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Magnetic phase diagram of Ru-doped Sm._,Ca,MnO ; manganites:
Expansion of ferromagnetism and metallicity
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The substitution of ruthenium for manganese has been studied in the,SegMnO; series, leading to a
magnetic(T vs x) phase diagram where a large region of ferromagnetic metallic phases appears. These results
are compared with those obtained by chromium doping in the same system, showing the much stronger effect
of ruthenium. Other lanthanide series have also been characterized in order to investigate the size effect in the
ruthenium doped compounds. A comprehensive magnetic study by powder neutron diffraction has been per-
formed on the Sg,Ca, gMng gRU, ;O3 compound in connection with the phase separation evidenced by the
susceptibility measurements. Finally, models for orbital and spin ordering are proposed to explain the Cr and
Ru induced ferromagnetism and metallicity.
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INTRODUCTION EXPERIMENT

The different samples of the system

Soon after the discovery of the field induced insulator-Sm, _,CaMn, _,Ru,O; were prepared by solid state reaction
metal (IM) transition in Pg St sMnOs,* it was shown that in air at 1500 °C, starting from the stoichiometric mixtures of
the size of theA-site cation dramatically influences such athe oxides Sp0O;, CaO, MnQ, and RuQ according to the
transition and, by the way, the colossal magnetoresistangerocedure previously describét3
(CMR) properties of the manganités? A striking example The purity and crystallographic nature of the perovskite
is given by the charge ordered phasg & gMnO; which  were checked by x-ray diffraction and by transmission elec-
was reported to be stable up to 27 T, and by the fact that ntron microscopy (TEM) coupled with energy dispersive
spontaneous IM transition is observed in the R€EaMnO;  spectroscopyEDS). Electron diffraction(ED) studies were
system in the absence of magnetic field for aﬁyn contrast  carried out with JEOL. 200CX and JEOL 2010 electron mi-
to the P;_,Sr,MnO5 system. The existence of IM transition Croscopes. The reciprocal space was reconstructed by tilting
in Cr-doped manganites £CaMn;_,Cr,Os, in the ab- around the crystallographic axes, at room tempere(iﬁ?é
sence of magnetic fields very attractive since it shows the @nd at 92 K. The high-resolution electron microscopy was

possibility to modify dramatically the magnetic phase dia-C&fieéd out with a TOPCON 002B microscopeV (
=200kV, Cs=0.4 mm). Neutron powder diffraction experi-

gram of the manganites, by doping the Mn sites with a mag- h b : db g th diff
netic cation. It has indeed been proposed that such inducéElentS ave been performed by using the G41 diffractometer

CMR properties result from the competition between ferro-" LLB-Saclay (\=2.4266A). The patterns were recorded

magnetic metallic and antiferromagnetieFM) insulating over an angular range 1%29<97° by increasing the tem-
domains’~® Among the magnetic cations capable to induceperature from 1.5 K to room temperature by steps of 5 K.

metallicity and ferromagnetism in manganites, ruthenium a :I'he samples used for this structural study have been pre-
y ag manganites, Ppared with Sth52. The data have been analyzed with the
pears as most promising due to its ability to adopt two va

: o G+ : - Rietveld method using theuLLPROF program.
lencies, RG™ and Ru™, which can both participate to strong 1o 1 dependence of the magnetizatid) was regis-

superexchange ferromagnetic interactions with®MH ™ ared with a vibrating sample magnetometer, warming from
On the basis of these results, we have explored the Ru dop-» g 300 K in 1.45 T or in 103 T after zero field cooling

ing of the system Sm ,CaMnO;, for which ferromagnetic  (zFC). The resistivity data were collected with a four-probe
metallic state has only been observed in the “cluster glass’method, cooling the bars from 400 & K either in the ab-
domain (for 0.9<x<1) due to the small size of th&-site  sence of magnetic fielFC) or in 7 T (FC).

cations'* We show that the large AFM charge ordered re- The phase diagrams have been built by using the magne-
gion observed in the undoped system (G46<0.80) is re- tization values recorded in 1.45(ZFC) at 4.2 K and thel -
placed by a ferromagnetic metalliEMM) state, with high  determined from the inflection points of thd(T) curves

