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Abstract

The variation of the magnetic moment on Ru and Mn atoms in the Cag 3Srp7Ru;_,Mn, O3
system was investigated by the magnetic Compton scattering technique using synchrotron
radiation. The Cag 3Srg7Ru;_,Mn, O3 system has ferrimagnetism with an antiferromagnetic
coupling between Ru and Mn, and the dominant magnetic component changes from
ferromagnetic Ru to ferromagnetic Mn at x ~ 0.25 as the Mn substitution proceeds. The
mechanism for the change in the magnetism of Ca 3Srg 7Ru;_,Mn,Oj3 is discussed.

1. Introduction

Perovskite-type ruthenium oxides have attracted much
attention because of their interesting magnetic and transport
properties. Among the ruthenium oxides, the ferromagnet
SrRuO;3 (T = 160 K) and paramagnet CaRuO; are well
known to be isostructural itinerant oxides [1-8]. It was
reported that ferromagnetism is induced in CaRuOs; when
a very small amount of magnetic or nonmagnetic ions are
substituted to the Ru site [1-3, 9]. Itis also well recognized that
Sr substitution to the Ca sites [1-8] changes the magnetic state
of Ru** ions from paramagnetic to ferromagnetic. These facts
clearly show that CaRuOj is a material on the border between
paramagnetism and ferromagnetism.

In particular, Mn substitution for CaRuO; causes
ferromagnetism for a relatively large substitution level
(=0.1) [10-17]. The study of the CaRu;_,Mn,O3 sys-
tem [10-17] revealed the existence of a correlation between
Ru and Mn ions and the fact that the magnetic states of the
Ru ion change from paramagnetic to ferromagnetic by Mn
substitution. It was also suggested that the ground state of this
system is established by the mixed valence states of Ru and
Mn ions [14], and the magnetic inhomogeneity consisting of
the paramagnetic and ferrimagnetic ground states or antiferro-
magnetic and ferrimagnetic ground states was revealed by the
magnetic Compton scattering experiment [20, 21].

0953-8984/10/145601+08$30.00

In a previous paper [18], we showed that Cay 5Srg sRug4
Mn O3 in the Ca;_,SryRu;_,Mn,O3 system had a higher
Curie temperature of 275 K. This system seems to be a
typical material in which new magnetism, which is induced
by a closed relationship between the lattice deformation and
various exchange interactions, will occur. However, in the
SrRu;_,Mn, O3 system, the ferromagnetism of SrRuO; is
suppressed by Mn substitution [22, 23]. This suggests that the
Mn substitution suppresses the itinerant nature of Ru*" (tye) in
SrRuOj; and a localized state is realized in SrRu;_,Mn, O3 for
larger substitution.

In the present study, a magnetic Compton scat-
tering experiment was conducted for a polycrystalline
Cap3Srg7Ru;_Mn,O; system to reveal the magnetic ground
state. In this paper, the mechanism of the magnetism is
discussed from the viewpoint of the relationship between the
result of the magnetic Compton scattering experiment and
the results of the crystallographic, magnetic and transport
properties.

2. Experimental details

The preparation method of polycrystalline Cag3Sro7Ru;_,
Mn, O3 was the same as that described previously [14, 18]. The
chemical composition and homogeneity were characterized
by electron-probe microanalysis (EPMA) using wavelength-
dispersive spectrometers. The crystal structure was character-

© 2010 IOP Publishing Ltd  Printed in the UK & the USA
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Figure 1. (a) Mn content dependence of lattice constant and (b) cell
volume of Cag 3Srp;Ru;_,Mn,O;5 at room temperature with the
calculated curves from the estimated ion rates.

ized at room temperature by x-ray powder diffraction (XRD)
using Cu Ke radiation and the crystal structure parameters
were refined by the Rietveld method. The magnetic prop-
erties were characterized using a superconducting quantum
interference device (SQUID) magnetometer. The electrical
conductivity was measured using a four-probe method at
temperatures down to 5 K. Electrical contact was established
using gold wire and silver paste. The magnetoresistance was
measured under magnetic fields up to 5 T applied parallel to
the electric current.

