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Thel, -edge spectra of Ru and Mn in the SiERyMn, O3, 0=x=0.5, system reveals the coexistence of a
mixed-valence redox pair involving both MivMn** and Rd*/RW". This influences a long-range ferro-
magnetic ordering, showing a finile, up to 50% Mn doping at the Ru site. A crystal-field-multiplet calcula-
tion indicates that the intensity distribution of thg- andeg-related peaks between the Ryand Rul ; edges
reflects the Ru valences, rather than the crystal field interactions. By comparison with the JMaray
absorption spectroscopy of the well-known ¥Mh) and Mr(IV) references, the mixed-valence Mn ions in the
SrRy _,Mn, 05 system are confirmed. This study forms a basis for the understanding of exchange interactions
between two dissimilar transition-metal ions in the manganite crystal lattice.
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I. INTRODUCTION long-range ferromagnetic coupling, we study the ground-
state electronic configuration of Ru and Mn in
The mixed valency of RiiV)/Ru(V) in the magnetic su- SrMnO3-SrRuQ, solid solutions. We observe that the redox _
perconductor Ru$SGdCWOg (Ref. 1) and in the States of the mixed-valence Ru and Mn appear near an equi-
Rucdlesden-Popper seres ROy, (1-1,2,and=) _ A0TNC Conpostion D0 THis 1 s st our
manifests in showing interesting electrical and magneti & V10.3VIN; — xR U3,

. ; . . hat the pentavalent Ru begins to appear for a low doping
4
propertlesz. In SrRuQy, Ru(lV) is a well-studied low-spinl level of Ru, in other words, when a substantial (W) con-

system, while in the higher analog,8,0q, Ru exists as  cenration is present, wherein the reduction-oxidation poten-
Ru(V) with a d® configuration. Recently, it has been ob- tial of RU(IV)/Ru(V) (1.07 eV} and Mn(lIl)/Mn(IV) (1.02
served that Ru exhibits novel manifestations when substiey) seems to play a decisive role in balancing the charge
tuted in rare-earth manganites by showing an unusudistribution.

double-exchange-mediated transport behavisith up to

40% Ru doping at the Mn site. Furthermore, Ru in Il. EXPERIMENT

Ndy 5S1sMNnO; (Ref. 4 is reported to significantly melt the  The samples were prepared by the conventional solid-
charge ordering due to chemical pressure effects. The exastate method using high-purity StGORuGO,, and MnG.

role of Ru on the magnetotransport properties is still notThese powders were calcined at 950 °C for 48 h, pressed into
fully understood, although the mixed valence of Ru seems t@ellets, sintered in ambient atmosphere at 1200 °C with in-
play a vital role. To probe the existence of the valence stategrmittent grindings, and slowly cooled at 1 °C/min in air.
in Ru and to understand the role of Ru in extending theFor an exact determination of the oxidation state in the com-
double-exchange-mediated transport properties as observeqund it is esse_ntlal to examine the reference material. In the
in manganites, Lg:MosMn;_,RuO;, we have chosen a €ase of ruthenium, compounds such as RuSKRW,O,,
simple system such as SrRyMn,Os, where 6sx<1. This and L&_,SrCu_\RuO,_; were used as reference for
system could offer insights on the coexistence of mixed vaRUIV), RuV), and mixed-valence RLV) and RuV), re-
lency, especially in a noA-site-doped system. SrMrGnd spectively. Fo_r manganese, we have employed M
SrRuG; are the end members of this series wherein both th n(IV) and LiMn,O, for the mixed-valence Milll) and

o ; . . n(lV), respectively. All the compounds taken as reference
fcransmon_-metal lons are in a tetravalent state. Wh|le SrinO materials were prepared under same conditions as the inves-
is an antiferromagnetic insulator, SrRy@ metallic, show-

