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Abstract 

The structural, magnetic and electrical properties of the mixed Ti-Mn oxides Sr1-

xLaxTi0.5Mn0.5O3  (0 ≤ x ≤ 0.5) are reported.  At room temperature the oxides have a cubic 

structure in space group        for x ≤ 0.25 and rhombohedral in       for 0.3 ≤ x ≤ 0.50.  

X-ray absorption spectroscopic measurements demonstrate the addition of La
3+

 is 

compensated by the partial reduction of Mn
4+

 to Mn
3+

.  Variable temperature neutron 

diffraction measurements show that cooling Sr0.6La0.4Ti0.5Mn0.5O3 results in a first order 

transition from rhombohedra to an orthorhombic structure in Imma.  Complex magnetic 

behaviour is observed.  The magnetic behaviour of the mixed valent (Mn
3+/4+

) examples is 

dominated by ferromagnetic interactions, although cation disorder frustrates long range 

magnetic ordering. 
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Introduction 

Manganate perovskites of the type A1-xLnxMnO3 (A alkaline earth, Ln lanthanoid,) 

have long been a subject of interest, as they demonstrate fascinating and technologically 

relevant electrical and magnetic properties
1-5

.  In recent times we have reported on a series of 

studies of Ce and Pr doped SrMnO3 focusing on the coupling of the lattice, orbital and spin 

degrees of freedom 
6-9

.  These studies have revealed a remarkable disjoint between the 

distortion of the MnO6 octahedra and the unit cell metric.  The presence of Mn
3+

 in 

perovskites can lead to unexpected behaviour as evident by the ferroelectricity (FE) observed 

in TbMnO3 
10

.  Recently there have been reports of the coexistence of FE and ferromagnetism 

(FM), in addition to a colossal dielectric response, in the Ti substituted oxide SrTi0.5Mn0.5O3 

11, 12
.  Co-substitution of both the Sr and Mn in SrMnO3 provides considerable flexibility in 

tuning these oxides and increases the potential for designing materials for specific 

applications.  Partial replacement of the Sr with trivalent Ln cations in Sr1-xLnxTi0.5Mn0.5O3 

reduces the Mn
4+

 (     
   

 ) ions to Mn
3+

 (     
   

 ), which, in turn, drives structural and 

electronic changes.  Since the oxidation state is one of the key factors affecting structure and 

properties in manganate perovskites, this potentially enables researchers tune the properties to 

desired functionalities.  This approach has been explored by Álvarez-Serrano and co-workers 

who observed complex magnetic behaviour in the relaxor manganites Sr2-xBixTiMnO6.  They 

showed the materials to be magnetically frustrated as a consequence of the disorder of the Mn 

cations, although the higher than expected magnetic moments indicated the presence of FM 

clusters
13

.   

A lack of consensus both on structure and magnetism is a distinct feature of existing 

literature on Sr1-xAxTi0.5Mn0.5O3 type materials
12, 14-18

.  Álvarez-Serrano concluded that the Ti 

and Mn were disordered at the octahedral sites in Sr2-xBixTiMnO6; consequently these are 

better described as Sr1-xBixTi0.5Mn0.5O3  The same group reported that Sr0.5La0.5Ti0.5Mn0.5O3 

has an orthorhombic (Pbnm) structure, and that it displayed ferromagnetism despite the lack 

of long range ordering of the Mn
3+

 and Ti
4+

 cations
16

.  Subsequently, Kallel and co-workers 

described the same material but concluded that the structure was rhombohedral in     , and it 

was a spin-glass at low temperatures
15

.  In our recent report we addressed structural aspects 

of these La-doped SrTi1/2Mn1/2O3 oxides and established that the end member, 

SrMn0.5Ti0.5O3, and La doped Sr1-xAxTi0.5Mn0.5O3 materials with x up to 0.25 are cubic in 

space group      ; there being no evidence for ordering the Ti
4+

 and Mn
4+

 cations
19

.  The 
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structures of the materials are rhombohedral, in     , when the La-doping amount is further 

increased
19

.   

In this paper we describe the magnetic and electrical properties of A-site La doped Sr1-

xLaxTi0.5Mn0.5O3 solid solution.  Neutron diffraction methods have been used to establish 

precise structures for representative examples, and in particular to examine the possibility of 

magnetic ordering at low temperatures.  

