
PHYSICAL REVIEW B 66, 184424 ~2002!
Magnetic and electrical properties ofLBaMn2O6Àg „LÄPr, Nd, Sm, Eu, Gd, Tb… manganites
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Influence of cation order-disorder phenomena on the crystal structure, magnetic, and electrical transport
properties of new CMR perovskites forLBaMn2O62g (L5Pr, Nd, Sm, Eu, Gd, Tb! series 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-stoichiometryLBaMn2O6 compound obtained in air
to be cubic with disorderedL31 and Ba21 cations whereas the oxygen-deficientLBaMn2O5 is tetragonal with
orderedL31 and Ba21 and alternate stacking of rare earth and barium containing layers alongc. This crystal
structure is similar to the YBaCuFeO5 related one. Another form of oxygen-stoichiometryLBaMn2O6 com-
pound obtained by reoxidation of oxygen-deficientLBaMn2O5 is also tetragonal and retains the ordering of
L31 and Ba21 cations. It is notable that the reoxidized EuBaMn2O6 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 EuBaMn2O6 compound has magnetic properties similar to spin
glass and shows freezing temperature of magnetic momentsTf'40 K while ordered EuBaMn2O6 is an inho-
mogeneous ferromagnet with Curie pointTC'260 K. Electrical resistivity behavior correlates with magneti-
zation. Below theTC 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 of theL/Ba 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.

DOI: 10.1103/PhysRevB.66.184424 PACS number~s!: 75.30.Et, 74.25.Ha, 75.30.Vn, 75.50.Lk
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I. INTRODUCTION

Manganites ofL12xDxMnO3 type (L5 rare-earth ion,
D5 alkaline-earth ion! exhibit a large variety of magneti
and crystal structure phase transformations with a sh
change of electrical transport properties. Hence they are
propriate objects to study the display between magnetic
electric states. Interesting features of manganites are p
transformations caused by orbital and charge states deter
ing a type of magnetic ordering. For example, char
ordered compounds are antiferromagnetic insulators whe
charge disordered compounds are ferromagnetic meta1,2

An external magnetic field induces a transition from antif
romagnetic state to ferromagnetic one with the resistiv
change by some orders of value.3,4

It is worth noting that to present there are manganites
most studied in which Ln ions are substituted with alkalin
earth ions such as Ca and Sr.5–7 This is partly associated with
a wide concentration interval ofL substitution for Ca and Sr
which is due to ion radii size of these elements. In the cas
Ca at the synthesis in air there is a whole series of the s
solutions formed whereas in the case of Sr special condit
are necessary for this aim.8
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The solubility limit for the Ba ions is considerably lowe
This is a consequence of the eventual formation of hexago
BaMnO3-type perovskite at the grain boundaries. The sm
information volume about Ba-doped manganites is partly d
to the impossibility to prepare high quality single crystals
designed composition by zone melting method.

By using Ba as a substituting ion the solid solutions a
formed at the synthesis in air up tox50.50.9 Compositions
La12xBaxMnO3 in the range 0.20<x<0.50 are metallic fer-
romagnets with a Curie point up to;350 K.10 In the case of
rare-earth ionsL5Pr, Nd the magnetic ordering temperatu
sharply decreases down to;160 K (L5Pr)11–13and;80 K
(L5Nd).14,15 For Sm12xBaxMnO3 series a substitution fo
Ba leads to a concentrational phase transition from an a
ferromagnetic state (x,0.12) into spin glass one (x>0.12)
without ferromagnetic phase.15 It is interesting to note tha
despite the large difference inL and Ba ionic radii the com-
positions with high Ba concentration have a cubic unit c
whereas solid solutions with rare earth substituted for
have an orthorhombically distorted unit cell.16

As it was reported12 the Pr0.50Ba0.50MnO32g composition
prepared in strongly reducing conditions has a Curie te
perature much larger in comparison with the composit
©2002 The American Physical Society24-1