The magnetic Compton profiles and spin moments
were measured with a magnetic Compton scattering (MCS)
experiment performed at the BLO8W beamline of SPring-8.
The sample temperature was 10 K and the applied magnetic
field was 2.5 T. The overall momentum resolution was 0.57
atomic units (au). The details of the experiment are described
in [24-26]. The usual correction procedures were employed,
and, after confirming the symmetrical shape of the MCP with
respect to zero momentum, the MCPs were folded at zero
momentum to increase the effective statistical accuracy.

3. Experimental results

3.1. Crystal properties

The XRD results are summarized in figures 1 and 2.
The results of the refinement for the XRD profile for
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Figure 2. The analysis results of the XRD result at room
temperature. (a) The distance between the B site ions with respect to
the Mn content. (b) The estimated ion rates from the experimental
cell volume. The parameters d1, d2 and d3 correspond to the
distance to the neighboring atoms along the three-dimensional
directions.

Cap3Srg7Ru;_ Mn, O3 (0 < x < 0.7) showed a single-phase
GdFeOs-type orthorhombic perovskite structure of Pbnm for
x < 0.5 or of I4/mem for 0.5 < x. The sample with x =
0.8 has a crystal structure of P63/mmc symmetry under the
present synthesis conditions. The analysis of the XRD results
shows that the system is crystallographically homogeneous.
The results of the Rietveld analysis are shown in figures 1(a)
and (b). As shown in figure 1(b), although the cell volume
continuously decreases as the Mn content increases, the lattice
parameter has a discontinuity at x = 0.5. Moreover, the space
group of the crystal structure changes from Pbnm to I4/mcm
at x = 0.5 (see figure 1(a)).

Figure 2(a) displays the distance d between Ru or Mn
ions deduced from the refined crystal lattice parameters. The
result indicates that the B site ions form a cubic lattice structure
between the Mn content of x = 0.2 and 0.5. Figure 2(b)
summarizes the estimated ion rates for Ru**, Ru’>*, Mn*t and
Mn>" ions using the Mn content dependence of the cell volume
shown in figure 1(b). Our neutron diffraction and Mossbauer
measurements for CaRug gsFeg 1505 revealed that there is no
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Figure 3. The temperature dependence on magnetization under
1 kOe for Cag3Srp,Ru;_,Mn,O;5 ((a) x < 0.5, (b) x > 0.5).

oxygen vacancy and that Fe exists as a trivalent ion [19].
Therefore, in the present case, the estimation described in [14]
was performed under the assumption of (1) NM» = yMn3+
NMn4+’ (2) NMn3+ — NRu5+ and (3) NRu4+ =1 NMn _
NRW+ where NMn3+ yMnd+ - NRuSH apd NRUH are the ion
rates for each ion, and their sum is 1. The amounts of each ion
are NMn3+ = NMndt — NRuSH _ NRub — 95 5t x = 0.5.
It is seen that the experimental cell volume is well represented
by the calculated cell volume. These results suggest that the
system is in a mixed valence state consisting of Ru*t, Ru’t,
Mn®*t and Mn** ions. Furthermore, it is evident that the
concentrations of Mn** and Mn** are almost the same as long
as Ru’" can compensate for the charge imbalance caused by
the substitution of Mn**.

3.2. Magnetic properties

The temperature dependence of magnetization, M, is shown
in figure 3. The magnetization shows a ferromagnetic
behavior for the samples with x = 0 and 0.5 with
anomalous temperature dependence. On the other hand, the
magnetizations of the samples with x > 0.5 become smaller
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Figure 4. The Mn content dependence on Curie temperature (closed)
and the magnetization (open) at 5 K under 1 kOe for
Ca0,3Sr0A7Ru1 ,XMHX 03 .

than those of the samples with x = 0.5 (see figure 3(b)) with a
ferromagnetic-like temperature dependence.

Figure 4 is a summary of the Curie temperature T¢ as
a function of the Mn content, where 7¢c was determined by
the peak temperature of dM/d7T. The variation of 7¢ and
the magnetic moment suggests the existence of a magnetic
correlation between Ru and Mn ions. The magnetization at
5 K varied with Mn content and it showed a minimum at
x = 0.25. In addition, it was also found that the samples
for x = 0.5-0.6 show a remarkably small magnetization and
have a structural transition (as shown in figure 1). On the other
hand, T¢ yielded from figure 3 changed from 80 K at x = 0 to
250 K at x = 0.5 through the minimum 7¢ (50 K) at x = 0.2.
However, the samples with x = 0.6 and 0.8 show T¢ with a
constant (230 K). The present magnetic and structural results
for x = 0.6-0.8 suggest that the ferromagnetic transition for
x = 0.6-0.8 would be caused by the weak ferromagnetic
behavior from the antiferromagnetic structure between Mn/Ru
moments. Therefore, an antiferromagnetism state would be
established in the samples with x > 0.5.