Experimental 

Seven polycrystalline samples of Sr1-xLaxTi0.5Mn0.5O3 (x = 0, 0.1, 0.2, 0.25, 0.3, 0.4, 

0.5) were prepared by a conventional solid-state reaction, using SrCO3, La2O3, TiO2 and 

MnCO3 as starting materials.  The reagents were finely mixed in an acetone slurry using an 

agate mortar and pestle before being heated in air at 1000 °C for 12 hours, and 1200 °C for 

48 hours with re-grinding and pelletizing before every heating step.  After a final re-grinding, 

the x = 0 and 0.1 samples were heated at 1450°C whereas all other samples were annealed at 

1350 °C for 48 hours and then furnace-cooled down to around 100°C at the approximate 

cooling rate of 4°C/min.  All reactions were monitored by powder X-ray diffraction with Cu 

Kα radiation, using a PANalytical X'Pert PRO X-ray diffractometer equipped with a PIXcel 

solid-state detector.  The samples were finally characterised using synchrotron X-ray 

diffraction 
20

.   

Neutron diffraction experiments were carried out on the TOF-type diffractometer 

Super-HRPD installed at the Material and Life Science Facility (MLF) of the Japan Proton 

Accelerator Research Complex (J-PARC).  A 10 g powder sample was placed in a vanadium 

holder (9.5 mm in diameter and 50 mm in length) and mounted in a CCR cryostat.  All 

diffraction patterns were recorded over the time-of-flight range 17–185 ms in both the back-

scattering and 90° position-sensitive detector banks, corresponding to d-spacings from 0.35 to 

3.8°A (at a resolution Δd/d ∼ 4×10
−4

) and from 0.75 to 5.3 A° (Δd/d ∼ 2 × 10
−3

), respectively 

independent of d.  The patterns were normalized and corrected for detector efficiency 

according to prior calibration with a vanadium scan.  The structures were refined using the 

Rietveld method as implemented in the GSAS program 
21

.  The background and peak widths 

were refined together with the lattice parameters, atomic positions, and isotropic and 

anisotropic atomic displacement parameters (ADP) for the cations and oxygen anions, 

respectively. 
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Magnetic susceptibility and electrical resistivity were measured with a Quantum 

Design Physical Property Measurement System (PPMS) system in the range 5–400 K.  Zero-

field cooled (ZFC) and field-cooled (FC) magnetic susceptibility data were collected with a 

magnetic field of 100Oe, 500Oe, and 1000 Oe.  The AC magnetic susceptibilities for selected 

samples were measured at frequencies of 10, 31.62, 100, 316.2, 1000, 3162.3, and 10000 Hz 

with an alternating field 10 Oe and 3 Oe respectively. 

The microstructure and homogeneity of the samples was examined by scanning 

electron microscopy (SEM) using a Zeiss UltraPlus FE SEM.  The average cationic 

composition for each sample was verified by energy dispersive spectroscopy (EDS) using the 

same microscope.  In all cases, the measured values were consistent with the nominal 

compositions. 

Ti and Mn K-edge XANES spectra were collected on beamline 16A1 at the National 

Synchrotron Radiation Research Center (NSRRC) in Hsinchu, Taiwan
22

.  Finely ground 

samples were dispersed onto Kapton tape and placed in front of the X-ray beam at a 45
o
 

angle.  Spectra were collected in fluorescence yield (FLY) mode using a Lytle detector.  An 

energy step-size of 0.2 eV was used near the absorption edge.  The Ti K-edge spectra were 

calibrated against elemental Ti with the maximum in the first derivative of the K-edge set to 

4966.4 eV.  The Mn K-edge spectra were calibrated against elemental Cr with the maximum 

in the first derivative of the K-edge set to 5989.2 eV.  All XANES spectra were analysed 

using the Athena software program 
23

.   

Results and discussion 

We recently reported the results of a structural study on the La-doped system Sr1-

xLaxTi0.5Mn0.5O3 
19

. In that work we showed that the structure evolves from cubic to 

rhombohedral as the La content was increased to 0.5.  This is a reflection of changes in the 

tolerance factor which decreases as the La is added, from t = 1.020 for x = 0 to t = 0.977 for x 

= 0.5.  Whilst the addition of La requires the formation of the Jahn-Teller active Mn
3+

 ( 

    
   

 ) cation these structural studies showed no evidence for a distortion of the BO6 

octahedra that would be indicative of a JT type distortion. 