e

g
ion
-
ge
of
w

e
tio
e

am

io
te
re

a
th

g
n

d
0

m
y
en
b
S

T
he
om
lic
ol

fo
n

ili
o
ce

has

ob-

tric

ic
x-

1
ted

ies
e in
ir
al

is

s

0°

g
-
P-
e
n
s in
ited

id.
med
01

ion
o the
he
the

sis-

ed

at-
the
at-
for

ant.
nt
re-

e

S. V. TRUKHANOV et al. PHYSICAL REVIEW B 66, 184424 ~2002!
obtained in air. Such a magnetic properties behavior is v
unusual for manganites because for the case
La12xCaxMnO32g ~Ref. 17! and La12xBaxMnO32g ~Ref.
18! series is found the reduction to destroy the long-ran
magnetic order. Furthermore, strongly reduced composit
LaBaMn2O5.5 and YBaMn2O5 are known to be antiferro
magnetic or ferrimagnetic insulators with relatively a lar
Néel point.19,20These compounds exhibit crystal ordering
La ~Y! and Ba cations as well as oxygen vacancies. So
have studied in detail the properties ofL0.50Ba0.50MnO32g
(L5Pr, Nd, Sm, Eu, Gd, Tb! compositions depending on th
conditions of preparation. We have found these composi
properties to be very sensitive to the crystallographic ord
ing of three-valentL and two-valent Ba ions in theA sublat-
tice of the ABO3 perovskite structure.

II. EXPERIMENTAL PROCEDURE

Ceramic L0.50Ba0.50MnO3 (L5Pr,Nd,Sm,Eu,Gd,Tb!
samples have been prepared using conventional cer
technology. OxidesL2O3 , Mn2O3 and carbonate BaCO3 of
high purity have been weighted in designed cation relat
(L : Ba : Mn51 : 1 : 2! and ground thoroughly in an aga
mortar by adding some quantity of ethyl alcohol. Befo
weightingL2O3 has been annealed in air at 1000°C for 2 h to
remove moisture and carbonic acid. The prepared oxides
carbonate mixtures have been pressed as pellets and
annealed in air at 1100°C during 2 h with following grind.
The synthesis has been carried out in air at 1550°C durin
h. In order to obtain compositions with an oxygen conte
close to stoichiometric one the samples have been place
platinum substrate, annealed at 900°C in air during 10
and then cooled to room temperature at a rate of 100°C h21.
The oxygen content value has been determined by ter
gravimetric analysis. According to our data the samples s
thesized in air are stoichiometric in relation to the oxyg
content. As it is well known the oxygen content in the o
tained in air manganites strongly substituted by Ca and
ions is reported as close to stoichiometric.21

Reduced LBaMn2O5 (L5Pr, Nd, Sm, Eu, Gd, Tb!
samples were prepared by a topotactic reaction method.
doubling of the chemical formula is explained below. T
samples were placed in evacuated silica ampoules with s
quantity of metallic tantalum used as an oxygen getter. Si
ampoules were exposed at 900°C for 24 h and then co
down to room temperature at a rate of 100°C h21. The equa-
tion for the reduction chemical reaction is the following:

LBaMn2O610.4•Ta→LBaMn2O510.2•Ta2O5. ~1!

For the reduced samples the oxygen content has been
termined from a mass loss by the sample weighting be
and after reduction. To lower a relative error of oxygen co
tent measurements the weight of the sample placed in s
ampoule was as a rule approximately 2–3 g. At such a c
dition the error value does not exceed 0.3%. The redu
samples have been then reoxidized in air at 900°C for 5
This reaction can be described by an equation:

LBaMn2O510.5•O2→LBaMn2O6. ~2!
18442
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The samples’ weighting after this reoxidation procedure
shown the increasing oxygen content according to Eq.~2!.

Thus three basic families of the samples have been
tained. Let us call and refer to these families as follows:~a!
as-prepared disordered oxygen-stoichiome
L0.50Ba0.50MnO3, ~b! ordered oxygen-deficient LnBaMn2O5,
and ~c! reoxidized ordered oxygen-stoichiometr
LBaMn2O6. The meaning of these abbreviations will be e
plained below.

Some samples withg value intermediate between 0 and
have been received by the reoxidation in air at the selec
thermal conditions. The variation of the physical propert
of the c samples depending on the annealing temperatur
air has been investigated. Thec samples are annealed in a
during 5 h step by step via 50°C up to 1350°C. Nomin
chemical formula for the samples in view
LBaMn2O62g60.01.

X-ray-diffraction ~XRD! analysis of the reaction product
has been performed using DRON-3 diffractometer in Cr-Ka
radiation at room temperature in the angle interval 1
<2Q<120°. The electron diffraction~ED! study has been
carried out with a JEM 200CX fitted with a tilting-rotatin
sample holder (660°). The high-resolution electron micros
copy ~HREM! studies have been performed using a TO
CON 002B microscope with a point resolution of 1.7 Å. Th
PrBaMn2O62g (g50.30) reoxidized sample for the electro
microscopy has been prepared by crushing the crystallite
alcohol. The small flakes in suspension have been depos
on a holey carbon-coated film, supported by a copper gr

The magnetization measurements have been perfor
using commercial vibrating sample magnetometer OI-30
in the temperature interval 4–350 K. The magnetic transit
temperature has been determined as that corresponding t
sharpest magnetization drop in a weak magnetic field. T
resistivity measurements have been carried out using
samples with size of 83232 mm3 by usual four-probe
method in the temperature interval 77–350 K. Magnetore
tance has been accounted as

MR~%!5$@r~H!2r~0!#/r~0!%3100%, ~3!

with r(H) resistivity in magnetic field of 9 kOe,r(0) resis-
tivity in zero magnetic field. Magnetic field has been appli
along electrical current in the sample.

