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Abstract

A study using resonant x-ray scattering at the Mn K edge has been carried out on a
Big.63510.37MnO;5 single crystal. This compound undergoes a metal-insulator phase transition to
the so-called charge ordered (CO) state at about 530 K. Strong resonance signals were observed
at room temperature as the energy was tuned through the Mn K edge for several superstructures
of the CO phase. The energy, polarization and azimuth angle dependences agree with a
checkerboard ordering in the ab plane of manganese atoms of two types, in terms of their
different local geometrical structures. One of the sites is anisotropic—a tetragonal distorted
oxygen octahedron—and the other is isotropic—a nearly undistorted one, as observed for

Big 5519 sMnOj5 and other half-doped manganites. This result indicates that the checkerboard
pattern is strongly stable and extends to doping concentrations x < 0.5. No superstructures
corresponding to the doubling of the ¢ axis were detected. Intermediate valence states lower
than 3.5, according to the fractional charge segregation, were deduced for the two

non-equivalent Mn atoms, i.e. Mn*3%* and Mn*#4+.

1. Introduction

For mixed valence metal oxides, the metal—insulator transitions
related to charge localization, orbital ordering (OO) or
charge ordering (CO) are currently the object of intensive
investigations [1-3]. Manganites such as RE;_,A;MnOj3
(RE = trivalent rare earth atom and A = divalent cation) have
Mn atoms with a fractional valence state that goes from 3+
to 4+ linearly with the x content. In a purely ionic picture,
the formal average valence Mn*** is described as formed
by (1 — x)Mn** ions plus x Mn** ions. It was originally
thought that, below the metal—insulator transition, Mn** and
Mn*t ions localized at different crystal sites, the so-called
CO. Associated with this CO, the occupations of the localized
atomic d states (e, states) are simultaneously ordered, giving
rise to the so-called OO physics [4]. In fact, the insulator
ordered phase of half-doped manganites (REysAqsMnQO3) is
explained as formed by the checkerboard orderings of two

0953-8984/08/235211+07$30.00

different Mn atoms that should be ascribed to Mn®* and Mn**,
respectively [5]. We remember here that the measured charge
difference between the two distinct Mn atoms is far from the
one-electron segregation [6-9].

Bismuth-based manganites Bi;_,A,MnO3; (A = Ca, Sr)
have recently received great attention because of the
occurrence of the metal-insulator transitions well above room
temperature for a wide range of A doping [10-17]. Despite
the smaller size of Ca compared to Sr, CO is more stable
upon heating in BigsSrg sMnOj3 than in Bip sCay sMnO3 [12].
In the (Bi, Sr)MnOj system the metal—insulator transition
temperature for x = 0.5 occurs near 500 K [12] while for
the x = 0.25 compound it is about 600 K [13, 14]°. The
ordered configuration as a function of the Sr content (x)

5 We wish to mention here that in [13, 14] there was probably a mistake in the

labeling of some electron diffraction peaks (related to a mixing up of Ibmm
and Imma descriptions) which is currently being revised.

© 2008 IOP Publishing Ltd  Printed in the UK
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is an object of intensive debate. High resolution electron
microscopy studies proposed the alternation of double stripes
of one sort of Mn>**-like octahedron with double (for x = 1/3
and 1/2) or quadruple (for x = 2/3) stripes of a second sort
of Mn**-like octahedron [15, 16]. A double lattice modulation
(0 1/20) and (0 0 1/2) was reported from electron diffraction
(ED) studies on Big7551y,5MnO5 and Big 7515 33MnO; with
an Ibmm average cell [13, 14, 16]. Moreover, a symmetry
change of the average cell from Ibmm, below Tco, to Pbnm,
above Tco [13—-17], has been observed.

