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ARTICLE INFO ABSTRACT

Artic{e history: Manganites are materials that show remarkable phenomena related to charge orbital ordering (CO/0O0)
Received 26 September 2011 and it is extremely important to understand the fundamental nature of this behaviour. This paper reports
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on the structural, electronic and magnetic behaviour of the new SrBiMn; 75Tip250s manganite and the
dependence of these properties with temperature. A detailed structural analysis has been carried out by
electron, X-ray, neutron diffraction between 4 and 700 K. The electron diffraction patterns obtained at
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f\(/l"yworqst: room temperature (RT) evidence that the average structure (a~b~+/2a, and ¢~ 2a,) presents a modula-
Bi:\;guatr;; es tion that doubles the a and c lattice parameters. A very high charge ordering (CO) transition temperature

of 510 K, similar to that found for the non-doped material, SrBiMn, Og, is observed. Above this temperature
the symmetry changes from orthorhombic to tetragonal. The conductivity and susceptibility data show
a strong interdependence with the structural transition. The activation energy decreases from 0.24 eV to
0.12 eV below and above 510K, respectively. On the other hand, the high value of the magnetic moment
(er=9.34 ug), observed between 300 and 500K, is interpreted in terms of the existence of Mns magnetic
clusters. Finally, extra maxima appearing in neutron diffraction patterns at lower temperatures are inter-
preted considering the stabilization of AFM interactions, consistent with an A-type magnetic ordering.

Charge ordering
Orbital ordering
Neutron diffraction

The results are discussed in the framework of charge ordering/orbital ordering and cluster models.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The mixed valent manganites are a subject of intense applied
and basic research due to their spin-dependent properties [1].
Moreover, in these mixed oxides the electronic-type transitions
related to charge localization, orbital ordering (OO) assisted by the
Jahn-Teller (J-T) effect, and charge ordering (CO) are being currently
investigated [1-8].

The CO was first established in the La;_yCaxMnOs series [9,10]
with x~0.5 as an 1:1 ordering of Mn3* and Mn** species. In gen-
eral, this CO is associated with OO due to the cooperative J-T
distortion that comes from Mn3* cations. Therefore, the trans-
port properties are often interpreted as the combined influence
of CO and 00. These effects have been more recently dis-
cussed in different Ry_,AxMnO3; manganites (R=rare earth [11-16]
or Bi [17-22] and A=Ca, Sr). In Ln;_yCaxMnO3 (Ln=lanthanoid
element) oxides, that exhibit an orthorhombic Pbnm structure
(with the cell parameters close to +v2a, x v2ap x 2ap) at room
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temperature (RT), the CO state is characterized by a doubling of the
a parameter and appears at low temperature. In the Ln;_,SryMnO3
manganites, the size of the Ln cations plays a drastic role on
the RT structures [2,3], involving different types of cell distor-
tions (Pnma, Imma or 12/a, I[4/mcm or R3c) as the Ln3* mean ionic
radius increases. Moreover, at low temperature, complex struc-
tural and magnetic coupled transitions have been evidenced from
electron and neutron diffraction data [5-8,12,13,23]. Other pre-
vious studies reported on the bismuth-based manganites show
that in the Bi;_xAxMnOs3 oxides, in which A=Ca and Sr, charge
ordering is stabilized up to much higher temperatures [24,25].
Besides, in the Lny,A,MnOs3 series the evolution of Teo [26,27]
seems to be related to the average tilting of the octahedra and
therefore with the <Mn—O—Mn> mean angle. However, in the Sr
and Bi-containing systems the highly polarisable 6s2 lone pair of
Bi3* seems to play an active role in the high Tcg, as observed for
Bi;_xSrxMnOs family [19]. In fact, this stereochemically active 6s2
lone pair combined with the possible magnetic interactions pro-
vided by the 3d paramagnetic cations, have renewed attention
in these systems, due to the great interest in multiferroic mate-
rials and potential applications as solid oxide fuel cells (SOFCs)
materials [28].
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In contrast to the above R;_yAxMnO3 (R=rare earth or Bi, and
A=Ca, Sr) phases, the manganites in which the Mn is substi-
tuted by other transition metal have been scarcely studied. For
instance, when nickel is introduced at the perovskite B sites in
the Big5Cag5sMn0O3 compound an almost linear decrease of T¢g as
a function of doping level is observed [29]. Similar results were
obtained when doping is made with chromium instead of nickel
[30]. For the Big 5Cag 5 MnggNig 103 phase it was concluded that the
CO state became suppressed and the Curie constants suggested the
existence of Mn,Ni, magnetic clusters around Ni?*. These facts are
interpreted as a competition between ferromagnetic and antiferro-
magnetic inter-cluster interactions giving rise to a glassy magnetic
behaviour [29].