Tc up to 235 K. A comparison is made with the Cr-dopedcollected in 103 T for the Ru-doped series. Tg.’s values
systent® which exhibits a much smaller FMM region, and for the undoped and Cr-doped series were deduced from
much lowerT.. We propose a model of orbital and spin M(T) curves collected in 1.45 T. It should be emphasized
ordering which may explain these magnetic properties anthat theT's of the Ru-doped compositions depend on the
the different behavior of ruthenium and chromium. applied magnetic field value in contrast to the undoped and
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magnetic insulatindAFMI) state, with al -5 maximum of
280 K for Smy Ca MNnO;. In the Mr** rich region, x
<0.40, ferromagnetism is observed, but no metallicity is de-
tected, in contrast to the largé-site size systems like
Pr,_Sr,MnO;.2 In this ferromagnetic insulatingEMI) re-
gion, T increases withx, from ~50 K for x=0.05 to~100
K for x=0.35. For all compositions corresponding teg
i | =<0.80, the resistivityp) at low temperatur€l0 K) is always
0.5 0.6 0.7 0.8 0.9 very high (>10* Q cm) and is thus called “insulating.” Co-
(c) x(Smy CaMn, , Cr, O;) existence of ferromagnetism and metallicity is only observed
in the cluster-glaséCG) region, i.e., forx~0.91° The latter
FIG. 1. (@) Phase diagram of the Sm,CaMnO; series from  exhibit p1ok values of 102—10 2 cm, i.e., values close to
Ref. 14.@, W, andA are forT¢, Tco, andTy, respectivelyl and ~ the Mott criterion for “bad” metals. In the following, all
M referred to insulator and metal arbitrarily defined from the resis-samples characterized yox < 10° Q cm will be referred to
tivity value at 10 K,>10*Q cm and<10°Qcm for | and M,  as “metals” in contrast to the insulating compositiofssich
respectively.(b) The same for Si. ,CaMngsRUp 105 (€) The  as 0=x=0.80). Starting from the previous results obtained
same for Sm.,CaMn; _,Cr,O; from Ref. 15. by Ru doping of manganité$; **we have first explored the

possibility to enhance ferromagnetism and to induce metal-
Cr-doped series. The anomalous nature of the FM state of thisity selecting three compositions=0.30, 0.60, and 0.90

100

T (K)

50

Ru-doped Sm_,CaMnO; series is discussed later. and varyingy in the range 0-0.15.
The M(T) curves of the SgCa JMn;_ Ry 05 phases
RESULTS AND DISCUSSION [Fig. 2@] show that the magnetization values at 4.2 K, rang-

ing from 1.9 to 2.3g, increase only slightly with the Ru
content, fromy=0 to 0.04, the theoretical value being not
The consideration of the magnetic phase diagram of theeached under 1.45 T. The- values, deduced from the in-
undoped manganites $SmCaMnO; [Fig. 1(@)] shows that flection on the derived curvdsiM/dT=f(T)] of the M(T)
the coexistence of ferromagnetism and metallicity is barelycurves collected in I0° T, slightly increase with the Ru
seen in this system, in agreement with the small size of theontent fromT-=95K for y=0 to 115 K fory=0.12. The
Snt" and C&" cations. The major part of the diagram, resistivity measurements show that, whatever the Ru content,
0.40<x=0.80, shows at lowl a charge ordered antiferro- the compounds SgCa Mn;_,Ru,O; [Fig. 2(b)] are insu-

Investigations in the Sm_,Ca,Mn;_,Ru,O; system
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FIG. 3. (8 M(T) curves for Srg,CayMn;_yRuO3 (ZFC; |, H=1.45T). (b) p(T) curves for this system.
unoH=21.45T). (b) p(T) curves for the same system.

netic insulating/AFM) domains**3in the frame of a perco-

lators[dp/dT<<0] with too highp,ox values to be measur- lation. The second broad maximum would correspond to the
able. Thus the substitution of Ru for Mn in percolation threshold between FMM regions which occurs
Smy LCay Mn; - Ry 05 only expands the FMI state towards far below T due to the growing of these clusters Bsle-
higher temperatures. creases.

