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Abstract: In this paper, we report on the crystal structurd emagnetic properties of the
nanostructured Ba-ordered phases of rare-earth anéeg obtained from the optimally
doped solid solutions lgiBay30MNO3 (Ln = Pr, Nd). The materials were studied by X-
ray diffraction, scanning electron microscopy, gyedispersive spectroscopy and SQUID-
magnetometry techniques. It is found that statéls different degrees of cation ordering in
the A- sublattice of the AB@perovskite can be obtained by employing speciatitmns

of chemical treatment. In particular, reductiontbé parent compounds results in the
formation of a nanocomposite containing ferrimagnetnion-deficient ordered phase
LnBaMn,Os. Oxidation of the composite does not change anragee size of the
nanocrystallites, but drastically alters their ghasmposition to stabilize ferromagnetic
stoichiometric ordered phase LnBaMl3 and ferromagnetic superstoichiometric
disordered phase bBBa10MNOs:s. It is shown that the magnetic properties of the
materials are determined by the joint action ofnaizal (cation ordering) and external
(surface tension) pressures.
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1. Introduction

The discovery of the colossal magnetoresistancecieih hole-doped manganites
with the perovskite-type structure [1,2] has rengwe interest in the LAAMNO; (Ln is
a lanthanide) systems which, in fact, have beerwknfor a long time [3- 9]. Nowadays
manganites are the model objects for the physistrohgly correlated electronic systems.
These materials demonstrate a variety of magnaticséructural phase transitions, charge
and orbital ordering, magnetic and structural pheeggaration, pressure-induced insulator-
to-metal transitions and many others intriguing b8 phenomena [10,11]. However,
despite the numerous investigations, the natutbeofnterplay between the lattice, orbital,
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charge, and spin degrees of freedom is still agnaift discussion. Physical properties of
the layered manganites LnBaM@y (demonstrating the ordered cation arrangemertten t
A sublattice of the perovskite) are one of the motresting topics in this field [12-21].
The main structural feature of these Ba-orderedpmamds is an alternation of MpO
planes with LnO and BaO planes completely fillethwane type of cations; as a result, the
MnOg octahedra are periodically distorted. In conttassolid solutions LgsBay sMnOs,
where the substituting cations are statisticalgtributed [22], the physical properties of the
ordered manganites LnBaMbs are significantly affected by the local periodattice
distortions.

It has been previously shown that the Ba-orderedpomnds can be obtained using
topotactic redox reactions [23-25]. Oxygen-stoiaietric solid solutions L§Bay sMnOs,
synthesized in air using a conventional ceramitinelogy, have a cubic lattice (space

group Pm 3 m) with random distribution of ¥ and B&" cations. Anion-deficient
compounds LnBaMi©Ds, obtained by annealing the solid solutions 4BeysMnOs in a
reducing environment, possess a tetragonal uni{lélmmm) with ordered distribution of
Ln®*" and B&". The basal planes of a perovskite cuboctahed®mea@npletely filled by one
type of ions and alternate along the [001] directtiOxygen vacancies are concentrated in
the planes LnQcontaining a lanthanide. Such a crystal strucsiemilar to the structure
of YBaCuFeQ [26]. Oxidation of the anion-deficient compoundsBaMnOs in air leads

to the formation of the stoichiometric Ba-orderexnpounds LnBaMsOg, whose unit cell

is also tetragonal (P4/mmm). Magnetic propertiesthef materials strongly depend on
degree of the cation ordering [27, 28]. The follogviquestions arise: can the Ba-ordered
state be stabilized in solid solutions with®t/Ba’*# 1/1? What is the mechanism of such
an ordering? We investigated the so-called optynatloped solid solutions
Lng 7dBan30MNnOs (Ln = Pr, Nd) to answer these questions.