   In the present work we have extended these structural studies through the use of 

high resolution neutron powder diffraction.  Based on the results of our previous study we 

elected to study three compositions in the series Sr1-xLaxTi0.5Mn0.5O3, being cubic ( x = 0) 

rhombohedral ( x = 0.4) and near the boundary of these x = 0.25.  The room temperature 
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structures of three oxides and the results of the structural refinement are summarised in Table 

1. 

Table 1.  Crystallographic information obtained from the Rietveld refinement of the neutron 

diffraction patterns of Sr1-xLaxMn0.5Ti0.5O3 (x = 0, 0.25, 0.4)  

x 0.0 0.25 0.40 0.40 

Temp (K) 300 300 300 90 

Space 

group 
                 Imma 

a 3.85627(10) 3.88590(11) 5.5136(3) 5.50461(4) 

b 3.85627(10) 3.88590(11) 5.5136(3) 7.76821(6) 

c 3.85627(10) 3.88590(11) 5.5136(3) 5.53439(4) 

α 90 90 60.2070(2) 90 

Vol 57.346(2) 58.678(3) 119.076(10) 236.66(1) 

Sr/La  z ½ ½ ¼ 0.52419(13) 

Uiso 0.57(3) 0.62(2) 0.73 0.36 

Uiso (Mn) 0.18(2) 0.16(2) 0.34 0.05 

O1  x ½ ½ -0.28408(8)  0 

y 0 0 0.78408(8) ¼ 

z 0 0 ¼ -0.0058(4) 

Uiso 0.61* 1.20* 1.31 3.42 

O2  y    0.02489(8) 

O2  Uiso    1.16 

RWP 9.21 7.7 6.8 6.7 

RP 7.0 6.4 6.7 6.2 

χ
2 

3.27 4.65 1.38 1.37 

Mn/Ti-O 1.9281(1) 1.9430(1) 1.9611(1) 1.9633(3)/1.9608(1) 

∆d
2 

0 0 0 0.000115 

tilt 0 0 4.2 4.7 

In       the A cations are at ½ ½ ½, the B cation at 0 0 0, and O at ½ 0 0. In      the A 

cations are on 2a sites at ¼ ¼ ¼ , the B cations on the 2b sites at 0 0 0, and the O on the 6e 

sites x ½-x ¼.  In Imma the A cations are at 0 ¼ z, the B cation at 0 0 0, and O1 at 0 ¼ z and 

O2 ¼ x ¼ .  * Anisotropic APD were refined.  See Supporting information for details. 

 

As reported previously our high resolution neutron diffraction data demonstrates that 

SrTi0.5Mn0.5O3 adopts a cubic structure at room temperature and there is no evidence from 

either synchrotron X-ray or neutron diffraction for ordering of the Ti and Mn cations
19

.  

Pattern calculations show that our synchrotron data are of sufficient quality to identify such 
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ordering despite the small differences in scattering power of Ti and Mn; for example the 

(111) reflection that would occur near d = 4.45 Å is calculated to have ~ 1500 counts ( or 

0.2% of the strongest (220) reflection near d = 2.72Å) which is some 15 times larger than the 

observed noise of the pattern – see figure S1 of the supporting information.  

Sr0.75La0.25Ti0.5Mn0.5O3 adopts the same cubic structure at room temperature.  The neutron 

diffraction pattern for the x = 0.4 sample was indicative of a rhombohedral structure in space 

group     .  The results of the Rietveld refinement for this are given in Table 1.  In this 

rhombohedral structure the B-site cation is bonded to six oxygen anions at 1.96109(7) Å; this 

structure does not allow for a JT-type distortion associated with the Mn
3+

 cation, although it 

is possible that locally the Mn
3+

 cations may exhibit some distortion of the octahedra.  The 

oxygen stoichiometry for the three compounds was allowed to vary during the Rietveld 

refinement and such refinements showed there not to be appreciable anion vacancies.  The 

average M-O distance increases as the amount of the larger Mn
3+

 cation increases.  

Consequently in the final refinement cycle the anion sites were assumed to be fully occupied.  

Attempts to verify the absence of anion non-stoichiometry by TGA were unsuccessful.  