III. EXPERIMENTAL RESULTS

A. Structural data

X-ray-diffraction patterns ofLBaMn2O62g (L5Pr, Eu,
Tb; g50, 1! compounds are presented in Fig. 1. These p
terns are similar to those obtained for the samples on
base of other rare-earth ions. The analysis of the XRD p
terns mainly indicates a single phase perovskite structure
all the samples. Existence of other phases is insignific
However, the symmetry of unit cell is various for differe
samples. In the Table I there are unit-cell parameters p
sented forLBaMn2O62g (L5Pr,Nd,Sm,Eu,Gd,Tb! samples
prepared in air~a!, reduced in silica ampoules~b!, and again
reoxidized in air~c!. The ~a! samples prepared in air ar
4-2
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FIG. 1. Powder x-ray-diffraction patterns at room temperature for theLBaMn2O62g (L5Pr, Eu, Tb! samples: starting, prepared in airg
5 0 (a); ordered, oxygen-deficientg51 ~b!; ordered, oxygen-stoichiometryg50 ~c!.
is
characterized with cubic unit cell whereas those in~b! re-
duced in silica ampoules are distorted tetragonally~Fig. 1!.
The cubic symmetry is in agreement with the complete d
ordering ofL31 and Ba21 ions on theA site of the perov-
18442
-

skite cell. Parameterc for the tetragonally distorted~b!
samples increases by 2 due to the ordering ofL31 and Ba21

ions. The direct evidence ofA-site ordering for~b! samples
from XRD data is the~001! reflection which is well shown in
TABLE I. Unit-cell symmetry and parameters ofLBaMn2O62g (L5Pr, Nd, Sm, Eu, Gd, Tb! samples, prepared in air (g50) ~a!, reduced
in the silica ampoules (g51) ~b!, and annealed in air after reduction procedure (g50) ~c!.

Composition Synth. conditions Symmetry Ordering a (Å) b (Å) c (Å) V (Å3)

Pr0.50Ba0.50MnO3 a cubic disordered 3.901 59.37
PrBaMn2O5 b tetragonal ordered 3.975 7.798 123.10
PrBaMn2O6 c tetragonal ordered 3.900 7.775 118.26
Nd0.50Ba0.50MnO3 a cubic disordered 3.896 59.16
NdBaMn2O5 b tetragonal ordered 3.966 7.761 122.10
NdBaMn2O6 c tetragonal ordered 3.899 7.756 117.94
Sm0.50Ba0.50MnO3 a cubic disordered 3.887 58.75
SmBaMn2O5 b tetragonal ordered 3.951 7.727 120.62
SmBaMn2O6 c tetragonal ordered 3.900 7.712 117.30
Eu0.50Ba0.50MnO3 a cubic disordered 3.881 58.47
EuBaMn2O5 b tetragonal ordered 3.945 7.712 120.03
EuBaMn2O6 c orthorhombic ordered 3.917 3.835 7.764 116.62
Gd0.50Ba0.50MnO3 a cubic disordered 3.879 58.39
GdBaMn2O5 b tetragonal ordered 3.942 7.704 119.73
GdBaMn2O6 c tetragonal ordered 3.901 7.651 116.47
Tb0.50Ba0.50MnO3 a cubic disordered 3.875 58.19
TbBaMn2O5 b tetragonal ordered 3.929 7.701 118.89
TbBaMn2O6 c tetragonal ordered 3.899 7.645 116.22
4-3
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S. V. TRUKHANOV et al. PHYSICAL REVIEW B 66, 184424 ~2002!
Figs. 1~b! and 1~c!. It is placed around 2u;17° and assures
A-site modulation along thec axis. It is worth noting that the
intensity of the~001! reflection is relatively weak because
the small contrast betweenL31 and Ba21 but it continuously
rises with the number of rare-earth ions. It is probably b
cause the~b! samples do not demonstrate complete order
on theA site. However, it is clear only that the degree of t
A-site ordering for the~b! samples is larger than that for th
~a! samples. These considerable changes of crystal la
allow us to examine the reduced~b! samples as individua
compounds with doubled chemical formulaLBaMn2O5.