2. Experimental

Polycrystalline samples of baBay30MnOs (Ln = Pr, Nd) were obtained using a
conventional ceramic technology. Oxides@#i, Nd,Os;, Mn,O3; and carbonate BaGO
were weighed in accordance with the cation ratio:lBa : Mn= 0.70 : 0.30 : 1.00,
thoroughly mixed and pressed. Decarbonization veaser out by annealing the samples
in air atT = 1100 °C for 2 h, followed by grinding. The firgnthesis was performed in air
atT = 1560 °C for 2 h. The equations for the chemieaktion for the optimally doped Ba-
substituted praseodymium and neodymium mangarate®e written in the form

(0.70/6)PgO11 + 0.30BaCQ@+ 0.50Mn0; — Pro7gBag.sMnOs + 0.30CQ 1 (1)
0.35NG0s + 0.30BaC@+ 0.50Mn0; — Ndo.7d38.30MNOs + 0.30CQ 1 (2)

To obtain solid solutions with the oxygen conteldse to the stoichiometric value, the
samples were cooled down to room temperature ateaaf 100 °C/h [29]. The oxygen
content was determined using a thermogravimetradyars [30], which showed that the
samples had the stoichiometric oxygen concentration

Anion-deficient compounds were obtained by the wetbf topotactic reactions.
The samples were placed in evacuafed 10 Pa) quartz ampoules together with a certain
amount of metallic tantalum, which was used as»amgen absorber. The quartz ampoules
with the samples were annealedTat 800 °C for 24 h and then cooled down to room
temperature at a rate of 100 °C/h. The reductios eearied out to the nominal phase with
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“O,6¢ to satisfy the condition Mii/Mn?*~ 1. The equation for this chemical reaction has
the form

Lng 70B393gVINO3 + 0.16Ta— LNng 7dBag.30MNO, 60+ 0.08TaOs (3)

Oxygen content in the anion- deficient compounds walzecked by weighing the samples
before and after the reaction. The results of kpeBments proved that we failed to obtain

the single-phase compounds ¥%.Baz;Mn% . Mn2. 0%, . The actual chemical formula of
the anion- deficient samples can be written inftme

Pro.70Ba0.30MNO2 60 — Y4(1.20PrBaMpOs + [1.60/6]PgO11 + 1.60Mn0O) 4)
Ndg 7By 3dVINOs g0 — 1/4(1.20NdBaM@O5 + 0.80NdO5 + 160MnO) (5)

The reduced samples were oxidized in aifTat 800 °C for 3 h to obtain the
nominal phase "@s". Oxygen content was also determined by weighivggdamples. To
optimize the magnetic properties of the oxidizedhgles, the latter were additionally
annealed in air af = 800 °C for 10 h. The additional annealing at alerate temperature
did not change the oxygen content, but favoredotidering of the LA" and B&" cations.
Subsequent investigations showed that the act@ahicial formula of the oxidized product
was

LNno.70Ba0 30MNOz45 — Ya(LnBaMnOs + 2L 9B &y 10MNO3+5) (6)

Phase analysis of the samples and investigatiotheif crystal structure were
performed by X-ray diffraction (XRD) technique ugia DRON-3M diffractometer with
Cu K, radiation. Room- temperature XRD patterns weréect#d over an angular range
15° < 20 < 80° with a step of 0.02° and an exposition intepfal5 s/step. The data were
analyzed by the Rietveld method [31] using the Fiaf program [32]. Elemental analysis
and investigation of surface topography were cdraet with a LEO1455VP (Carl-Zeiss)
scanning electron microscope. Magnetic propertighesamples were investigated with a
superconducting quantum interference device (SQUiBynetometer (MPMS-7, Quantum
Design). Temperature dependences of the magnetizatiere measured in a weak
magnetic field of 100 Oe in the temperature range 350 K in zero field cooling (ZFC)
and field cooling (FC) modes. The magnetic traositiemperatures were determined as
inflection points on the temperature dependencah®fC magnetization (correspond to

min {d';/'% ). Field dependences of the magnetization wereirddeat 3 and 300 K in the
magnetic field ranging from —70 to 70 kOe.

