
PHYSICAL REVIEW B 69, 014412 ~2004!
Structural characterization of La 1ÀxMnO3Ád by x-ray diffraction and x-ray
absorption spectroscopy
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Structural and magnetic properties of nanocrystalline compounds of the general formula La12xMnO31d have
been investigated combining x-ray diffraction and x-ray absorption spectroscopy in order to achieve an accu-
rate description of the sample atomic structure in relation with its magnetic properties. The study reveals the
segregation of different phases instead of a homogeneous sample composition. Interesting is the segregation of
a vacancy-doped phase LayMnO3 whose composition is the same (y;0.9) for all the investigated samples,
independently of the average sample composition. Since this phase is found to be principally responsible for
the magnetic properties of these compounds, such a phase separation explains the largely composition-
independent magnetic properties observed in the range 0.9>La/Mn>0.7.
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I. INTRODUCTION

Rare-earth based mixed-valence manganites stimulat
large interest owing to their peculiar magnetotransport pr
erties and, in particular, to the colossal magnetoresista
~CMR! effect.1 In recent years large efforts have been d
voted to understand the physics involved in the magnetic
transport properties of these materials.2 These compounds
are solid solutions of general formula, RE12xMExMnO3, in
which partial substitution of rare-earth~RE! ions~like La, Pr,
Nd, or Y! with divalent metals~ME!, such as Ca, Sr, Ba
produces mixed-valence Mn31-Mn41 phases. The paren
compounds REMnO3 and MEMnO3 are insulating materials
that antiferromagnetically order at low temperaturesT
,TN). The mixed valence activates the double-excha
~DE! interaction which promotes ferromagnetic coupling b
tween Mn31 and Mn41 ions3–5 giving rise to the magnetore
sistance effect. Some of these compounds~in the composi-
tion range 0.2<x,0.5) undergo an insulator to meta
transition as a function of temperature (TMI), close to the
Curie temperature (TC). The closeness ofTC and TMI pro-
duces the so-called colossal magnetoresistance effect.
Mn31-Mn41 mixed-valence state can also be obtained
changing the stoichiometry, as for the so-calledself-doped
or vacancy-doped compounds of general formul
La12xMn12yO31d . In these compounds changes inx, y, and
d modify the Mn31/Mn41 ratio activating the DE interac
tion; this promotes the ferromagnetic~FM! coupling and can
give rise to CMR effect as in substituted compounds.6,7 In
the field of self-doped manganites, nanocrystalline co
pounds are of strong interest due to their enhanced ma
toresistance properties in low fields and to their high pot
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tial as electrode material in solid oxide fuel cells~SOFC! or
in yttria stabilized zirconia~YSZ! based gas sensors.8,9

The substituted compounds have been extensively in
tigated and their structural, magnetic, and transport prop
ties as a function of temperature and composition are wid
characterized in the literature. On the contrary, the vacan
doped compounds are less accurately described, and dis
ancies are reported in the literature.10–16 At the origin of
these widespread results is the complexity of these mate
from a cristallochemistry point of view. This makes it diffi
cult to understand how the structure evolves to accommo
vacancies and nonstoichiometry. The lanthanum manga
compounds may exhibit oxidative nonstoichiometry usua
reflected by the formula LaMnO31d . In the case of positive
d this formula is ambiguous since cation vacancies mus
considered instead of interstitial oxygen anions; the form
should then be written as (LaMn)12xO3 @with x5d/(3
1d)]. The so-called oxygen excessd depends on synthesi
and thermal treatment conditions: the highestd values are
obtained at low temperature and in highly oxidative atm
sphere. Values ofd as high as 0.15 are frequently reporte
which is also equivalent to about 5% of La and Mn vaca
cies. Much higherd ~i.e., d'0.26–0.27) values have als
been proposed,10,11 equivalent to about 9% of La and M
vacancies. Studies on La12xMnO36d compounds~with 0
<x<0.3) have shown structural and magnetic propert
widely dispersed even for compounds of very simi
compositions.12–16 For example, studies reporting a sing
La12xMnO36d phase withx'0.2 ~Refs. 12 and 13! contrast
with the pseudobinary phase diagram for La2O3-Mn2O3
solutions17 that assigns a lower limit of 0.9 to the La/M
ratio implying, forx.0.1, a phase separation between a p
©2004 The American Physical Society12-1
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TABLE I. Results on sample composition, microstructural, and magnetic properties.