) 4 ) 4 tigated compounds. The x-ray powder diffraction patterns for
ing a ferromagnetic ordering beloWg~160 K> The satura- 5| the samples were recorded using a Rich-Seifert 3000 TT
tion magnetizatiorMs is (1.1-1.3ug/Ru, and the ordered y_ray diffractometer and the lattice constants were calculated
moment is reported to be (I.4)ug/Ru as observed by ysing a slow 2 scan. EPMA was carried in order to deter-
neutron diffraction studie$. mine the distribution of Mn and Ru ions. The magnetic mea-
In this paper, we first present the structural transition fromsurements were done using an OXFORD vibrating sample
tetragonal to orthorhombic symmetry with increasing Mnmagnetometer. The R, 3 XAS spectra of the polycrystal-
content and, second, we show that the ferromagnetic ordeline SrRy _,Mn,O; series were recorded in the transmission
ing in SrRuQ is substantial up to 50% Mn substitution at the geometry at the EXAFS-II beamline at Hamburger Synchro-
Ru site. To understand what could probably influence thigronstrahlungslabor, HASYLAB/DESY in Hamburg using a
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Si (111) double-crystal monochromator. This resulted in an @
experimental resolution of1.2 eV (full width at half maxi- o0 =05
mum) at the RuL 5 threshold(2838 e\}. A linear background

was subtracted from the measured spectra. The MyXAS 1
data were recorded in total electron yield at the SX700-II
beamline at Berliner Elektronen Speicherring fur Synchro-
tronstrahlung BESSY), Berlin. The oxygen content was es-
timated by thermogravimetry analysid@GA). All com-
pounds showed the expected oxygen stoichiometry within an
error of +0.03.

(200)

Intensity (arb. units)

Intensity (arb. units)

IIl. RESULTS AND DISCUSSION

A. Structure

The strong influence of the B-site cationic mismatch on
the structure is noticed as shown in Figga)land ib),
which consequently affects the magnetism and transport be-
havior. The powder x-ray diffraction patterns for 26 (degree)
SrRy _,Mn,05, 0=<x=<0.5, show that the compounds are 6.0 8.0
highly crystalline and homogeneous, with no signature for ! {b)
impurity phases. The diffraction peaks for the parent com- 5.94
pound; SrRu@ can be indexed to orthorhombic symmeétry.
With increasing Mn doping, an overall decrease in the unit
cell volume is observed up ®<0.3. This is obvious since
Mn(IV) with ionic radii of 0.52 A compared to RLV) (0.63
A) brings about an overall cell volume contraction. For
>0.3, the system goes from an orthorhombic to a more dis-
torted orthorhombic structure as observed by &yal.,’ 561 @a /
which is clearly seen in the splitting §220] reflection and a ! ey
pronounced shift to lower@angle for[110] reflection. This 554 " \ /
is mainly due to the redox mechanism that begins to operate .
at higher MrilV) concentration. Mdll)/Mn(IV) having a
redox potential of 1.02 eV, comparable to 1.07 eV for
Ru(lV)/Ru(V), leads to a reduction of the MIV) state to the
Mn(lll) state while RUV) goes to R(V). This observation 5.3 To o1 02 o o4 oe
will be discussed further with x-ray absorption spectroscopy ' ’ Mn 6onteﬁt (X) ' '
(XAS) data in the following section. The Miil) concentra-

tion, which becomes appreciable above0.3, brings about FIG. 1. (8 X-ray powder diffraction patterns of Mn-doped
a strong distortion in the unit cell since Mn(lllggeé) is a SrRu _,Mn,O; recorded at room temperature using a €a
Jahn-Teller ion. For an equiatomic composition, the distortedource with Fe filter(b) Room-temperature lattice constants and
orthorhombic unit cell clearly shows splitting for th220] unit cell volume obtained from x-ray diffraction spectra of Mn-
reflection as shown separately in the inset in Fig).1 doped SrRy_,Mn,0;, 0=<x=<0.5. A distinct increase in the unit
cell volume and the structural distortion far>0.3 indicates that
few percent of MIV) reduce to M(lll), having the cooperative
John-teller distortion and the greater ionic radii.