For the electron doped manganites
Smy.1Ca gMn; _ Ry, O;, the magnetization valuggig. 3a)]
at 5 K are significantly smaller than for the hole dope
samplex=0.3, reaching only 1,25, and do not vary sig-
nificantly with the Ru content. In contrast, thig. values Taking into consideration the above results and those pre-
increase considerably with the Ru content, going from 100 Kviously = obtained for the Ru-doped manganites
for y=0 to 165 K fory=0.12. The corresponding resistivity Sm, ,Ca MnO; and Sng.Ca gMnO;, 1713 the magnetic
curves[comparey=0 andy=0.12 in Fig. 3b)] show that phase diagram has been established for the system
the metal-metal transition 8T~ 100K already observed Sm;,_,CaMnggdRuy 1405 [Fig. 1(b)]. This Ru level of sub-
for the pristine compound is maintained by Ru doping, butstitution was chosen according to the two antagonistic ef-
the transition temperature increases with the Ru content. fects: T increases as the Ru contey) increases but the

In fact, the most spectacular effect is observed for thehomogeneity of the Ru distribution in the matrix decreases
Smy LCay Mn;_RY,O; series. Starting from the antiferro- for y values beyond 0.12-0.15, depending on the Mn va-
magnetic(AFM) charge ordered pristine phasg=0) with  lency (x valug. The modification of the magnetic phase dia-
Tco=250K, theM(T) curves of this serieFig. 4a)] show  gram with respect to the Sm,CaMnO; system[Fig. 1(a)]
that FM grows rapidly with Ru content, leading to a mag-is considerable. Th&<0.45 part of the diagram remains
netic moment of 2.25 at 5 K fory=0.10 and al - close to  FMI with Ru doping, but differs from the undoped one by
240 K. This dramatic tendency of ruthenium to destroythe higherT. values observed far=0.3. The most impres-
charge ordering, and to induce ferromagnetism, was previsive modification concerns the disappearance of the charge-
ously shown for S,Ca, gMnO,. 22 For the latter manganite, ordered state by Ru doping, for 04£%<0.80, at the benefit
the resistivity exhibits simultaneous M-M and PM-FM tran- of a FMM state with very higii ¢ going through a maximum
sitons as shown further in Fig. 6 for of 235 K aroundx~0.6 [Fig. 1(b)]. Thus, the doping with
Smy Ca gMng RUy 103 A similar trend is observed for ruthenium tends to destroy the charge ordering and to induce
Smy LCay Mn;_ RY,O; (Fig. 4), but thep change affc is  an extremely wide FMM regionx ranging from 0.45 to 1
much smaller than the one observed below the broad maxjFig. 1(b)].
mum which develops well belowW . This second broad This effect of Ru doping is still more spectacular than that
maximum was previously interpreted in terms of competitionpreviously observed for chromium dopifgin the case of
between ferromagnetic metallidEMM) and antiferromag- the Cr-doped Sm ,CaMnO; system, depending ox dif-

d Magnetic phase diagram of the Sm_,Ca,Mn g gRug 103
system
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ferent optimal values of the Cr level are required to induce a
maximum of magnetization. The corresponding phase dia-_.. : a i
gram established for 05x<0.9[Fig. 1(c)] shows that chro- aTng?gY?:é?;;g Zﬁ?XI’QTt?e(hL:pE?)r' E ai gggﬁf(l)u()%ﬁ—?z’-ﬁg:n
mium is much less efficient for inducing ferromagnetism andyiq in the lower part. c e ' '
metallicity. However it allows CMR to be obtained in this

composition range. Although charge ordering tends to be de- L ) .

stroyed for all this MA* rich region, the FMM state is much investigation has begn Fhen carried out by coolllng the sample
more narrow for Cr than for R ranging from 0.5 to 0.6, dqwn to 92 K. No significant structura}l event is detected. in
and instead a FMI state appears fomnging from 0.6 to 0.9. this temperature range. The large majority of the crystallites

Moreover, the Curie temperatures are much smaller thafXhibit a system of sharp reflections without any splitting nor

those observed for Ru: they range indeed from 65 to 11§ate|lites which would indicate monoclinic distortion or

K, to be compared to 100-235 K for Ru-doped manganites‘?harge ordering phenomena, r_espeptively, as gbsgrved for the
This greater efficiency of ruthenium compared to Cr to in-Y=0:06 and 0.08 samplé$.This is illustrated in Fig. )

duce ferromagnetism is corroborated by the evolution of th&'hich displays a typicdl010]ED pattern recorded at 92 K. A
magnetic moment at 4.2 K versugFig. 5 which is system- uniguePnmaspace group is thus exhibited by all the studied

atically higher for Ru than for Cr doping for>0.50. crystallites so that no phase separation could be claimed
from electron microscopy.