With the aim of exploring the unknown SrBiMnj 75Tig2506
phase we report here an investigation of the temperature-
dependent electronic and magnetic behaviour of this phase. Based
on electron, X-ray and neutron diffraction measurements between
4 and 700K, our data confirm that the CO transition temperature
found for the non doped material, i.e. SrBiMn, Og, remains very high
in despite of the introduction of Ti cations at the B sites. The results
are discussed in the framework of CO/OO and cluster models.

2. Experimental

Polycrystalline powders of the SrBiMn;;5Tig250¢ perovskite were pre-
pared by the “liquid-mix” method using stoichiometric amounts of Sr(NOs),,
Bis O(OH)9(NO3 )4, TiC190H1405 (Merck chemicals) and Mn(C;H30,)3-2H,0 (Aldrich
chemicals). These reactants were dissolved in a 20% (v/v) HNOs solution and after
citric acid (a concentration up to 1 M) and ethyleneglycol (5%, v/v) were added. The
resulting solution was heated at 523 K until a brown gel was obtained. Then several
thermal treatments at 573, 673 and 773 K were applied in order to decompose the
organic residues. Finally, the samples were heated in accumulative treatments until
a temperature of 1173 K for 12 h, with intermediate grindings. The product was a
black powder, later identified as a pure phase. Typical grain sizes ranging between
200 and 800 nm were observed in scanning microscopy images.

X-ray powder diffraction patterns were obtained at selected temperatures, from
room temperature to 700K, with a Siemens D-5000 diffractometer using Cu(Ka)
radiation with A =1.5418 A. Neutron diffraction patterns (NDP) were recorded at
4, 150, 300 and 700K in the high resolution D2B diffractometer at ILL (Grenoble,
France). A wavelength of 1.594 A was selected from a germanium monochromator.
The counting time was 4 h using about 4 g of sample contained in vanadium and
silica cans (for low and high temperature experiments, respectively). The collected
data were analyzed by the Rietveld [31] profile method using the Fullprof program
[32].

High resolution transmission electron microscopy (HRTEM) and electron
diffraction (ED) were performed using a PHILIPS CM300FEG super-twin. Samples
were prepared by crushing the powders under n-butanol and dispersing them over
copper grids covered with a holey carbon film. Semiquantitative chemical analyses
were made from energy dispersive X-ray spectroscopy (EDS).

The d.c. magnetization data were measured with a SQUID (Quantum Design,
MPMS-XL model), in the temperature range 4.2-700K, in an applied field of 500 Oe.
Isothermal magnetization measurements have been made up to 6 T at 5K.

The d.c. conductivity results were obtained on pressed pellets using a four-
probe apparatus according to the Van der Pauw method, in the temperature range
108-762 K. Colloidal platinum paint was used to make the contacts.

3. Results and discussion
3.1. Electron diffraction analysis

The composition of the title compound was checked by EDS
analysis averaging over a large number of crystallites. These
analyses confirmed the expected cationic stoichiometry. Electron
diffraction (ED) patterns, on numerous crystallites, clearly showed
that the sample was monophasic and the reflections could be
indexed by considering an orthorhombic distorted perovskite sub-
cell with a~b~+2ap and ¢~ 2a, (where g, is the cell parameter of
the ideal simple cubic perovskite). ED patterns along some zone
axes are given in Fig. 1.