La/Mn Mn41 Overall Particle Crystallite TC ~K!
a b at. %c composition size (mm) d size~nm! e

S1 1.0 0.98~1! 39~2! La0.93Mn0.95O3 0.48~2! 43~6! 212~2!

S0.9 0.9 0.89~1! 31~2! La0.89MnO2.99 0.51~2! 40~6! 248~2!

S0.8 0.8 0.80~1! 31~2! La0.80MnO2.85 0.47~2! 33~5! 252~2!

S0.7 0.7 0.67~1! 22~2! La0.67MnO2.615 0.48~2! 27~5! 249~2!

aAtomic ratio in the precursor solution.
bAtomic ratio determined by induced coupled plasma~ICP!.
cMn41concentration determined from titration~in at. % of the total of Mn atoms!.
dDetermined form laser granulometry.
eDetermined from XRD applying the Scherrer law on~024! reflection~hexagonal setting!.
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ovskite phase La;0.9MnO3, and a manganese oxide pha
such as, for example, Mn3O4.18 The complexity of self-
doped manganese perovskites requires a special care in
to understand the close relations among composition, st
ture, and magnetic properties. In addition, dealing with na
crystalline materials, surface/interface effects as well as
presence of parasitic phases, which may evade detection
to the small crystallite size, must be taken into account fo
deep comprehension of the sample properties.

Ultrasonic assisted spray pyrolysis~UASP! ~Refs. 19 and
20! has been used to produce self-doped manganese o
perovskites with the advantage of providing a large amo
of material with a precise reproducibility of microstructur
properties, particle morphology~grain size and shape!, and
crystallographic structure.21,22 A peculiar aspect of thes
compounds is that the Curie temperature and the sharp
of the ferromagnetic~FM! transition increase as the avera
La/Mn ratio decreases down to La/Mn;0.9. Below this
valueTC remains almost unchanged. In addition, the satu
tion magnetization reaches a maximum value for La/M
;0.9. The aim of this work is to shed light on these pecu
trends through an accurate description of the atomic struc
of vacancy-doped La12xMnO31d nanocrystalline com-
pounds. To this end we employed composition measu
ments, transmission electron microscopy~TEM!, x-ray dif-
fraction ~XRD!, and x-ray absorption spectroscopy~XAS!
techniques. Emphasis has been given to the complemen
information derived from Rietveld refinements of XRD pa
terns and accurate analysis of XAS spectra.

II. MATERIALS AND METHODS

A. Sample preparation, chemical, and magnetic
characterization

Four La12xMnO31d samples (x50, 0.1, 0.2, 0.3, and
20.385<d<0) were produced by UASP. This techniqu
which has been widely used for the production of fine el
troceramic materials such as ZrO2, TiO2, and PZT,19–21 in-
volves the high-temperature pyrolysis of an aerosol in a
bular furnace. The precursor solution consisted of lanthan
and manganese nitrates hexahydrates@La(NO3)3 , 6•H2O
and Mn(NO3)3 , 6•H2O] dissolved in distilled water a
0.025 mol/l concentration. The aqueous solution was at
01441
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ized by piezoelectric ceramic transducers, working at 1
MHz frequency. A pure air flow~6 l/min! carried the aeroso
through a tubular furnace heated at 900 °C. The final po
ders were then collected in an electrostatic receptor at
furnace exit. The ratios between La and Mn in the precur
solutions ~Table I! were fixed to those of the target com
pounds. In the following we will refer to each sample usi
the La/Mn ratio in its precursor solution: S1 , S0.9, S0.8, and
S0.7.

The effective La/Mn ratio in the final compound wa
measured by induced coupled-plasma~ICP! atomic spectros-
copy and resulted to be close to that of the precursor solu
~see Table I!. The Mn41 content, measured by iodometry,23

decreases from 39% in S1, to 22% in S0.7. It is intriguing
that the lower values of Mn41 content are found for the
larger vacancy doping of the lanthanum site. Such an ap
ently anomalous result had been already noted in R
12–14 where it was suggested that the charge deficit du
vacancies on La sites would be preferably compensated
the formation of oxygen vacancies, rather than by oxidat
of Mn31 into Mn41. Another possible explanation is tha
decreasing the La content brings the La/Mn ratio in a reg
of the phase diagram where a phase separation occu17

Thus for La/Mn,0.9, the decreasing of Mn41 concentra-
tion measured by iodometry might be related to the occ
rence of parasitic manganese oxide phases with different
stoichiometry such as Mn3O4 and/or Mn2O3 in which the
average valence of Mn is only 2.66 and 3, respectively.

