Materials Sciences and Applications, 2012, 3, 24-29

3% Scientific
http://dx.doi.org/10.4236/msa.2012.31004 Published Online January 2012 (http://www.SciRP.org/journal/msa)

#%% Research

EXAFS Studies of Ruthenium Based Double Perovskite
ALaMnRuQOg (A = Ca, Sr, Ba)

Rubina Shaheen, Javaid Bashir, Muhammad Nasir Khan"

Physics Division, PINSTECH, Islamabad, Pakistan.
Email: “nasir@pinstech.org.pk

Received August 25™ 2011; revised November 19", 2011; accepted December 9 2011

ABSTRACT

Room and liquid nitrogen temperatures Mn K-edge extended X-ray fine structure (EXAFS) studies were carried out on
powder samples of ALaMnRuOg4 (A = Ca, Sr, Ba) perovskites. The EXAFS analysis of Mn K-edge spectra showed
MnOg octahedra are distorted. Among the three perovskites, the polyhedral distortion is highest for SrLaMnRuOg (A =
1.4 x 107%). For CaLaMnRuOs (A = 0.5 x 10) and BaLaMnRuOg, (A = 0.7 x 10°°), the smaller values of distortion pa-
rameters indicate that the MnOg octahedra are relatively regular and undistorted in the latter two systems. In
SrLaMnRuOg, MnOg distortion appears to be of orthorhombic (Q,) type whereas for CaLaMnRuO4 and BaLaMnRuOg,
the distortion is of tetragonal or Q5 type. The Mn-O distances as determined from the EXAFS measurements, increases
with the increase in the size of the divalent cation. No structural changes occurred in the local environment around Mn

atom when the temperature was lowered from room to liquid nitrogen temperature.
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1. Introduction

The ideal perovskite structure with stoicheometry AMOs;,
where A is typically a large, low oxidation state cation,
M is a smaller transition metal or lanthanide cation, has
cubic symmetry with space group Pm3m [1]. The ca-
pacity of perovskite structure to incorporate almost all
the elements in the periodic table except for noble gas
elements, beryllium and phosphorus has resulted in ma-
terials exhibiting range of properties including dielectric,
piezoelectric, ferroelectric, optical, superconducting and
magnetoresistive properties [2]. The perovskite structure
is viable to wide variations in compositions from the
ideal formula AMO;. These variations can be achieved
by isomorphous substitutions at A or M sites, and cati-
onic and anionic deficiencies. These can be represented
as A_ A/MO,, AM, M O,. The physical properties
of perovskites are shown to depend on the doping levels
at the A or M sites [3-6]. For 50% substitution, such
mixed system are classified as double perovskites with
the formula AA'MM'O¢ or A;MM'Og as reported by
Anderson et al. (1993) in reference [7]. The lattice distor-
tion and local structure plays an important role in the
magnetoelectric transport properties of perovskite man-
ganites, in particular its effect on the colossal magnetore-
sistive (CMR) properties [8-10].
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Ruthenates perovskites has attracted immense inter-
est of the physicist and chemist over the past few years
[11-15]. This surge of interest in ruthenates is because of
their rich variety of magnetic states exhibited by these
materials. For example, SrRuO; is a 4d ferromagnetic
metal [14] while CaRuO; is metallic but not magnetic;
the double perovskite Sr,YRuOyg is an antiferromagnetic
insulator; and the layered perovskite Sr,RuQ, is super-
conducting [15]. The magnetic properties of double pero-
vskite ruthenate oxides depends on the nature of MM’
distribution over the octahedral sites [16-18].

Though the crystal structures of ALaMnRuOg (A = Ca,
Sr, Ba) are well established [19-24]. However, no infor-
mation is available about the local structure around the
manganese in these materials. In our earlier publications,
we have reported crystal structure as well as the oxida-
tion state of Mn in SrLaMnRuQOg, BalLaMnRuOg and
CaLaMnRuOg [21-23]. Room temperature local strucutre
around Mn in SrLaMnRuOg has also been reported [21].
In the present paper, we now report the local structure
around Mn in CaLaMnRuO4 (CLMRO), and Bala-
MnRuOg (BLMRO) at room and liquid nitrogen tem-
peratures. In addition we also report the loal structure in
SrLaMnRuOg4 (SLMRO) at liquid nitrogen temperature.