The CO phase transition is usually a structural transition
that lowers the symmetry and differentiates between crystallo-
graphic transition metal (TM) sites that are equivalent in the
high temperature phase. Resonant superlattice reflections ap-
pear at the TM K absorption edge due to the differences be-
tween the anomalous atomic scattering factors of related atoms
in the unit cell [18]. The anomalous atomic scattering fac-
tor (ASF) is a symmetric tensor of second rank for dipole
transitions. Due to this characteristic, resonant x-ray scatter-
ing (RXS) intensity arising from the anomalous part shows
azimuth angle and polarization dependence, which is partic-
ularly useful for properly characterizing the local symmetry
and ordering for different TM sites. Resonance can arise be-
cause either TM atoms occupy non-equivalent crystallographic
sites and consequently the ASF tensors describing each of the
TM atoms are different (CO reflections) or TM atoms oc-
cupy equivalent sites but the orientations of the anisotropic
ASF tensors are different for distinct TM atoms [19, 20].
These latter reflections are known as anisotropies of the ten-
sor of susceptibility (ATS) reflections. The Thomson scatter-
ing is zero for these reflections and they only appear at en-
ergies close to the absorption edge. RXS experiments have
solved the periodicity of the charge disproportion (so-called
CO) and/or anisotropic ordering (so-called OO) in mangan-
ites [8, 9, 21-25]. A checkerboard arrangement of two distinct
Mn sites in the ab plane is found for compositions x = 0.5
(half-doped manganites), though the charge disproportion is
much smaller than 1 [8, 9, 25].

Bearing in mind that CO for x different from 0.5 is
in general not well defined, we have explored further the
Bi;_,Sr;MnOs; system, toward the Mn3 " -rich side. We present
here a study of the charge and orbital modulation in an off-
stoichiometric Big ¢3S1) 37MnO3 sample using RXS at the Mn
K edge®. Reflections of the type (0, k, 0), (0, k/2, 0) with k =
odd were observed and reflections of the type (%, k, 1/2) were
absent. Detailed measurements of the polarization and azimuth
angle dependence have been carried out to determine the
ordering model. The temperature evolutions of the intensities
and wavevector were also studied. The results show that
the ordered phase of this bismuth manganite with x < 0.5
corresponds to the same checkerboard pattern of two distinct
Mn atoms as the Bip5Sry sMnOs compound. The important
result is that the observed ordering does not match with a
2:1 Mn3* /Mn4+ ordering. Furthermore, intermediate valence
states lower than 3.5 were deduced for the two distinct Mn
atoms.

6 A summary of this study was presented at the x-ray absorption fine structure
(XAFS XIII) conference [26].

2. Experimental method

Crystals of Bigg3Srg3;MnO3; were grown by a BiO5 self-
flux method to avoid contamination. The precursors Bi,Os3,
SrMnO3 and MnO, were mixed in stoichiometric ratios
Bi:Sr:Mn = 67:33:100 and Bi,0; excess (82.5% in weight)
was added. The procedure followed was similar to the process
used to obtain the Big 5Sry sMnOj5 single crystal studied in [9].
The mixture of precursors and the flux was placed into a
25 cm? platinum crucible and preheated at 700 °C for 12 h.
The liquid (7 = 1120°C) and the eutectic (T = 741°C)
temperatures were established. After a period of preheating
at 71, + 50 K (duration 12 h) the growth process was started
at T + 5 K by decreasing the temperature at a —1 K per
hour rate until the temperature Tg + 50 K was reached, at
which point the furnace was turned off and the solution cooled
down to room temperature. The crystal was separated from
the flux by heating the mixture in a nitric acid solution;
it presented a cubic shape, of 5 mm size. From energy-
dispersive analyses, the average composition determined per
Mn atom was ‘Big 63(5):510.37¢5):Mn;’. The average structure
at RT is described using the orthorhombic /bmm cell with
a =5539A,b=5515Aand ¢ = 7.632 A. A polished
(110) cubic surface was cut for the RXS experiments.