Cooling the two cubic oxides SrTi0.5Mn0.5O3 and Sr0.75La0.25 Ti0.5Mn0.5O3 to 10 K did 

not result in any changes to the neutron diffraction patterns that could be ascribed to either a 

crystallographic or magnetic phase transition.  Rietveld refinements in       were 

successful.  Conversely, cooling the rhombohedral sample Sr0.60La0.40 Ti0.5Mn0.5O3 to 90 K 

resulted in a transition to an orthorhombic structure that was identified as having Imma space 

group symmetry.  A      to Imma transition has been identified in a number of manganites
24, 

25
  and involves a first order re-orientation of the tilts from (111) to (011), and as apparent 

from Figure 2 there is an abrupt change in the, appropriately scaled, lattice parameters at this 

transition.  Cooling the sample to 10K results in a number of changes in the appearance of the 

diffraction pattern and a satisfactory fit was obtained from a two phase model Imma + 

I4/mcm.  Unfortunately it was not possible to obtain a pattern that contained only the 

tetragonal I4/mcm and the large errors in the refined structural parameters for this phase 

preclude discussion of this.  It is unclear if the small discontinuity in the lattice parameters 

near 50 K evident in Figure 2 is significant; it may be associated with the onset of magnetic 

interactions seen in the susceptibility measurements as was also observed in a recent study of 

Pr doped SrMnO3 
26

. 

The three structures      ,       and  Imma are illustrated in Figure 3.  The 

structures differ in the nature of the cooperative tilting of the corner sharing octahedra.  The 
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archetypal cubic        structure lacks any tilts and is described as (a
0
a

0
a

0
) in Glazers 

notation.  The rhombohedral      structure has a single out-of-phase tilt about the [111]p 

directions or (a
-
a

-
a

-
).  The magnitude of this tilt in the x = 0.4 oxide at room temperature as 

estimated from the refined atomic coordinates is 4.2°.  The Imma phase also contains a single 

out-of-phase tilt however this is about [011]p or (a
0
b

-
b

-
).  A transition from      to Imma  

involves a reorientation of the tilt and must be first order, although the size fo the tilt need not 

change dramatically through the transition , and for Sr0.60La0.40 Ti0.5Mn0.5O3 at 90 K this is 

estimated to be 4.5 ° . 

 

Figure 1.  Observed, calculated and difference neutron diffraction profiles for 

Sr0.60La0.40 Ti0.5Mn0.5O3.  The left hand patterns are from the back-scattering detector bank 

and the right hand panels are from the 90 degree detector bank.  The fits are to a 

rhombohedral model at 300K, orthorhombic model at 80 K and two phase orthorhombic + 

tetragonal model at 10 K.  More detail is available in the supporting data. 
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Figure 2.  Temperature dependence of the appropriately scaled refined lattice 

parameters and unit cell volume for Sr0.60La0.40 Ti0.5Mn0.5O3.  Where not obvious the esds are 

smaller than the symbols.  The lattice parameters were obtained from Rietveld refinements 

against neutron diffraction data, and only those for the orthorhombic and rhombohedral 

phases are illustrated.  The small discontinuity in the lattice parameters around 45 K is 

believed to be a consequence of magnetic effects. 

Figure 3. Representation of the structures observed in the Sr1-xLaxTi0.5Mn0.5O3 oxides (a) 

cubic       (b) orthorhombic Imma, and (c) rhombohedral     . Note view axes are chosen 

to show the octahedral distortions 
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XANES 

To confirm the expected valence state of Mn cations in Sr1-xLaxTi0.5Mn0.5O3, Mn K-

edge XANES spectra were collected (Figure 4a).  In general, first-row transition-metal K-

edge XANES spectra contain two major features: a main-edge feature (feature A) and pre-

edge feature (feature B)
27

.  Feature A corresponds to a dipole-allowed transition of a 1s 

electron into empty Mn 4p states.  The position of the main-edge peak, the absorption edge 

energy, is sensitive to the overall oxidation state of the Mn cations and is commonly used to 

study changes in the oxidation state of Mn cations in manganese oxides
6, 7, 28-31

. Feature B 

corresponds to a dipole-forbidden transition of a 1s electrons into unoccupied Mn 3d states 

hybridized with O 2p states. Features in the pre-edge region near the main-edge may also 

correspond to the transition of 1s electrons into neighbouring Mn 3d states
23

 or low energy 

Mn 4p states
31

.  The intensity and energy position of the pre-edge peak is sensitive to a 

number of structural and electronic features including oxidation state, coordination 

environment, and crystal symmetry
27, 32

.  

 

Figure 4. The Mn K-edge XANES spectra of (a) Sr1-xLaxMn0.5Ti0.5O3 (x = 0, 0.1, 0.2, 

0.25, 0.3, 0.5) and (b) standards MnTiO3 (Mn
2+

), La2MnRhO6 (Mn
3+

), and CaMnO3 (Mn
4+

).  