The magnetization curves were recorded as a function of
the magnetic field and temperature. M-H loops show a Curie constant andf,, is the Weiss temperature. The
ferromagnetic contribution, and the loops disappear abovéemperature- mdependent teryg was determined within the
the Curie temperature. It is noteworthy to observe that th@ccuracy of+5x 10~> emu/mol for Ru and is included into
ferromagnetism extends up to 50% of Mn doping, still with athe fits. The value of th® (in Bohr magnetonsdeduced
T.~125K as shown in Fig. @). Figure 2b) shows the re- from C= NaPZug/3kg (WhereN, is the Avogadro number,
ciprocal of the magnetic susceptibility versus temperature fopg is the Bohr magnetorkg is the Boltzmann constant, and
SrRuy,_,Mn,0;, 0=x=<0.5, measured at 5 T. For a quanti- P4 is the effective magnetic momegnthe Curie constant
tative evaluation of the effective magnetic moment, theand Weiss temperature are shown in Table |. Phgvalue
Curie-Weiss equation was fitted. All compositions obey thefor SfRuQ; agrees well with the reported value suggesting a
Curie-Weiss law above 200 K. We fitted the dataxdfT)  low-spin RulV):t3,e] with 3T;; symmetry'® On doping
between 200 and 300 K witR(T) = xo+ xcw. Whereyg is Mn at the Ru site, the effective magnetic moment increases.
the temperature-independent term apgy,=C/(T—6,) is  These values are larger than the theoretically predicted effec-
the temperature-dependent Curie-Weiss term. Heie the  tive magnetic momen(Table I, considering the spin-only

A)

5.7

Lattice parameters (A)
Lattice parameters (

B. Magnetism
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X-RAY ABSORPTION SPECTRA AT THE RUAND M . ..
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FIG. 2. (a) Magnetization as a function of temperature measure
at H=1T. (b) shows the temperature dependence of the inver
magnetic susceptibilty measured at 5 T for
SrRy _,Mn,0;, 0=<x=<0.5. The solid line shows the fit of the
Curie-Weiss equation to the linear portion of the curve above 200
[inset to(b)].

magnetic moment §=1) for low-spin R{lV) and (S

= 3/2) for high-spin MilV). For instance, the experimental
value of py for SrRy, gMng 105 is estimated to be 3.23;,
which is larger than the value of 2.83 expected for the

TABLE I. Some properties of the SrRu,Mn,O; compounds.

c peff peff
Composition 6 (K) (emuKmol'tOe™ ) (Expt) (Theory?
SrRuG 160 1.01 2.83 2.83
SIRyMng 05 153 1.31 323 295
SIRyMny,0; 124 1.38 332 307
SrRy, Mny0; 115 1.40 335  3.18
SrRyMnyO; 105 1.57 354 329
SIRyMNeO; 95 1.91 389  3.39

et (Theory)=g2[1—X Sgp+(Srpe++ 1)+ X Syna+(Syne+ +1)] X
is the Mn doping concentration a2 is the Lande factor.

S
Mn-doped

PHYSICAL REVIEW B 66, 144415 (2002

04 0-0-0-0-0-0- gHecp-0-0-0-0-0-
o0,/® .‘\":PD\D 4.2K
L7 D
=] L 0. 162K
o o/ \e ‘0
-104 ot o
oo \ ®
S/ o ©
X o \ \
Q / 4.2K
@ ° /,.10 - \ °
= Yalwi FC H=01T|® N\
204 ° ./ 1 \“ [ ]
X °
/3 kY \ 118K
b 3 \
o Z }g o
01 of  ZeS
N 50 100 150 200
T(K)
L] ¥ L ¥ L
-10 -5 0 5 10
H(T)

FIG. 3. Magnetoresistance as a function of field for
SrRy, sMng 05 (solid symbol$ along with the MR for the parent
compound(open symbols The inset shows the magnetization for
SrRy sMng 05 at ugH=0.1 T under field-cooledFC) and zero-
field-cooled(ZFC) conditions.