In contrast, the powder neutron diffraction, details of
which will be published elsewhere, as well as the magnetic
The fact that the magnetic moments at low temperature dand transport propertig&ig. 6) clearly show the phase sepa-

not reach the theoretical values even under higher magnetiation at low temperature. The §pCa gMny Ry 103 cOM-
fields (5 T with our magnetometgrand also that the(T) pound exhibits aPnmastructure in the whole temperature
curves in several cases show a second bump at low temperznge(from 15 K to room temperatuyeas mentioned previ-
ture suggest that the FMM state in all these oxides is anomapusly in the electron microscopy. The lattice parameters re-
lous [see Fig. 6 the broadness of tHd(T) curve of fined at room temperature are close to those of
Smy ,Cay gMngy gRUy 105 recorded in 1.45 T This behavior Sm, {Cay Mn0O;,*8 in agreement with the increase of the
has also been revealed by the ac magnetic susceptibilityin®"/Mn** ratio compared to Sg3Ca, gMnOs, which is in-
(ac-y) measurements, as a function of temperature, in theluced by the RY substitution for MA*/Mn**, but the cell
case of the SgyCay gMn, _,Ru,O; series, showing the exis- of the Ru-doped sample is slightly less distorted. At liquid
tence of two maxima, for instance at 205 and 105 Kyor helium temperature, the magnetic and crystalline structures
=0.1(Fig. 6). This may point out that the system is actually are similar to the SgyCaMnO; ones’ i.e., the Pnma
inhomogeneous or “phase separatetf We therefore have crystal structure is associated with an antiferromagnetic
undertaken a structural and magnetic study ofG-type phase and a ferromagnetic component. But the evo-
Smy ,Ca, gMNg Ry 103 combining electron microscopy and lution with temperature is different for both manganites: for
powder neutron diffraction. Sy 1Ca MNnO;, Ty and T are very closdaround 110 K,

The reconstruction of the reciprocal space at room temin  contrast to the transition temperatures of
perature confirmed the orthorhombic cell with lematype  Smy ,Ca gMng Ry 103 which differ by ~100 K with T¢
distortion. The high resolution electron microscopy images~210K andTy~100K as shown in Fig. () from the T
recorded along the different crystallographic axes, show thajependence of the refined magnetic moments. The latter tem-
the ruthenium species are statistically distributed in the octaperatures corroborate those determined from the two peaks
hedral framework. This is corroborated by the coupled EDSf the ' (T) curves(Fig. 6). Note that the Ru-doped sample
analyses which show an homogeneous Ru content correliffers strongly from the undoped one §pa gMnO;,
sponding to the nominal ongy). The electron diffraction since it exhibits no phase separation but only a monoclinic

FIG. 6. Sm,CaygMng Ry 105:p(T) (left axis) and resistivity

Nature of the FMM state: Magnetic phase separation
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FIG. 7. (a) ED pattern of Sm,Cay gMng oRUy 103 recorded at 92 . . . .
K. (b) Temperature dependence of the magnetic moments of th€ doping cation, Ru or JiFig. 8(b)]. Note also that Ru is
antiferromagnetidAFM) and the ferromagnetitFM) components ~ Significantly more efficient than Cr for the large Ln size.
for the same compound deduced from the refinements of the pow-

der neutron diffraction data. Models for orbital and spin ordering in Ru
and Cr doped manganites
distortion (P2;/m space group associated with &-type Considering the above results and those previously ob-

