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The crystal and magnetic structures of thna;_,Sr,)(Mn;_,Ru,)O5 perovskites have been studied by neu-
tron powder diffraction and muon spin relaxation. The simultaneous and consistent doping of the A- and
B-sites with Sr and Ru has been used for avoiding thé*Mormation and hence, suppression of the double
exchange. All studied sampl€é8<x=<0.879 are insulators and show unusual long-range ferromagnetic state,
which can be called “statistical ferrimagnet,” with antiferromagnetic coupling between Mn and Ru magnetic
moments, and ferromagnetic coupling in the Mn-Mn and Ru-Ru pairs.
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I. INTRODUCTION toresistance in the vicinity of Curie temperatdrdnother

Rare earth perovskite manganites of LaMni@pe con- important feature of Ru ion is that itdd) configuration has
tinue to be a subject of intensive studies. Upon A-gitab- @ reference energy close enough to oné3oh Mn ion and
stitution of La for Ca or other divalent alkaline earth cations the hybridization between the orbitals can be strong. There-
or B-site (substitution of Mn for Co or otherdor 4d cat- fore, superexchange interaction between Mn and Ru is large
ions) doping, the manganites exhibit a wide variety of physi-&nd can significantly affect the physical properties of
cal properties including colossal magnetoresistance effed®U-doped manganites.

(CMR) observed in the family near the temperature of theferiﬁgpgggzh]a?g? gfe(re%th(;Q(I:li)r\r;eTe:jn?gf?/vgggtacllg%tyoiﬂ?on
ferromagnetic ordering, Tc (see, for instance, recent 9 P

reviews-?). Historically, more attention was paid to A-site and doping range of manganites, from the hole rich to the

betitution. leading 1 fint diat -~ electron rich side. Raveaet al®° have shown that substi-
substitution, leading to appearance of intermediate or mixeq{;ion "ot Mn for Ru (at least up to 12% levelin

Mn3*/Mn** val_ence states of Mn io.ns. It has been observe 1,CaMn0; (R is rare earth elemeptfavors the appear-
that the metallic phase appeared with doping at low temperas,ce of FM state and improves their metallic properties. One
tures concomitantly with ferromagnetic ordering. These studyf the most spectacular effects has been observed for
ies have established that the basic model for UnderSta”dirlgrrbACab_eMnl_yRuyO3 series where the antiferromagnetic
of coexistence of the ferromagnetisfFM) and metalicity is  charge ordered phase was readily destroyed by the
the double-exchange model introduced a long time ago bru-doping being replaced by the ferromagnetic metallic
Zener® in which strong FM exchange interaction betweenstate. One of possible explanations of the extreme efficiency
the localized magnetic moments of fMrand Mrf* cations is  of the Ru-doping in inducing the ferromagnetic metallic state
mediated by the hopping @-electrons. However, there are in the charge ordered manganites is the possibility for ruthe-
some experimental evidences that the ferromagnetism itsetfium to exhibit a mixed valenceThe substitution of man-

is not necessarily connected with DE interactiéns. ganese ions Mit can be made either by Ry Ru**, or RiP*

The substitution of Mn, or B-site doping, has been muchspecie$:'*?However, the experimental data on the Ru elec-
more rarely examined so far. However, it may provide newtronic states in manganites contradict each other. Rageau
insights into the understanding of physics in these CMRal.X° believe that in mixed manganites, only Rwand R&*
compounds. In particular, substitution of Mn for Ru is espe-are possible, while XP&-ray photoelectron spectroscopy
cially interesting because it leads to some unusual consend x-ray diffraction studiéd suggest R&/Ru** mixed
guences both in transport and magnetic propeft®3he state. In any case, mixed-valence ruthenium ion can cause
4d-ion of ruthenium has more extended and, therefore, leserbital reorientation and spin reversal of Mn cations in the
localized 4l-orbitals than the Mn &-orbitals, and thus the antiferromagnetic structures together with strong charge fluc-
partial overlapping of the Rudorbitals with the oxygen tuations(Mn®*/Mn#*) around Ru ion, which should induce
2p-orbitals is similar and even stronger as compared to théhe formation of the ferromagnetic metallic clusterghis
3d-orbitals of Mn. Indeed, SrRuQand CaRu@ are metals behavior could be still understood by extension of the double
and the first one is also ferromagnetic with a high magneexchange model involving both mixed-valence Mn and Ru
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ions even if the exact role of Ru doping on the properties of
manganites remains still an open problem.