The main-edge and pre-edge regions are labelled A and B, respectively.  Dashed lines 

represent the absorption edge energy of Mn
3+

 and Mn
4+

 standards.  All spectra were collected 

in florescence mode. 

There is a general decrease in the Mn K-edge absorption edge energy across the Sr1-

xLaxTi0.5Mn0.5O3 series with increasing x, consistent with a decrease in the oxidation state of 

the Mn cations.  This decrease in oxidation state is also supported by a gradual decrease in 

the intensity of the pre-edge edge features (due to a decrease in unoccupied Mn 3d states with 

6540 6555 6570 6585

(a)
A

B

Mn
3+ Mn

4+

 x = 0

 x = 0.1

 x = 0.2

 x = 0.25

 x = 0.3

 x = 0.5

Mn K-edge

N


(E
)

Absorption Energy (eV)

6540 6555 6570 6585

(b)

 CaMnO
3
 (Mn

4+
)

 La
2
MnRhO

6
 (Mn

3+
)

 MnTiO
3
 (Mn

2+
)

N


(E
)

Absorption Energy (eV)

Page 9 of 21 Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t



10 

 

decreasing oxidation state)
6, 7

.  When compared to standards of known oxidation states 

(Figure 4b), the absorption edge energies of end members SrTi0.5Mn0.5O3 (6555.1 eV) and 

Sr0.5La0.5Ti0.5Mn0.5O3 (6552.4 eV) are 
22

comparable to CaMnO3 (6555.8 eV) and LaMnRhO6 

(6552.6 eV), respectively, suggesting that the oxidation state of Mn decreases from +4 to +3 

with increasing x.  It should be noted that no changes were observed in the Mn K-edge 

XANES spectra of Sr1-xCaxTi0.5Mn0.5O3 (See Figure S5 in Supporting Information), 

confirming that the Mn cations maintain a +4 oxidation state with increasing x.  The 

composition dependence of the oxidation states of the Mn were estimated by fitting the Mn 

K-edge spectra with a linear combination of La2MnRhO6 (Mn
+3

) and CaMnO3 (Mn
4+

).  As 

shown in Figure 5, the oxidation state of Mn decreases from +3.94 to +3.04 across the Sr1-

xLaxTi0.5Mn0.5O3 series.  These values are consistent with the lack of detectable anion 

vacancies in the neutron diffraction analysis. 

 

Figure 5.  Variations in the oxidation states of Mn and Ti estimated from a linear 

combination analysis of the Mn K-edge XANES spectra using La2MnRhO6 and CaMnO3 as 

Mn
3+

 and Mn
4+

 standards, respectively. 

The linear combination fitting of the Mn K-edge XANES spectra implies that the 

oxidation state of Ti remains +4 across the series.  To confirm that there are no changes in the 

0.0 0.1 0.2 0.3 0.4 0.5

3.0

3.2

3.4

3.6

3.8

4.0

Compositon of La (x)

C
a
ti
o
n
 O

x
id

a
ti
o
n
 S

ta
te

s

 Mn Oxidation State

 Ti Oxidation State

Page 10 of 21Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t



11 

 

Ti oxidation state, Ti K-edge XANES spectra were collected (Figure 6).  Unfortunately, due 

to a lack of appropriate Ti
3+

 standards, it is not possible to determine the oxidation state of Ti 

via linear combination analysis. However, information on the oxidation state and 

coordination environment of Ti cations can be inferred from the Ti K-edge.  Like the Mn K-

edge, the Ti K-edge consists of a main-edge feature (Feature A) and a pre-edge feature 

(Feature B).  The absorption edge energy of the Ti K-edge does not change across the        

Sr1-xLaxMn0.5Ti0.5O3 series, confirming that there is no change in the oxidation state of the Ti 

cations.  Although there are no significant changes in the main-edge, there are noticeable 

changes in the pre-edge feature.  If the oxidation state of the absorbing cation is fixed, 

changes in the lineshape of the pre-edge are typically due to changes in coordination 

environment of the absorbing cations
27, 33-36

.  For titanate perovskites, in particular, the pre-

edge intensity is sensitive to the displacement of Ti
4+

 cations 
37-40

.  There are four peaks 

(labelled B1-B4) observed in the Ti K-edge pre-edge.  Peaks B1 and B2 corresponds to the 

transitions of 1s electron into t2g and eg states, respectively 
35, 38

.  Due to hybridization with O 

2p states, the eg peak is incredibly sensitive to the displacement of the Ti cations within the 

