PHYSICAL REVIEW B 66, 184424 (2002

Magnetic and electrical properties ofL BaMn,0O¢_,, (L="Pr, Nd, Sm, Eu, Gd, Th) manganites

S. V. Trukhanot and 1. O. Troyanchuk
Institute of Solids and Semiconductor Physics, NAS, P. Brovka str. 17, 220072 Minsk, Belarus

M. Hervieu
Laboratoire CRISMAT, ISMRA, Universitee Caen, 6 Boulevard du Maghal Juin, 14050 Caen Cedex, France

H. Szymczak
Institute of Physics, PAS, Lotnikov str. 32/46, 02-668 Warsaw, Poland

K. Barner
IV. Physikalisches Institut der Universit&attingen, Bunsenstrasse 13-15, D37073tegen, Germany
(Received 4 April 2002; revised manuscript received 19 June 2002; published 22 November 2002

Influence of cation order-disorder phenomena on the crystal structure, magnetic, and electrical transport
properties of new CMR perovskites faBaMn,Os_, (L=Pr, Nd, Sm, Eu, Gd, Thbseries has been investi-
gated. For each rare-earth ion three compounds have been synthesized by the topotactic reduction-oxidation
method. Structural investigations have shown the oxygen-stoichiomB&n,Og compound obtained in air
to be cubic with disordered®* and B&* cations whereas the oxygen-defici&iBaMn,Os is tetragonal with
orderedL®" and B&" and alternate stacking of rare earth and barium containing layers eldfgs crystal
structure is similar to the YBaCuFgQ@elated one. Another form of oxygen-stoichiometraMn,Og com-
pound obtained by reoxidation of oxygen-defici€BaMn,O5 is also tetragonal and retains the ordering of
L3" and B&" cations. It is notable that the reoxidized EuBaj@y compound has an orthorhombic unit cell.
It is observed that this type of cation ordering leads to considerable increase of transition temperature to
paramagnetic state. For example, disordered EuB&Mmrcompound has magnetic properties similar to spin
glass and shows freezing temperature of magnetic moniertd0 K while ordered EuBaMyOg is an inho-
mogeneous ferromagnet with Curie poirg~260 K. Electrical resistivity behavior correlates with magneti-
zation. Below theT the Pr, Nd, Sm based compounds undergo a transition to metallic state and demonstrate
a peak of magnetoresistance. It is supposed that the remarkable changing of the magnetic and electrical
properties of the reoxidized compounds is a consequence df/Be ordering and can be explained on the
base of the Goodenough-Kanamori rules for 180° indirect superexchange interactions taking into account an
ion size effect inA sublattice of perovskite.
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I. INTRODUCTION The solubility limit for the Ba ions is considerably lower.
This is a consequence of the eventual formation of hexagonal

Manganites ofL,_,D,MnO; type (L= rare-earth ion, BaMnO;-type perovskite at the grain boundaries. The small
D= alkaline-earth ioh exhibit a large variety of magnetic information volume about Ba-doped manganites is partly due
and crystal structure phase transformations with a sharto the impossibility to prepare high quality single crystals of
change of electrical transport properties. Hence they are aglesigned composition by zone melting method.
propriate objects to study the display between magnetic and By using Ba as a substituting ion the solid solutions are
electric states. Interesting features of manganites are phafmed at the synthesis in air up fo=0.50° Compositions
transformations caused by orbital and charge states determiha; —,BaMnO; in the range 0.28 x<0.50 are metallic fer-
ing a type of magnetic ordering. For example, chargefomagnets with a Curie point up t8350 K.!° In the case of
ordered compounds are antiferromagnetic insulators whereagare-earth ioné =Pr, Nd the magnetic ordering temperature
charge disordered compounds are ferromagnetic metals. sharply decreases down 10160 K (L =Pr)**~*3and~80 K
An external magnetic field induces a transition from antifer-(L =Nd).*® For Sm _,Ba,MnO; series a substitution for
romagnetic state to ferromagnetic one with the resistivityBa leads to a concentrational phase transition from an anti-
change by some orders of valtié. ferromagnetic statex0.12) into spin glass onex&0.12)

It is worth noting that to present there are manganites thavithout ferromagnetic phasé.lt is interesting to note that
most studied in which Ln ions are substituted with alkaline-despite the large difference Inand Ba ionic radii the com-
earth ions such as Ca and>Sf.This is partly associated with positions with high Ba concentration have a cubic unit cell
a wide concentration interval &f substitution for Ca and Sr, whereas solid solutions with rare earth substituted for Ca
which is due to ion radii size of these elements. In the case dfiave an orthorhombically distorted unit c#il.