The experimental approach we propose here is an inves
tigation of manganite compounds for which DE-mechanism
is weakened or even completely eliminated. It might be re-
alized by the simultaneous and consistent doping in both A-
and B-sublattices of the perovskite structure with di- and
four-valence ions, respectively. This kind of doping may al-
low the realization of the fixed value of the Mn oxidation
state(Mn3*) and consequently, switching off the double ex-
change interaction between Mn-ions. We have studied effec
of this doping in(Nd;_,Sr)(Mn;_,Ru,)O3, considering ru-
thenium being predominantly four-valence‘Rin the low-
spintyy(4d) configuration which is favorable due to prevail- —-1.01
ing of the crystal field splitting over the intra-atomic Hund &
interactions in the d-band. The results obtained differ sig- & ]
nificantly from the results of the previous studies of manga-'&
nites doped with Ru. We conclude that introducing the equal™=2 7]
amounts of Sr and Ru results in an asymmetric phase dia§°-3.0-
gram with stabilization of the unusual insulating ferromag- ]
netic state with antiparallel ordering of magnetic moments in 40, x=1
Mn-Ru pairs and with total suppression of the transition to '

x=0.875

L]
3 4 5

the metallic state. 6 7 8 9 10
1000/T(K™)
Il. SAMPLE EXPERIMENTAL FIG. 1. Temperature dependence of the electrical resistivity of

the ceramic samples dNd,;_,Sr)(Mn;_Ru,)O3. All the samples

The single phase(Nd,.Sr)(Mn;Ru)Os,; powder with x=0.875 reveal semiconduction behavior.

samplegx=0, 0.125, 0.25, 0.5, 0.75, 0.875, 185 0) have

been prepared in the ceramic state with the use of the chemien nonstoichiometry in a sample is incorporated via cation
cal homogenization method. First, ash-free paper was soaka@cancies, with equal amounts in A- and B-sitese, for
with the water solution of Nd, Sr and Mn nitrates, mixed in instance, Ref. 14 The number of vacancieg in each site

the proper ratio, and dried in air at 120°C. Then paper wagan be calculated according te=6/(3+0), i.e., even foré
burned, and the ash was annealed in the air at 700°C during0.1, v is around 0.03, which is at the level of experimental
30 minutes. Resulting powder was mixed with Bydwder  uncertainties in occupation factors. For this reason we used
and pressed in pellets. Sintering was accomplished &tilly occupied A- and B-sites in the Rietveld refinements for
1200°C in air for 16 hours. all samples.