TiO6 octahedra.  In general, B1 decreases in intensity relative to B2 across the                    

Sr1-xLaxMn0.5Ti0.5O3 series, consistent with an increase in the distortion of the TiO6 octahedra 

expected with the Pm  m  R  C phase transition.  The changes in peaks B3 and B4 are less 

obvious.  Features in this region of the pre-edge are typically due to the transition of the 1s 

electron into the t2g (peak B3) and eg states of neighbouring Ti
4+

 and Mn
3+

/Mn
4+

 cations 
35, 37-

40
.  It is possible that the two peaks correspond to t2g (peak B3) and eg (peak B4) states of the 

neighbouring Ti/Mn cations.  B4 decreases in intensity relative to B3 with increasing x, 

suggesting that there is a decrease in the number of available neighbouring eg states.  This is 

consistent with the decrease in the oxidation stat of Mn observed in Mn K-edge (fewer empty 

Mn eg states).  This is also consistent with the lack of lineshape changes observed in the pre-

edge region of the Ti K-edge XANES spectra of Sr1-xCaxMn0.5Ti0.5O3 (See Figure S6 in 

Supporting Information) as there is no change in the Mn
4+

 oxidation state across the Sr1-

xCaxMn0.5Ti0.5O3 series. 
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Figure 6.  Ti K-edge XANES spectra of Sr1-xLaxMn0.5Ti0.5O3.(x = 0, 0.1, 0.2, 0.25, 0.3, 0.5) 

highlighting the main-edge (Labelled A) and pre-edge (Labelled B) regions.  Insert shows the 

various features (labelled B1-B4) of the pre-edge.  All spectra were collected in fluorescence 

mode. 

 In summary the XANES measurements confirm our expectation that the addition of 

La
3+

 to SrTi0.5Mn0.5O3 results in reduction of the Mn cations from Mn
4+

 to Mn
3+

.  The data 

show that the local distortions of the TiO6 octahedra increase with increasing La content, in 

agreement with evidence from our diffraction studies.  Analysis of the XANES data suggests 

that there are no appreciable anion vacancies.  
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Figure 7.  (a) Zero field cooled (ZFC) and field cooled (FC) Magnetic susceptibilities 

for Sr1-xLaxTi0.5Mn0.5O3 measured in an applied magnetic field of 100 Oe. The ZFC 

measurements are shown as red symbols and the FC as black symbols.  M-H magnetization 

hysteresis loops for Sr1-xLaxTi0.5Mn0.5O3 measured at (b) 5K and (c) 300K. 
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The temperature dependence of the zero field-cooled (ZFC) and field-cooled (FC) 

magnetic susceptibilities of the various compositions studied, illustrated in Figure 7, show a 

remarkable sensitivity to composition.  To a first approximation the magnetic structure 

changes from antiferromagnetic (AFM) at x = 0 to ferromagnetic (FM) at x = 0.1.  Increasing 

the La
3+

 (and hence Mn
3+

) content further results in a decrease in the susceptibilities at low 

temperatures, indicative of AFM coupling and a general weakening of the FM exchange such 

that for x = 0.5 the AFM exchange appears to again dominant.   

Ferromagnetism in manganate perovskites is generally explained by a double-

exchange mechanism
41

 in which an eg electron moves between the Mn
3+

 and Mn
4+

 cations via 

the 2p orbital of a bridging oxygen.  Two features of the present oxides are relevant to this.  

Firstly the amount of Mn
3+

 and hence occupancy of the eg orbitals depends on the precise 

composition.  The importance of this is reduced as the amount of Mn
4+

 decreases.  Secondly 

the Mn and Ti are disordered at the centre of the BO6 octahedra and the Ti will effectively 

dilute the spins; however, since Ti has empty eg orbitals it may still propagate next-nearest 

neighbour exchange interactions. 

Antiferromagnetism in manganate perovskites is generally explained by a 

superexchange mechanism
42

.  The antiferromagnetic superexchange interactions are likely to 

involve the t2g electrons and these interactions may be orthogonal to the ferromagnetic 

interactions.  This has been observed in Sr1-xLaxMnO3.   