Powder particle morphology has been probed by scann
electron microscopy~SEM! and transmission electron m
croscopy~TEM! showing that the powders consist of subm
crometer particles having perfect spherical shape~Fig. 1!.
The particle size distribution has been measured by opt
granulometry leading to similar average diameters
;0.5 mm for all compositions as reported in Table I. Th
particle size distribution produced by UASP mainly depen
on synthesis parameters such as temperature and the
sonic frequency. The very similar particle size distributio
observed in our samples originates from the very same s
thesis procedure adopted for all the compositions.

The bright field TEM image presented in Fig. 1 also e
dences a crystalline contrast, indicating that spherical p
ticles are composed of many nanometric crystallites. The
2-2
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erage crystallite~coherently diffracting regions! size was
determined by applying the Scherrer law on the~024! XRD
peak (R3̄c hexagonal setting, see below!, and results in a
few tens of nm. The crystallite size decreases when
La/Mn ratio is reduced, a trend likely to be related to t
above-mentioned solubility limit for La vacancies of abo
10% ~Ref. 17! ~i.e., La/Mn;0.9). In this case the larger L
deficit in the precursor solution would contrast the growth
the perovskite phase.

Magnetic characterizations were performed on a vibrat
sample magnetometer in the temperature range 10–34
and magnetic field between 0 and 8 T. All the vacancy do
samples, S1–S0.7, present a low-temperature ferromagne
phase and become paramagnetic at high temperature@Fig.
2~a!#. The S1 sample has the broadest magnetic transit
with the lowest TC5213 K. The other samples prese
sharper magnetic transitions at higherTC'250 K which is
similar to theTC observed in standard substituted mangan
near the optimum doping such as La2/3Ca1/3MnO3.2 In hole
doped manganitesTC heavily depends on composition~no-
tice for example that, in La12xCaxMnO3, TC increases from
;200 K to ;265 K raisingx from 0.2 to 0.33! and local
atomic structure around the Mn ions,24 the similar transition
TC in S0.9, S0.8, and S0.7 samples suggests they must pres
doped phases of similar composition/structure, despite
differences in average composition. The saturation magn

FIG. 1. Morphology of sample S0.9 as it appears from SEM
~upper left panel! and TEM~upper right panel!, and distribution of
particle size from laser granulometry~lower panel!.
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zationMs was measured at 10 K with an 8-T magnetic fie
@Fig. 2~b!#. MS reaches the maximum value in the S0.9
sample (;80 emu/g) and then decreases as the La con
decreases. This finding contrasts with the values ofMs cal-
culated assuming homogeneous samples having ave
composition given in Table I~column 5! which would imply
a monotonic increasing trend@Fig. 2~b!# from S1 to S0.7. As
before, this finding suggests that the overall composition
not an exhaustive parameter to characterize the sample p
erties. Figure 2~b! also reports the saturated magnetization
calculated from the models derived from the analysis
XRD data as described below. In this case a contribution
42 emu/g has been considered for the Mn3O4 phase, when
present. A much better agreement between calculated
measuredMs is found. The remaining difference is likely t
be related to the small crystallite size within the sampl
leading to a large influence of nonmagnetic grain-bound
regions.25,26

B. Crystallographic structure: x-ray diffraction

X-ray powder-diffraction patterns were collected at roo
temperature in the 20°,2u,120° range using a standar
Cu-anode powder diffractometer~Siemens D500! in Bragg-
Brentano geometry. A graphite monochromator and a Ni
ter were used to select CuKa fluorescence out of the broa
bremsstrahlung. The analysis of the powder XRD patte

FIG. 2. ~a! Magnetization as a function of temperature, und
excitation field of 0.2 T;~b! MS measured at 10 K and under 8
~open squares!, calculated from overall sample composition~open
circles! and calculated from phase-separation models deduced
Rietveld analysis~open triangles!.
2-3
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was performed using the Rietveld27 structural refinement ap
proach as implemented in theFULLPROF package.28 The
background was modeled with a third-order polynom
function, while the profile of the diffraction line was mod
eled using a pseudo-Voigt function.