low-spin R¢* (S=1) and high-spin Mfi" (S=3/2), but is
smaller than that for high-spin Rt (S=3/2) and high-spin
Mn3* (S=2). This increased magnetic moment implies that
a low-spin RulV) and Mr(lV) should coexist with other
high-spin valence states, namely, Mh):d* and RyV):d®
states. Such a possibility could occur only if an oxidation-
reduction reaction occurs between the Ru and Mn ions in
order to maintain charge neutrality in the crystal lattice. We
Oindeed observe such a signature for the existence of mixed
?/alency in the XAS spectra, which will be discussed below.

K C. Magnetotransport properties

Measurements of magnetotransport properties reveal that
the parent compound SrRyGshows a magnetoresistance
(MR) ratio of the order of 10% near the,~160 K at uoH
=10 T (Fig. 3), which agrees well with the reported value by
Klein et all! However, the MR ratio of SrRuMn, 05 in-
creases by 30% in the vicinity of the Curie temperatlige
=125K, which is 2 times higher than that of the parent
compound(Fig. 3). This suggests that the enhancement in
the MR ratio is due to the induced double-exchaiD&)
interaction, which is more pronounced compared to the su-
perexchange interaction. This is obvious since
superexchange-mediated ferromagnetic compounds gener-
ally do not give rise to large MR ratios. The metallic nature
of the ferromagnetic clusters persists up to 50 at. % of Mn in
SrRuG, which could be due to the double-exchange ferro-
magnetic interaction since both Ru and Mn exist in the vari-
able valence ionic state in SrRuMn,O5;. The double-
exchange ferromagnetic interaction could be initiated
between MA*(t3,e5) and Mrf*(t3,e)) or RUP™(t3,ep),
which competes with the antiferromagnetic interaction be-
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tween the two similar ions, resulting in the spin freezing
behavior of the compound. This is evident from the differ-
ence in the zero-field-cooletZFC) and field-cooled(FC)
magnetization curves below. as shown in the inset of
Fig. 3, suggesting typical spin freezing behavior as observed
in the double-exchange-mediated ferromagnetic com-
poundst?!*One of the reasons for the enhanced magnetore-
sistance is due to the presence of a large amount of weak-
linked ferromagnetic and metallic clusters in the paramag-
netic matrix, which are easily aligned by the magnetic field
below the Curie temperature. In the presence of a magnetic
field, the connectivity facilitates good current percolation be-
tween the clusters, opening up new conduction channels by
the growing of ferromagnetic clusters and consequently a
reduction in the resistivity. There is also prominent magne-
toresistance of SFRuMny 05 at 4.2 K, and it is noted that
the MR ratio varies linearly with the applied magnetic field
(H). This indicates that the magnetotransport property at low
temperature is an intrinsic phenomenon rather than —

perat. o . . 640 645 650 655
extrinsid¢* and may originate from the spin freezing. Photon Energy (eV)

Intensity (arb. units)

T
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FIG. 4. Mn L,3 of Mn-doped SrRy ,Mn,0O3;, 0<x=<0.5.
D. Mn L3 XAS spectra PeaksB andC corresponding to Mll) and Mr(IV) ions arise due
The determination of the valence states of the transitiorio the transition from @ core level to the final statesi3 and &,
metals(TM’s) usingL , 3 XAS spectra is well understood and re;pectlvely. Note that the intensity 0.f peBldecreases while peak
has become a standard tool. Due to strong electronic corré: increases and 1:1 at=0.5. This indicates that nearly equal con-
lations, the multiplet structure of the T, 3 XAS spectrum centrations of both the ions coexist in the ground state. The shape of
can be well reproduced by an atomic 'multiplet or Chargethe spectra and the chemical shift of the Mp; XAS spectra of
transfer multiplet calculatiol® In Fig. 4 we present the Mn  S/RbsMnosO; are well matched to the reference compound
L, 5 XAS spectra of the SrRu Mn, O, system together with LiMn,O, where Mn exists both in Mill) and M(IV) oxidation
that of LiMn,O, for comparison. The change in the spectraIStates'
features with increasing Mn doping is similar to the changessiaplished®® In a recent work, although Ru in