The comparative unit-cell volume for all the samples d
creases gradually as rare-earth ion number increases d
ionic radii lowering~Fig. 2!. The ~b! samples correspondin
to a definite type of rare-earth ion are characterized w
much larger unit-cell volume. This is probably caused
increasing manganese ion size as a result of its oxida
state decrease.22 The nominal chemical formula of the~b!
samples isLBa(Mn21Mn31)O5.

A typical @100# ED pattern for intermediate
PrBaMn2O62g (g50.30) reoxidized sample is given in Fig
3~a!. A reconstruction of the reciprocal space, carried
with a JEOL 200CX electron microscope, evidenced a tetr
onal cell witha5ap'3.9 Å andc'2ap (ap is the parameter
of the ideal perovskite unit cell!; there is no condition limit-
ing the reflection. These cell parameters are similar to th
for the structure of a double perovskite, as observed
LaBaMn2O62g ,11 with oxygen-deficient@PrOz# and oxygen-
ated @BaO# layers alternating alongc. The extra reflections
involving the doubling of thec parameter are more or les
intense depending on the crystallites~for similar crystal
thicknesses!.

The simulated@100# ED patterns were calculated usin
MacTempas software and the atomic positions of the orde
LaBaMn2O62g perovskite.23 Two examples of simulated
@100# ED patterns forg50 andg51 samples are given in
Fig. 4, calculated for a crystal thickness close to 10 nm

FIG. 2. Dependence of comparative volume of unit cell on ra
earth ion radii for theLBaMn2O62g (L5Pr, Nd, Sm, Eu, Gd, Tb!
samples: starting, prepared in airg50 ~a!; ordered, oxygen-
deficientg51 ~b!; ordered, oxygen-stoichiometryg51 ~c!.
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the two limit oxygen contents, namely O5 and O6. They
show that the intensity of the extra reflections is sensitive
the oxygen content. In the example given in Fig. 3~a!, the
extra reflections are rather intense; two reflections, 001
001' belonging to two perpendicularc* axes, are indicated
by arrows. They are the signatures of twinning domains,
served in numerous crystallites because the superstruc
(2ap) could be established along the three equivalent$100%p
directions of the perovskite unit cell.

The doubling of the periodicity alongc is clearly visible
in the @100# HREM images, for several defocus values. O
example is given in Fig. 3~b!, for a focus value close to
230 nm, i.e., the Scherzer value, which is sensitive to

-

FIG. 3. Experimental@100# ED pattern for the intermediate
PrBaMn2O62g (g50.30) sample~a!. The intense reflections ar
those of the perovskite subcell and the weaker ones eviden
superstructure withc52ap . Two perpendicular systems are supe
imposed, due to a twinning phenomenon. Corresponding@100#
HREM image for the intermediate PrBaMn2O62g (g50.30)
sample~b!, recorded for a focus value close to230 nm.

FIG. 4. Calculated@100# ED patterns for an ordered, oxygen
stoichiometry PrBaMn2O6 double perovskite (O6) and ordered,
oxygen-deficient PrBaMn2O5 one (O5).
4-4
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FIG. 5. Magnetization vs temperature in a field of 100 Oe after field cooling~FC! and zero-field cooling~ZFC! for the LBaMn2O62g

(L5Pr,Eu,Tb! samples: starting, prepared in air (g50) ~a!; ordered, oxygen-deficient (g51) ~b!; ordered, oxygen-stoichiometry (g50)
~c!.
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oxygen atoms displacement and to oxygen deficiency; in
image, the bright dots are correlated to the light elect
density zones. The main characteristic of the contrast c
sists of two types of parallel rows of bright dots, spaced
3.9 Å alongb. The brighter dots are correlated to the po
tions of the oxygen atoms and oxygen vacancies in
oxygen-deficient@PrOz# layers, and the less bright ones
the oxygen positions of the oxygenated@BaO# layers. Lastly,
the small gray dots located in between these rows are co
lated to the oxygen positions of the@MnO2# layers. The
XRD and ED patterns as well as HREM images show t
the ions and oxygen vacancies ordering mechanism is
established for theLBaMn2O62g ~b! and ~c! samples.