Undoped LaMnO3 presents an orthorhombic structur
usually refined within thePnma space group characterize
by two independent oxygen positions leading to three Mn
distances (;1.90,;1.96,;2.17 Å) and two tilting modes of
the MnO6 octahedra.29,30 The LaMnO3 structure features
large distortions due to the Jahn-Teller~JT! effect on Mn31

ions. Hole or vacancy doping provokes a sudden drop of
structural distortions due to the reduction of the coherent
effect. XRD patterns of our samples~Fig. 3! were refined
within the R3̄c ~hexagonal setting! space group~no. 167!
characterized by a single Mn-O distance. Within this symm
try the atomic site positions are: La~0, 0, 0.25! in 6a; Mn
~0,0,0! in 6b, and O (x, 0, 0.25! in 18e with x.0.45. Iso-
tropic Debye-Waller factors were independently refined
each atomic site in a last refinement run. Rietveld refi
ments were performed considering different models
atomic occupancies on La, Mn, and O sites. A prelimina
structural refinement attempt considered the occupan
taken from the average composition measurements~as given
in the ‘‘overall composition’’ column of Table I! but it did
not reach a satisfactory fitting to the experimental pattern
order to improve the refinement it was necessary to ass
that the La/Mn ratio in the manganite phase could be diff
ent from the one expected from ICP measurements. The
lowing models of cation occupancies were considered:

• Model 1 ~samples S0.9, S0.8, S0.7): Mn and O sites were
considered fully occupied and only the La site occupan
was refined.

• Model 2 ~sample S1): starting from the best fit obtaine
using the model-1 La and Mn occupancies were refined
order to match the chemical analysis results.

Both these models imply the presence of parasitic pha
since the refined La/Mn may differ from the overall La/M
ratio: a Mn-rich phase is required in model 1~samples S0.9,

FIG. 3. Diffraction patterns for sample S1 , S0.9, S0.8, and S0.7;

indexation of the manganite phase is performed inR3̄c space group
~hexagonal setting!; inset: indexation of the Mn3O4 phase for
sample S0.7 ~intensity is given in logarithmic scale!.
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S0.8, S0.7), a La-rich phase in model 2~sample S1). Table II
reports results of Rietveld refinements including structu
parameters and agreement factors. We observe that the
gen thermal factors (BO;2.5 Å2) are sensibly higher than
those of La (BLa;0.8 Å2) and Mn (BMn;0.55 Å2). This
should be partially related to the lower sensitivity of x rays
light atoms. However, the very large values we found h
likely derive from the higher static disorder on the oxyg
sites due, for example, to an incoherent Jahn-Teller effec
Mn31 sites. Interestingly, the structural refinement
samples S0.9, S0.8, and S0.7 ~model 1! show that the La oc-
cupancy is about 0.9 for any sample considered despite
values expected from compositional analysis~ICP!. This
finding is in agreement with the solubility limit of La vacan
cies in the La2O3-Mn2O3 phase diagram, which is aroun
10%.17 The segregation of Mn-rich phases, such as Mn2O3
and/or Mn3O4, must be considered in order to match t
ratio La/Mn;0.9, found by Rietveld analysis, with the ave
age sample composition as derived from ICP. These ph
must be poorly crystallized or in the form of small particl
since they cannot be detected in the XRD patterns excep
the S0.7 sample in which shoulders nearby the perovsk
110/101 main reflection could be associated to the Mn3O4
phase~see inset in Fig. 3!.

We show in the following that a careful analysis of x-ra
absorption spectroscopy data at the MnK-edge definitively
assesses the presence of a Mn3O4 phase. The ratio La/Mn
;0.9 obtained by refining the XRD pattern of sample S1 is
considerably smaller than the value La/Mn50.98 measured

TABLE II. Rietveld results using model 1 for samples S0.9,
S0.8, S0.7, and model 1 and 2 for sample S1—fixed parameters are
indicated with (* ). In sample S1, model 2~see text!, the estimated
uncertainty on the OccMn is about 1%.

Sample S1 S0.9 S0.8 S0.7

Model 1 2 1 1 1

a ~Å! 5.5146~2! 5.5146~2! 5.5127~2! 5.5075~2! 5.5070~2!

c ~Å! 13.361~1! 13.361~1! 13.373~1! 13.389~1! 13.401~1!

V (Å3) 351.88 351.88 351.67 351.73 351.96

OccLa 0.920~5! 0.896* 0.908~4! 0.892~4! 0.888~3!

BLa (Å2) 0.87~3! 0.88~3! 0.83~3! 0.82~3! 0.80~3!

OccMn 1* 0.978* 1* 1* 1*
BMn (Å2) 0.62~6! 0.65~5! 0.57~6! 0.51~5! 0.55~4!

OccO 1* 1* 1* 1* 1*
BO (Å2) 2.3~2! 2.6~2! 2.2~2! 2.8~2! 2.7~1!

xO 0.455~1! 0.455~1! 0.454~1! 0.463~2! 0.459~1!