2. Experimental

The single-phase powder samples of ALaMnRuO4 (A=

MSA



EXAFS Studies of Ruthenium Based Double Perovskite ALaMnRuOg (A = Ca, Sr, Ba) 25

Ca, Sr, Ba) were synthesized by conventional solid-state
reaction method as reported earlier in [21]. X-ray diffrac-
tion revealed that all the samples have orthorhombic
symmetry (space group Pbnm), with the tilting scheme
a a b” which results in the unit cell dimension of \/E X
Ja x2a (where a is the pseudocubic unit cell parame-
ter).

Room and liquid nitrogen temperatur Mn K-edge X-
ray absorption spectroscopy experiments, which include
both XANES and EXAFS techniques, were performed at
the XAFS beam line at ELETTRA Synchrotron Radia-
tion Source, Trieste, Italy. Well-dispersed powder sam-
ples in cyclohexane were deposited on porous mem-
branes. The amount of the sample was pre-calculated to
obtain optimum absorption jump (Ap = 1). X-ray beam
energies were tuned using a double crystal, focusing Si
(111) monochromator crystals. The incident (/,) and
transmitted (/) beam intensities were recorded using
ionization chambers filled with appropriate gases. Data
were collected in three regions: 1) the pre-edge region
with a step size of 5 eV to allow pre-edge background
calculation and subtraction; 2) the XANES region from
30 eV below the edge to 50 eV above the absorption
edge with a step size of 0.3 eV; and 3) the EXAFS region
upto 7050 eV. All the edges were recorded at least twice.
Raw data were corrected and converted to k-space, sum-
med and background subtracted to yied the EXAFS func-
tion (k) using the EXCALIB and EXBACK Programs
[25]. The edge profiles were separated from the EXAFS
data and, after subtraction of the linear pre-edge back-
ground, normalized to the edge step. The data were
weighted by &’, where & is the photoelectron wavevector,
to enlarge the oscillations at high k. The data were fitted
using the non-linear square minimisation program EX-
CURV92 [26] which calculates the theoretical function
using the fast curved wave theory [27]. Phase shifts
corrections were calculated using Xalpha exchange and
ground potentials.

3. Results and Discussion

Figure 1(a)-(b) represents the modulus of Fourier Trans-
form (FT) extracted from the XAS data at 300 K and 80
K by measuring Mn K-edge EXAFS spectra for the three
systems. The k’-weighted y(k) data were Fourier trans-
formed (FT) in the k range of 2.5 - 12 A" using a Guas-
sian window. Well defined peaks corresponding to the
different coordination shells around the Mn absorbing
atom are visible upto about 5 A. The main intense peak
at about 1.9 A in the FT is associated with the MnOg oc-
tahedron. Further peaks around 3 - 4 A in the FT are at-
tributed to Mn-A/La and Mn-O-Mn interactions [8,28].
The first peak of FT, corresponding to the Mn-0O, oc-
tahedra are identical for all the materials except for a

Copyright © 2012 SciRes.
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Figure 1. EXAFS fitting results (a) at room temperature
and (b) liquid nitrogen temperature; experimental points
(dots) and best fit (—) for comparison of three systems.

slight upward shift that indicates gradual increase of the
Mn-O distances with increasing size of A atom. However,
there are marked differences corresponding to Mn-A/La
and Mn-O-Mn interactions as we move from CalLaMn-
RuOg¢ to BaLaMnRuOg. The shape of these peaks are
found to be dependent either on the crystallographic
symmetry or the different scattering power of the diva-
lent cations. Since, laboratory X-ray diffraction studies
have revealed that all of these materials have the same
orthorhombic symmetry (space group Pbnm) [21-23],
these differences can only be attributed to the different
scattering powers of A cations. For all three samples,
nearly constant amplitudes of Mn-O peaks at 300 K and
80 K indicates that no structural changes occur in the
local environment around the Mn as the temperature is
lowered.