3.3. Magnetoresistance effect

Figure 5 shows the temperature dependence of the normalized
resistivity p(T)/p (T = 270 K) measured under zero field
for samples with x = 0-0.7. The behavior of p(T") changes
from metallic for x = 0 to semiconductive with increasing Mn
content. The inset of figure 5 shows the resistivity at 10 K as
a function of Mn content x. The change observed in the slope
dp/dx at x = 0.5 would be caused by the change in the crystal
structure.

The magnetoresistance (MR) effect was characterized for
samples with x = 0.25, 0.4, 0.5 and 0.7. The MR ratio was
defined as MR = (py — po)/po x 100. Figures 6(a) and (b)
show the magnetic field dependence of the MR ratio at 10 K
for x = 0.25, 0.4, 0.5 and 0.7. Figure 6(a) shows that the MR
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Figure 5. The temperature dependence on electronic resistivity for
Cag3Srp7Ru;_Mn, O3 (0 < x < 0.7). Inset figure shows a volume
resistivity for Cag3Srp7Ru;_,Mn, O3 (0 < x < 0.7)at5 K.

ratio is not saturated even at 5 T. However, no anisotropic MR
effect was observed in the measurement of the MR effect along
the perpendicular and parallel directions between the current
and the applied magnetic field. Figure 6(b) shows that the MR
effect was observed in the range of 0.2 < x < 0.5 and that
an MR effect as large as 30% was observed for a sample with
x = 0.5 at 10 K. These results indicate that the Mn substitution
induces an MR effect. A similar MR effect has been observed
for Cag 3Srp7RuO; (~3%) in the study of Ca;_,Sr,RuO; [8].

3.4. Phase diagram for this system

The experimental results obtained above are summarized in
figure 7 to reveal the relation between the properties and
Mn content. The results show that a magnetic structure
transition occurs above x = 0.5 associated with a crystal
structure transition. The Mn content seems to play a
key role in the change of physical properties.  Based
on this experimental background, the spin components of
the ferromagnetic phase were investigated by the magnetic
Compton scattering experiment to investigate the mechanism
of the variation of magnetization.

3.5. Magnetic Compton scattering

The results of the magnetic Compton scattering performed
for the ferromagnetic samples with x = 0, 0.1, 0.25 and
0.5 at 10 K under an applied field of 2.5 T are shown in
figure 8(a). As shown in figure 8(b), the experimental profile
is explained well by the calculated RHF profiles for Ru and
Mn ions. In general, the width of the MCP is determined by
the electron orbital radii, and the difference observed for the
MCPs is caused by the difference in the spatial expanse of the
Ru 4d and Mn 3d electron orbitals. Therefore, the variation
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Figure 6. (a) The magnetic field dependence on MR ratio at 10 K for
Ca3Srp7Ru;_,Mn, O;. (b) The MR ratios at 5 T are plotted as a
function of Mn content.
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Figure 7. The electronic and magnetic phase diagram for
Srp7CapsRu;_Mn, O3 system (0 < x < 0.8).

in MCPs suggests that the dominant magnetic component
changes from Ru to Mn with increasing content of Mn in the
Cap3Srg7Ru;_Mn,O; system. The spin moment structure
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Figure 8. (a) Magnetic Compton profiles for x = 0, 0.25 and 0.5
from Cay 3519 7Ru;_,Mn, O;. Experimental results were illustrated
by markers along with the fitting curves based on the RHF theoretical
profiles. (b) MCP shape analysis result of the sample with x = 0.5.
The experimental MCP is represented by the combination of the
calculated RHF Ru and Mn profiles.

can be characterized by the curve fitting analysis of the MCP.
As shown in figure 8(a), the experimental MCP for x = 0
agrees well with the calculated RHF profiles of Ru 4d. On the
other hand, as shown in figure 8(b), the result of the analysis
for x = 0.5 indicates that an antiferromagnetic structure
of Mn and Ru moments is established in the sample. The
antiferromagnetic coupling between Ru and Mn ions could
be explained by the superexchange interaction via the O ion,
which is similar to the CaRu;_,Mn, O3 system [20, 21].