3. Results and Discussion

The Rietveld refinement of the XRD patterns obtdif@ the parent solid solutions
Lng 7dBa 30MNO3; shows that the compounds possessed orthorhonmrbiuse with space
group Imma These results are consistent with the data of pghevious structural
investigations [33-36] whermma or equivalent space groupmm has been used to
describe the crystal structure of the initial commpads. A good agreement between the
observed and calculated XRD patterns obtainedh®ity 7dBay 30MINO3 samples is shown
in Fig. 1(a). XRD experiment performed for the amaeficient compounds obtained by
annealing the LgyBay3gVinO3 samples in vacuum revealed a complex characténeof
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diffraction pattern, suggesting a multiphase stradtstate of the samples (Fig. 1 (b)). A
thorough analysis of the diffraction data allows tasconclude that the resulting XRD
profile corresponds to a superposition of threaicstiral components. The dominant
contribution (~65%) is related to anion-deficiena-Brdered phase LnBalDs with
tetragonal (space group4/mmm perovskite-like unit cell. Two other component2%%
and ~10%) are attributed toeP%1 (NdO3) (space grougP3ml) and MnO (space group
Fm3m) phases, respectively. XRD patterns collectedtfersamples obtained by oxidation
of the reduced compounds were successfully treasath a two-phase structural model
(Fig. 1(c)). The samples consist of stoichiomeBia-ordered phase LnBalyDs with
tetragonal (space grod®/mmn) unit cell (~ 60%), and superstoichiometric Baediered
phase LpgBay1dMnOs:; with orthorhombic (space groupnmg lattice (~40%). These
results are also in good agreement with the availdéta [25, 37-39]. Additional annealing
of the oxidized samples in air does not change staictural characteristics significantly.
Unit cell parameters, atomic coordinates, and attenic distances and angles
characteristic of the mentioned perovskite-typespBaat room temperature are presented in
Tables 1 and 2.

It should be noted that the similar solid solutidtvaving La ions in the A-position
exhibit different pattern of changes in the crystal magnetic structures upon decrease of
the oxygen content. In the §.#a3MnOs;; samples, the decrease in the oxygen
concentration down t6=0.4 does not cause a modification of the cubistatystructure
specific to the oxygen-stoichiometric material [48¢cordingly, magnetic properties of the
solid solutions La/BaysMnOs_s (0<0.4) undergo significantly different evolution [4&k
compared to that observed for the compoundgBa sMnOz_s (Ln= Pr, Nd) (will be
described below).

Fig. 2 schematically shows crystal structure of pleeovskite-like phases found in
the series under study. The ideal perovskite stradtas ABQ@ stoichiometry and consists
of a three-dimensional framework of corner-linke@sBctahedra. The twelve coordinated
A-cations fill the cavities formed by the framewoikhis arrangement of ions generates a
crystal structure described by the space gfom@m. In most perovskite-type oxides, due
to the small radius of th&-site ion with respect to its surrounding cage, Bl octahedra
tilt to accommodate tha ion. For Ly ;Bap 3dMNnOs, the rotation along the [110] direction
yields the orthorhombic space gropma (Fig. 2(a)). For the anion-deficient Ba-ordered
phase LnBaMsOs, cations LA* and B&" are located in the planes alternating along the
[001] direction. Oxygen vacancies lie in the Lyanes containing L} cations. The M#
and Mrf* ions lie in oxygen pentahedra. As a result of dhgering of the cations and
oxygen vacancies, the unit cell is doubled to ghestetragonal symmet®4/mmm(Fig. 2
(b)). For the stoichiometric Ba-ordered phase LnB#D, the structural pattern is similar
to that of the anion-deficient phase, but all thggen vacancies are occupied. The*Mn
and Mri* cations are distributed statistically among oxygetahedra (Fig. 2 (c)). The
superstoichiometric Ba-disordered phase ddBay1dVinOs:s has an ionic arrangement
typical of the parent compounds LnMg{a2] (Fig. 2 (d)).

Scanning electron microscopy found a remarkableghan the crystallite size of
the samples after the redox reaction (Fig. 3). Tb&éceable decrease in the average
crystallite size for the oxidized Ba-ordered namoposite
Y(LnBaMmnpOg + 2Ly 9Bag 10MNO3z45) from (D) ~ 5um to (D) ~ 100 nm can be explained
by an intensive ionic diffusion as well as by thdaying of oxygen vacancies in the form
of the complex surfaces over which the destructibthe material takes place [43]. To a
certain extent, the size of the crystallites catemheine structural properties of the material.
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Indeed, comparison of the unit cell volumes charéstic of crystal structure of the
stabilized phases with those reported in literaj8de 38] suggests that the decrease in the
grain size to a nanometer scale reduces the uhitatame; the effect can be explained by
an increase of the surface tension in the surfags lof nanocrystallites as compared to the
microcrystallite bulk materials [44].