Rwp 15.4 15.4 14.6 12.6 13.6
RBragg 4.18 4.28 3.89 3.06 2.99
x2 3.29 3.29 2.85 2.02 2.21

RMnO (Å) 1.960 1.961 1.961 1.957 1.959
u (°) 164.5 164.2 164.4 165.7 164.7
2-4
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by ICP. This finding implies the presence of a La-rich pa
sitic phase in order to preserve the overall sample comp
tion. Such a phase has not been detected by XRD, no
TEM, probably because, as suggested by several authors31,32

La-rich phases would be poorly crystalline and in the form
partially hydrolyzed oxides.

In order to verify the reliability of model 1, we calculate
the average valence of the whole sample considering a m
ture of a perovskite phase, of composition given by the
etveld model, and a parasitic phase, namely La2O3 ~for
sample S1) or Mn3O4 ~for samples S0.9, S0.8, S0.7), whose
relative proportions are deduced from ICP data. In suc
way we obtain a good agreement~Fig. 4! between calculated
~model 1! and measured Mn41 contents for samples S0.9,
S0.8, S0.7. In sample S1 the larger amount of Mn41 measured
requires considering vacancies on both manganese and
thanum sites~model 2!. Owing to a large correlation betwee
Mn and La occupancies the most probable La/Mn ratio,
cordingly with compositional~ICP! data, was determined b
looking at the iso-x2 maps in the space of La- and Mn-si
occupancies. Further details about the procedure ado
~model 2! are given elsewhere.22,26 As a result, for sample
S1, such an analysis suggests around 10% of vacancie
the lanthanum site and about 2% on the manganese
~Table II!. We notice that, refining the pattern of sample S1,
the best fit accuracy (x2) decreases slightly using model
instead of model 1, however, we feel that model 2 is m
reliable from a physical point of view since the overa
sample composition deduced from it falls in agreement w
ICP composition measurements.

We remark that the Mn-O distances (RMnO;1.96 Å) and
Mn-O-Mn angles (u;164.5°) in the refined structures var
less than 0.001 Å (0.3°) in all the samples except for sam
S0.8 having the smaller Mn-O distance~1.957 Å! and larger
Mn-O-Mn angle (165.7°). This sample also presents
higher Curie temperature.

C. X-ray absorption spectroscopy

Mn K-edge XAS measurements were performed in tra
mission geometry at the CRG-GILDA beam line33 at Euro-
pean Synchrotron Radiation Facility~ESRF, Grenoble,

FIG. 4. Evolution of the O/Mn ratio measured by iodomet
~full squares! and calculated from a phase-separation model
duced from Rietveld refinements with model 1~open triangles! and
model 2~open circles!.
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France!. Measurements were carried out between 77 and
K in the energy range 6.2–;7 keV, corresponding to a
maximum value of the photoelectron wave vectork
;14 Å21 ~see below!. A couple of grazing incidence mirror
~energy cutoff;10 keV) provide a harmonic free beam o
the sample. X-ray beam energy was calibrated collect
XAS spectra of a pure Mn metal powder sample (E0
56537 eV) and was regularly checked during the expe
ment. IncidentI o and transmittedI 1 beam intensities were
collected using N2 filled ionization chambers. Samples we
prepared suspending the sample powders in ethyl alco
~ultrasonic bath! then filtering the suspension through a m
lipore ~Sigma-Aldrich! membrane. This procedure ensures
very homogeneous sample film, suitable for good qua
XAS measurements. All four samples were measured
room temperature. The S1 , S0.9, and S0.7 samples were also
measured at different temperatures between room temp
ture ~RT! and liquid nitrogen~LN! temperature in order to
probe the evolution of the Mn local atomic structure acro
the magnetic transition. Finally we collected XAS spectra
the Mn K-edge for a pure LaMnO3 ~between 77 K and RT!
and CaMnO3 ~at RT! samples and for two Mn oxides~at
RT!: Mn3O4 and Mn2O3, to be used as references.

The XAS spectra are usually divided into two main r
gions: the near-edge region, named XANES~x-ray absorp-
tion near-edge structure!, extending up to some tens of e
above the edge, and the extended region, named EX
~extended x-ray absorption fine structure! starting some tens
of eV above the edge. This discrimination has been int
duced in order to roughly distinguish the information ava
able in the two regions: the XANES features are mainly
fected by the electronic nature of the absorber and by
topology of the atomic environment around it. The featu
in the EXAFS region are dominated by the structure of
first few neighboring shells around the absorber. A compl
and reliable theory able to quantitatively describe t
XANES region is still lacking. However, relevant qualitativ
or semiquantitative information on the nature and enviro
ment of the absorber can be derived comparing the dat
that of reference compounds. The analysis of the EXA
region, on the contrary, is more reliable and it represen
widely used tool to achieve an accurate description of
local atomic environment around the absorbing atom
species.34 In the following sections we describe the resu
obtained from the analysis of MnK-edge XAS data of our
samples.