observed for increasing Sr doping inLaStMnO; series  pyspGdCyO, is proposed to be in a mixed-valence Ru
(see, for example, Abbat al.™). The gradual shift to lower (1y/)/(v/) state! presence of such a charge distribution has not
energy (Fig. 4) and the variation in the multiplet structure poen yerified. In order to understand the implications of the
indicates a decrease in the Mn valence. The spectral featutg.,ctyral distortion and enhanced magnetic exchange in this
of the tetravalent Mn compound SrMg@ the same as ob- i solution, we attempt to probe the existence of a mixed
served by Abbateet al,™ but shows much better spectral \51ency in Ru and to correlate it with our results on the Mn
resolution. The MrL; edge shows many richer spectral fea-1ency. Before we discuss the detailed ground-state configu-
tures than the Mib.; edge. The dominant feature lies at 645 r4iion of the Ru ions, we briefly compare the results of the
eV with a very narrow low-energy shoulder at 642.6 _eV. parent SrRu@ (SR and the equiatomic composition—

_ The MnL,5 XAS spectrum of SrRysMnoOs, which  namely S1RyMny <05 (SRM50—with a well-known tet-

lies in the middle of the series, is almost identical to the gy 51ent Ru compound RyOand a pentavalent Ru com-
spectrum of LiMpO,, implying that the ground state of Mn pound S5RW,0, (SR429 as shown in Fig. 5. To ease our
corresponds to a mixed-valence state involving both th%omparison, we shift the, spectra(open symbolgin each
Mn(II_I )/IMn(1V) oxidation states. Part al. have made such case, such that the high-energy featiBEis aligned with the

an inference recently for Co-doped LaMRCO0O;  corresponding feature in the, spectra(solid symbols. The
compounds.’ From SrMnQ to SrRugMo <05 the spectral L, spectra have also been multiplied by a factor of 2.15 in
weight transfers to lower energy, especially the features ato case of both d* systems. Peaka and B are basically
641.7 and 643 eV gain significant spectral weight. The Shapﬁssigned td,,- ande,-related states, respectively. The par-

of the spectra for the equiatomic Mn and Ru concentrationg,¢ compound SR closely matches with tetravalenti\Ru
matches with that reported for LaMaOwhere manganese yige in RuQ. This result is consistent with the result ob-
predominantly exists in a Miil) oxidation state. tained from the effective magnetic moment calculation. The
strong spin-orbit coupling constantfor Ru*™ (800 cmi't)
and the electronic correlation effects inhibit the transition of
the 2p—ty, related peak of SrRupat the L, edge?
Unlike the situation in 8 transition metals, the determi- SRM50 shows an increase in the spectral weight of the
nation of the valence state ofd4transition metals is less t,,-related peak and a shift by 0.8 eV to higher energy, sug-

E. Ru L, 3 XAS spectra
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FIG. 5. RuL, 3 XAS spectra of SrRysMng sO; in comparison

to the Ru(IV) and/or Ru(V) reference compound. FIG. 6. Theoretical multiplet spectra at thg (solid line) and
L, (dashed lingedges for theleft pane) Ru 4d* configuration and

gesting a higher valency. However, these changes are onlyight pane) for the Ru 4° configuration with reduced Slater inte-
halfway with respect to the RW) compound SR429. This grals 40% and 15% of the atomic value, respectively. The values of
implies that the valence of Ru in SRM50 could be in be-the octahedral cubic crystal field 10 Dq used for both configurations
tween the 4 and 5+ states. The spectra of SRM50 indeed are also given.
match well with Lg »,Sr; 7CUg 3RUy /0,4, With a Ru valency
of 4.5. However, the metal-oxygen bond distance decreases
upon Mn doping since the ionic radius of M%) (0.52 A) is
smaller than the ionic radius of RY) (0.63 A (Ref. 22
and hence the octahedral crystal field 10 Dq increases.