The changes evident in Figure 7 mirror the behaviour of the analogous manganate 

series Sr1-xLaxMnO3, but are noticeably different to that seen for Sr1-xBixTi0.5Mn0.5O3 which 

displays paramagnetic behaviour that is moderated by weak exchange coupling
13

.  It was 

proposed that in Sr1-xBixTi0.5Mn0.5O3 disorder of the Ti and Mn cations frustrates long range 

magnetic ordering 
13

.  Although the Ti and Mn cations are also disordered in Sr1-

xLaxTi0.5Mn0.5O3 this does not appear to suppress short range magnetic interactions, 

suggesting a special role for the Bi
3+

 cations.  The increase in the Mn
3+

 concentration that 

accompanies La doping in Sr1-xLaxTi0.5Mn0.5O3 is expected to enhance the ferromagnetic 

double-exchange interaction between the Mn
3+

 and Mn
4+ 

ions.
  
The data for Sr1-

xLaxTi0.5Mn0.5O3 demonstrate that the co-existence of Mn
3+

 and Mn
4+

 is a requirement for FM 

behaviour and it is illustrative that this appears to be strongest at x < 0.2 rather than x = 0.25, 

as might have been expected, due to the 1:1 ratio of Mn
3+

:Mn
4+

.  Recall that samples up to x 

= 0.2 are cubic (space group Pm  m) but for higher x values they are rhombohedral (space 

group R  C) suggesting that the precise structure may play a role in this. 
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One consequence of the strong FM coupling seen for the x = 0.1~ 0.4 samples is 

branching of the ZFC and FC susceptibility curves near 400K.  Only for the x = 0 and 0.5 

samples did the inverse susceptibility obey the Curie-Weiss law over a reasonably large 

temperature range.  The effective moment for the x = 0 sample is estimated to be 4.66 μβ 

which is slightly larger than the spin-only value of 3.87 µB.  This increase is possibly due to 

the formation of magnetic clusters giving rise to superparamagnetic behaviour.  For the x = 

0.5 sample the observed moment of 4.81 µB  is in good agreement with the expect spin only 

value of 4.90 µB. 

The La-doped samples behave like soft ferromagnets below room temperature as 

evident from both the divergence of ZFC-FC susceptibilities and the field-dependence of 

magnetisation.  They show high magnetic susceptibility with no clear saturation moment 

(most obvious in the 5K hysteresis loops for the x = 0.1 ~0.3 samples) and extremely narrow 

(almost zero) coercivity.  These are the key characteristics of superparamagnetic systems, 

such as those composed of small ferromagnetic nanoparticles.  The complex magnetic 

behaviour is possibly influenced by grain boundary effects.  Scanning Electron Micrographs 

(SEM) and associated elemental maps for Sr0.5La0.5Ti0.5Mn0.5O3 are illustrated in Figure 8.  

The sample is observed to be highly crystalline and, with the exception of a build up of 

carbon (from the coating) at the pores, the samples appear homogeneous.   

Mapping across the grain boundaries demonstrates these are rich in La and Mn (Sr-Ti 

poor), see Figure 8(i). It is possible that magnetism from the grain boundaries will be 

different to that of the bulk sample, although the volume fraction of the material in the grain 

boundries appears to be considerably less that that within the main particles.  Further, SEM 

analysis of samples with lower La contents did not reveal similar effects.  Since this grain 

boundary enrichment is only evident for the x = 0.5 sample, possibly due to the 1:1 ratio of 

LaMnO3 and SrTiO3 in this particular sample, it is believed that this is not the cause of the 

unusual magnetic properties seen here.  For lower La doped samples in the  

Sr1-xLaxTi0.5Mn0.5O3 series, the coexistence of Mn
3+

, Mn
4+

, Ti
4+

 and their unequal ratio 

appears  not to favour such phase separation. Although not immediately apparent in our SEM 

studies of the samples with x < 0.5, phase enrichment may still be present on the nanoscale 

and this influence the magnetic behaviour. 
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Fig. 8 SEM elemental mapping and line spectra for Sr0.5La0.5Ti0.5Mn0.5O3.  (a) 

Backscattered SEM micrograph. (b)-(f) Elemental maps. In (d) the carbon coating is found to 

concentrate in the pores of the sample.  The results in (i) show the variation of the elements 

across the grain boundary illustrated in (g and h). 
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Whilst our results are in general agreement with those presented previously by 

Álvarez-Serrano
14, 16

 and Kallel et al.
15

 there are a number of small differences between them.  