Ca at the synthesis in air there is a whole series of the solid As it was reportetf the Pp.sBay sgMNO5_, composition
solutions formed whereas in the case of Sr special conditiongrepared in strongly reducing conditions has a Curie tem-
are necessary for this aifn. perature much larger in comparison with the composition
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obtained in air. Such a magnetic properties behavior is verffhe samples’ weighting after this reoxidation procedure has
unusual for manganites because for the case o$hown the increasing oxygen content according to(2Q.

Lay CaMnO;_, (Ref. 17 and Lg_,BaMnO;_, (Ref. Thus three basic families of the samples have been ob-
18) series is found the reduction to destroy the long-rangéained. Let us call and refer to these families as follo(as:
magnetic order. Furthermore, strongly reduced compositionas-prepared disordered oxygen-stoichiometric
LaBaMn,Os 5 and YBaMnOs are known to be antiferro- LygsBaysgVMnOs, (b) ordered oxygen-deficient LnBaM0Os,
magnetic or ferrimagnetic insulators with relatively a largeand (c) reoxidized ordered oxygen-stoichiometric
Néel point!®2° These compounds exhibit crystal ordering of LBaMn,Og. The meaning of these abbreviations will be ex-
La (Y) and Ba cations as well as oxygen vacancies. So welained below.

have studied in detail the properties lof sBay sgVInO;_, Some samples witly value intermediate between 0 and 1
(L="Pr, Nd, Sm, Eu, Gd, Tlcompositions depending on the have been received by the reoxidation in air at the selected
conditions of preparation. We have found these compositiothermal conditions. The variation of the physical properties
properties to be very sensitive to the crystallographic orderef the c samples depending on the annealing temperature in
ing of three-valent. and two-valent Ba ions in th& sublat-  air has been investigated. Tlhesamples are annealed in air

tice of the ABQ, perovskite structure. during 5 h step by step via 50°C up to 1350°C. Nominal
chemical formula for the samples in view is
Il. EXPERIMENTAL PROCEDURE LBaMm,Og_ 10,01

] X-ray-diffraction (XRD) analysis of the reaction products

Ceramic  LosBasMnO;  (L=Pr,Nd,Sm,Eu,Gd,Tb  has been performed using DRON-3 diffractometer inkGr-
samples have been prepared using conventional ceramjggiation at room temperature in the angle interval 10°
technology. Oxided.;O3, Mn,O; and carbonate BaG®f  <2@<120°. The electron diffractioED) study has been
high purity have been weighted in designed cation relationygrried out with a JEM 200CX fitted with a tilting-rotating
(L:Ba:Mn=1:1:2 and ground thoroughly in an agate sample holder £ 60°). The high-resolution electron micros-
mortar by adding some quantity of ethyl alcohol. Beforecqny (HREM) studies have been performed using a TOP-
weightinglL ,0; has been annealed in air at 1000°€2hto  coON 002B microscope with a point resolution of 1.7 A. The
remove moisture and carbonic acid. The prepared oxides arlﬁrBaMrhOG_y (y=0.30) reoxidized sample for the electron
carbonate mixtures have been pressed as pellets and thgfcroscopy has been prepared by crushing the crystallites in
annealed in air at 1100°C dugr2 h with following grind.  gicohol. The small flakes in suspension have been deposited
The synthesis has been carried out in air at 1550°C during g, 4 holey carbon-coated film, supported by a copper grid.
h. In order to obtain compositions with an oxygen content Tpe magnetization measurements have been performed
close to stoichiometric one the samples have been placed QRiing commercial vibrating sample magnetometer OI-3001
platinum substrate, annealed at 900°C in air during 100 f, the temperature interval 4—350 K. The magnetic transition
and then cooled to room temperature at a rate of 100°Ch  temperature has been determined as that corresponding to the
The oxygen content value has been determined by termasharpest magnetization drop in a weak magnetic field. The
gravimetric analysis. According to our data the samples Synresistivity measurements have been carried out using the
thesized in air are stoichiometric in relation to the 0Xygensamples with size of 82x2 mn? by usual four-probe

content. As it is well known the oxygen content in the ob-method in the temperature interval 77—350 K. Magnetoresis-
tained in air manganites strongly substituted by Ca and Sggnce has been accounted as
ions is reported as close to stoichiometfic.