The RXS experiments were carried out at the magnetic
scattering undulator beam line ID20 at the European
Synchrotron Radiation Facility (ESRF, Grenoble) [27]. The
incident beam was monochromatized by double Si(111)
crystals located between two focusing mirrors. The energy
resolution at the Mn K edge was 1 eV with nearly 100%
linear polarization. Polarization analysis of the scattered
beam was performed using a Cu(220) crystal analyzer, which
gives a scattering angle of 95.9° at the energy of the Mn
K edge. The discrepancy from the ideal value of 90°
leads to a leakage, estimated at about 2%. The linearly
polarized o’ and 7’ components of the scattered beam are
perpendicular and parallel to the diffraction plane, respectively.
Rietveld analysis of polycrystalline samples of the composition
Bi0.70(4)Sr0.30(4)MnO3 [13, 14] suggested a new type of charge
order at RT, characterized by an average [bmm structure
(ap/2xa,/2x2a,), with a double b and c lattice modulation
that produces a larger monoclinic cell. To check this new
superstructure, we have recorded both, (0, k, 0) and (4, 0, /)
scans, with the incoming beam corresponding to the Mn
K absorption edge. Superstructure reflections of the type
(0, odd, 0), (0, half-integer, 0), (4, odd, 0), (4, half-integer,
0) and (4, 0, 1) were observed. The energy dependence of
the polarized (0’ and n’) diffracted intensity was measured
through the Mn K absorption edge for these reflections.
Azimuthal scans were also performed, rotating the sample by
an angle ¢ around the diffraction vector Q = k — k. Around
the CO/OO transition temperature of our sample, all the
superstructure reflections disappear between 525 and 600 K.

3. Results

3.1. Room temperature results

Figure 1 shows the energy dependence of the (0, 3, 0) reflection
for 0—o’ and o—n’ channels at different azimuth angles. The
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Figure 1. Energy dependence of the intensity of the (0, 3, 0)
reflection for o—o” (panel (a)) and o—7’ (panel (b)) channels at room
temperature and at different azimuth angles ¢. The azimuth angle

¢ = 0 corresponds to an incident polarization along the ¢ axis.

line shape versus incident photon energy is described as a non-
resonant Thomson scattering at energies below the absorption
edge and a broad resonance at the Mn K edge. The intensity
of the main resonance depends strongly on the azimuth angle.
As shown in figure 1, it is maximum for ¢ = 90° in the
o—o' channel and for ¢ = 45° in the o—x’ channel. The
leakage from the o—o’ channel was only detected for the o —’
channel for ¢ = 90°. The azimuth angle and the polarization
dependence inform us on the anisotropy of the Mn atoms,
characteristic of ATS reflections. We have also measured the
(0, 5, 0) reflection, which shows an energy dependence and
an azimuth evolution similar to those reported for the (0, 3, 0)
reflection. These results confirm the dipolar c—o " character for
(0, odd, 0) reflections.

The energy dependence of the (0, 7/2, 0) reflection across
the Mn K edge in the -7’ channel is shown in figure 2. No
intensity was observed in the o—o’ channel. A large resonance
is observed at energies close to the Mn K absorption edge for
(0,7/2,0) and (0, 5/2, 0) (not reported) reflections. No signal
was observed at energies below the absorption edge, showing
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Figure 2. Intensity versus incident photon energy through the Mn K
edge of the (0, 7/2, 0) reflection in the o—’ channel at room
temperature.
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Figure 3. Azimuthal dependence of the (0, 3, 0),_, and
(0,7/2,0),_ integrated intensities at the energy of the maximum of
the resonance at room temperature. Intensities are normalized at the
maximum for the sake of comparison. Solid lines are the best-fit
curves from the structural checkerboard model.

the absence of Thomson scattering, i.e. these reflections are
pure ATS reflections. As shown in figure 2, the intensity of the
(0,7/2,0) reflection strongly depends on the azimuth angle,
but the line shapes are the same for the different ¢ angles.

The azimuth angle dependence of (0, 3, 0) (0—o’ channel)
and (0,7/2,0) (o—n’ channel) integrated intensities at the
maximum of the resonance peaks are compared in figure 3.
The periodicities of each of the reflection types are similar to
that found for the BiysSrg sMnO3 sample [9], characteristic of
the checkerboard ordering model.

We have also looked for other reflections in order to check
for the different proposed models. Figure 4 shows the energy
dependence for reflections such as (4,1/2,0) (4, 1, 0) and
(4, 0, 1). The energy dependence of the (4, 1, 0) reflection
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Figure 4. Panel (a): energy dependence of the intensity of the

(4,1, 0),_, reflection at different azimuth angles. Panel (b):
polarization resolved energy scans of (4, 1/2, 0) reflection taken at
the azimuth ¢ = 90°. Panel (c¢): energy dependence of the o0—0c”’
scattered intensity of the (4, 0, 1) reflection. All the energy scans are
recorded at room temperature.