The obtained reflections conditions are consistent with an I-
type cell since in the viewing direction, no hkl reflection with
h+k+1 # 2nwas detected. This fact is illustrated by the ED pattern
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Fig. 1. ED patterns taken at RT along (a) [00 1], (b) [0—11] and (c) [0 1 0] zone axes.
(d) and (e) Schematic drawings of the ED patterns.

along the zone axis [0 —1 1], gathered in Fig. 1(b), where the (111)
reflection is missing [21]. In this ED pattern the presence of a
complex system of extrareflections, characteristic of a double mod-
ulation is evidenced. The extra reflections can be ascribed to an
orthorhombic supercell with parameters a = 2v/2ap, b = v2ap, and
c=4ay, but they are very weak, as illustrated by the [0—11] and
[010] ED patterns given in Fig. 1(b) and (c). For the sake of clarity,
schematic drawings of the ED patterns are given in Fig. 1(d) and (e)
and the indexation of the reflections corresponding to the super-
cell are written in bold type. Similar results have been reported for
other manganites where CO/OO phenomena are present [2,3].

3.2. Structural and magnetic characterization at high
temperature

X-ray diffraction patterns were collected between RT and 700 K
under an ambient atmosphere and Fig. 2 shows the evolution of
the (110)-(002) and (220)-(004) reflections with temperature
between 298 and 550K. Patterns above 475K exhibit sharp and
symmetric X-ray peaks whereas below this temperature the reflec-
tions are split. The X-ray diffraction data were refined by Rietveld
profile analysis using the Fullprof suite of programs [32], and using
Ibmm subcell (apv/'2, apv/'2, 2ap).

These calculations led to an interesting evolution of cell param-
eters, which is shown in Fig. 3. In the 300-475 K temperature range,
the structure exhibits an O-type distortion (a > b > c¢/+/2), fre-
quently associated with a cooperative J-T effect in manganites [5,6].
The observed evolution on warming the sample in this tempera-
ture range reveals the characteristic lattice deformation associated
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Fig. 2. Selected 26 intervals of X-ray thermodiffractometric patterns in the
298-550K temperature range.

to the CO/OO effects: a contraction of the a and b cell parame-
ters and an expansion of ¢ one. Above this temperature, the three
parameters increase slowly with the temperature, and the structure
becomes pseudocubic.

Moreover, from the analysis of neutron diffraction data at 700 K
we find that the sample is tetragonal [7]. The fit is excellent using
the tetragonal space group I4/mcm (a° a° ¢~ in the Glazers ter-
minology) as it is shown in Fig. 4. This symmetry can be simply
obtained from the ideal primitive cubic perovskite one by a rotation
of [MnOg] octahedra around the c axis by an angle of ¢ =5.4°. The
sense of the rotation changes when successive octahedra are con-
sidered along the c axis. Finally, nuclear peaks of the I4/mcm phase
split into well separated reflections when the patterns obtained at
700 and 300K are compared [see, for instance, the (004)/(220)
reflections in Fig. 5].

The observed structural changes are not simple lattice defor-
mations but actually point to a change of crystal symmetry from
tetragonal to orthorhombic. This is illustrated by the splitting
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Fig. 3. Variation of cell parameters with temperature from 298 to 550 K.
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Fig. 4. Rietveld refinement of ND data at 700 K considering the [4/mcm SG.
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Fig. 5. ND patterns at 300 and 700 K. The reflections (103), (220) and (004) are
marked with asterisks.

of the peak which appears at 20 ~40° when the temperature
decreases. Thus, the appearance of the (103) reflection, prohib-
ited in the [4/mcm space group, demonstrates the stabilization
of the orthorhombic symmetry (Fig. 5). Indeed, considering the
orthorhombic Ibmm SG we obtained a satisfactory fit for the pat-
tern at 300K, as is shown in Fig. 6. The structural details obtained
by the Rietveld refinements of NDP at different temperatures are
gathered in Tables 1 and 2.
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Fig. 6. Rietveld refinement of ND data at 300 K considering the Ibmm SG.



126 E. Asensio de Lucas et al. / Journal of Alloys and Compounds 522 (2012) 123-129

Table 1
Structural parameters obtained from Rietveld refinements on ND data at T=4, 80,
300 and 703 K.