Reduced LBaMn,Os  (L=Pr, Nd,Sm, Eu, Gd, Tb MR(%)={[p(H)—p(0)]/p(0)}x 100%, (3)
samples were prepared by a topotactic reaction method. The
doubling of the chemical formula is explained below. Thewith p(H) resistivity in magnetic field of 9 kOg(0) resis-
samples were placed in evacuated silica ampoules with somivity in zero magnetic field. Magnetic field has been applied
quantity of metallic tantalum used as an oxygen getter. Silicalong electrical current in the sample.
ampoules were exposed at 900°C for 24 h and then cooled
down to room temperature at a rate of 100°ChThe equa- IIl. EXPERIMENTAL RESULTS
tion for the reduction chemical reaction is the following:

A. Structural data

+0.4 Ta— +0.2 . . .
L BaMn, 05 +0.4- Ta—L BaMn,O5 +0.2:Ta05. (1) X-ray-diffraction patterns ol.BaMn,Os_, (L=Pr, Eu,

For the reduced samples the oxygen content has been d&b; ¥=0, 1) compounds are presented in Fig. 1. These pat-
termined from a mass loss by the Samp|e Weighting befor@rns are similar to those obtained for the samples on the
and after reduction. To lower a relative error of oxygen con-base of other rare-earth ions. The analysis of the XRD pat-
tent measurements the weight of the sample placed in silicirns mainly indicates a single phase perovskite structure for
ampoule was as a rule approximately 2—3 g. At such a condll the samples. Existence of other phases is insignificant.
dition the error value does not exceed 0.3%. The reducebiowever, the symmetry of unit cell is various for different
samples have been then reoxidized in air at 900°C for 5 hsamples. In the Table | there are unit-cell parameters pre-

This reaction can be described by an equation: sented for. BaMn,Og —, (L =Pr,Nd,Sm,Eu,Gd, Tsamples
prepared in aifa), reduced in silica ampouldb), and again
LBaMn,O5+0.5- O,— LBaMn,Og. (2)  reoxidized in air(c). The (a) samples prepared in air are
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FIG. 1. Powder x-ray-diffraction patterns at room temperature fot 8@Mn,Os_,, (L=Pr, Eu, Th samples: starting, prepared in air
= 0 (a); ordered, oxygen-deficient=1 (b); ordered, oxygen-stoichiometry=0 (c).

characterized with cubic unit cell whereas those(lin re-
duced in silica ampoules are distorted tetragonéfig. 1).
The cubic symmetry is in agreement with the complete disions. The direct evidence @-site ordering for(b) samples
ordering ofL®" and B&" ions on theA site of the perov-

04
10 20 30 40 50 60 70 80 90 100

skite cell. Parametec for the tetragonally distortedb)
samples increases by 2 due to the ordering®f and B&*

from XRD data is th€001) reflection which is well shown in

TABLE I. Unit-cell symmetry and parameters bBaMn,Og_, (L=Pr, Nd, Sm, Eu, Gd, Tysamples, prepared in aiy& 0) (a), reduced
in the silica ampoulesy=1) (b), and annealed in air after reduction proceduye=Q) (c).

Composition Synth. conditions Symmetry Ordering a(A) b (A) c (A) VA
Pry sBag sgMNnO3 a cubic disordered 3.901 59.37
PrBaMn,Og b tetragonal ordered 3.975 7.798 123.10
PrBaMn,Og c tetragonal ordered 3.900 7.775 118.26
Ndg 5B&g sgVINO3 a cubic disordered 3.896 59.16
NdBaMn,Os b tetragonal ordered 3.966 7.761 122.10
NdBaMn,Og c tetragonal ordered 3.899 7.756 117.94
Smy 5By 50MNO3 a cubic disordered 3.887 58.75
SmBaMnROy b tetragonal ordered 3.951 7.727 120.62
SmBaMnROg c tetragonal ordered 3.900 7.712 117.30
Euy sBay sgVInO; a cubic disordered 3.881 58.47
EuBaMn,0O5 b tetragonal ordered 3.945 7.712 120.03
EuBaMn,Oq c orthorhombic ordered 3.917 3.835 7.764 116.62
Gdy sBag 5gMnO; a cubic disordered 3.879 58.39
GdBaMn,O5 b tetragonal ordered 3.942 7.704 119.73
GdBaMn,Og c tetragonal ordered 3.901 7.651 116.47
Thy sBag 50MNO4 a cubic disordered 3.875 58.19
ThBaMn,Og b tetragonal ordered 3.929 7.701 118.89
ThBaMn,Og c tetragonal ordered 3.899 7.645 116.22
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FIG. 2. Dependence of comparative volume of unit cell on rare-
earth ion radii for theLBaMn,Og_,, (L=Pr, Nd, Sm, Eu, Gd, Tb
samples: starting, prepared in ay=0 (a); ordered, oxygen-
deficienty=1 (b); ordered, oxygen-stoichiometry=1 (c).

Figs. Xb) and Xc). It is placed around 2~17° and assures

A-site modulation along the axis. It is worth noting that the FIG. 3. Experimenta[100] ED pattern for the intermediate
intensity of the(001) reflection is relatively weak because of PrBaMnO,_, (y=0.30) sample(@). The intense reflections are
the small contrast betweer’* and B&" but it continuously  those of the perovskite subcell and the weaker ones evidence a
rises with the number of rare-earth ions. It is probably be-superstructure witle=2a,. Two perpendicular systems are super-
cause theb) samples do not demonstrate complete orderingmposed, due to a twinning phenomenon. Correspondi@p]

on theA site. However, it is clear only that the degree of theHREM image for the intermediate PrBaMDs_, (y=0.30)
A-site ordering for theb) samples is larger than that for the sample(b), recorded for a focus value close 630 nm.