After the reoxidation procedure almost all from th
LBaMn2O6 ~c! samples retain the tetragonal symmetry of t
unit cell. In our opinion, this fact confirms the ordered d
tribution of L31 and Ba21 ions. The~001! reflection for the
~c! samples is also clear shown in Fig. 1~c! similar to the~b!
samples. TheA-site ordering for the YBaMn2O6 compound
from XRD measurements has been earlier established24 too.
Only the reoxidized oxygen-stoichiometry EuBaMn2O6 ~c!
sample~one from others! has the orthorhombic unit cell~Fig.
1!. The crystal lattice distortions gradually increase with
creasing rare-earth ion number likely due to the rise of
rare-earth and barium ion radii mismatch.

It is worth noting that the comparative volumes per fo
mula unit are approximately equal to the samples obtaine
air ~a! and those reoxidized after reduction~c! although in
the second case they are slightly less~Fig. 2!. Tetragonal
distortions mainly for the PrBaMn2O6 and NdBaMn2O6 ~c!
18442
is
n
n-
y
-
e

e-

t
ll

-
e

in

samples are sufficiently decreased after annealing in a
1100°C and removed completely after annealing at 1300

It should be noted that the half width at half maximum
the x-ray peaks for the~b! and ~c! samples is enough larg
('1°). This fact probably indicates that the samples in vie
are spatial nonhomogeneous. The widening of the x-
peaks may be result of both the defects and microstrains
the crystal lattice. This is a consequence of the reduc
procedure. It is likely that the complete deoxygenation is
reached for~c! samples and few grains have various oxyg
content slightly differed from stoichiometric.

B. Magnetic properties

Results of the magnetization measurements
LBaMn2O62g (L5Pr, Eu, Tb;g50, 1! samples performed
in a relatively weak magnetic field of 100 Oe in dependen
on temperature for all the samples after cooling in field~FC!
and in zero field~ZFC! are presented in Fig. 5.

Pr0.50Ba0.50MnO3 ~a! sample is characterized by magne
ordering temperatureTMO;140 K and spontaneous mag
netic momentMS; 2.6mB /f.u. ~Fig. 6! that is less value in
comparison with the calculated one in the case of para
orientation of manganese moments@m(Mn31)'4mB and
m(Mn41)'3mB]. It is possible that some domains of th
sample are antiferromagnetic because the boundary of
concentrational ferromagnetic-antiferromagnetic transition
the L12xBaxMnO3 series is very close tox50.5.10,11 ZFC
and FC magnetization curves are very close. This indicat
small magnetic anisotropy.
4-5
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S. V. TRUKHANOV et al. PHYSICAL REVIEW B 66, 184424 ~2002!
PrBa(Mn31Mn21)O5 ~b! sample exhibitsTMO'125 K.
The ZFC curve shows a weak peak aroundTMO . Such a type
of ZFC and FC behavior may be attributed to strongly ani
tropic ferro- or ferrimagnets. However, the spontaneous m
netic moment is very small~about 0.11mB per Mn ion!. After
the reoxidation procedure bothTMO and MS are too much
large for the PrBaMn2O6 ~c! sample. It is notable theTMO is
equal to 320 K that is two times as large as for the start
Pr0.50Ba0.50MnO3 a compound. Ordering of Nd and Ba ca
ions after the reoxidation procedure leads to enhanceme
TMO from 80 to 310 K.

The Eu0.50Ba0.50MnO3 ~a! sample before reduction i
probably spin glass~Fig. 5! with temperature of magneti
moments freezingTf'40 K. The EuBa(Mn31Mn21)O5 ~b!
sample is characterized with low spontaneous moment v
;0.1mB /Mn ~Fig. 6!, however, the temperature of transitio
into the paramagnetic state increases up to 150 K. ZFC
FC magnetization curves differ significantly, which is po
sible in the case of large magnetic anisotropy. The transi
to the paramagnetic state is rather sharp, which is chara
istic of homogeneous in magnetic aspect magnetic mater
The EuBa(Mn21Mn31)O5 ~b! sample demonstrates asto
ishing magnetic properties at low-temperature regime. T
FC curve slightly decreases about 40–50 K.

After the annealing in air of the EuBa(Mn21Mn31)O5 ~b!
sample the dramatic increase of the spontaneous magne
tion and Curie point up to;0.5mB /Mn and ;260 K, re-
spectively, has been revealed too~Fig. 6!. However, the
spontaneous magnetization is still much less than one c
expect in the case of pure ferromagnetic ordering.