1. XANES region

The MnK-edge XAS data were treated using the stand
approach in order to extract the XANES normalized signa
First the experimental absorption spectra,a(E)5 ln(Io /I1),
were corrected by subtracting the background absorption
nal. The background has been simulated using the ‘‘V
toreen’’ empirical formula:CE232DE24 whose coefficients
(C,D) were determined by fitting the experimental XA
data in the energy region below the edge~6.3–6.52 keV!.
The corrected spectra were normalized to the free ion
sorption so that the smooth part of the absorption coeffic
above the edge, modeled with a polynomial function,

-

2-5
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equal to 1. Figure 5~a! reports normalized XANES spectr
for the Si samples compared with those of reference co
pounds LaMnO3 and CaMnO3.

The threshold energies (E0) were chosen at the main in
flection point ~maximum of the first derivative! of the ab-
sorption spectra. We foundE0

LaMnO356550.7(1) eV and

E0
CaMnO356554.6(1) eV, in good agreement with the valu

6550.6 and 6654.8 eV reported in the literature.35 In hole
doped compounds, such as La12xCaxMnO3, E0 progres-
sively shifts as a function of Mn41 content.35–37 In the Si
samples@Fig. 5~b!# we observe a weak~almost negligible!
E0 change~less than 0.4 eV! as the nominal Mn41 doping
varies between 22% (S0.7) and 39% (S0.9). This finding, in

FIG. 5. ~a! Normalized XANES spectra of samples S1 , S0.9,
S0.8, and S0.7 ~full lines!, compared to the XANES spectra of re
erence compounds LaMnO3 ~dot line! and CaMnO3 ~dash line!; ~b!
threshold energies for Si samples taken at the main inflection poi
~maximum of the first derivative! of the absorption spectrum~full
squares! compared to the threshold energies calculated from sam
titration ~open squares!.
01441
-

our samples, is likely to be related to the phase separa
into La;0.9MnO3 and Mn3O4 phases as suggested by XR
data analysis. In order to prove this hypothesis, we fitted
XANES of S0.8 and S0.7 samples (mexp) with a linear com-
bination of XANES spectra of Mn3O4 and La0.9MnO3
~sample S0.9):

mexp5~12b!m (La0.9MnO3)1
b

3
m (Mn3O4) .

The S0.9 sample has been chosen because its nominal La
ratio reaches the minimum value compatible with the ph
diagram for La2O3-Mn2O3 solid solutions.17 Such a linear
combination fits well the experimental data~Fig. 6! and the
relative amount of Mn3O4 and La0.9MnO3 phases matche
well with the values derived from the XRD patterns refin
ment~Table III!. The~weak! differences can also be an effe
of the different sensitivity of the two techniques: XRD pro
ing only the well crystallized phases, XAS probing the gl
bal Mn environment crystalline or amorphous. An attempt
fit the experimental XANES spectra of the S0.8 and S0.7
samples using the signal of the Mn2O3 reference sample

le

FIG. 6. Simulation~full lines! of XANES spectra~diamonds! of
samples S0.7 and S0.8 from a linear combination of S0.9 ~full line,
upper curves! and Mn3O4 ~dot line, upper curves! XANES spectra
~see text!.
ative
TABLE III. Composition of the samples as derived by analysis of XRD and XANES data. The rel
uncertainty on Mn3O4 fractions are 3–5 %~XRD! and 5–10 %~EXAFS!.

Sample XRD XANES

S1 0.97(La0.896Mn0.978O3)10.03(La2O3)
S0.9 La0.91MnO3 La0.9MnO3

S0.8 0.9(La0.892MnO3)10.03(Mn3O4) 0.87(La0.9MnO3)10.04(Mn3O4)
S0.7 0.76(La0.888MnO3)10.08(Mn3O4) 0.8(La0.9MnO3)10.07(Mn3O4)
2-6
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drastically reduces the quality of the fit and, in addition, t
resulting sample composition does not match with ICP a
XRD results.

