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SiRW,04 has aP62C space group and differs from the Ruddelsden—Popper series of the strontium
ruthenate family where Ru is distinctly present in*Ristate with no Jahn-Teller activity. A
significant increase in magnetic moment and coercivity is observed along with lowering of
resistivity, especially around a critical concentrationxef0.2 in Sp_,La,Ru,_,Mn,Oq. Such an

unusual effect is correlated to the mixed magnetic pair effect arising out from the variable oxidation
states of Ru as suggested by x-ray photoelectron spectroscopic studies. Our results substantiate the
long-range ferromagnetism observed for Ruthenium-substituted three-dimensional manganites. ©
2005 American Institute of PhysidDOI: 10.1063/1.1847913

The colossal magnetoresistiV€MR) property in rare- The effect of Mn doping in other Ruddelsden—Pop{ierP
earth manganites is introduced along with the paramagnetianalogs of SrRug namely, SJRuQ, and in SgRu,O; has
to ferromagnetic transitiofPM-FM) and metal to insulator  also been verified recentiywherein a spin-glass transition is
transition (MIT) due to the presence of mixed-valenceobserved at 16 K in SRuysMngs0, and at 25K in
Mn*3/Mn** ions!~ These mixed-valence ions of Mn, often Sr,RUMNO, systems. In both systems, magnetic transition
referred to as Zener pair, induce a double-exchali®)  was accompanied by a reduction in the zero-field electrical
mechanism, wherein agy electron of Mri2 ion couples fer- conductivity. On the other hand, &u,Oq is not a member
romagnetically with the Mff ion by means of strong Hunds of the R-P series, having Ru in a pentavalent state. Hence,
coupling. More recently it has been observed that rutheniung,g compound serves as a reference compound &t Rate
chemistry offers a variety of DE-mediated magnetic couplingi, spectroscopic analysté.Our interest in the present study
between Mn and Ru ions in the (3)Mn,RuO; (Ref. 4 5 tyyofold: (1) to understand the Mn substitution effects in
series. This opens up a new series of perovskite oxides shovpc\;u+5 sites and2) to probe if unusual magnetic signatures are

ing correlated magnetic and electronic behaviors due to aQident due to the redox reactions betweerisand M3+
unusual presence of Ru state (which is iso-orbital

with the Mn).°> Substitution of ruthenium in manganites
leads to (i) long-range ferromagnetisfﬁ? (i) induces
ferromagnetisni® (iii ) removes charge ordering by means of
orbital rotation'®*! and (iv) forms a new magnetic pair

pair. In this paper we demonstrate an increased conductivity
and magnetic moment with an increase() for a critical
concentration of x=0.2 in Sy LaRu,_Mn0Oy (0<x
=<0.295. We attribute this to the exchange interactions be-
analogous to Zener paff::*An unusual magnetic pair mak- tween Ru and _Mn because of the presence of mixed valence
ing ability of Ru and Mn lies in the ease with which Mn ©Of Ru and Mn in the Ru-O-Mn basal plane.
and R can undergo a redox reaction, leading to a reduced  Polycrystalline samples of HrlaRu, ,Mn,Oy (0=x
Mn*3 and to oxidized RtP states. Such a trend has also been<0-29 were prepared by the solid-state reaction method.
verified via a reverse doping effect wherein Mn doping in/APPropriate proportions of SrCOLa,0;, RuG;,, and MnG,
SrRuQ; seems to lead to unusual Mn and Ru stafeBhe  pure oxides were mixed thoroughly according to the desired
solid solutions of SrRu@and SrMnQ show long-range fer-  stoichiometric, calcined at 850 °C for 36 h in the presence
romagnetic ordering and enhancement of magnetoresistan& O, atmosphere, and subsequently sintered ungdeat@o-
(MR) ratio due to the induced DE-mediated coupling comingsphere at 950 °C for 36 h. The homogeneity of the samples
from (Ru*/Ru®) of Ru and(Mn*3/Mn*4) of Mn states® was checked with x-ray powder diffraction. Standard four-
probe techniques were employed to study the transport prop-
dauthor to whom correspondence should be addressed; Fax: 91-51£rtie3' Magnetization measurements were carried out using a
2597436; electronic mail: ssundar@iitk.ac.in vibrating-sample magnetomet&/SM) Oxford instrument.
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FIG. 1. Shows the x-ray diffraction pattern of,Sta,Ru,_,Mn,Oq (0=<x o ]
<0.295 measured at room temperature using KGu source. Beyondx FIG. 2. Shows magnetization as a function of temperature. l(@sshows
=0.25 we observe multiphase patterns. the magnetizatioM) as a function of magnetic fieléH) at 10 K for x

=0.0, 0.2, and 0.25. Inséb) shows the magnetizatidiM) as a function of
magnetic field(H) at 10 K forx=0.0, 0.05, 0.1, and 0.15. Insét) shows