(a) samples. These considerable changes of crystal lattice

allow us to examine the reduceét) samples as individual the two limit oxygen contents, namelysGand Q. They
compounds with doubled chemical formul@aMn,Os. show that the intensity of the extra reflections is sensitive to

The comparative unit-cell volulme for all th_e samples de-ipe oxygen content. In the example given in Figa)3the
creases gradually as rare-earth ion number increases due d@ira reflections are rather intense; two reflections, 001 and
ionic rad_u _Iowenng(Flg. 2. The(b_) samples corresp_ondlng_ 001, belonging to two perpendicular* axes, are indicated
to a definite type of rare-earth ion are characterized W'”by arrows. They are the signatures of twinning domains, ob-
much larger unit-cell volume. This is probably caused byseryed in numerous crystallites because the superstructure
increasing manganese ion size as a result of its oxidativey, ) could be established along the three equivalng}
state decreas®. The nominal chemical formula of théd) dirch):tions of the perovskite unit cell P

; + 3+ '

samples |s_LBa(Mn2 Mn®") Os. _ , The doubling of the periodicity along s clearly visible

A typical [100] ED pattern for intermediate i, the[100] HREM images, for several defocus values. One
PrBaMnOs ., (y=0.30) reoxidized sample is given in Fig. example is given in Fig. ®), for a focus value close to

3(a). A reconstruction of the reciprocal space, carried out_ 30 nm, i.e., the Scherzer value, which is sensitive to the
with a JEOL 200CX electron microscope, evidenced a tetrag-

onal cell witha=ga,~3.9 A andc~2g, (&, is the parameter
of the ideal perovskite unit cejlthere is no condition limit-
ing the reflection. These cell parameters are similar to those e G .
for the structure of a double perovskite, as observed for =
LaBaMn,Os_,, " with oxygen-deficienfPrO,] and oxygen- .. .
ated[BaQ] layers alternating along. The extra reflections R
involving the doubling of thec parameter are more or less LT : e
intense depending on the crystallitélor similar crystal e L 0L
thicknesses o oo

The simulated100] ED patterns were calculated using Os O
MacTempas software and the atomic positions of the ordered
LaBaMn,Os perovskite2.3 Two examples of simulated FIG. 4. Calculated100] ED patterns for an ordered, oxygen-
[100] ED patterns fory=0 andy=1 samples are given in stoichiometry PrBaMsO, double perovskite (g and ordered,
Fig. 4, calculated for a crystal thickness close to 10 nm an@xygen-deficient PrBaMyOs one (Q).
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FIG. 5. Magnetization vs temperature in a field of 100 Oe after field codf@ and zero-field coolingZFC) for the LBaMn,Og_,
(L="Pr,Eu,TH samples: starting, prepared in aip£0) (a); ordered, oxygen-deficienty=1) (b); ordered, oxygen-stoichiometryy& 0)
(c).

oxygen atoms displacement and to oxygen deficiency; in thisamples are sufficiently decreased after annealing in air at
image, the bright dots are correlated to the light electrorl100°C and removed completely after annealing at 1300°C.
density zones. The main characteristic of the contrast con- It should be noted that the half width at half maximum of
sists of two types of parallel rows of bright dots, spaced bythe x-ray peaks for théb) and (c) samples is enough large
3.9 A alongb. The brighter dots are correlated to the posi-(~1°). This fact probably indicates that the samples in view
tions of the oxygen atoms and oxygen vacancies in thare spatial nonhomogeneous. The widening of the x-ray
oxygen-deficien{ PrQ,] layers, and the less bright ones to peaks may be result of both the defects and microstrains over
the oxygen positions of the oxygenatfd®hO] layers. Lastly, the crystal lattice. This is a consequence of the reduction
the small gray dots located in between these rows are corr@rocedure. It is likely that the complete deoxygenation is not
lated to the oxygen positions of tHevinO,] layers. The reached forc) samples and few grains have various oxygen
XRD and ED patterns as well as HREM images show thatontent slightly differed from stoichiometric.

the ions and oxygen vacancies ordering mechanism is well
established for th& BaMn,Os_, (b) and(c) samples.