is similar to the one observed for (0, 3, 0), as expected, since
it will also appear due to the checkerboard ordering. The
energy dependence of the (4, 1/2, 0) reflection is the same as

that for the (0, 7/2, 0) reflection. However, strong intensity
is observed in the o—o¢’ channel in this case. As we can
see in figure 4, the energy dependence for the o—o’ channel
of the (4,1/2,0) reflection shows the usual evolution for
anomalous conventional diffraction. This indicates that the
o—o’ intensity is exclusively due to Thomson scattering. So,
this periodicity results from the structural modulation due to
slight displacement of Mn, Bi(Sr) or oxygen atoms. We note
here that these displacements should be transverse to the b axis
because of the absence of Thomson scattering for the (0, half-
integer, 0) reflections. Finally, some of the proposed models
have suggested the doubling of the ¢ lattice parameter [13, 16].
We have carefully checked for reflections of the type (0, 0, half-
integer), (odd, O, half-integer), (even, 0, half-integer) which
would show the doubling of the ¢ lattice parameter, but we
did not find any of these reflections. We have only observed
the (4, 0, 1) in the o—o’ channel reflection which shows
conventional anomalous energy dependence (figure 4(c)). This
suggests the lack of any kind of new ordering along the ¢ axis.

3.2. Temperature dependence

Resonant longitudinal scans of the (0,3,0),_, and
(0,5/2,0),_ reflections were measured at different tempera-
tures as shown in figure 5. We observe that the two reflections
disappear in the vicinity of Tco, showing that the associated
superstructure is characteristic of the so-called CO phase. De-
spite this general agreement, the two reflections behave differ-
ently in the neighborhood of the transition temperature (inset
of figure 5(b)). The intensity of the (0, 3, 0) reflection de-
creases continuously and disappears at about 530 K. In con-
trast, the (0, 5/2, 0) reflection disappears at the same tempera-
ture, but it is substituted by an incommensurate reflection that
shifts and widens in the range 525-580 K and, finally, has
completely vanished around 593 K. This incommensurate re-
flection also appears on resonance for the o—x" polarization
channel. Hence, we propose that it could be related to the pres-
ence of orbital order small domains, which develop about 50 K
above the CO transition temperature.

4. Analysis and discussion

The study performed on different superstructure reflections of
the low temperature phase (CO/OQ0) in Big ¢3Sty 37MnO3 has
allowed us to gain insight into the kind of ordering present in
manganites with x different from 0.5. During this study our
efforts to detect reflections of the type (h, k, half-integer) were
all unsuccessful. Hence, the absence of those reflections leads
us to conclude that there is no well-developed ‘c’ duplication
of the cell in this crystal. This result contrasts with previous
results which claim ¢ duplication for compounds with x =
0.25 and 0.33 [13, 16]. On the other hand, the observation
of strong resonance at the Mn K edge in (0, half-integer, 0)
and (4, 1/2, 0) reflections demonstrates the duplication of the
b unit cell parameter. The polarization and azimuth angle
dependences of (0, odd, 0) and (0, half-integer, 0) reflections
are equal to those observed for other half-doped manganites
such as Ndg 5SrpsMnOj3 [8] and Big 5Sry sMnO5 [9] showing



J. Phys.: Condens. Matter 20 (2008) 235211

G Subias et al

2.5 ————
(a) A
» [ 030)_ b
E=6551.6eV ]
5 1.5 | ]
5 ]
g -
= ]
Z 1| -
Q .
| ]
0.5 -
O i a =SSR TS A e A -:=m=sc-cs=&ssss
61 61.5 62 62.5
20 angle (deg)
0.6 P
Tz S 050 .
L 5 ..l 010 13 o
=]
05+ £ = E=6551.6 ¢V
L ] 008 5
E o6k B
L= g
L ‘i 0.06 :{.‘_
0.4 -_ LE T «)\»4%
[ 5 o2} v o 423K
g O 498 K
OO e Tl —R—523K

T (K)

Intensity (arb. units)
(=}
(9%}
T

I
o

0.1 f

48 49 50 51 52
20 angle (deg)

Figure 5. Longitudinal scans of the (0, 3, 0),_, (panel (a)) and
(0,5/2,0),_n (panel (b)) reflections taken at the energy of the
maximum resonance on heating. Inset: integrated intensity for both
reflections across the CO transition temperature. Open and solid
triangles refer to the commensurate (0, 5/2, 0) and the new
incommensurate reflections, respectively.