FIG. 6. Magnetization vs field atT515 K for theLBaMn2O62g

(L5Pr,Eu,Tb! samples: starting, prepared in air (g50! (a); or-
dered, oxygen-deficient (g51) ~b!; ordered, oxygen-stoichiometr
(g50) ~c!.
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The Tb0.50Ba0.50MnO3 ~a! sample prepared in air show
also the static magnetic properties typical for the spin-gl
state. The ZFC magnetization curve has a maximum ab
40 K ~Fig. 5!. Near this temperature ZFC and FC curves a
diverged, and the spontaneous magnetization occurs. Ma
tization is not saturated in the field up to 16 kOe~Fig. 6!. The
sharp FC magnetization increase by lowering temperatur
caused the most probably by Tb-sublattice contribution
cause the magnetic moment of Tb31 is very large,
;10mB .25 TheM (H) curve has a Langevin form peculiar t
cluster magnetic systems.

The long-range magnetic order occurs in the redu
TbBa(Mn31Mn21)O5 ~b! sample at temperature near 165
~Fig. 5!. The anomalous behavior aroundTN is not pro-
nounced apparently due to the Tb-sublattice contribution
rected opposite to the Mn one by almost compensating
Contrary to EuBa(Mn31Mn21)O5 the spontaneous magnet
zation is rather large. Spontaneous magnetic moment per
ion is difficult to account for because of sufficient parama
netic contribution of Tb31 ions. At temperature near 100 K
the compensation point has been observed conditioned
most probably by the fact the Tb-sublattice contribution o
posite to the Mn ions moment increases gradually as in
case of rare-earth ferrimagnetic garnets.26

Though there is a divergence observed in ZFC and
magnetizations behavior for the annealed in air TbBaMn2O6
~c! sample at temperature near 160 K, the smoothnes
magnetization curves seems to be incompatible with co
erative magnetic ordering. However, the large magnetic c
tribution from the Tb sublattice may mask the magne
phase transition. One could suppose the magnetic prope
of the TbBaMn2O6 ~c! sample annealed in air after reductio
in silica ampoule to be caused with ferromagnetic clust
with strong magnetic interactions between manganese i
The ferromagnetic clusters are enclosed in paramagneti
antiferromagnetic matrix. Such a model does not contra
to the observed data. The results of the magnetic prope
studied for all the compounds are shown in Table II.

C. Electrical properties

Resistivity and magnetoresistance vs temperature for
starting L0.50Ba0.50MnO3 ~a! and orderedLBaMn2O6 (L
5Pr, Nd, Sm, Eu, Gd, Tb! ~c! samples annealed in air afte
reduction are displayed in Fig. 7.

For L0.50Ba0.50MnO3 (L5Pr, Nd! ~a! samples prepared in
air there is a classic resistivity and magnetoresistance be
ior revealed inherent in magnetic semiconductors with me
insulator transition near theTC and magnetoresistance pea
of ;47 and 65%, respectively. However,L0.50Ba0.50MnO3
(L5Sm, Eu, Gd, Tb! ~a! compounds do not exhibit meta
insulator transition and magnetoresistance peak, wh
agrees with magnetic data~Fig. 5!.

All the reducedLBaMn2O5 ~b! samples have an activate
type of conductivity and are characterized with high resist
ity even near room temperature. It is worth to note that
~c! samples annealed in air at temperatures above 130
have the magnetic and electrical properties similar to th
for the ~a! samples prepared in air.
4-6
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TABLE II. Magnetic state, critical temperature, and evaluated spontaneous magnetic moment per
for LBaMn2O62g (L5Pr, Nd, Sm, Eu, Gd, Tb! samples, prepared in air (g50) ~a!, reduced in the silica
ampoules (g51) ~b! and annealed in air after reduction procedure (g50) ~c!. F denotes ferromagnetic state
FI: ferrimagnetic one; SG: state with spin-glass properties; F1A: ferromagnet with antiferromagnetic clus
ters; Fcl1P: mixture of ferromagnetic clusters and paramagnetic phase; F1P: inhomogeneous ferromagne

Composition Synth. conditions Ordering Magnetic stateTMO ~K! MS (mB /Mn)

Pr0.50Ba0.50MnO3 a disordered F1A 140 2.61
PrBaMn2O5 b ordered FI 125 0.11
PrBaMn2O6 c ordered F 320 2.58
Nd0.50Ba0.50MnO3 a disordered F1A 80 3.06
NdBaMn2O5 b ordered FI 130 0.23
NdBaMn2O6 c ordered F 310 2.94
Sm0.50Ba0.50MnO3 a disordered SG 45
SmBaMn2O5 b ordered FI 140 0.19
SmBaMn2O6 c ordered F1P 280 1.24
Eu0.50Ba0.50MnO3 a disordered SG 40
EuBaMn2O5 b ordered FI 150 0.10
EuBaMn2O6 c ordered F1P 260 0.52
Gd0.50Ba0.50MnO3 a disordered SG 40
GdBaMn2O5 b ordered FI 155 0.92
GdBaMn2O6 c ordered F1P 250 0.28
Tb0.50Ba0.50MnO3 a disordered SG 40
TbBaMn2O5 b ordered FI 165 1.33
TbBaMn2O6 c ordered Fcl1P 160
ti
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For LBaMn2O6 (L5Pr, Nd, Sm! ~c! samples reoxidized
in air at temperature of 900°C the resistivity in the magne
cally ordered state starts to decrease as temperature
creases, however the temperature corresponding to the m
mal resistivity value does not coincide with the Curie poi
Near the Curie point there is a maximum of magnetore
18442
-
de-
xi-
.
-