T(K) 4 80 300 703

SG Ibmm Ibmm Ibmm I4/mcm
a(A) 5.514(7) 5.515(8) 5.519(4) 5.513(8)
b(A) 5.510(2) 5.511(2) 5.516(6) 5.513(8)
c(A) 7.670(1) 7.671(6) 7.686(6) 7.793(1)
V(A3) 233.03(7) 233.13(2) 233.97(8) 236.84(1)
Sr/Bi, x 0.504(7) 0.504(8) 0.505(8) -

01,x 0.049(9) 0.049(3) 0.047(1) -

02,x - - - 0.262(6)
02,z -0.027(1) -0.027(9) —0.024(4) -

Heft 1.4(1)

(18)

Rs 3.88 3.75 3.00 2.66

Rp 429 3.99 3.38 2.61
Rwp 5.73 5.29 4.42 3.78

In Ibmm SG, the atom positions are: 4a (000) for Mn/Ti, 4e (x0 %) for Sr/Bi and O1
and 8g (% 1Alz) for 02. In I4/mcm SG: 4c (000) for Mn/Ti, 4b (O‘/z%) for Sr/Bi, 4a
(00Y4) for 01 and 8h (xx +0) for O2.

Asrevealed by the data included in Table 2, slight differences are
found between dyiyri-01 and dyinti-02 bond distances at RT, which
disappear at 700 K. At this latter temperature the octahedral coor-
dination of manganese with oxygen atoms is almost undistorted,
leading to six approximately equal distances. However, at RT the
two Mn/Ti-O1 distances (along the ¢ axis) become shorter than
the four Mn/Ti-02 distances in the a-b plane by 0.02 A, suggesting
a J-T distortion of the “apically compressed” type. This compres-
sion of Mn—O0 bond distances has been also observed in half-doped
manganites [12,15].

On the other hand, it is interesting to note that the bond-
ing mean angle <Mn—O—Mn> for this compound at RT [see
Table 2] is very close to that reported for the Biy,Sr,MnO3 phase
(Mn—01—Mn~ 164.7° and Mn—02—Mn ~ 168.0°) and the high
00/CO transition temperature [17], near 500K, is slightly higher in
the new BiSrMn; 75Tig 250 compound (where Ti%* ions are intro-
duced in the B sublattice). This fact can be explained underlying
the very important role of the Bi3* lone pair, as it was pointed
by Garcia-Mufioz et al. [17]. These authors suggested that the 6s2
lone pair in Biy,Sr1,MnO3 could be weakly screened and presum-
ably its electronic density is higher along some Bi-O bonds. This
electronic density could be involved in strong covalent interactions
via Bi-O bonds, producing an expansion in the Bi3* effective ionic
size. In fact, the average interatomic Bi/Sr-O distance [see Table 2]
in SrBiMny 75Tig250¢ is larger than in the compound without Ti
(2.67 A). Therefore, we can consider a partial hybridization of the
lone pair electrons with some oxygen 2p orbitals, participating
in the eg(Mn)—2p,+(0)—eg(Mn) chemical bonds and leading to an
important reduction of the mobility of carriers and giving rise to
00/CO at markedly high temperatures.

8

1/y (mol.Oe/emu)

g 8 8 8 3 8

10 15 20 25 35

30
17 (104 k)

Fig. 7. (a) Temperature dependence of the inverse susceptibility (1/x). (b) Inverse
temperature dependence of the logarithm of the conductivity. The straight lines are
the best fits to Arrhenius law for the regions above and below the transition.

3.3. Magnetic and electrical measurements at high temperature

Fig. 7(b) shows the variation of conductivity with 1/T above RT
for the sample SrBiMn; 75Tig 2506, whose main feature is a change
of slope at T>500K. The activation energy value between RT and
520K is 0.24 eV and decreases down to 0.12 eV for higher tempera-
tures; i.e., there is an evolution towards electronic delocalization as
T increases. This behaviour can be related to the above mentioned
structural transition in which the octahedral tilting progressively
diminishes. On the other hand, at this transition temperature a
change of slope in the reciprocal susceptibility is observed, as