Electron probe microanalysis shows satisfactory agree- The magnetic susceptibility was measured in the field of
ment of the calculated and experimentally measured catiom0—20 Oe at several frequencies between 100 and 1000 Hz.
stoichiometry. All the samples witk<0.875 reveal semi- For all samples the frequency dependence of the susceptibil-
conducting behavior of the electric resistivity without any ity is negligibly small. The compositions witk between
peculiarities at the magnetic ordering temperatiifig. 1).  0.125 and 0.5 demonstrate the ferromagnetic type behavior
However, in the whole temperature range, the electrical reef the magnetic susceptibilityFig. 2) with one pronounced
sistance and the conduction activation energy decrease sighase transition. Fok=0.75 and 0.875 together with the
nificantly with increasing. This corresponds to approaching ferromagnetic transition one can see an additional transition
the x=1 composition which is metallic. lodometric titration at lower temperatures. It will be discussed later together with
was accomplished as described in Ref. 13. The oxygen non:SR data.
stoichiometry index forx=0 composition was found to be Neutron diffraction (ND) experiments have been per-
0.01 but the other compositions reveal higher deviation oformed at several instruments: HRFD at FLNP, JINR at the
the oxygen index from 3.0 6=~0.10 for x=0.25 andé  IBR-2 pulsed reactor, HRPY and DMC at the SINQ spal-
=<0.06 for other samplgsThus, the agreed character of dop- lation source of Paul Scherrer Instit@¥illigen, Switzer-
ing in A- and B-sublattices of the perovskite structure island). At high resolution diffractometers HRFD and HRPT
somewhat distorted. According to Ref. 6 in manganites conerystal structure of the samples withsk=<0.875 have been
taining ruthenium, the doped holes are mostly captured bgtudied. Medium resolution DMC instrument was used for
ruthenium instead of manganese. It means that for oxygemagnetic structure studies of all samples excepd and 1.
index 3+, 26 ions of RUf* are transformed to R, and the  The diffraction patterns were measured in the regime of heat-
extracted magnetic moment of Ru should be regarded asg in the wide temperature range. For the Rietveld refine-
amount of(x—28) w(RU**) and 29u(RuP*). At the same time, mentsMRIA® andFuLLPROF programs were used. The data
it is known that the insertion of excess oxygen is not possiblen crystal structure were treated in the conventional for man-
in three-dimensional3D) perovskite structure and the oxy- ganites with(r,)~ 1.2 A orthorhombic space groupnmain
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compound is known as a ferromagriete, for instance, Ref.
21) with Tc=160 K with saturation moment reported is be-
tweenug,=1.1 ug obtained from the magnetization mea-
surements in high magnetic fietd,and ug,=(1.4+0.4ug
from neutron diffractiort3

Ill. RESULTS
A. Crystal structure

The partial substitution Nd and Mn for equal amounts of
Sr and Ru leads at first to a sharp decrease of the unit cell
volume and orthorhombic distortiofa/c~1.067 and 1.011
for x=0 and 0.25 correspondingly and equalizing of
(Mn/Ru)-O interatomic distances. Upon further dopitg
increases to)] unit cell volume grows up practically linearly
[Fig. 4@)], oxygen octahedra become even more regular, i.e.,
e, - " all three independent bond lengtkkin/Ru)-O1 (along b

o s0 100 150 200 250 a0 axe9, (Mn/Ru)-021 and(Mn/Ru)-O22(in a-c plang con-
Temperature (K) verge at~1.985A, which well corresponds to the Ru-O
_ ~_bonds in SrRu@ Both valence angle§Mn/Ru)-O1-

FIG. 2. Temperature dependence of the magnetlc_ _susceptlblllt(Mn/Ru) and (Mn/Ru)-02-(Mn/Ru) are slowly increasing

of thex=0.125, 0.25, 0.50, 0.75, and 0.875 compositions. with x, which corresponds to the decrease of the oxygen
i = octahedra tilt magnitudes both abdatixis and in thea-c

the standard settinga~c~2a,~5.4A, b=~2a,~7.6A,  pjane. This increase is consistent with the noticeable growth

wherea.~ 3.8 A is the lattice spacing of the ideal cubic per- of the tolerance factor upon substitution of Nidor SP* and

ovskite). Typical high resolution neutron diffraction pattern of Mn3+ for RU**. These features, the most important of

and the Rietveld refinement for the sample With0.5 is  which is practical absence of the oxygen octahedra distortion

shown in Fig. 3. More detailed description ORd;SK)  starting fromx=0.25, are illustrated in Fig. 4. Another im-

X (Mn;_Ru)O3 compound preparation and characterizationportant conclusion from the high-resolution neutron diffrac-
is given elsewheré& tion data is that there is no indication of either phase sepa-
In further analysis we will limit ourselves to the proper- ration, or cation ordering. It means in particular that Mn
ties of the(Nd,,Sr)(Mn;_,Ru,)O3 with x greater than 0.1. substitution for Ru occurs statistically homogeneous. The
The properties of NdMn@in which there are both ferromag- Rietveld refinements of neutron diffraction data confirm also
netic and antiferromagnetic couplings between the Mn spinghat Mn and Ru relative concentrations in B-sites are corre-
resulting in a noncollinear structure below 75'Kare quite  sponding to the nominal stoichiometry. For instance, in the
different from the properties of the compositions with  composition withx=0.25 the occupation factors for Mn and

=0.1 being ferromagnets. The precision refinement of th&ku are: n(Mn)=0.760+0.008,n(Ru)=0.240+0.008. Their
SrRuQ crystal structure was done by Jonesal?® This  ratio is equal to 3.17+0.11, i.e., withi5% limits is equal

to 0.75:0.25. Since there is no proper way of distinguishing
Hl'{FD i between Nd and Sr with neutrons, the ratidNd)/n(Sr) has
T=293 K been fixed tan(Mn)/n(Ru).