tance observed as in the case of classic magnetic sem
ductors. The gradual magnetoresistance increase has
observed as temperature decreased that is characteris
conducting magnetic ceramics. This type of magnetore
tance is due to an intergranular electrical transport. The
deredLBaMn2O6 (L5Gd, Tb! ~c! samples annealed in a
-
s

FIG. 7. Resistivity and magne
toresistance in a field of 9 kOe v
temperature for the
L0.50Ba0.50MnO3 starting, pre-
pared in air samples~a! and
LBaMn2O6 (L5Pr, Nd, Sm, Eu,
Gd, Tb! ordered, oxygen-
stoichiometry samples~c!.
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after reduction exhibit a gradual increase of both resistiv
and magnetoresistance as temperature decreases down
K ~Fig. 7!.

IV. DISCUSSION

First, let us consider an origin of the magnetic state of
~a! samples obtained in air. The magnetic state
L12xDxMnO3 (D5Ca, Sr, Ba, Pb! manganites is known to
be determined with Mn31/Mn41 relation in theB sublattice
of the ABO3 perovskite,5 average radii of alkaline-earth an
rare-earth ionŝ rA&,27,28 as well as the value of cation siz
mismatch inA sublattice:

s25Sxir i
22^r A&2, ~4!

wherexi is a part of the perovskiteA sublattice filled by the
i th-type cation~fractional occupancy! with corresponding ra-
dius r i , ^rA&-an average ionic radius of theA sublattice. This
discrepancy value~variance! characterizes a mismatch b
tween alkaline-earth and rare-earth ionic radii.29

At the Mn31/Mn41 relation close to 1:1 the ferromag
netic state transforms into antiferromagnetic one as Mn41

ions concentration increases.30 The less an average ionic ra
dius of A-sublattice and the more the Ln and D ionic ra
mismatch the lower magnetic ordering temperature is a
rule.27

Magnetic properties of theL0.50Ba0.50MnO3 ~a! system
agree with such a scheme. The compounds based on
tively large rare-earth ions such as La, Pr, Nd are ferrom
netic metals with TC5270,10 140, 80 K, respectively,
whereas the compounds on the base of the smaller ions
as Sm, Eu, Gd, Tb exhibit properties similar to spin gla
with temperature of magnetic moments freezingTf;40 K
and semiconductive character of conductivity~Figs. 7 and 8!.
The magnetic moment value revealed inL0.50Ba0.50MnO3
(L5Pr, Nd! corresponds apparently to the two phase st
the main phase is ferromagnetic and insignificant inclusi
of antiferromagnetic phase are present. Just in such a wa
the case ofL12xCaxMnO3 and L12xSrxMnO3 perovskites
one could explain the lowered magnetization values in co
parison with expected ones for ferromagnetic ordering.31

The spin-glass state probably results from a large dif
ence in the local distribution of the Mn-O-Mn bond ang
values caused in its turn with a large mismatch ofL andD
ionic radii. Really, the larger an̂r A& average ionic radius o
A sublattice the lesŝMn-O-Mn& average bond angle valu
differs from 180°. According to the empirical Goodenoug
Kanamori rules for 180° indirect superexchange interacti
the closer thê Mn-O-Mn& average bond angle to 180° th
larger the exchange interaction value.32–34 In the case of the
orbitally disordered state the sign of exchange interac
can change from positive to negative as^Mn-O-Mn& angle
decreases. AsL andD ions are distributed randomly in theA
sublattice the local dispersion of the Mn-O-Mn angle valu
are presumably below some critical magnitude at which
ferromagnetic properties can appear. The magnetic s
18442
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similar to spin-glass type occurs as a result of the comp
tion between randomly distributed ferromagnetic and antif
romagnetic interactions.