Table 2
Bond distances (A) and angles (°) from Rietveld refinements on ND data at different temperatures.
T(K) 4 80 300 703
SG Ibmm Ibmm Ibmm I4/mcm
dst/si01 2.507(4) 2.507(6) 2.526(5) 2.756(4) x 4
2.770(4) x 2 2.771(1) x 2 2.773(6) x 2
3.006(3) 3.008(2) 2.993(9)
dst/5i—02 2.894(6) x 4 2.893(3)x 4 2.886(6) x 4 2.821(5)x 4
2.581(4) x 4 2.582(4) x 4 2.596(1) x 4 2.693(7) x 4
<ds; /50> 2.746(2) 2.747(6) 2.749(3) 2.756(5)
dy—01? x 2 1.936(4) 1.937(8) 1.939(1) 1.948(3)
dy—o2 x 4 1.960(8) 1.960(1) 1.960(1) 1.951(2)
<dy—0> 1.952(1) 1.952(3) 1.953(1) 1.950(2)
Ov—01—M 163.9(5) 163.8(4) 164.5(1) 180.0
On—o02—M 167.8(4) 167.8(1) 169.02(1) 174.6(1)

a M=Mn/Ti.
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Table 3
Theoretical magnetic moments (ug) from the different analyzed models.
Mtheor. Sl SZ
lonic model 593 Mn3* -2 Mn#* - 3/2
ZPO model 7.30 Mn3* -2 Mn35* - 7/2
1Mn* + 2Mn3*, clusters 8.67 Mn# - 3/2 Mns - 11/2
1Mn** +3Mn3*, clusters 951 Mn#* - 3/2 Mny - 15/2

shown in Fig. 7(a). Therefore, it is interesting to note that a strong
interdependence between magnetic and electrical properties with
the structural transition is clearly evidenced for StBiMn 75Tig 250¢.

By fitting the magnetic data to a Curie law below and above
the transition temperature, the effective paramagnetic moments of
Mo =9.34 g (T<500K) and tefr=6.82 g (T>500K) are obtained.
An increase of jtes in the low temperature range is a characteristic
feature of half-doped manganites exhibiting CO, and a proper inter-
pretation was given within the framework of the Zener polaron
model [25]. In such phases the value of ¢ found above the tran-
sition is consistent with a mixture of Mn3* and Mn** cations (i.e.,
with an ionic model); and the value found below the transition
matches the value that one can expect for coexistence of Zener
polarons and Mn3* ions [17,25]. However, in our case, as can be
seen in Table 3, the observed p.g above and below the transi-
tion temperature are much larger than the expected theoretical
values. This enhanced e can be explained by the presence of
magnetic clusters in the paramagnetic state, as theoretically pre-
dicted [33] and experimentally observed for several manganites
[5,14]. Like in other manganite systems, it could be considered
here that the Mn#* ions constitute the core of the clusters (i.e.,
one hole shared by several Mn3* ions) and thus the expected
Uegs Of the sample is calculated by the following equation [5]:

11hee = & /xs S1(St +1) +xs, - S2(S2 + 1)

in which S; and S, refer to the spin values given in Table 3,
g is the Landé factor, equal to 2, and x5, and xs, indicate the
amount of cations and clusters with each spin, respectively. Among
the different possibilities gathered in Table 3, the comparison
of the experimental and theoretical u.¢ values at T<500K, sug-
gests that the 1Mn*" +3Mn3* combination agrees the best with
the observed values. This fact implies that only a fraction of
the manganese cations are involved in the clustering, similarly
to that reported for La;/gSrsMnOs3, in which Mn3* concentra-
tion is greater than the Mn*" one, as also occurs in our case
[5,6].

Moreover, at T>500K, where the SrBiMnj 75Tig2506 phase
shows a tetragonal symmetry, the peg value still remains slightly
higher than the corresponding to isolated Mn3* and Mn** ions,
indicating the existence of superparamagnetic clusters, which are
progressively shrunk.

Therefore, from the above results we can conclude that
each hole-type charge carrier associated with a Mn*" jon is
embedded into a locally ferromagnetic environment, extend-
ing to the nearest-neighbour sites. Thus, the charge transfer
depends on the orbital configuration between Mn** and its nearest
neighbours.

3.4. Magnetic and electric measurements at low temperature

The variation of conductivity with temperature below RT for the
SrBiMn; 75Tig 250 sample is shown in Fig. 8. Conductivity values
are relatively low and no jumps are observed in the explored low
temperature range, in concordance with the high T¢o found in this
compound; i.e., at RT the compound still presents charge ordering.

0.04

0.02 - °
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00000000000
1 1
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Fig. 8. Temperature dependence of the conductivity, o.