For thex=0.5 sample the high-resolution diffraction pat-
terns were measured in wide temperature range. Temperature
SRR A st dependencies of the structural paramettattice constants,

09 “’/“ 213 interatomic distances, and valence anpla® quite mono-

Susceptibility (arb. units)

tonic (see, our paper, Ref. 18which is conventional for
manganites in an insulating state. The ferromagnetic phase

il .“,1,|, ,l‘l N H transition achc=200 K is not revealed in these temperature
AT O 0 e T e dependencies.

ity o e A S R A e N R N EITIVARRP A WY
VAR o AR N A g g RN o A G

08 10 12 14 16 18 20 22 24 26 28 B. Magnetic ordering

&) Comparison of the neutron diffraction patterns of

FIG. 3. Diffraction pattern of the(NdysSt9(MngRugOs  N0osShosMNg sRUp 03, measured at DMC at the room tem-
sample, measured at the HRFD at room temperature and treat@grature and 10 KFig. 5 shows an increase in the intensity
with Rietveld method. Experimental points, calculated profile andof some diffraction peaks due to the appearance of the FM
difference function are shown. The difference is normalized on thecontribution. No additional reflections were detected in the

mean-square deviation for each point. Ticks below the graph indineutron diffraction patterns down #©=8 K. The similar be-
cate the calculated peak positions. havior, appearance of FM order with the temperature de-

Normalized neutron counts

oo w
[Frere )
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'% 5.4 E FIG. 5. Diffraction pattern of theNdy5Sr, 5)(MngsRU 504
3 ) 3 sample, measured at the DMC &t10 K and treated with the
220 3 — T T T Rietveld method. Experimental points, calculated profile and differ-
= 215 3 (©) ence function are shown. In the inset, the patt¢éim86—60 degree
< 2  \(Mn/Ru)-022 rang® measured at 10 and 300 K are compared. The higher inten-
8 2103 sity at low temperature is due to the appearance of the FM ordering.
c -
8 2053 (Mn/Ru)-O1
(7] 3 . . . . .
T 200 3 ment direction is not possible because of the pseudo-cubic
2 1953 lattice symmetry. Figure 6 shows an example of the tempera-
a 1.90 _ {Mn/Ru)-021 ture dependenc_i_es of t_he magnetic moments at A- and B-sites
3 for the composition withk=0.25 and 0.50.
- L L (dl) The ferromagnetic transition temperatures and the experi-
9 165 3 (MI‘I/RU)-01-(MNR<U>) mental low-temperaturé T=10 K) magnetic moments for
% 162 3 8 ° 6 the A- and B-sites are listed in Table I. Ordering of the Nd
D 159 3 o (A-site) magnetic moments occurs only if the concentration
S s 3 o 8 < of Nd is high enough1-x=0.875 and 0.76 The experi-
8 3 mental low-temperature ordered magnetic moment per one
S 15340 @ ) . .
2 : cation on a B-site can be properly described ggOxV=|(1
(]
> 150 J@(Mn/Ru)-02-(Mn/Ru) —X)umn—Xir, €ven for rough estimation withuy,=4ueg
W71 1 (3,65 stat® and up,=2ug (low-spin t3, state. Such a de-
000 025 050 075  1.00 scription corresponds to the situation of anti-parallel ordering
X of Mn and Ru magnetic moments. Assumptions on the par-

allel ordering of Mn and Ru moments, or ordering of the

FIG. 4. Dependencies of the unit cell volur(e, the unit cell solely Mn or Ru moments, cannot fit the experimental val-