After the reoxidation procedure almost all from the
LBaMn,Og (c) samples retain the tetragonal symmetry of the Results of the magnetization measurements for
unit cell. In our opinion, this fact confirms the ordered dis- LBaMn,Og_, (L=Pr, Eu, Th;y=0, 1) samples performed
tribution of L3* and B&" ions. The(001) reflection for the in a relatively weak magnetic field of 100 Oe in dependence
(c) samples is also clear shown in Figcjlsimilar to the(b) on temperature for all the samples after cooling in figi€)
samples. The\-site ordering for the YBaMyO; compound  and in zero fieldZFC) are presented in Fig. 5.
from XRD measurements has been earlier establfétted. PrysBay 50MNnO3 (a) sample is characterized by magnetic
Only the reoxidized oxygen-stoichiometry EuBajy (c) ordering temperaturd,o~140 K and spontaneous mag-
sample(one from othershas the orthorhombic unit celFig.  netic momentM g~ 2.6ug/f.u. (Fig. 6) that is less value in
1). The crystal lattice distortions gradually increase with in-comparison with the calculated one in the case of parallel
creasing rare-earth ion number likely due to the rise of theorientation of manganese momertg(Mn®*)~4ug and
rare-earth and barium ion radii mismatch. w(Mn?t)~3ug]. It is possible that some domains of the

It is worth noting that the comparative volumes per for-sample are antiferromagnetic because the boundary of the
mula unit are approximately equal to the samples obtained inoncentrational ferromagnetic-antiferromagnetic transition in
air (a) and those reoxidized after reducti¢e) although in  the L,_,BaMnO; series is very close ta=0.51%! zZFC
the second case they are slightly l€§3g. 2). Tetragonal and FC magnetization curves are very close. This indicates a
distortions mainly for the PrBaMy®z and NdBaMpOg () small magnetic anisotropy.

B. Magnetic properties
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The Thy sBaysgVINO; (8) sample prepared in air shows
also the static magnetic properties typical for the spin-glass
state. The ZFC magnetization curve has a maximum about
40 K (Fig. 5). Near this temperature ZFC and FC curves are
diverged, and the spontaneous magnetization occurs. Magne-
tization is not saturated in the field up to 16 k(®dg. 6). The
sharp FC magnetization increase by lowering temperature is
caused the most probably by Tbh-sublattice contribution be-
cause the magnetic moment of °b is very large,
~10ug .2 TheM(H) curve has a Langevin form peculiar to
cluster magnetic systems.

The long-range magnetic order occurs in the reduced
TbBa(Mr?*Mn?")Os (b) sample at temperature near 165 K
(Fig. 5. The anomalous behavior aroufg, is not pro-
nounced apparently due to the Th-sublattice contribution di-
rected opposite to the Mn one by almost compensating it.
Contrary to EuBa(MA"Mn?*)Os the spontaneous magneti-
zation is rather large. Spontaneous magnetic moment per Mn
ion is difficult to account for because of sufficient paramag-
netic contribution of TB" ions. At temperature near 100 K
the compensation point has been observed conditioned the
T most probably by the fact the Th-sublattice contribution op-
I-?(kge) 10 12 14 186 posite to the Mn ions moment increases gradually as in the

case of rare-earth ferrimagnetic garnéts.

FIG. 6. Magnetization vs field &t=15 K for theLBaMn,O;_, Though there is a divergence observed in ZFC and FC
(L=Pr,Eu,Th samples: starting, prepared in aig£0) (a); or-  Mmagnetizations behavior for the annealed in air ThBa®n
dered, oxygen-deficienty=1) (b); ordered, oxygen-stoichiometry (C) sample at temperature near 160 K, the smoothness of
(y=0) (c). magnetization curves seems to be incompatible with coop-

erative magnetic ordering. However, the large magnetic con-

PrBa(Mr*Mn?")Os5 (b) sample exhibitsTy,o~125 K.  tribution from the Th sublattice may mask the magnetic
The ZFC curve shows a weak peak arodijgy . Such atype phase transition. One could suppose the magnetic properties
of ZFC and FC behavior may be attributed to strongly anisoof the ThBaMpOg (c) sample annealed in air after reduction
tropic ferro- or ferrimagnets. However, the spontaneous mag# silica ampoule to be caused with ferromagnetic clusters
netic moment is very smalhbout 0.1Lg per Mn ion. After ~ with strong magnetic interactions between manganese ions.
the reoxidation procedure boffy,o and Mg are too much The ferromagnetic clusters are enclosed in paramagnetic or
large for the PrBaMsO; (c) sample. It is notable th€y,q is  antiferromagnetic matrix. Such a model does not contradict
equal to 320 K that is two times as large as for the startingo the observed data. The results of the magnetic properties
Pro.sBaysgMnO; a compound. Ordering of Nd and Ba cat- studied for all the compounds are shown in Table II.
ions after the reoxidation procedure leads to enhancement of
Tmo from 80 to 310 K.