Magnetic properties of the materials are summaripeBigs. 4-8. In accordance
with the rules for the superexchange interaction®*Ma—Mr{* [8, 9], the parent Ba-
disordered solid solution fBay3dVInO3 demonstrates a ferromagnetic behavior below
the Curie temperaturéc =~ 173 K (Fig. 4(a), Fig. 7). The anion-deficient Badered
nanocomposite %(1.20PrBalh@s + [1.60/6]PgO,1 + 1.60MNnO), whose main perovskite-
like phase contains manganese ions with the avevadgncy MA>*, possesses the
properties characteristic of ferrimagnetgy (= 113 K) (Fig. 4(b), Fig. 7). The FC
dependence of the magnetization obtained for thdized Ba-ordered nanocomposite
Y4(PrBaMnQOg + 2Pp 9Bag 10MN0s.5) exhibits two anomalies at ~ 313 and ~ 138 K, Wwhic
correspond to the transitions from ferromagnetipacamagnetic state for the PrBal®g
and PgoBar.10MNnOs.s phases, respectively (Fig. 4(c), Fig. 7). A vamgigr behavior was
found for the Nd-containing samples (Fig. 5, Fig. 8&dditional annealing of the
nanocomposites Ya(LnBaMds + 2Ly 9Bay 1dMInO34;) in air gives rise to more sharp
magnetic transitions. The Curie temperatures retme&isame (Fig. 6).

Significant increase in the magnetic transition gematures observed for the
stoichiometric Ba-ordered phases can be explaiyethidreasing the average angdn—
O-Mn) (Tables 1 and 2). Indeed, it is well known thatrsincreasing enhances intensity of
the superexchange interactions Mn—O-Mn. An analedagh sensitivity of the Curie
temperature to a change in the average bond arggeoiserved in some previous works
[45,46]. Slight decrease of the magnetization olesefor the oxidized Pr-based samples
(Fig. 7(a)) can be explained by the existence ofifamomagnetic clusters with
charge/orbital ordering [19,31,47,48]. The supeckiometric Ba-disordered phases
Lng.odBan.1d0MNOs.s exhibit higher Curie temperatures as comparéeti:to 110 K (Ln = Pr)
andTc =~ 97 K (Ln = Nd) reported for microcrystallite butkaterials [37, 38]. This can be
attributed to the effect of nanocrystallite compres and the presence of
superstoichiometric M cations.

4. Conclusions

Structure and magnetic properties of the Ba-ordphaes obtained via a chemical
treatment of LazBay30MiNnO3 (Ln = Pr, Nd) manganites were investigated. ThemaBa-
disordered solid solutions baBay3dMNOs; were synthesized in air according to a
conventional ceramic technology. The compoundshagacterized by orthorhomhbimma
structure and are ferromagnetic with~ 173 K andl¢ =~ 143 K for Ln = Pr and Ln = Nd,
respectively. The average sizB> of crystallites in the samples is abouirs. Reduction
of the parent samples results in their separatida three phases: the anion-deficient
ordered phase LnBaM@®s having tetragonaP4/mmm structure, and the simple-oxide
phases LgO; and MnO. The reduction leads to the formationhaf hanocomposite with
the average crystallite sizeDx=~100 nm. The anion-deficient Ba-ordered phase
LnBaMn,Os exhibits ferrimagnetic properties willy ~ 113 K andTy =~ 123 K for Ln = Pr
and Ln = Nd, respectively. Oxidation of the anidleficient samples does not change the
average size of the nanocrystallites, but notigealters their phase composition. The
oxidized nanocomposites consist of two perovskite-phases. The stoichiometric Ba-
ordered phase LnBaM@s has tetragond4/mmmestructure and is ferromagnetic with ~
313 K (Ln = Pr) and’¢c = 303 K (Ln = Nd). The superstoichiometric Ba-disnetl phase
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Lno.ooBan1dMNOs,5 possesses orthorhomiitoamalattice and ha3c = 138 K (Ln = Pr) and
Tc = 123 K (Ln = Nd). Magnetic properties of the compds under study are discussed
taking into account the effect of the joint actiohthe chemical (cation ordering) and
external (surface tension) pressures.
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Fig. 1. Observed (solid circles), calculated (solid linahd difference (solid line at the
bottom) XRD patterns for Ba-disordered solid santiNd ;Bay30MnOs (a), anion-
deficient Ba-ordered nanocomposite (1/4)(1.20NdB#D4r+ 0.80NdOs + 1.60Mn0O) (b)
and oxidized Ba-ordered nanocomposite (1/4)(NdB#D4r+ 2Ndh oBay.10MNnOs.;5) at
room temperature (c). Bragg reflections are in@iddty ticks.