There is now ample evidence that magnetic and orbital ordering  and various modes of 

coupling between spin subsystem and the lattice are extremely sensitive to factors such a 

particle size, grain boundaries and local disorder 
43

.  This sensitivity is apparent when one 

compares ZFC-FC magnetic susceptibilities for our x = 0.25 and 0.5 samples at the same 

magnetic field (500 Oe) which Kallel et al. used (See Figure S7 in Supporting Information) 

and we postulate that small differences in the thermal treatment of the samples employed in 

the various studies introduces some variation.   

 

Resistivity  

The temperature dependent variation of electrical resistivity in the range of 5–300 K 

of the various samples studied is illustrated in Figure 9 and demonstrates that all the samples 

are semiconductors.  The conductivity of polycrystalline samples is known to be extremely 

sensitive to the microstructure of the sample with grain boundaries suppressing the 

connectivity of the samples.  This is evident from the non-systematic variation in resistivity 

with composition evident in Figure 9. Critically the activation energy for each sample was 

estimated from a linear fit of ln(1/R) vs 1/T and was found to progressively increase with 

increasing La-doping, from 0.13eV for x = 0.1 to 0.18 eV for x = 0.5.  This behaviour is in 

contrast to the metallic conductivity observed in the analogous Sr1-xLaxMnO3 oxides which 

are metallic below 300K
1
. In our case, replacement of 50% of Mn with Ti clearly precludes 

metallic conductivity.  There is no obvious correlation between the ferromagnetic transition 

temperature TC and conductivity.  We believe that the activation energies are influenced 

mainly by local structural distortion rather than FM double exchange interactions proposed 

by Dabrowski et a.l to be important in the pure manganites.
44

  A detailed understanding of the 

composition dependence of the conductivity requires studies of single crystals and is beyond 

the scope of the previous work. 

 

Page 17 of 21 Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t



18 

 

3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5

-6

-5

-4

-3

-2

-1

0

1

2

3

 

 

 0

 0.1

 0.2

 0.3

 0.25

 0.4

 0.5

L
n

(
t )

1000/T

 

 

Figure 9. The Arrhenius plots of Ln (σ) verses the inverse temperature for various Sr1-

xLaxTi0.5Mn0.5O3 samples.  The slight curvature evident at low temperatures is an 

instrumental effect. 

 

Conclusion 

The structures of the mixed metal perovskites Sr1-xLaxTi0.5Mn0.5O3 have been established 

using a combination of synchrotron and neutron diffraction methods and the magnetic and dc 

resistivity of these described.  At room temperature the oxides have a cubic structure in space 

group        for x ≤ 0.25 and rhombohedral in       for 0.3 ≤ x ≤ 0.50.  X-ray absorption 

spectroscopic measurements demonstrate the addition of La
3+

 is compensated by the partial 

reduction of Mn
4+

 to Mn
3+

.  Variable temperature neutron diffraction measurements show 

that cooling Sr0.6La0.4Ti0.5Mn0.5O3 results in a first order transition from rhombohedra to an 

orthorhombic structure in Imma. The magnetic properties are shown to be extremely sensitive 

to the Mn
3+

 content that forms as a consequence of the addition of La
3+

.  

The present samples are somewhat of a paradox.  The structural studies demonstrate 

the absence of long range Ti-Mn ordering.  The dc electrical resistivity measurements 

indicate the samples are activated semiconductors consistent with the disorder of the Ti
4+

 (d
0
) 

and Mn
 
cations.  This disorder is expected to frustrate magnetic ordering and the neutron 

diffraction measurements are in keeping with this expectation.  Despite the clear evidence for 
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cation disorder the samples show complex magnetic behaviour indicative of robust magnetic 

interactions.  These apparently conflicting observations suggests the formation of 

microdomains with short range cation ordering.  

As noted in the introduction there is a lack of consensus on the magnetic properties of 

these oxides.  We postulate that this is reflects both the importance of local or short range 

ordering of  the cations and the sensitivity if such ordering to the precise conditions used to 

prepare the samples.  Such sensitivity plagued early studies of the magnetic studies of mixed 

valence Mn
3+

/Mn
4+

 materials including Pr0.5Sr0.5MnO3 
45

, and is possibly the reason for the 

differences between this work and that of Álvarez-Serrano and Kallel et al
14-16

.   Nevertheless 

it is clear that the magnetic properties can be tuned by precisely controlling Mn
3+

 /Mn
4+

 ratio. 
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