The higher analog of Ruthenates, namely,Rs50,, the pronounced increase Ms andH¢ values forx=0.2 samples.
having a nominal valence of RY has a # hexagonal per-
ovskite structuré/*® which can be considered as forming mains the same, hence the itineragtelectron of Mri® is
from the stacking of perovskite like layers. The averagedelocalized to the R center via O: g orbital, as in the case
Ru—O distance within the octahedra is 1.98 A inf8EO,, of Mn*3—O—Mn". A substantial increase in saturation mo-
which is closer to the Mn-O bond length of 1.91 A, as notedmentH and T, appears to come from an induced interaction
in rare-earth manganite. In order to maintain the charge neltbetween Ru and Mn mixed-valence states. The moments are
trality in the unit cell, La was substituted at the Sr site, insubstantially high enough to exclude the possibility of a typi-
proportion to Mn doping concentration at the Ru site. In thiscal spin-glass behavior. However, if the magnetic signatures
way we exclude any other possible crystal-field effects othewere to originate from the presence of a SrRu@purity
than those coming from the oxidation states of Mn and Ryhase, the moment is significantly lower comparedvte
for long-range ferromagnetism. The room-temperature x-ray~ 1.4u,/Ru for the SrRu@ phase. Several competing inter-
powder- diffraction patterns of grlaRu,_,Mn,O4 (0<x  actions can be noted for this magnetic behavior. According to
<0.295 show (Fig. 1) a single phase pattern for all the Goodenough—Kannamori—Anders@BKA) rule similar ions
samples. All the reflections are indexed to a hexagonal syncouple antiferromagnetically and different ions couple
metry. Beyond=0.25 of Mn, a multiphase x-ray pattern was ferromagnetically®2*We anticipate that mixed-valence oxi-

observed. dation states appear to bring about such a ferromagnetic re-
In Fig. 2 we show the magnetization as a function ofsponse, more so for the=0.2 sample.
temperature for the grlLa,Ru,_,Mn,0Oy (0<x<0.25 se- All the compositions show a weak to strong semicon-

ries. M vs H loop [inset (a) and (b) to Fig. 2] shows the ducting behavior as a function of increasing Mn doping. The
ferromagnetic behavior for all the samples with a maximumlow-temperature upturn in resistivity increases sharply with
coercive field(Hc) for the x=0.2 sample in comparison to Mn doping. However fox=0.2 sample, in accordance with a
Sr,RW,Oe sample. It is noteworthy that the substitution of large increase in magnetizatidd, andT,, the sample shows
Mn at the Ru site results in a nearly monotonic decrease ia sharp decrease in resistivity comparedxte0.1, x=0.15
moment andH until we reach up tx=0.2 composition. For samples(Fig. 3). We observe that a correlated response be-
x=0.2 a large increase in magnetic moment and a distindiveen magnetic and transport behaviors occurs whenever Ru
change in Curie temperatu(€.) are noted. Such an increase and Mn translate to different valence states. In the present
is observed in Ru-doped bulk polycrystalline case when R is substituted by Mif, at an optimum con-
La, .Caq gMn,_,Ru,0; two-dimensiondf® (2D) perovskite, centration ofx=0.2, a clear redox reaction occurs promoting
which shows an increase in tfig and Ty, by 15—-20 K for  Ru*® to Ru® and reducing Mft to Mn*3 states.

x=0.2 compound. This increase T and Ty, is attributed Recently Sahtet al’® have shown that SrRuMn,O,

due to a dominant double-exchange mediated transporD<x<0.5) reveals the coexistence of a mixed-valence re-
aided by the presence of Ruions, which is metrically and dox pair involving both redox pairs Ma/Mn** and
chemically similar to MiA* ions. The presence of Rustate  Ru**/Ru*®, which induces DE mediated ferromagnetism and
ensures that the effective hole carrier density essentially remetallic behavior compared to the superexchange interaction
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124 ferromagnetically with the Rit,, electrons via oxygen cen-
x=0.15 9
11] 0 (@) Sry.LaRuz..Mn,Oy ter. This unusual magnetic interaction seems to happen for an
1™ optimum x=0.2 compound which results in the increase of
104 §” the magnetic momenT,., and distinctly low resistivity®
9 12% B e e In summary,x=0.2 compound shows an increase in the
N e, [0 Ty magnetic moment witf, andH. due to an induced interac-
8- T =0 (b sty Barev tion between Mi® and RU®/Ru® redox pairs. This is an-
X Zodl o N/, S other model system wherein the presence of*Rund Mri4
87'_ s mad Ru (34, initiates a redox mechanism leading to mixed-valence states
> L)
Q(_\'6- Fos of Mn*3/Mn** and Ru®/Ru'*®.
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