A-site ordered state in manganites with perovskite-like structure 10

s Ln3+
t Lo*, Ba®* ‘ Ba*
© Mo © M2
. o*- . (O
@
-
L
& Lo
‘B32+ £ 3+ +
L Ln*, Ba?
© M I © Mo+
- wa Mn
. o c . o*

Fig. 2. Schematic representations of the crystal strudturperovskite-like phases: (a) Ba-
disordered LprBap30MnOs; (b) anion-deficient Ba-ordered phase LnBalg (c)
stoichiometric Ba-ordered phase LnBal®g; (d) superstoichiometric Ba-disordered phase

LNo.9oBap.10MNOs;5.
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Fiéj é.Srface topbgraphy obtained with a scanning‘elaroscope‘for parent Ba-
disordered solid solution §Bay3dVInOz (a), parent Ba-disordered solid solution
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Ndo.7Bap 3dMINnO3 (b), oxidized Ba-ordered nanocomposite
(1/4)(PrBaMnOg + 2Pp oBa.1dMINO345) (€) and oxidized Ba-ordered nanocomposite
(1/4)(NdBaMQOG + 2N%,9£%,1Mn03+(5) (d)
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Fig. 4. Temperature dependences of the ZFC (open circled) RC (closed circles)

magnetization in a field of 100 Oe for parent Bseddered solid solution f1Bay 30MNO;

(a), anion-deficient Ba-ordered nanocomposite

(1/4)(1.20PrBaMpOs + (1.60/6)Ps0O;1; + 1.60MNnO) (b) and oxidized Ba-ordered

nanocomposite (1/4)(PrBaMbs + 2PpoBan10MNnOs:5) (€). The insets show the

temperature dependences of the derivative of thenB@netization for the corresponding

samples.
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Fig. 5. Temperature dependences of the ZFC (open circled) RC (closed circles)

magnetization in a field of 100 Oe for parent Bseddered solid solution

Ndo.7Bap 3dMINO3 (@), anion-deficient Ba-ordered nanocomposite

(1/4)(1.20NdBaMpOs + 0.80N@O3; + 1.60MnO)  (b), and oxidized Ba-ordered

nanocomposite (1/4)(NdBaM@s + 2Nth gBay10MN0Os4s5) (€). The insets show the

temperature dependences of the derivative of thenB@netization for the corresponding
samples.
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Fig. 6. Temperature dependences of the ZFC (open circled) RC (closed circles)

magnetization in a field of 100 Oe for additionadlxidized Ba-ordered nanocomposite
(1/4)(NdBaMnOs + 2Ndh odBa.10MNO345). The inset shows the temperature dependences

of the derivative of the FC magnetization.
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Fig. 7. Field dependences of the magnetization measuréd 8tK (a) andT= 300 K (b)
for parent Ba-disordered solid solutiony RBay30MnO3 (1), anion-deficient Ba-ordered
nanocomposite (1/4)(1.20PrBaMy + (1.60/6)PsO;; + 1.60MnO) (Il), and oxidized Ba-
ordered nanocomposite (1/4)(PrBad@s + 2Pp oBay.10MNOs.s) (I11).
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Fig. 8. Field dependences of the magnetization measuréd & K (a) andl= 300 K (b)

for parent Ba-disordered solid solution gNgB&y 30MNnOs (1), anion-deficient Ba-ordered



A-site ordered state in manganites with perovskite-like structure 14

nanocomposite (1/4)(1.20NdBaMds + 0.80NdOs; + 1.60MnO) (IlI), and oxidized Ba-
ordered nanocomposite (1/4)(NdBajg + 2Ndh gBap 1dMINOz.s) (111).