Previous neutron diffraction [19,20] and synchrotron
X-ray diffraction studies [21,23] have shown that the
structure of ALaMnRuQOyg is orthorhombic with distorted
Mn/RuQg octahedra (Figure 2). Owing to the Jahn Teller
effects, caused by the 3d Jahn Teller ion Mn**, distortion
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(b)

Figure 2. (a) Schematic representation of the orthorhombic
Pbnm crystal structure of ALaMnRuOyg in which A/La (A =
Ca, Sr, Ba) atoms; (b) Ru/MnQOg octahedron.

of MnOg produces three Mn-O bonds with equal bond
distances, long (/), medium (m) and short (s) bonds [29,
30]. In case of CLMRO and BLMRO, the MnOjg octahe-
dra are quite regular and the spread in the bond lengths is
small [22,23] whereas in SLMRO the bondlengths in the
basal plane are further split into two Mn-O bonds of
equal bond lengths and the structure is considerably dis-
torted [21].

Extended X-ray absorption fine structure (EXAFS)
spectroscopy provides structural information about a
sample by way of the analysis of its X-ray absorption
spectrum. In order to extract structural information from
experimental spectra, a simple analytical expression that
relates the EXAFS signal to the structural parameters is
required. An EXAFS analytical expression like the one
suggested by Teo [31] is:

“2k%c2

l(k):zj Njfj (k)e /]:;I:I:szj +6j (k):|

where k is the electron wave vector, &, is the number of
atoms in the j-th coordination shell, J,(k) is the phase
shift, fi(k) is the scattering amplitude, o; is the Debye
Waller factor in terms of a Gaussian broadening resulting
from thermal and static disorder and R; is the M-O bond
length in the Mn-O octahedral (Figure 2(b)). Various

Copyright © 2012 SciRes.

structural parameters can be extracted by an approximate
Fourier analysis of the normalized EXAFS term y(k)
[32].

In all of these perovskites oxides, the Mn ions are sur-
rounded by six oxygen atoms forming an octahedron
(Figure 2(b)). In cubic, undistorted perovskite structure,
all the Mn-O bond distance are equal, i.e., R| = R, = R;.
As both La and A cations are distorted from the central
position in the simple cubic unit cell, making their near-
neighbor oxygen environment complicated. In addition to
these distortions, presence of JT distortion is also present.
The six otherwise equal, Mn-O bond lengths in the tilted
octahedral consequently split into pairs of unequal bond
length. Distortion caused by the Jahn-Teller effect in pe-
rovskites usually involves four of the octahedral bonds
(bonds involving planar oxygen, R, and R3) contracting
and two of the octahedral bonds (apical oxygen) leng-
thening which gives an elongated octahedral shape.

Different models were employed for fitting the expe-
rimental EXAFS data. In the first model (2 + 2 + 2
model), we have used three subshells each with a coor-
dination number Ny,.o = 2 with unequal Mn-O bond-
lengths. Subsequently we employed models with two sub
shells, one corresponding to a Mn-O coordination num-
ber Myin.o = 4 at shorter distance and the other corre-
sponding to Ny,.0 = 2 at longer distance (4 + 2 model); a
model with bimodal distribution of Mn-O bonds with
three longer Mn-O bonds and three shorter Mn-O bonds
(3 + 3 model) and a model with one Mn-O sub shell with
Nuno = 6. Owing to strong correlation between coordi-
nation number (N) and Debye-Waller factor (¢°), only the
distance (R) and o” were refined. Since electronic proper-
ties mainly depend on the nearest neighbours, we are
focusing only on the first shell analysis.