an equal Mn ordering. For illustration, figure 6 shows
the comparison between the energy dependences of the (O,
3, 0) and (0,7/2,0) resonant reflections for the samples
Big 5515 sMnO3 and Big63Sry37MnOs. This equivalence also
works for the (4, 1/2, 0) reflection, showing that the structural
modulation, which duplicates the cell in the b direction,
corresponds to small transverse displacements of the atoms in
the x direction. This result speaks against the 3:1 ordering
of rows of Mn**-like and Mn**-like atoms in the ab plane
claimed for the Big 7551, ,5sMnO3 sample [17]. Therefore, the
kind of ordering for Big 63Sry 3,MnO3 is a checkerboard pattern
of tetragonal anisotropic and nearly isotropic Mn atoms in the
ab plane. The possibility of two mixed commensurate phases,
one with half-doping and the other with 1/4 doping, is also
completely ruled out by the experimental data.

As we have already published a detailed discussion on the
analysis of RXS in half-doped compounds, we refer the reader
to our published papers [7-9]. The strong similarity of the two
samples permits us to extrapolate the quantitative results that
we deduce in the analysis of the half-doped bismuthate. As
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Figure 6. Panel (a): comparison between the RXS intensity of the
(0, 3, 0) reflections in Bij sSry sMnO; and that of those in
Big.6351) 37 MnO; at room temperature. Panel (b): comparison
between the RXS intensity of the (0, 7/2, 0),_, reflections in
Bij 551y sMnO; and that of those in Big ¢3Sr; 3;MnOj3 at room
temperature.

was described in [9], the resonance appears at the absorption
edge because the energy dependences of the absorption spectra
(the anomalous ASF) of the two kinds of Mn atoms differ
due to either different chemical states (valence) or different
geometrical anisotropies of the local structures. The azimuth
angle and polarization dependences are well described by the
checkerboard pattern with an anisotropic Mn atom (uniaxial
anisotropy) and an isotropic Mn atom. We summarize here the
polarization and azimuth angle dependences of the scattered
intensities for (0, odd, 0) and (0, half-integer, 0) reflections,
which completely agree with the experimental evolution:

Iy (0k0) = [C42(fL— f) cos® ¢+ (fy+ fL—2f) sin® ¢ ]
Iy—(0k0) = [(fL — f) sin¢ cos ¢ sin 6]
Iafa’(()k/zo) = O

Iy (0k/20) = [(fj — fL) sin¢ cos 8]*.
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Here Cy is the Thomson contribution, f| and f) are the parallel
and perpendicular components of the ASF of the anisotropic
Mn atom and f is the ASF of the undistorted Mn atom, ¢
and 6 are the azimuth and scattering angles, respectively. As
has been discussed in [8, 9], other ordering models such as
double stripes and Zener polaron [28] ones do not reproduce
the observed polarization and azimuth angle dependences.

We used a semi-empirical model that accounts for the
energy dependence of the resonant scattering for either
(0, odd, 0) or (0, half-integer, 0) reflections, as was done
in [8, 9]. An experimental fluorescence spectrum was used
to extract the imaginary part f” of the anomalous correction
(f(E) = f/(E) +1if"(E)), and the real part f” is calculated
through Kramers—Kronig transformation of f” [29]. The
different diagonal f components of the two different Mn
atoms are then deduced from overall energy shifts of the
absorption edge, assuming no significant change in the near-
edge structure. These are the chemical shift (Schemica), Which
measures the different charges on the Mn atoms, and the
anisotropic shift (8anisotropic), Which is a measure of the local
tetragonal distortion. As is shown in figure 6, the resonances
observed for the two samples are nearly identical, indicating
the same Sunisotropic aNd Schemical Parameters. Therefore, we
can conclude that the charge disproportion and the tetragonal
distortion must be nearly equal for the two samples. We recall
here that the charge disproportion for half-doped bismuthate
was § = 0.14 £ 0.05 electrons [9]. Assuming an equal
disproportion, the valence of the isotropic Mn atom should be
Mn?>** and for the anisotropic one’, Mn?3%*, We can note
in figure 6 that there is a slight energy shift between the two
resonances. This energy shift agrees with the chemical shift
between the absorption spectra and comes from the different
averaged valences of the Mn atom. The formal valence state
for x = 0.37 is 3.37+ whereas it is 3.5+ for the x = 0.5
sample, in agreement with a shift of the absorption edge to
higher energies in the latter.