2. EXAFS region

We exploited the analysis of the EXAFS spectra as
function of temperature to follow the evolution of the M
local environment across the magnetic transition, to be c
pared with the peculiar behavior reported in substituted co
pounds. It is well known, in fact, that the magnetic transiti
in substituted compounds35,38,39 is accompanied with a sud
den reduction of structural distortions reflecting the weak
ing of electron to lattice coupling in the low-temperatu
ferromagnetic metallic phase.

The EXAFS structural signalx(k) is defined as the rela
tive oscillations of the total absorption coefficientm(k) with
respect to the absorption coefficient of the isolated at
ms(k).34

x~k!5
m~k!2m +~k!

m +~k!
, ~1!

where k5\21@2m(E2Eo)#1/2 (Å21) is the photoelectron
wave vector defined as a function of the x-ray photon ene
E with respect to the energy of the absorption edge andm is
the electron mass.

In single scattering approximation the theoretical EXA
signal is given by the well-known formula34

kx~k!5So
2(

i

NiAoi

Ri
2

sin~2kRi1foi!e
22s i

2k2
e22Ri /l

~2!

in which the sum runs over the neighbor coordination she
For each shellNi represents the coordination number,Ri the
average distance, ands i

2 is the mean-square relative di
placement ~MSRD! of the absorber-scatterer pair. Th
Aoi(k,Ri) andfoi(k,Ri) are respectively the backscatterin
amplitude and phase functions;l(k) is the photoelectron
mean free path, andSo

2 is an empirical parameter taking int
account many-body losses in the photoabsorption proce

In the case of multiple-scattering~MS! processes an ex
pression formally similar to Eq.~2! can apply in whichRi
represents the full length of the MS path. However, the a
plitude and phase functions become now complex exp
sions taking into account each scattering event along
multiple-scattering path. Moreover, thes2 factor becomes a
complicated expression accounting not only for the varia
of the MS path length but also including the effect of sc
tering angle distributions. MS contributions are usua
weak, except for~almost-! collinear atomic arrangements i
which they are enhanced by the large forward scatte
amplitude40 ~focusing effect!. In our samples significant MS
signals have been found for the three body configurati
Mn-O1-Mn1 (uMnOMn;160°) and Mn-La-Mn3 (uMnLaMn
;180°) in Fig. 7.

The EXAFS data analysis was performed following t
theory described in Refs. 41 and 40 and implemented in
freely availableGNXAS package.42,43 This approach allows
01441
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taking into account single- as well multiple-scattering con
butions to the EXAFS structural signal. The absorption ba
ground has been simulated with a straight line fitting t
experimental data in the pre-edge region. The atomic abs
tion in the post-edge region has been simulated with
smoothly varying polynomial spline through the experime
tal data. In order to choose the relevant contributions to
used in the fitting we proceeded as follows: after a best fi
achieved for the nearest-neighbor shell (MnO6 octahedron!,
a new contribution is added, chosen on the basis of the c
tallographic structure and of its relative multiplicity~Fig. 7!,
and a new refinement is performed. AnF test is then made
and the new contribution is retained only if it improves t
statistical significance of the fitting. In such a way we we
able to fit the XAS signal reproducing the main structu
features until about 7 Å around the absorber as depicted
Figs. 9 and 10.

In order to obtain physically reliable best-fit results t
number of free parameters and the correlations within th
must be kept as low as possible through a suitable choic
constraints and approximations. To this aim the multiplic
of each contribution was fixed to the value expected from
crystallographic structure. The sameSo

250.85, experimen-
tally determined refining the LaMnO3 EXAFS data, was kept
for all the samples. Finally we neglected the contributions
parasitic Mn3O4 phases.

In order to motivate this last choice we first notice that t
Mn3O4 phase is poorly crystallized~see XRD results!, thus
the EXAFS signal is likely to be strongly attenuated by t
exponential Debye-Waller~DW! term e22s2k2

in Eq. ~2!.
Notice that the effect of disorder decreases in the XAN
region ~i.e., for k;0); this justifies the larger sensitivity o
XANES to the parasitic Mn3O4 phase. In addition, the
Mn3O4 structure has two inequivalent Mn sites44 one having
four oxygen ions at about 2.08 Å, the other being sixfo
coordinated with four O around 1.90 Å and two O arou

FIG. 7. Schematic representation of the perovskite pseudoc
unit. The generic Mn absorber is surrounded by a Jahn-Teller
torted octahedron of six oxygen atoms (O1). The La ions are at the
center of the pseudocube and the other Mn and O neighbors
labeled as a function of their distance from the absorber. Appro
mate distance and coordination number for each shell are repo
on the left.
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TABLE IV. The main parameters characterizing the local structure around Mn ions as derived by EXAFS analysis: the averag
~upper numbers! with minimum and maximum values~middle numbers! are reported. The average error bars on the refined paramete
also reported~lower numbers!. In all the Si samples/temperatures the Mn-Mn1 distances are 3.81(4) Å while the Mn-Mn1 Debye-Waller
factors increase from;0.006(1) to;0.011(2) Å2 going from S1 to S0.7. In LaMnO3 R(Mn-Mn1) is found 3.89~5! Å while s2 is
;0.02(4) Å2. The effect of cooling is smaller than the error bars.