AFM state, below 150 K This neutron diffraction study tained for chromium, we have to explain why both cations
evidences thus a clear difference betw&grand Ty leading  induce ferromagnetism and metallicity and why ruthenium is
to a magnetic phase separatigkFM and FM) at low tem-  spectacularly more efficient than chromium. Let us take for
perature. However, in the absence of high resolution synthe elaboration of our model, the doping of the charge or-
chrotron powder diffraction for SgpCay gMng Ry 103, the  dered CE-type oxides nRCa sMnO; whose magnetic
coexistence of two different phases crystallizing in the samatructure projected in 2DFig. 9(a)] consists of FM zigzag
space group but with only slightly different cell parameterschains of Mi*/Mn** cations, the coupling between chains
cannot be ruled out. being antiferromagnetic. This drawing corresponds to(éhe
¢) plane in thePnmaspace-group, thb direction being per-
pendicular to this plane.

For charge reasons, the doping with chromium in the CO

The above results can be extended to other lanthanides, agucture corresponds to the local substitution of ong @r
shown from theM (T) curves of L <Ca, sMNnO; manganites one Mr**. As previously shown from circular dichroism
doped with 5% ruthenium and chromiuffig. 8@)]. Both  measurements Cr*" is antiferromagnetically coupled with
Ru and Cr doping promote ferromagnetism in theall its nearest neighbors. Thus the’Cspecies can sit in one
Lng sCa sMNO3; manganites. However it is remarkable, that zigzag chain without disturbing the spin orientation of the
starting from an antiferromagnetic pristine phase, the magtwo neighboring zigzag provided its spin orientation is op-
netic moment induced by Ru doping increases spectacularlgosite to then{Fig. 9b)]. Then the spin orientation of its
with the size of theA-site cation from 0.%g for Smor Hoto  two Mn** neighbors within its own chain will be reversed to
~3ug for Nd, Pr, and La. A similar effect is also observed be antiferromagnetically coupled with €t and finally the
for Cr doping. This effect is closely related to the fact thatspins of all the other Mf"/Mn*' species of this “Cr-
the stability of the charge-ordering decreases at the benefit @igzag” will be reversed in order to keep the ferromagnetic
FM as the size of thé-site cation increas&s:?In a similar ~ coupling within the chairjdark arrows on Fig. @)]. Thus,
way, T increases with the size of tifesite cation, whatever each time one Cr is introduced in a zigzag chain, the spins of

Extension to other lanthanides: Size effect
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FIG. 10. Introduction of two additional Mf in the (010
planes above and below Ry with their d§-|ike orbital (hatchedl
directed toward R, leading to an orbital polaron.