parameters(b’:b/\s“f) (b), the (Mn/Ru)-O bond lengths(c),

and the (Mn/Ru)-O-Mn/Ru) valence angles (d) of 3.0
(Nd;_,Sr)(Mn;_,Ru,)O5 at room temperature on th&r,Ru con- 1 B-site (x=0.25)
tentx. Data forx=1 are taken from Ref. 20. The symbol sizes are 251z
larger than the experimental errqi@ and(b) or comparable with >
ones(b) and(c). 2 204
= -
crease, was observed for all samples except for the one with g ]
x=0.75. For this particular composition, no significant varia- g 1'5';
tions of the peak intensities were found in the whole tem- 3 1¢
perature range. o 107
For the compositions witlk=0.125 and 0.25, the charac- = 1. )
teristic changes in the temperature dependence of the Bragg 0597 Assite (x=0.25)
peak intensities below 50 Kupturn and decrease in intensity 00_2 L ]
of (101)/(020 and upturn and much faster increase in inten- L B B BN N
sity of (121)/(002) and(200) peaks indicate the ordering of 0 30 100 150 200

. . . Temperature (K)
the magnetic moments in the A-sublattice parallel to the

magnetiC moments in the B-sublattice. The refinement of FIG. 6. Temperature dependence of the ordered magnetic mo-
magnetic moment direction gives reliable result for thement in B-site(Mn/Ru) and A-site (Nd) for the sample withx
samples withx=0.125 and 0.25. The best fit is obtained for =0.25(A), and B-site(Mn/Ru) for the sample wittx=0.5(¢). The

the B-site magnetic moments gvialong b-axis. For other solid lines are results of the calculation according to the molecular
compositions the reliable determination of the magnetic mofield theory(see the discussion sectjon
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TABLE I. Curie temperaturesigy (taken from neutron diffraction data, magnetic susceptibility data and
calculation$, experimental values of ordered magnetic moments for A- and B-gitd$éSr and Mn/Ru,
correspondingly, and calculated values for B-site, assuming antiferromagnetic interaction between Mn and
Ru ions in(Nd;_,Sr)(Mn;_,Ru,)03;. Magnetic moments are given in Bohr magnetons. Calculationsgpf M
are performed by My(X) =](1=X) pn—Xurd for umn=3.74 ug and ug,=1.34up.

X Tem, K (B-site) Experimental Experimental Calculated
ND x(T) Calc. Mgy for A-site Mgy, for B-site Mgy for B-site

0.125 13010 120 135 1.00%) 2.84(5) 3.10

0.25 18@5) 170 175 0.364) 2.494) 2.47

0.50 2005) 200 210 1.145) 1.20

0.75 160 215 =0 0.07

0.875 16%10) 160 190 0.411) 0.70

12 160(10) 165 1.45 1.34

3Data from Refs. 21 and 23

ues. A reasonable correspondence between the experimenpabportional to the differenciM,,—Mg/=0.07ug Which is

and calculated M values can be obtained fy;,=4 ug and  too small to be measured in the powder diffraction experi-
mru=1.45ug are used. The last value is taken from spin-ment.

density functional theory calculatidhfor StrRuQ;. The fit of To prove the presence of frozen magnetic moments and
the experimental data to the linear functiong®)=(1 better identification of the temperature magnetic state of the
—X) pan—XUry  OIVES uyn=(3.74+0.15ug and ug, X=0.75 sample we have exploited also th8R technique.
=(1.34+0.25ug. One can se€Fig. 7) that the experimental The.'“SR measurements with the same sample hav_e been
points are excellently fitted by straight lingexcept x carried Olﬁt using DOLLY slpectrometekr on the4 l:l)eam line
=0.125 with the values ofiuy;, and g, Which are in good at PSI. The powder sample was packed in an aluminum con-

. ' Eainer, mounted in the helium flow cryostat.
agreement with the expect.ed magnetic moments of Mn an No spontaneous muon spin precession in zero external
Ru. Results of the calculation are also listed in Table I.