By reducing L0.50Ba0.50MnO3 ~a! compositions up to
LBaMn2O5 ~b! ones there is an ordering ofL and Ba cations
in A-sublattice and oxygen vacancies occurred as it was
vealed in the case ofLBaMn2O5 (L5La, Y!.10,20It is clearly
determined that there are~001! planes presented in thes
compounds alternating alongc axis of the tetragonal unit cel
and filled predominantly with either Ba orL ions. A similar
crystal structure is also observed in the case ofLBaCo2O5

cobaltites.35

The sharp transition to the paramagnetic state for
LBaMn2O5 ~b! samples series evidences the well determin
magnetic order. According to Ref. 20 the magnetic struct
of YBaMn2O5 is determined with an opposite orientation
Mn31 and Mn21 magnetic ions. Unfortunately the samp
used20 for neutron-diffraction study contains only;30% of
the YBaMn2O5 phase, which strongly reduces the reliabili
of the results. In the case of opposite orientation of Mn31

and Mn21 magnetic moments a total magnetic moment p
formula unit should be close to 1mB /f.u., however, magnetic
measurements have given a lower value;0.5mB /f.u. In
principle a weak ferromagnetic moment can result fro
Dzialoshinsky-Moriya asymmetric exchange, however, it

FIG. 8. Dependence of magnetic state on the rare-earth ion
for the LBaMn2O62g (L5La, Pr, Nd, Sm, Eu, Gd, Tb, Y! samples:
starting, prepared in air (g50) ~a!; ordered, oxygen-deficient (g
51) ~b!; ordered, oxygen-stoichiometry (g50) ~c!. F denotes fer-
romagnetic state, F1A: mixture of ferromagnetic and antiferromag
netic phases; SG: spin glass; FI: ferrimagnetic; Fcl1P: mixture of
ferromagnetic clusters and paramagnetic phase; F1P: inhomoge-
neous ferromagnet; P: paramagnet.
4-8
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unlikely for considered compounds for symmetry aspe
and a rather large magnetization.

According to Goodenough-Kanamori rules the 180° m
netic superexchange interactions between Mn21 and Mn31

cations are predominantly antiferromagnetic if Mn21 and
Mn31 are randomly distributed over the lattice. Since t
magnetic moments of the Mn21 and Mn31 cations are dif-
ferent the true magnetic state for theLBaMn2O5 ~b! com-
pounds is ferrimagnetic with total magnetic moment
1mB /f.u.

We believe the most likely magnetic structure of t
LBaMn2O5 ~b! compounds is determined by partial orderi
of Mn21 and Mn31 cations in a chesslike manner (G type of
magnetic structure!. In this type of ordering every Mn21

cation is surrounded by six Mn31 ones and vice versa. Fo
LBaMn2O5 ~b! samples every Mn21 is connected directly
via oxygen anions with five Mn31. In the case of noncom
plete longe-range ordering of Mn21 and Mn31 cations the
total magnetic moment should be smaller than 1mB /f.u.

The long-range crystallographic order inL and Ba ions
distribution remains after annealing in air unless the te
perature of annealing is above 1300°C. This is eviden
with superstructure reflextions and tetragonal distortio
from x-ray as well as doubling effects from ED and HRE
investigations for the~c! samples annealed in air after redu
tion in silica ampoules. The ordering of cations inA sublat-
tice probably leads to translation symmetry in an arran
ment of Mn-O-Mn bond angles in theB sublattice as well as
to decrease the Mn-O bond lengths and as a consequen
the appearance of conditions at which ferromagnetism
occur. Note that the Mn-O-Mn bond angles ordering a
their enhancing can also lead to a sharp increase of the m
netic ordering temperature. It is possible that theA-site or-
dering suppresses the mismatch effect.

It is reasonable to propose that the compounds with la
ionic radius ofL are ferromagnets whereas asL radius de-
creases they are nonhomogeneous ferromagnets whic
shown with the strong drop in spontaneous magnetizat
Such a type of magnetic behavior could be also attribute
noncollinear or ferrimagnetic ordering. However, the tran
tion from paramagnetic to magnetically ordered state is
pronounced contrary to theLBaMn2O5 series. For example
ZFC and FC magnetizations for TbBaMn2O6 series gradu-
ally diverge without anomaly behavior indicating magne
phase transition. It should be noted that the magnetic non
mogeneous state may be also a result of the spatial he
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V. CONCLUSION

In summary, we have obtained three families of the m
ganites half doped by Ba ions using reduction-oxidation s
thesis : ~a! as-prepared disordered oxygen-stoichiome
L0.50Ba0.50MnO3, ~b! ordered oxygen-deficientLBaMn2O5,
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