The thermal dependence of the magnetic susceptibility at
500 Oe, between 4 and 300K, is displayed in Fig. 9. The magnetic
susceptibility shows a cusp-like anomaly at around 40K that sug-
gests the existence of a frustrated state at low temperatures. This
assumption is also supported by the hysteretic behaviour of the
magnetization at 5 K (see Fig. 9(b)). The appearance of that frustra-
tion can be understood by considering the introduction of Ti%* at
the B-sites, thus breaking the coherence of the long-range magnetic
interactions. These results agree well with a weak antiferromag-
netic (AFM) component of 1.4 ug at 4K, as discussed below.

3.5. Structural and magnetic characterization at low temperature

The structural study displayed above [sections A and B] was
based on the diffraction data taken between RT and 700K. In this
section we present a complementary neutron diffraction study at
the low temperature region. Neutron diffraction patterns were col-
lected at 80 and 4 K using the D2B diffractometer in high resolution
mode. The low angle-region of the NPD patterns at RT, 80 and 4K
are shown in Fig. 10.

The patterns obtained at 80 and 4K reveal the presence of
magnetic reflections [(001) and (11 1)], typically associated with
the A-type magnetic structure. Therefore, we have refined the
ND patterns by assuming an A-type magnetic ordering for the
BiSrMn; 75Tig 2506 phase. The refined NPD pattern at 4K is shown
in Fig. 11. The obtained results from both refinements, at 4 and
80K, are given in Tables 1 and 2. The ordered magnetic moment
found for this phase [1.4(1) up per Mn ion] is clearly smaller that
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Fig. 9. (a) Magnetic susceptibility vs. temperature at 500 Oe. (b) Magnetization vs.
magnetic field at 4 K.
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Fig. 10. ND patterns at 4, 80 and 300 K. The magnetic reflections (001) and (111)
are marked with asterisks.
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Fig. 11. Rietveld refinement of ND data and magnetic phase at 4K considering the
Ibmm SG.

the value expected for a complete ordering, and points to frustra-
tion phenomena of the magnetic interactions as a consequence of
the presence of Ti#* cations, which are partially occupying the Mn
positions.

4. Conclusions

A detailed study of the new manganite derivative,
BiSrMn; 75Tig2506, has been carried out showing interesting
structural, electric and magnetic features of this phase. From the
structural point of view, diffraction data evidence a tetragonal
structure I4/mcm above T¢o and at lower temperatures, a transition
to an orthorhombic symmetry, Ibmm, takes place. Such a transition
is detected by splits in the X-ray and neutron diffraction peaks.
Moreover, the magnetic susceptibility obtained between RT and
700K indicates that the effective moments enhance from their
expected theoretical values both in tetragonal and orthorhombic
phases, suggesting the presence of magnetic clusters as well as
that they depend on the J-T distortions.

It is noteworthy that the phase segregation phenomena
reported to exist in some Sr doped manganites [18] have not been
evidenced in our sample.

The low-temperature structural and transport properties of the
title phase show an A-type magnetic ordering associated with the
00. This assumption agrees well with the observed compression of

the c parameter, as temperature is decreased, leading to an apical
distortion of the Mn/TiOg octahedra.

In general terms, the above results also support the differences,
previously reported in the literature, between the rare earth man-
ganites with x ~ 0.5 and the Bi-containing systems. The rare earth
derivatives typically show an A-type magnetic structure and are
described as “metallic antiferromagnets” in which the FM planes
are conducting. In contrast, this picture is not valid in Bi-substituted
manganites, as they display much higher resistivity values evidenc-
ing an important electronic localization. As it was suggested by
some authors [18,19], these points can be understood taking into
account that the 6s2 lone-pair of Bi3* induces a dominant effect
in these phases, causing a great reduction in the manganese eg
electrons mobility. Local distortions or even hybridization between
6s-Bi-orbitals and 2p-0-orbitals can take place [19] due to a pref-
erential orientation of the 6s2 lone-pair towards the surrounding
oxide anions.

In conclusion, X-ray and neutron diffraction data, as well as
conductivity and magnetization measurements, reveal evidences
of a remarkably high orbital and charge ordering temperature in
BiSrMn; 75Tig2506. These results seem to support the interpreta-
tion previously proposed [17] concerning the important role of the
Bi 652 lone-pair in the CO/OO ordering. This feature is revealed
in BiSrMn; 75Tig250g to be crucial as the introduction of Ti*" in
manganese sites does not seem to affect the transition temperature.
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