agnetic field(ZF) was detected at low temperatures. The
In the proposed model, the absence of any .measurab[;F muon spin polarization functioR(t) is rapidly relaxed at
magnetic moment in th&=0.75 composition is simply an nisa| times (<10 ng, making practically impossible to
gffect of nearly ideal compensation of Mn and Ru COmr'bu'study the fast relaxing part &(t). However, this behavior of
tions to_ the magnetlc_struct_ure factors. Ind_eedMnM(l the polarization function proves that the magnetic moments
~X)tnin=0.93%ug, MR“_X“R“_LOQ&LB for X_O.'75 and of Mn®* and Rd* are static at low temperature, thus con-
Pin=3.74up, pry=1.34ug. For anti-parallel ordering of MN  ging the idea of the B-sublattice ferromagnetic moment
and Ru magnetic moments, the magnetic structure factors aE%mpensation following from the ND data. Due to the large

3.5 1 : : . : _ magnetic moment of MH, the local magnetic fields at the

3 muon in the perovskite manganites are expected to be very
5] Iarge[e._g., the muon precession frequene0 MHz is ob-
2 ] serveq in LggLCa 3MNn0O; (Ref. [24]) correspon_ds to the
= local field of ~5 kG]. Due to the strong local disorder the
g 1.3 dispersion of the local magnetic fields is large leading to the
g 14 completely relaxedP(t) att>10 ns.
Q 0.5 The sample volume occupied by the magnetically ordered
% 0 state is better determined in the transverse external(fléfy
g 0.5 7 experiment in the weak magnetic field of 100 Oe, which is
-1 7 much less than the internal magnetic field. The asymmetry
1.5 : (or amplitude Aq¢ of the muon spin precession with the
24 : ; ; = frequency corresponding to the external magnetic field is a
0 0.25 0.5 0.75 1 direct measure of the paramagnetic volume fraction. Figure 8
X shows the temperature dependence af Aogether with

FIG. 7. Dependence of the ordered magnetic moment on B-sitgh@gnetic - susceptibility - in(Ndo 251,75 (Mo 2dR .79 O3
(Mn/Ru) of (Nd;_,Sr)(Mn;_Ru)O; on the(Sr,Ru contentx. For ~ The values of Ag are given for the muon spin polarization
x=0.125, 0.25, 0.50, 0.75, and 0.875, the values obtained in thé0mponent perpendicular to the initial muon spin polariza-
present paper are shown. The vajug,=1.45u5 for x=1 is taken  tion direction. For this component, any contribution from the
from Ref. 21. The dashed line is calculation for theoretical valuegnagnetically orderedshort or long-rangeregions of the
umn=4umg and ug,=1.45ug, the solid line is the least square ap- sample volume is averaged to zero. Above 170 K the whole
proximation (in the 0.25<x=<1.0 rangg by linear function with sample volume is in the paramagnetic state and the preces-
Anvin=3.74ug and ur,=1.34ug. sion asymmetry is given by the total experimental asymme-
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FIG. 8. Temperature dependence of the asymmgryampli- 0 50 100 150 200 250
tude Atr of the muon spin precession in the transverse external T (K)
magnetic field of 100 O¢left scalg and magnetic susceptibility .
(right scal@ for (Ndp 2581 79(Mng »dRUy 7905 (x=0.75 sample _ FIQ.. 9. Temperature dependence of the sum of the integrated
The temperatures of two peculiarities are indicated according th#étensities of the(101)/(020) and (200/(121)/(002 Bragg peaks
magnetic susceptibility data. in the x=0.875 sample. Th&; and T, transition temperatures are

taken from the peculiarities in the magnetic susceptibility.

try Ar=0.26. BelowT>=160 K which corresponds t0 a pe- (ations allows us to conclude that proposed interactions and
culiarity in the magnetic susceptibility(T), the frozen  onhiained magnetic moments are intrinsic properties of Mn
atomic magnetic moments begin to appear in the part of thgng Ru ions in the compound. The deviation c0.125
sample volume, causing the decrease inc.ABelow T noint is natural; for the small values afthe compound has
~115K, the Ag(T) curve changes its slope, becoming g turn into the noncollineafmainly A-type antiferromag-
more rapidly decreasing function. The temperatife netic) state with close to zero ferromagnetic component of
~92 K of the maximum ofy(T) roughly corresponds to the the ordered moment at B-sité.For the undoped NdMng
middle of the transition by A-(T). The residual muon spin  compound, an antiferromagnetic A-phase is stabilized due to
precession asymmetry at low temperaturerzA0.05  the orbital ordering and its energy is only slightly lower than
(~20%) gives the fraction of the muon stops in the samplethe energy of FM order. R is not Jahn-Teller active ion
holder and in the part of sample volume which remainedand serves as a defect for the orbitally ordered state. There-

paramagnetic. fore, even at small concentration of Ruthe AFM order
The slow relaxing part of the ZF polarization function hasturns into FM.
an exponential formP,r=A,rexp(—\t) with noticeable\ As follows from the fitting procedure discussed above, the