For SLMRO, as reported previously [21] the best fit to
EXAFS data were obtained for 2 + 2 + 2 model. In case
of CLMRO and BLMRO, the best fits were obtained for
4 + 2 model, i.e. four short and two long bonds. The re-
manining models lead to relatively high values of Debye
Waller Factors without any significant improvement in
the fit. Typical fitted FT spectra at room temperature are
shown in Figure 1(a). The summary of the fitted struc-
tural parameters are listed in Table 1. The calculated in-
teratomic distances are in good agreement with values
obtained from the crystallographic measurements [19-23].
This suggests that the local structure as determined from
EXAFS mathches the average structure as determined
from neutron or Synchrotron X-ray diffraction. The main
result is that the Mn-O distances increases with the in-
creasing size of the divalent cation A in agreement with
the shifts observed in the first peak of the FT. The sli-
ghtly higher values of Debye-Waller factors suggests a
site to site variation of the bond lengths in the MnOg oc-
tahedra [28].
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Table 1. EXAFS parameters of the first oxygen coordination shell at Mn K-edge. R is the interatomic Mn-O distance, N
being the coordination number and o’ is the Debye-Waller factor. The errors on radial distances are +0.01 A whereas

on DW factors the error is £0.001 A%

CaLaMnRuOg SrLaMnRuOg BaLaMnRuOg
Shell v R(A) o x 1072 (A% R(A) o x 1072 (A? R(A) o x 1072 (A%
300K 80K 300K 80K 300K 80K 300K 80K 300K 80K 300K 80K
Mn-O 4 1.92 1.90 0.6 04 2 1.87 1.85 0.9 14 4 1.97 1.95 0.1 0.1
Mn-O 2 201 1.99 0.9 08 2 1.95 1.95 0.6 04 2 208 2.07 0.3 0.2
Mn-O - - - - - 2 205 2.02 1.4 1.8 - - - - -

There are two types of distortion modes associated
with the JT distortion: 0, and Qs which are defined in
terms of long (/), medium (m) and short (s) Mn-O bonds
as:

0 =2(I-5)/\2
0, =2(2m-1-5)/\6

with /, s being the Mn-O distances in the ab plane and m
is out of plane Mn-O bond length. O is a tetragonal
whereas O, is orthorhombic distortion [29]. In the tetra-
gonal or Q; distortion the in-plane bonds extend and out
of the plane bond shortens or vice versa implying that
one bond length is larger than the other two. On the other
hand, in the orthorhombic or Q, distortion, the two in
plane bond lengths (Mn-O, ) split more symmetrically
around the out of plane Mn-O, bond length. Examination
of the bond lengths derived from the XAFS data reveals
that in SLMRO, MnOy distortion appears to be of ortho-
rhombic (Q,) type whereas for CLMRO and BLMRO, the
distortion is of tetragonal or Q; type.

The MnOg polyhedral distortion parameter A, fre-
quently observed for e, level degenerated systems such
as Mn’" (1€, ) containing perovskites is defined as

where (d) is average Mn — O bond distance. The distor-
tion parameters of ALaMnRuOg are listed in Table 2.
Among the three perovskites, the polyhedral distortion is
the highest for SLMRO. For CLMRO and BLMRO, the
smaller values of distortion parameters indicate that the
MnOg octahedra are relatively regular and undistorted.
This result is consistent with the neutron diffraction meas-

n

Table 2. MnO6 Polyhedral distortion parameter (A) for
ALaMnRuOyg as determined from EXAFS parameters. R
is the average Mn-O bond length.

Samples T=300K T=80K
(RY(A) Ax10° (RYA) Ax10°
CaLaMnRuOg 1.95 0.5 1.93 0.5
SrLaMnRuOy 1.96 1.4 1.94 13
BaLaMnRuOj 2.01 0.7 1.99 0.8

Copyright © 2012 SciRes.

urements of Garanado ef al. [19]. As the temperature is
lowered, there is little change in the average bond dis-
tances and hence the distortion parameters.

4. Conclusion

We have carried out Mn-K-edge X-ray Absorption spec-
troscopy measurements to study valence state of Mn and
local structure around it in single phase ALaMnRuOg
perovskites prepared through solid state technique. The
Mn-O distances as determined from the EXAFS meas-
urements, increases with the increasing size of the diva-
lent cation. No structural changes occur in the local en-
voirnment around Mn as the temperature is lowered from
room to liquid nitrogen temperature.
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