The EysBaysgVInO; (a) sample before reduction is
probably spin glassFig. 5 with temperature of magnetic Resistivity and magnetoresistance vs temperature for the
moments freezing ;~40 K. The EuBa(MA"Mn?%)05 (b)  starting Lo sBagsgMnO; () and orderedLBaMn,Og (L
sample is characterized with low spontaneous moment value Pr, Nd, Sm, Eu, Gd, To(c) samples annealed in air after
~0.1ug/Mn (Fig. 6), however, the temperature of transition reduction are displayed in Fig. 7.
into the paramagnetic state increases up to 150 K. ZFC and ForLgsBaysgMnOz (L=Pr, Nd (a) samples prepared in
FC magnetization curves differ significantly, which is pos-air there is a classic resistivity and magnetoresistance behav-
sible in the case of large magnetic anisotropy. The transitiofor revealed inherent in magnetic semiconductors with metal-
to the paramagnetic state is rather sharp, which is charactensulator transition near th€: and magnetoresistance peak
istic of homogeneous in magnetic aspect magnetic materialef ~47 and 65%, respectively. Howevéry sBag sgVINnO3
The EuBa(MA*Mn**)Os (b) sample demonstrates aston- (L=Sm Eu, Gd, Th (@) compounds do not exhibit metal-
ishing magnetic properties at low-temperature regime. Thénsulator transition and magnetoresistance peak, which
FC curve slightly decreases about 40-50 K. agrees with magnetic dat&ig. 5).

After the annealing in air of the EuBa(MhMNn®")O; (b) All the reduced._BaMn,O5 (b) samples have an activated
sample the dramatic increase of the spontaneous magnetiZgpe of conductivity and are characterized with high resistiv-
tion and Curie point up to-0.5ug/Mn and ~260 K, re- ity even near room temperature. It is worth to note that the
spectively, has been revealed téBig. 6). However, the (c) samples annealed in air at temperatures above 1300°C
spontaneous magnetization is still much less than one couldave the magnetic and electrical properties similar to those
expect in the case of pure ferromagnetic ordering. for the (a) samples prepared in air.

C. Electrical properties
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TABLE II. Magnetic state, critical temperature, and evaluated spontaneous magnetic moment per Mn ion
for LBaMn,Og_, (L=Pr, Nd, Sm, Eu, Gd, Thsamples, prepared in airy&0) (a), reduced in the silica
ampoules = 1) (b) and annealed in air after reduction proceduye-Q) (c). F denotes ferromagnetic state;

FI: ferrimagnetic one; SG: state with spin-glass propertiesAFferromagnet with antiferromagnetic clus-
ters; K+ P: mixture of ferromagnetic clusters and paramagnetic phas®; ihhomogeneous ferromagnet.

Composition Synth. conditions Ordering Magnetic stateTy o (K) Ms (g /Mn)
Pry sBag sqMNnO3 a disordered FA 140 2.61
PrBaMn,Oy b ordered Fl 125 0.11
PrBaMn,Og c ordered F 320 2.58
Ndp 5By 5gVINO5 a disordered FA 80 3.06
NdBaMn,Os b ordered Fl 130 0.23
NdBaMn,Og c ordered F 310 2.94
SMy 5B 50MNO3 a disordered SG 45

SmBaMnROg b ordered FI 140 0.19
SmBaMnROq c ordered AP 280 1.24
Euy 5By 5gVInO; a disordered SG 40

EuBaMn,O4 b ordered Fl 150 0.10
EuBaMn,Oq o ordered AP 260 0.52
Gy sBay sMnO3 a disordered SG 40

GdBaMn,Os b ordered Fl 155 0.92
GdBaMn,Og c ordered AP 250 0.28
Thy 5By 50MNO5 a disordered SG 40

TbBaMn,Os5 b ordered FI 165 1.33
TbBaMnmn,Og c ordered E+P 160

For LBaMn,Og (L=Pr, Nd, Sm (c) samples reoxidized tance observed as in the case of classic magnetic semicon-
in air at temperature of 900°C the resistivity in the magneti-ductors. The gradual magnetoresistance increase has been
cally ordered state starts to decrease as temperature dabserved as temperature decreased that is characteristic of
creases, however the temperature corresponding to the maxienducting magnetic ceramics. This type of magnetoresis-
mal resistivity value does not coincide with the Curie point.tance is due to an intergranular electrical transport. The or-
Near the Curie point there is a maximum of magnetoresisderedLBaMn,Og (L=Gd, Th) (c) samples annealed in air

L 0_~,‘0Ba0_50Mn03 LBaMnZOG

{aaA™

Eu

p (Q*cm)

FIG. 7. Resistivity and magne-
toresistance in a field of 9 kOe vs
temperature for the
LosBaysoMnO;  starting, pre-
pared in air samples(a) and
LBaMn,Os (L=Pr, Nd, Sm, Eu,
Gd, Th ordered, oxygen-
stoichiometry sample€).