The partial spin moments were evaluated from the total
spin moments and the curve fitting analysis of the magnetic
Compton profile (MCP). The partial spin moments obtained for
Ru and Mn ions by the MCS experiment are shown in figure 9
as a function of Mn content x. The evaluated spin moments
under 2.5 T were 0.605 ug/f.u., 0.532 ug/f.u., 0.248 pug/f.u.
and 0.784 pug/f.u. for x = 0, 0.1, 0.25 and 0.5, respectively,
within the estimation error of ~0.002 ug. These values agree
well with those obtained by the magnetization measurement
at 2.5 T and the variation of the spin moments is consistent
with that of the magnetization measurement shown in figure 4.
Therefore, the variation of the magnetization against Mn
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1.5 = - Ru spin moment -
-<J= Mn spin moment ,"
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10 | | | |
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Figure 9. The variation of the total, Ru and Mn spin moments with
Mn content determined from the magnetic Compton scattering
experiment.

composition must be due to the spin moment rather than the
orbital moment. The results of the MCS experiments indicate
that the Mn content dependence of the magnetization (figure 3)
is caused by the change in the contribution of spin components
from Ru to Mn ions. The sample with x = 0.25, which has
the minimum magnetization, must be a border composition
in which the dominant magnetic component changes from Ru
to Mn.

The results of the MCP analyses are summarized in
figure 9. The Ru moment decreases linearly from 0.585
up/fau. for x = 0to —0.65 pug/f.u. for x = 0.5 crossing 0
up at x = 0.25, whereas the Mn moment tends to increase
above x = 0.25 and reached 1.44 pug/fu. at x = 0.5.
The decrease in the Ru moment is described by the formula
y = 0.61-2.5x. This result suggests that the effect of the Mn
substitution on the magnetization (or spin moment) is different
between the samples below and above x = 0.25. From this
result, the mechanism of the variation in the magnetization
(shown in figure 4) for ferromagnetic samples with x <
0.5 can be described as follows. For samples with x <
0.25, although the magnetic dominant is the Ru moment, it
decreases as the Mn content increases due to the decrease in
the amount of ferromagnetic Ru ions. Above x = 0.25, the
ferromagnetic Mn moment becomes a magnetic dominant, and
the Ru moment aligns against the direction of the Mn moment
with increasing x.

4. Discussion

4.1. The MCP results and the origin of the spin moment

As shown in figure 9, it was revealed by the MCS
measurements that the Mn substitution causes a variation of the
total, Ru and Mn spin moments in the Cag 3Srg7Ru;_,Mn, O3
system. Here, the variation of the spin moment is discussed
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based on the results of the XRD analysis, where a mixed
valence state of Mn>t, Mn**, Ru** and Ru’* ions is assumed.
The decrease in the magnetization for samples of x < 0.25
is caused by the decrease in the Ru moment (referred to
as mechanism A). On the other hand, the increase in the
magnetization for x > 0.25 is caused by the increase in the
Mn moment (referred to as mechanism B).

In the case of mechanism A, the decrease in the Ru
moment for Mn doping can be interrupted by assuming an
antiparallel alignment of the ferromagnetic Ru*" moment (1.3
wg) and the ferromagnetic Ru’* moment (S = 3/2). The total
Ru moment will be O up at a composition x = 0.23(=3/1.3),
which agrees well with the composition at which minimum
magnetization is observed in the magnetization measurement.
Although the difference between Ru** and Ru>* ions cannot
be distinguished in the MCS experiment under the present
experimental resolution, the variation of the Ru moment
obtained from MCS experiments can be explained by using
the contents of each ion, which were deduced from the XRD
measurements. The XRD result indicates that the amounts
of each ion in the sample with x = 0.25 are 0.125 for
Ru’t, Mn**t and Mn** ions and 0.625 for the Ru*t ion. In
addition, the existence of an antiferromagnetic superexchange
interaction between Ru*" (tpg) and Ru™™ (tp,) ions has been
suggested [27, 28]. Therefore, in this case, the spin moment
0.375(=0.125 x 3) up of Ru>* and 0.375(=0.625 x 0.6) up
of Ru*" must be canceled out assuming an antiferromagnetic
coupling between these ions. Moreover, the Ru moment will
take a value —0.6 upg/f.u.(=0.25 x 0.6-0.25 x 3) when the
amounts of Ru**, Ru’*, Mn** and Mn** ions equal 0.25 at
x =0.5.