It is believed that the ground state for the composition
x = 0.25 (and 0.33), on one hand, and x = 0.50, on the other
hand, is formed by two different charge and orbital ordered
configurations. The first (apparently doubly modulated) occurs
with a typical transition temperature of 600 K, and the second
(single modulation) takes place around 500 K. We have
determined our single crystal to be Big ¢3St 37MnOs. Several
issues need to be emphasized. (I) The composition of our
crystal is exactly at the halfway point along the distance
that separates x = 0.25 and 0.50 compositions. (II) We
have not observed the second modulation ((0 0 1/2) referred
to Ibmm) previously reported for Bi;_,Sr,MnO3; samples
with x = 0.25-0.33. (III) Our RXS results agree with a
checkerboard ordering in the ab plane of manganese atoms
of two types with different local geometrical structures, as
reported for Big 50519 50MnO5. (IV) The transition temperature
is more similar to that of the Big75Sry,5MnQO; system, and
clearly higher than for Bigs0Sros0MnOs (see the inset of

7 We note here that the ascribed valence is formal. It is assumed that the
charges of the Mn atoms in BiMnOj; and SrMnO; are Mn?t and Mn*t
respectively. Therefore, the intermediate valence Mn>** means that the
charge on the Mn atom is that of the BiMnO3 reference sample plus x times
the charge difference between the Mn atoms in BiMnO3 and SrMnOs.

figure 5 compared with figure 2 in [9]). After all these
considerations we are led to the conclusion that there is
no direct relationship between the appearance of the second
modulation in the ordered structure and the augmentation of
the transition temperature from 500 to 600 K.

Another important point to be stressed is that the ordering
of the Bigg3Srg3;MnOs sample does not match with a
distribution of formal Mn** and Mn** ions according to the
chemical composition x. The ratio between Mn** and Mn**
ions should be larger than 1 (to be exact, 63/37 = 1.70),
which contrasts with the 1:1 proportion between the two kinds
of manganese atoms resulting from the checkerboard ordering.
This result also contrasts with the structural determination
of the close sample Big7551r),5Mn0O3, which obtains three
different valence states for the four Mn sites, indicating then
a 3:1 Mn**/Mn** charge ordering [17]. The formation
of a checkerboard ordering when the formal Mn**/Mn**
ratio is different from 1:1 has also been observed for
Pro.cCap4MnO; [23, 25]. These two experimental evidences
seem to indicate strong stability of the checkerboard ordering
in manganites. On the other hand, we would like to note that
for x > 0.5, several experiments have probed whether the
ordering agrees with the formal Mn** /Mn** relationship [30]
despite the charges on the Mn atoms being far from the ionic
ones. This strong dissymmetry as regards the kind of order
of the CO phase as a function of the doping is a matter for
further detailed studies. Moreover, a common feature of all
the mixed valence TM oxides is that the charge segregation
is always very small and very far from an ionic description.
A recent experiment on BigsSrg4Cay MnOs by scanning
transmission electron microscopy corroborates this fact, as
no periodic valence modulation between the two sorts of Mn
atoms was observed in the so-called CO phase [31]. Therefore,
the electronic localization responsible for the metal-insulator
phase transition would occur in clusters involving several TM
atoms instead of on an atomic level.

We will also note that the appearance of an incommensu-
rate (0,5/2 — §, 0) reflection in a temperature range of 50 K
above Tcp suggests a strong correlation between anisotropic
Mn atoms. This observation can be explained by the existence
of dynamical local distortions above T¢o, which are highly cor-
related near T¢o and freeze in an ordered pattern of distortions
below the transition temperature. This mechanism was already
proposed for the M-I phase transition in LaMnO3 where the
local atomic arrangement of the Mn atoms is dynamically dis-
torted above the so-called Jahn—Teller phase transition temper-
ature [32].

Summarizing, the CO-OO phase in the low doping
regime of Bij_,Sr,MnO; perovskites mainly results from the
structural modulation, which differentiates between two Mn
sites that were crystallographically equivalent above Tco with
very small associated valence modulation.
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