MR (%)

50 100 150 200 250 300 50 100 150 200 250 300 &50
T(K) T(K)
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after reduction exhibit a gradual increase of both resistivity Y* Tb™ Gd*Eu*sm™ Nd* Pr*  La™
T T

and magnetoresistance as temperature decreases down to 77

K (Fig. 7. 300-; EI L, Ba,,MnO,

IV. DISCUSSION

First, let us consider an origin of the magnetic state of the
(@ samples obtained in air. The magnetic state of
L,_xDyMnO; (D=Ca, Sr, Ba, Pbmanganites is known to
be determined with MH"/Mn** relation in theB sublattice
of the ABO; perovskite, average radii of alkaline-earth and
rare-earth iongr,),?"?® as well as the value of cation size
mismatch inA sublattice:

a?=3xr2—(rp)?, (4)

wherex; is a part of the perovskitd sublattice filled by the
ith-type cation(fractional occupangywith corresponding ra-
diusr;, (ra)-an average ionic radius of tiesublattice. This
discrepancy valudvariance characterizes a mismatch be-
tween alkaline-earth and rare-earth ionic raglii.

At the Mr**/Mn** relation close to 1:1 the ferromag-
netic state transforms into antiferromagnetic one aé_”l\/ln FIG. 8. Dependence of magnetic state on the rare-earth ion radii
ions concentration increas&sThe less an average ionic ra- for the LBaMn,Os_, (L=La, Pr,Nd, Sm, Eu, Gd, Th, )Ysamples:
dius of A-sublattice and the more the Ln and D ionic radii sarting, prepared in air{=0) (a); ordered, oxygen-deficienty(
mismatch the lower magnetic ordering temperature is as & 1) (b): ordered, oxygen-stoichiometryy& 0) (c). F denotes fer-
rule?’ romagnetic state, FA: mixture of ferromagnetic and antiferromag-

Magnetic properties of thé,sBagsdMnO; (a) system  netic phases; SG: spin glass; Fl: ferrimagnetig:HP: mixture of
agree with such a scheme. The compounds based on reli@rromagnetic clusters and paramagnetic phaseP:Finhomoge-
tively large rare-earth ions such as La, Pr, Nd are ferromagreous ferromagnet; P: paramagnet.
netic metals with Tc=2701° 140, 80 K, respectively,
whereas the compounds on the base of the smaller ions S“%ﬂn
as Sm, Eu, Gd, Tb exhibit properties similar to spin glass[ion
with temperature of magnetic moments freezifg-40 K
and semiconductive character of conductivi®gs. 7 and 8 . .

The magnetic moment value revealed lig sfBag sgMNnO; By reducing L°-50|za°-5d.vmo3 @ _com[:;osmons up to
(L=Pr, Nd corresponds apparently to the two phase state!.’BaMnZO5 (b) ones there Is an ordgnng bfand Ba cz_;\tlons
A-sublattice and oxygen vacancies occurred as it was re-

the main phase is ferromagnetic and insignificant inclusiond! ) - 10,207, ;
of antiferromagnetic phase are present. Just in such a way iffaled in the case afBaMn,Os (L =La, Y). "It is clearly
the case ofL, ,CaMnO; and L, Sr,MnO; perovskites determined that there ar@01) planes presented in these

one could explain the lowered magnetization values in comeOmpounds alternating alorgaxis of the tetragonal unit cell
parison with expected ones for ferromagnetic ordefing. and filled predominantly with either Ba drions. A similar
The spin-glass state probably results from a large differcrystal structure is also observed in the casé. BACq,05
ence in the local distribution of the Mn-O-Mn bond angle cobaltites®
values caused in its turn with a large mismatch_adind D The sharp transition to the paramagnetic state for the
ionic radii. Really, the larger a{r ,) average ionic radius of LBaMn,Os (b) samples series evidences the well determined
A sublattice the leséMn-O-Mn) average bond angle value magnetic order. According to Ref. 20 the magnetic structure
differs from 180°. According to the empirical Goodenough-of YBaMn,Os is determined with an opposite orientation of
Kanamori rules for 180° indirect superexchange interactiondn®* and Mrf* magnetic ions. Unfortunately the sample
the closer the Mn-O-Mn) average bond angle to 180° the used® for neutron-diffraction study contains only30% of
larger the exchange interaction vaffe3*In the case of the the YBaMn,Os phase, which strongly reduces the reliability
orbitally disordered state the sign of exchange interactiorf the results. In the case of opposite orientation offMn
can change from positive to negative @4n-O-Mn) angle and Mrf* magnetic moments a total magnetic moment per
decreases. Ak andD ions are distributed randomly in tie  formula unit should be close touls /f.u., however, magnetic
sublattice the local dispersion of the Mn-O-Mn angle valuesmeasurements have given a lower valu®.5ug/f.u. In
are presumably below some critical magnitude at which theprinciple a weak ferromagnetic moment can result from
ferromagnetic properties can appear. The magnetic stat@zialoshinsky-Moriya asymmetric exchange, however, it is