On the other hand, in the case of mechanism B, further
Mn doping over x = 0.2 will increase the Mn*T—Mn*"
ferromagnetic pairs, as suggested for the CaRu;_,Mn,O3
system [14, 21], and the Mn moment must then be enhanced.
As reported above, the Cag3Srg7Ru;_Mn, O3 system is in
a mixed valence state and magnetic Ru>* ions exist in this
system. Therefore, a ferrimagnetic cluster seems to be created
by the ferromagnetic Ru>*—Ru>* and Mn**—Mn** pairs above
x = 0.25, where the Ru** moment has been neglected. As a
result, the increase in the magnetization for x > 0.25 would
be induced by the increase in the amount of the ferrimagnetic
cluster.

The Mn moment is tiny below x = 0.2 because of
the small amount of the Mn**—Mn** ferromagnetic pairs
and, therefore, in mechanism A, the Ru moment is the
dominant magnetic component and the decrease caused in the
magnetization by Mn doping is attributed to the decrease of
the Ru moment. On the other hand, in mechanism B, the
ferromagnetic Mn moment dominates the magnetization.

The variation of Ru and Mn moments was also pointed
out for the CaRu;_,Mn,O3 system [22]. However, there
is a discrepancy between the present system and the
CaRu;_,Mn,O3; system in the amount of ferromagnetic
Ru*" ions in both starting materials. The discrepancy of
the magnetism of the Ru*" ion induced the variation of
magnetization for the Cag 3Srg7Ru;_,Mn, O3 system.

Ru

Ru 5 Ru**  Mn? Mn4+§

........................................

Ferri structure <,——.> Ferri structure

Ferromagnetic

Figure 10. One of the possible atomic ordering models for the Mn**,
Mn**, Ru** and Ru* ions for the sample with x = 0.5, which is
predicted by the experimental results.

4.2. Magnetism in Cag3Sro7Ru;_ Mn, O3 (x < 0.25)

The results of the MCS, resistivity and MR effect measure-
ments can be explained assuming that the Mn substitution
induces a change in the magnetism from the itinerant ferromag-
netism to the localized ferromagnetism. In this assumption,
an itinerant metallic component would consist of the Ru** ion
and a localized component would basically consist of the Ru>*
ion.

From these experimental results, the transition from
a metallic (itinerant) to a semiconductive (localized) state
would be as follows. Very small Mn doping introduces
a localized ferrimagnetic cluster, which is formed by the
antiferromagnetic interaction between Mn3t—Ru’t ions, to the
itinerant Cag3Srp7RuO3. The increase in the Mn content
would promote the binding of the localized ferrimagnetic
clusters and the localized network would develop in the system
of itinerant ferromagnetism as the Mn content increases. As
a result, the temperature dependence of the resistivity shows a
continuous change from metallic to insulating, depending on
the Mn content (see figure 5). Consequently, the magnetism
of the Cap3Sro7Ru;_Mn, O3 system (x < 0.25) changes,
reflecting the coexistence of the Ru** and Ru* ions.

4.3. Possible magnetic structure for Cag3Sro7RuysMng 503

The MCS experiment revealed that the sample with x =
0.5 has a ferrimagnetic structure consisting of Ru and Mn
moments. The magnetic spin moments assigned by the curve
fitting analysis for the MCP using the spin moment ratio
Mn/Ru = 2.19 are 1.44 and 0.65 up/f.u. for Ru and Mn
ions, respectively. On the other hand, the ion rates estimated
from the results of XRD measurements provide a magnetic
component ratio of Mn/Ru = 2.33 (=7/3). This value is
consistent with that (Mn/Ru = 2.19) obtained by the MCS
experiment, indicating that the spin moments of Mn** (4 up)
and Mn*" (3 ug) ions are parallel to the applied field and the
ferromagnetic spin moments of Ru>* (3 ) align antiparallel
to the ferromagnetic Mn spin moments.