Previously, the differences of spectral features between
Ru(lV) and R{V) have been intensively studied as a func-
tion of the Slater integrals. In order to exclude a possible
influence of crystal field interactions upon Mn doping, we
have simulated thé, 3 XAS spectra for the d* and 4® -
configurations as a function of 10 Dq using a crystal-field-
multiplet calculation(CFMC).2®> We assumed the ground-
state symmetry 8* (t3,eg, with T,g) with Slater integrals
reduced to 40% at different octahedral crystal fields 10 Dq
[Fig. @] and considering the ground-state symmetd? 3
(4Azg) with reduced Slater integrald5%) [Fig. 6(b)]. With
a variation of the 10 Dq value from 1.8 to 2.8 eV fai4and
from 2.2 to 3.0 eV for 4° configurations, the basic spectral
profiles do not change; e.g., the Ry (solid line) is more
intense than RW, (dashed ling for 4d* and becomes re-
versed for 4% and the energy shift is within 0.2 eV. Thus the
observed spectral line shape as well as the chemical shift for
SRM50 cannot be attributed to crystal field interactions, but
to the Ru valence. Since the spectral line shape and the
chemical shift are the same as the reference compound
Lag 245h 76Clo sRU 704, the effective ayerage oxidation k15 7. Shows the Ru, edge(open symbolsand RuL ; (solid
number of Ru observed is found to be a.SFhe_refore W€ ine). The significant difference in the peak Afand the chemical
can conclude that in the SRM50 system, Ru exists as a redQxif for SrRy Mn, 05 at thelL, andL s edges when compared to
pair involving Ru1V) (tégeg, with 3T,y ground-state sym-  the parent compound SrRy@dicates that a few percentage of Ru
metry) and RUV) (t3,e5, with *A,q ground-state symme- (IV) translates to R@V) on doping Mn ions.

% R oo Y

\%———-—""‘ﬂ
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try). Hence the mixed-valence Ru pair could be due to aon. In such a charge distribution, the ki) ion recognizes
possible redox reaction wherein ) gets oxidized while  the RuV) ion as magnetically and chemically equivalent to
Mn(IV) gets reduced such that a Mih)+ Ru(V)«—Mn(IV) the Mn(1V) ion.
+Ru(lV) like charge redistribution occurs.

To verify the presence of the redox pair formation, we IV. SUMMARY

show in Fig. 7, the RuL, 3 XAS spectra of SrRyL Mn,O, In this study, we observe a unique magnetic pair making
series for various Mn doping levels, where one can see feraction between Mn and Ru ions in the Ru-O-Ru sublat-
significant change betweexn=0.3 a_nd 0.5,_ while t_)etween tice. The XAS spectra of Rl, 3 and MnL, 3 give support-
x=0 and 0.3 the spectral change is marginal. This could béhg evidence for the structural and magnetic transitions ob-
interpreted in comparison with our recent XAS results onserved in this solid solution. An unusual long-range
Ru-substituted rare-earth perovskiteshere we observe that ferromagnetic exchange mediated by a ionic pair involving
the RUV) state becomes predominant only with a higherMn(lll )+ Ru(V)— Mn(IV)-+Ru(IV) shows that the Mgll)
proportion of Mn in the crystal lattice. It appears that thision recognizes RY) as a magnetically and chemically
could be most likely due to the comparable reduction oxidaequivalent MiilV) ion. This insight sets a reference for the
tion potential R@V)/Ru(V) (1.07 eV and Mr(lll)/Mn(lV)  role of Ru in manganites including the charge order manga-
(1.02 eV). To keep up with the charge neutrality, kivf)  nites where Ru substitution displays novel properties.

gets reduced to an Ml ) state as observed by the Mn 3

edges, and RWV) gets oxidized to the RW) state. It is ACKNOWLEDGMENTS
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