ilar to spin-glass type occurs as a result of the competi-
between randomly distributed ferromagnetic and antifer-
romagnetic interactions.
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unlikely for considered compounds for symmetry aspectgjeneity observed by the XRD measuremeh®aMn,Os (a)
and a rather large magnetization. samples also exhibit broad x-ray peaks whereas the transition
According to Goodenough-Kanamori rules the 180° magto the paramagnetic state is sharp. Hence we suppose that a
netic superexchange interactions betweerf Mand Mr**  magnetically nonuniform state is more likely in comparison
cations are predominantly antiferromagnetic if Mnand  with the homogeneous canted antiferromagnet one. In order
Mn3** are randomly distributed over the lattice. Since theto elucidate in detail the crystal and magnetic structure of
magnetic moments of the M and M?** cations are dif- these compounds it is necessary to perform neutron-
ferent the true magnetic state for th&aMn,Os; (b) com-  diffraction studies.
pounds is ferrimagnetic with total magnetic moment of
We believe the most likely magnetic structure of the
LBaMn,O5 (b) compounds is determined by partial ordering  In summary, we have obtained three families of the man-
of Mn?" and Mr** cations in a chesslike manne® type of  ganites half doped by Ba ions using reduction-oxidation syn-
magnetic structupe In this type of ordering every Mt thesis : (a) as-prepared disordered oxygen-stoichiometric
cation is surrounded by six M ones and vice versa. For LgsdBaysgMnO;, (b) ordered oxygen-deficiertBaMn,Os,
LBaMn,Os (b) samples every M is connected directly and (c) reoxidized ordered oxygen-stoichiometric
via oxygen anions with five M. In the case of noncom- LBaMn,Og. We have studied the crystal structure peculiari-
plete longe-range ordering of Mh and Mt cations the ties as well as magnetic and electrical properties of these
total magnetic moment should be smaller thang1f.u. compounds. For théa) compounds it is established that
The long-range crystallographic order inand Ba ions those based on relatively large rare-earth ions are ferromag-
distribution remains after annealing in air unless the temnetic metals whereas the compounds on the base of the
perature of annealing is above 1300°C. This is evidence@maller ions exhibit properties similar to spin glass and a
with superstructure reflextions and tetragonal distortionssemiconductive character of conductivity. It is observed that
from x-ray as well as doubling effects from ED and HREM the (b) compounds are characterized by* and B&" or-
investigations for théc) samples annealed in air after reduc- dering in (001 planes, oxygen vacancies ordering, and its
tion in silica ampoules. The ordering of cationsArsublat-  location in L3* layers. It is more likely that théb) samples
tice probably leads to translation symmetry in an arrangeare ferrimagnets witfiy continuously increased as the num-
ment of Mn-O-Mn bond angles in tH& sublattice as well as ber of rare-earth ion rises. For tf® samplesA-site ordering
to decrease the Mn-O bond lengths and as a consequencergiains and as consequence fhe strongly increases. It is
the appearance of conditions at which ferromagnetism caastablished that the cation ordering effects play an important
occur. Note that the Mn-O-Mn bond angles ordering androle in directing the physical properties of the manganites. It
their enhancing can also lead to a sharp increase of the mag- supposed that the remarkable changing of the magnetic
netic ordering temperature. It is possible that fheite or- and electrical properties of th@) compounds is a conse-
dering suppresses the mismatch effect. quence of thelL/Ba ordering and can be explained on the
It is reasonable to propose that the compounds with largbase of the Goodenough-Kanamori rules for 180° indirect
ionic radius ofL are ferromagnets whereas lagadius de- superexchange interactions taking into account an ion size
creases they are nonhomogeneous ferromagnets which éffect in theA sublattice of perovskite.
shown with the strong drop in spontaneous magnetization.
Such a type of magnetic behavior could be also attributed to
noncollinear or ferrimagnetic ordering. However, the transi-
tion from paramagnetic to magnetically ordered state is not This work was partly supported by Fund for Fundamental
pronounced contrary to theBaMn,Og series. For example, Research of the Republic of Belar(moject No. FO2R-12P
ZFC and FC magnetizations for ThBaMby series gradu- and the Polish Committee of Scien¢éBN Grant No. 5
ally diverge without anomaly behavior indicating magneticPO3B 016 20. The authors would like to thank D. G.
phase transition. It should be noted that the magnetic nonhd/as’kov and M. V. Bushinskiy for help during preparation of
mogeneous state may be also a result of the spatial hetertite paper.
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