Table 1 Structural parameters for Pr- containing perovshike phases at room

temperature.
Pro 7c:Bag3cMnO3 PrBaMnOs PrBaMnOg Pro.ocBag.1(MnOs.s
Space group Imma RY/mmm P4/mmm Pnma
a/nm 0.55252(7) 0.39854(5) 0.8921(6) 0.55142(6)
b/nm 0.77672(8) 0.39854(5) 0.38921(6) 0.77806(7)
c/nm 0.55076(7) 0.77606(9) 0.77625(9) 0.55147(5)
3 0.12327 0.11759
V/nm 0.23636 {0.24653} {0.23518) 0.23660
a=B8=y() 90 90 90 90
Pr, k,y,2 (0,%.,—0.004(2)) (0,0,0) (0,0,0) (0.021(5),v4,0899
Ba, .y,2 (0,%.,—0.004(2)) (0,0,%%) (0,0,%) (0.021(5),v4,0(89P
Mn, (X,Y,2 (0,0,%%) (%2,%2,0.239(4) (¥2,%2,0.249(5)) (0,0,%%)
01, .y, (0,%,0.435(8)) (V2,%52,Y5) (Y2, %2,%2) (0.469(7),¥,0.6)2(
02, K,y,2 (%,—0.016(5),v4)|  (+2,0,0.198(6) (%2,0,0.233(7)) 210(7),0.558(6),0.254(7
03, &.y.9 - — (42,%,0) _
({ Mn—01) (nm) 0.1976 0.2048 0.1927 0.1956
( Mn—02) (nm) 0.1951 0.2011 0.1945 0.1863+0.2125
( Mn—03) (nm) - — 0.1896 -
{ Mn—01-Mn) () 158.43 180.00 180.00 169.85
({ Mn—02-Mn) () 175.76 161.93 175.18 155.32
({ Mn—03-Mn) () -~ Y 180.00 —
R, (%) 9.21 10.15 10.42 10.42
Rup (%) 13.31 14.21 14.17 14.17
Rs (%) 5.32 3.73 6.33 6.96
X (%) 2.77 2.98 2.91 2.91

N
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Table 2 Structural parameters for Nd- containing perovsKike phases at room
temperature.
Ndy7dBag 3cMnOs NdBaMmn,Os NdBaMmnOg Ndo ocBap.1cMNO34s
Space group Imma Rt/mmm P4/mmm Pnma
a (nm) 0.55100(8) 0.39626(5) 0.38893(8) 0.54899(8)
b (nm) 0.77523(9) 0.39626(5) 0.38893(8) 0.77755(9)
c (hm) 0.54856(7) 0.77405(9) 0.77310(9) 0.54896(9)
0.12154 0.11694
V (nnt) 0.23432 0.24309) {0.23389) 0.23433
a=B=y() 90 90 90 90
Nd, X,y,2 (0,¥4,—0.002(3)) (0,0,0) (0,0,0) (0.019(3),%4,09y
Ba, &,y,2 (0,¥4,—0.002(3)) (0,0,%) (0,0,%) (0.019(3),4,0(39)
Mn, (X,y,2 (0,0,%%) (%2,%,0.236(2) (¥2,%2,0.245(7)) (0,0,%)
01, &.,y,9 (0,¥4,0.432(9)) (Y2,%2,%2) (Y2,%2,%2) (0.466(9),v4,0.808(
02, &,y,2 (%,-0.012(6),%4) |  (*2,0,0.195(2) (%2,0,0.230(9)) 21®(9),0.555(9),0.250(9
03, ky.9 - - (+2,%2,0) -
( Mn-O1) (nm) 0.1973 0.2044 0.1974 0.1953
{ Mn-O2) (nm) 0.1946 0.2007 0.1948 0.1861+0.2122
({ Mn-03) (nm) - — 0.1892 -
( Mn-01-Mn) () 158.32 180.00 180.00 168.75
( Mn-02-Mn) () 174.46 161.72 173.08 154.06
( Mn-03-Mn) () — 180.00 —
Ry (%) 9.01 10.11 10.31 10.31
Rup (%) 13.11 14.11 14.11 14.11
Rs (%) 5.52 3.44 6.13 6.84
X (%) 2.74 2.89 2.99 2.99
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Schematic representations of the crystal structareperovskite-like phases: (a) Ba-
disordered LarBap30MnOs; (b) anion-deficient Ba-ordered phase LnBalMlg (c)
stoichiometric Ba-ordered phase LnBal®sg; (d) superstoichiometric Ba-disordered phase
LNo.odBa0.10MNOs+5