introduction of one Rti" species on one M site will not
change the orientation of the Mh orbital of its zigzag
chain, and in this chain the Ru and Mr?* species will
remain FM coupled. In contrast the orbitals of the two Mn
nearest neighbors of Ru belonging to the adjacent chain may
FIG. 9. Creation of FM regions in tH@10 layer of the CE-type  rotate[Fig. 9(c)] so that they all point towards Ru, to make
structure(a) by Cr doping(b), Ru doping(c), and additional MA*  the optimal use of strong Mn-Ru hybridization, or could
(d). The black arrows correspond to the spins which have beefiather become?-y-like. Then the spins of these Mhions
reversed, whereas the shaded orbitals are rotatgdr(d2 2, oneg.  will be reversed and become FM coupled with*RuFinally
Open circles correspond to Mhsites andg, orbitals are located on  this adjacent zigzag chaimlark arrows in Fig. &)] would
Mn®* sites. reverse its spins by “domino effect” in order to keep FM
coupling between its Mt /Mn** cations. From this model,
the Mrf*/Mn** of this chain can be reversed by “domino ?t can be seen that differentl_y from Cr doping, Ru doping
effect” leading to triple ferromagnetic chains. Of course, fur- involves conduc2t|on via Ru itself and that the rotafl
ther away along the zigzags, the original spin orderingorbitals or thed,._,. ones provide new conduction paths
should be restored. between neighboring zigzag FM chains, so that hopping is
Yet another factor favoring ferromagnetism is that theno more forbidden. Thus the connection between the zigzag
spin down C?#' ions interact antiferromagnetically not only chains is better than for chromium.
with the surrounding Mn ions in th@, ¢) plane but also with The same model of the orbital rotation and creation of FM
the Mn in the planes above and below, thus providing somean also be proposed and will even be more efficient for
ferromagnetic coupling between the planes. Due to th&ku’*. But, in contrast to Rt ,Ru** doping introduces extra
mechanisms described above, each Cr would induce an én®" according to the substitution 2Mh=Rw" +Mn3*.
liptic ferromagnetic microregion. This explains the appear-This valency effect will in fact reinforce the FM coupling
ance of both ferromagnetism and metallicity when a suffi-and metallicity. The introduction of Rt on one site will
cient level of CPF' is introduced on the Mn sites. induce FM coupling and metallicity within thé10) plane
Nevertheless, the @:feg states are rather high with respect according to the mechanism previously described fot'Ru
to manganese, and not reactively available for hybridizatiorBut simultaneously the additional Mh can occupy the
and for participating to the band formation. Consequentlyformer Mrf"* site close to R in an adjacent{010) layer
the contribution of Cr to the increase of conductivity is notand will orient its d§ orbital towards R, leading to an
very strong in a first step for low chromium levels, and me-“orbital polarons” schematically shown in Fig. 10, as in the
tallicity is only reached for higher Cr content when the majormodel recently elaborat€d.Besides the modification in the
part of the structure is melted into the ferromagnetic state. (a, ¢ plane, a FM coupling appears thus between the two
In the case of ruthenium doping, the substitution of man{010) planes. An electronic fluctuation along the
ganese can be made either by*Rwor Rw* species, the ““Mn3"-O-R\P*-O-Mn**" bond is also possible which
latter being more probable due to synthesis conditiéR®, makes that thred010) planes could be ferromagnetically
though a valence fluctuation according to the equilibriumcoupled along thé direction by doping with Rt species
Mn®*" +RwP* > Mn** +Ru** is most likely. Let us first con-  (Fig. 11).
sider the R doping, which substitutes for M in low Finally, extra Mi* can also participate to the enhance-
spin, t‘z‘g configuration. Ruthenium is more covalent thanment of ferromagnetism even if it is not close to Ru. The
chromium and most probably the, states of ruthenium introduction of one additional MH species on one Mn
should participate to the band formation and contribute tcsite of the CE-type structure leads to formation of ferromag-
make it broader. Thus Ru and Mn are FM coupled. Thenetic cluster similar to the orbital and FM spins arrangements
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sibility (not drawn hergis that this extra M&" will have d§
occupation(perpendicular to the plapein which case the
situation will be similar to that of Rl with, as a conse-
guence, formation of a similar ferromagnetic cluster ex-
tended also in thé direction.

CONCLUSION

An anomalous ferromagnetic metallic state can be in-
duced by Ru doping in the charge ordered manganites
(Smy_,CaMn;_,Ru0Os) corresponding tax in the range
0.45to0 1, i.e., for Mn valency in between 3.45 and 4. Ruthe-
nium is found to be much more efficient than chromium,
since higherT’s and a much broader region of a metallic
regime are reached with the substitution of the former. The
anomalous ferromagnetic state and the percolative transport
observed in the FM00Y) layer of theA-type AFM LaMnG;, mechanism points out towards a phase segregation which has
see Fig. @), with the corresponding flipping of the spins of been probed by powder neutron diffraction. The present Ru
two zigzags[blacks arrows in Fig. @)]. Thus this extra effect is explained in terms of orbital reorientation and spin
Mn3*, introduced by valency effect of R, generates or- reversal in the antiferromagnetic structures resulting from a
bitally ordered FM regions, even in the regions wheré'Ru ferromagnetic coupling between RURW" and Mrét.
is absent. It is possible that the last factor also explains th&loreover, the possibility for Ru to exhibit a mixed-valency
tendency towards phase separation into CO/CE regions andtroduces MA™/Mn** electronic fluctuations around Ru

FM clusters for the Lp_,CaMnO; phase withx<<0.5 but  which may strongly enhance the formation of ferromagnetic
not for x>0.5 which remains purely CO. An alternative pos- metallic clusters.

FIG. 11. Introduction of one additional Mh and the possible
electronic fluctuations along the “Mn-O-Ru-O-Mn” bond leading
to the FM coupling of three mangane@®1) planes.
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