribution to the mag-
netization. However, it is likely that, in specimens with a
relatively large Mn content (x=0.6), each Mn** ion might
have two nearest-neighbor Mn** ions forming a ferromag-
netic trio of Mn**-Mn3*-Mn** via ferromagnetic interaction.
In this case, Mn** with an amount that is twice as large as
that of Mn** will contribute to the magnetization of
CaRu;_,Mn O;. The magnetization calculated based on this
model is also shown in Fig. 7 [calculation (2)]. Although the
result of the calculation agrees qualitatively with the experi-
mental results in the wide Mn composition range, the experi-
mental values are slightly smaller than the theoretical values.
It is well known that the spin direction of Mn ions is deter-
mined through the competition between the superexchange
interaction and the double-exchange interaction in the
perovskite-type manganites with Mn** and Mn** ions. de
Gennnes pointed out that the ground state with canted-spin
ferromagnetism is realized in the wide composition range
when the superexchange interaction surpasses the double ex-
change interaction, satisfying the condition #,<<4|J|S?, where
J, S, and 1, are the exchange integral, spin, and coefficient of
the transfer integral, respectively.>* Therefore, as in the case
of the manganites, it is likely that the canted-spin ferromag-
netism is realized in the CaRu;_,Mn,O5 system at very low
temperature. In this case, the experimental moment obtained
from the M(H) would be smaller than the theoretical value
that is deduced assuming the parallel spin configuration of
Mn ions. The agreement between the experimental and the-
oretical values strongly suggests that CaRu;_Mn,O; is a fer-
rimagnet that consists of the ferromagnetic coupling between
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FIG. 9. The Mn-content dependence of the Curie and Weiss
temperatures and the estimated fraction of Mn**-Mn** pair for
CaRu;_Mn,O5. All the data have been normalized by the maxi-
mum values.

Mn3* and Mn** ions and the antiferromagnetic coupling be-
tween Ru>* and Mn ions.

Finally, it is interesting to consider the Mn-content depen-
dence of T in the CaRu;_,Mn, O3 system, where the T is
higher than those of StRuO; (160 K) and the CaRu,;_,Fe O;
system (50-90 K). The normalized Curie temperature
T¢/210 K, the Weiss temperature ©/224 K, and the fraction
of the Mn?*-Mn** pair are shown in Fig. 9 as a function of
the Mn content x. In this study, the fraction of the
Mn**-Mn** pair is assumed to be equal to the Mn** fraction
since the double-exchange interaction between Mn** and
Mn** ions decreases the system energy and, therefore, a
Mn?* ion will adjoin a Mn** ion as much as possible forming
the Mn**-Mn** pair. T(x) and ®(x) show similar character-
istics to those of the Mn**-Mn** pair fraction below x=0.6,
suggesting that the exchange interaction between Mn** and
Mn** ions is responsible for the T and ® of CaRu,;_,Mn,O5.

IV. CONCLUSIONS

The crystallographic and magnetic properties of the
CaRu;_Mn,O; system were investigated, and the mecha-
nism of the occurrence of ferromagnetism was discussed.
The lattice constants and the unit cell volume do not follow
Vegard’s law, suggesting a mixed-valence state of Mn and
Ru ions. Ferromagnetism appears at a relatively large Mn
concentration, and the magnetization and Curie temperature
have a maximum at a Mn content near x=0.7. The magnetic
Compton scattering measurement revealed that the magnetic
moment is induced on the Ru site by Mn doping and the
moment is antiparallel to the Mn spin moment, which makes
a dominant contribution to the magnetization.

The Mn-composition dependence of the spontaneous
magnetization and Curie temperature were consistently ex-
plained on the basis of the mixed-valence model assuming
the fractions of Mn>**, Mn**, Ru**, and Ru®* ions, which
were estimated in order to explain the Mn-content depen-
dence of the unit cell volume. The spontaneous magnetiza-
tion calculated by assuming (1) ferromagnetic coupling be-
tween Mn’* and Mn*, (2) antiferromagnetic coupling
between Ru>* and Mn ions, and (3) the theoretical magnetic
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moments of Mn** (4uz), Mn** (3up), and Ru>* (3up) satis-
factorily explained the experimental result. It is likely that
Ru** makes no contribution to the magnetic moment in the
ferromagnetic insulating phase of CaRu;_,Mn,O5. The mag-
netization and the Curie temperature have a maximum at a
composition in which the Mn**-Mn** pair fraction is the
largest, suggesting that a ferromagnetic network consisting
of Mn** and Mn** ions plays a key role in the occurrence of
ferromagnetism in CaRu;_ Mn,O5. It is likely that a sort of
ferrimagnetism is established in CaRu;_Mn,O5 at large Mn
contents through competition of the ferromagnetic interac-
tion between Mn** and Mn** ions and antiferromagnetic in-
teraction between Ru>* and Mn ions.
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