=0.2 us!even at the low temperaturds<50 K, imply-  resulting interaction between the Mn and Ru ions should be
ing that a slow dynamics of the local fields is present. Theantiferromagnetic. The nature of such an interaction can be
asymmetry Ar well corresponds to the expected 1/3 of theunderstood by considering electron energy levels for both
total experimental asymmetry. manganese and ruthenium ions. Their reference energies are

For the sample withx=0.75 we cannot assign the ferro- ej'=-15.27 eV andsj=-14.59 eV, correspondingly.
magnetic transition temperature to eitfigror T,. However, These energies are very close to each other and allowing a
a comparison the susceptibilities of the samples with significant overlapping between some of the orbitals. As Ru
=0.75 andx=0.875 shows that the both compositions haveion is in the low spin configuration, the crystal field splitting
two peculiarities at the temperatur@s and T,. The transi- s essential and Rg, orbitals have rather high energy. As a
tion at T, in the sample withx=0.875 well corresponds to result they are located high above the Bjystates and do not
the ferromagnetic Curie temperatufg determined from the cross their Fermi energy and do not participate in the forma-
temperature dependence of the integrated neutron intensitiéisn of the band. Thus the ferromagnetic superexchange be-
(Fig. 9). Since the net ferromagnetic moment in the sampleween quarter-filleds, band of M#* and emptye, band of
with x=0.875 is small we present in Fig. 8 the sum of twoRu is suppressed. The resulting exchange between Ru and
most intense ferromagnetic Bragg peaks. By analogy we cakin ions is therefore the superexchange between half-filled
assign the transition af, to the ferromagnetic Curie tem- t,,(3d) band of Mn and more than half-filleigy(4d) band of
perature in the sample with=0.75. The transition afi=T,;is ~ Ru which should be antiferromagnetic according to
not revealed in the neutron diffraction data, and thus is probGoodenough—Kanamori rules. Note, thatejf states of Ru
ably related to a spin-glass-like or another short-range ordefyould lie close enough to the, states of Mn, the double
ing effects. exchange mechanism would work fine, Ru and Mn ions
would be ferromagnetically coupled, and compound would
show metallic behaviofsee, for example, Ref. 10

Good correspondence between the model calculations and The antiferromagnetic superexchange interaction between
the experimental data in the wide interval of Sr/Ru concenMn and Ru gives a state with a finite magnetic moment

IV. DISCUSSION
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which temperature dependence can be described in frame of Calculations reproduce satisfactorily well the temperature
the molecular field theors? Let us divide the lattice of mag- dependencies of magnetic moments, in particular Xor
netic atomgB-site9 into two “statistical sublattices” B1 and =0.25 andx=0.5. However, there is a difference between
B2 such that MA" and Rd* occupy the B1 and B2 sites calculated and experimentally measured values )M
correspondingly. Since Mn and Ru ions are located randomlihis quantitative disagreement can be understood as a con-
in the whole volume of the compound, we are using the ternsequence of the mean field approximation which neglects
“sublattices” only for convenience. We consider the case of @pin fluctuations and overestimates total magnetic moments
magnetically isotropic crystal with ferromagnetic interaction M (T) and M,(T) both for Mn- and Ru-sublattices. However
within both sublattices and antiferromagnetic interaction besince Mn ions have larger value of sg)=2 the molecular
tween them. The Hamiltonian of the system can be written afield theory is working better for Mn-sublattice than for
Ru-sublattice with $§=1. Moreover at low doping Ru ions
H=-J,>, Slislj—JzzE SZiSZJ-+J122 $iS,. (D) can be considered as impurities for Mn-sublattice which
worsens the application of the mean field theory. As a result,
Here J;; and J,, are ferromagnetic exchange constants forthe magnetization MT) of Ru-sublattice is significantly
Mn-Mn and Ru-Ru, respectively, andi, is antiferromag- overestimated. As Mn- and Ru-sublattices are antiferromag-
netic exchange constant Mn-R8; andS, are the spin op- netically coupled, the calculated total magnetic moment is
erators of Mi* and Rd"* ions, the sums are taken over near- under- or overestimated depending on the sign of total mag-
est neighbors of corresponding sublattices. The system afetic momentM(T).
molecular field equations may be written in the form:

a; = 2(1 = x)3118,01 + 2x3,5,07, V. SUMMARY
a0y = 2%S,05 + 2(1 = X) 1,507, @ Neutron diffraction,uSR, and electrical resistivity mea-
surements have been performed to study the magnetic, struc-
wherez=6 is the coordination number, amd,,, are relative  tural, and electrical properties of NdMgQupon simulta-
magnetizations per site in sublattices(BjL neous and consistent doping of A- and B- sites by Sr and Ru,
respectively. The end members of the series
01=1-Bg(ay/T)IS;, 0,=1-Bop(alTIS,,  (3) (Nd;_,Sr)(Mn;_,Ru)O5 are A-type antiferromagnetic insu-
lator (x=0) and ferromagnetic metdk=1). The Sr and Ru
Bs is the Brillouin function: doping assures an increase of the tolerance factor at higher
which must favor an appearance of the metallic state. Nev-

2s . . .
o ertheless, the metallic state in our samples is not present,
> ne they are all insulators, and we do not observe any peculiari-
By(X) = %. (4) ties on the resistivity curves at magnetic transition tempera-
S e tures. This implies, that the DE mechanism, which is practi-
prt € cally excluded in(Nd,_,Sr)(Mn;_,Ru,) O3, is very important

for correlation between FM order and metallic state as it is

This system of equations must be solved self-consistently t¥/€ll known for the doped manganites. ,
give o, ando, as functions of temperatufe The total mag- Good correspondence between the experimental data and
netization can be written as model calculations for the low-temperature Mn and Ru mag-

netic moments as function dfSr/RuU concentration in a
M =M; =M,y =Mje0o; — Mo, (5) wide range ofx, indicates that hypothesis about FM correla-
tion magnetic moments within both Mn-Mn and Ru-Ru pairs
whereM;5=(1-X)S;upm, andM,e=XSugr, X is a concentra- and AFM correlation of the moments in Mn-Ru pairs is cor-
tion of Ru, uy, and ug, are magnetic moments of Mn and rect. The electronic states at%eé for Mn®* and low-spin
Ru ions. We performed the calculations with experimentallytggeg for Ru*, respectively, with quite different values of the
obtained valuesuy,=3.74 ug and ug,=1.34 ug. From  moments: uy,=3.7415ug and ugr,=1.3425ug. Due to
the experimental value of the Curie temperaturerandom distribution of Mn and Ru over B-sitéss it follows
Tc=160 K?>23in SrRuQ, we calculate the Ru-Ru exchange from diffraction patternsthe obtained magnetic state can be
constantzJ,,=21 meV using the above formulas of the mo- called “statistical ferrimagnet.” The concentration dependen-
lecular field approximation. The ferromagnetic superex-cies of the ferromagnetic transition temperatures and the
change between Mn ions was fixed 28,;=2.1 meV. This saturated magnetic moments calculated in the mean field ap-
value is in the range reported in the literature for the planaproximation are in rather good agreement with the proposed
ferromagnetic exchange in LaMg@ The antiferromagnetic magnetic state.
exchangelJ;, was considered as a free parameter. Good The discovered unusual interaction between Mn and Ru
agreement with the experimental temperature dependenciesagnetic moments can provide also a new insight to the
of magnetization has been obtained wath,=23 meV(Fig.  anomalies of the ferromagnetic state which were observed in
6). The calculated values @i are shown in Table | together Ru doped perovskite manganites earljsee Ref. 6 for re-
with the experimentally measured ones. view).
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