Figure 10 illustrates a possible model for the ordering of
the magnetic B site ions for the sample with x = 0.5. In this
model, ferromagnetic chains are formed by the ferrimagnetic
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clusters through the Ru** ion via superexchange interaction
and, therefore, the ferromagnetic region develops as the
formation of a ferromagnetic chain proceeds.

This model is based on the classical superexchange
interaction mechanism rules [27, 28] and the facts provided
by the present study. The results of the XRD measurement
indicate (1) the existence of mixed valence ionic states of
Ru**, Ru’*, Mn** and Mn*' ions, (2) the equal rates
of B site ions (see figure 2(b)) and (3) the cubic lattice
structure of B site ions (see figure 2(a)). The results of
the magnetic measurement indicate (4) the ferromagnetic
states of B site ions (predicted from figure 4). In
addition, the result of the MCS experiment indicates (5) the
antiferromagnetic coupling between ferromagnetic Mn ions
(or ferromagnetic Mn**—Mn** pair) and ferromagnetic Ru
ions (or ferromagnetic Ru’t-Ru’* pair) (see figure 5(b))
and (6) the parallel alignment of Mn spin moments
and antiparallel alignment of Ru’" spin moments to
the applied field (see the results of MCS experiments).
In addition, the 180° cation—anion—cation superexchange
interaction [27, 28] will provide the ordering of B site
cations.  For the 180° cation—-O%* -cation interaction, it
has been suggested that the superexchange interactions
among Mn** (6,)-Ru’* ((55,), Mn**(5,)-Ru**((53,) and
Ru5+(tgg)—Ru4+((t‘2‘g)) are antiferromagnetic and those for
Mn”(tgg ey)-Ru’((13,)) and Mn3+(tgg e}g)—Ru‘”((t‘z‘g))
are ferromagnetic or antiferromagnetic depending on the
difference between the p o or p 7 bonds.

4.4. MR effect and J-T distortion

When the Mn content increases, the development of the
ferromagnetic Mn—Ru chains causes a change in the physical
properties. The development of the ferromagnetic chains
appears to have a close relationship to the variation of the MR
effect with the Mn content (see figures 6 and 7) because the
increase in the MR effect is associated with the increase in
the magnetization. The results of the MR effect suggest that
the MR effect is induced by the ferromagnetic Mn**—Mn**
pair.

As shown in figure 1(a), the crystal structure of
the Cag3Sro7Ru;_ Mn,O; system changes from cubic
to tetragonal as the Mn content increases, and the
magnetism changes simultaneously from ferrimagnetism to
ferromagnetism at this composition, as shown in figure 4(a).
These results suggest the occurrence of a Jahn-Taller (JT)
distortion due to Mn** ions. The JT distortion would promote
the antiferromagnetic coupling between ferromagnetic chains.
The antiferromagnetic coupling would be established by the
antiferromagnetic coupling (ty,—tzs) between ferromagnetic
(eg—tze) chains along the ¢ axis [27, 28]. In the ferromagnetic
chain, a ferrimagnetic structure is established by the
ferromagnetic Mn**—Mn*" pairs and ferromagnetic Ru®" ions,
as shown in figure 10. These ferromagnetic Mn—Ru chains
develop three-dimensionally as the Mn content increases. The
JT distortion will then induce an antiferromagnetic coupling

between ferromagnetic chains between the t,, orbitals of Mn**
ions on each chain.

5. Conclusion

The crystallographic, magnetic and electric properties of
the Cag3Srp7Ru;_,Mn,O3 system were investigated using
polycrystalline samples. Through magnetic Compton
scattering experiments, we found that the system has
ferrimagnetism with an antiferromagnetic coupling between
Ru and Mn and that the magnetic dominant changes from
Ru to Mn with increasing Mn content and that the decrease
in the magnetization for samples with x < 0.25 is induced
by the decrease in the Ru moment As a result, the itinerant
ferromagnetism of Cag3Srp7RuO;3 is suppressed by the Mn
doping for samples with x < 0.25 and an Mn-based
ferromagnetic order develops by forming a ferromagnetic
network with the Ru ions for samples with x > 0.25.
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