MnO1 MnLa MnMn2 MnO3 Mn-O1-Mn1

R s2 R s2 R s2 R s2 u
~Å! (3103 Å2) ~Å! (3103 Å2) ~Å! (3103 Å2) ~Å! (3103 Å2) (°)

LaMnO3 1.92 1.7 3.36 14.3 5.57 8.7 5.84 18.9 158.6
1.91–1.92 1.2–2.3 3.35–3.37 13–15 5.51–5.57 7–11 5.79–5.89 16–23 157.6–

(6.01) (6.2) (6.02) (61) (6.04) (61) (6.04) (62) (61)
2.13

2.11–2.14
(6.01)

S1 1.93 5.6 3.36 8.3 5.56 7.6 5.75 9.1 163.4
1.91–1.92 4.2–6.9 3.35–3.36 7.8–9.2 5.53–5.54 6.6–8.6 5.74–5.75 7.4–9.9 161–

(6.01) (6.5) (6.02) (61) (6.04) (61) (6.03) (61) (61)

S0.9 1.93 7.7 3.36 8.7 5.55 8.5 5.77 9.2 162.5
1.93–1.93 6–9.5 3.35–3.36 6.4–10.5 5.54–5.55 7–9.8 5.74–5.78 8.3–10.4 160.8–

(6.01) (6.7) (6.02) (61) (6.04) (61) (6.04) (61) (61)

S0.7 1.93 8.6 3.36 11.0 5.54 10.2 5.75 11.9 163.7
1.93–1.94 6.3–11.5 3.36–3.38 9.2–13.4 5.53–5.56 8.3–13.8 5.74–5.78 9.7–14 160.3–

(6.01) (6.8) (6.03) (61) (6.04) (61) (6.05) (61) (61)
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dicat-
2.29 Å. The complex Mn-O distribution in Mn3O4 and the
broad distribution expected in the perovskite phase~either
due to the MnO6 JT distortions, or to the nanocrystallin
nature of our UASP samples! makes it difficult to distinguish
the two contributions.

Owing to these limitations EXAFS is less sensitive th
XANES to the parasitic phases. Neglecting these pha
would bias the absolute structural results. Nevertheles
would not affect the relative structural changes observed~see
below! tuning the sample temperature across the magn
transition.

The relevant structural parameters derived from the fitt
are reported in Table IV and best-fit examples are reporte
Figs. 9 and 10. The main structural features can be grou
in four main regions corresponding to the four main peaks
the FT’s ~Figs. 8 and 9!. The first region, corresponding t
the main peak in the FT around 1.5 Å, concerns the near
neighbor signal~notice that the FT’s are uncorrected for th
phase-shift effect!. Two signals were required in order to fi
the contribution of Jahn-Teller distorted MnO6 octahedra in
LaMnO3 ~Fig. 9, left panel!: four oxygen atoms were foun
at about 1.92 Å (gMnO1a

(2) ), and two around 2.13 Å (gMnO2b

(2) ).

We are not able to distinguish the subshell splitting of
first MnO1a shell, expected around 1.9 and 1.97 Å.29 The
longer Mn-O distance appears shorter than in the crysta
graphic structure~i.e., 2.17 Å!. This could be an effect of the
correlated disorder on Mn and O sites and/or due to
weaker sensitivity of EXAFS to longer distances. T
Debye-Waller factorsMnO

2 was kept the same for the tw
01441
es
it

tic

g
in
ed
n

st-

e

o-

e

contributions MnO1a and MnO1b in order to reduce correla
tion effects.39 This choice is partially not justified due to th
bimodal nature of the MnO1a contribution. Nevertheless, th
relevant parameter to be compared with the doped sampl
the variance of the Mn-O distribution being defined as

FIG. 8. Modulus of the fourier transform~FT! of the EXAFS
data for the three samples investigated. The peaks signal the o
rence of an atomic correlation but the peak positions do not refl
the real interatomic distance owing to the phase shift effect.34 The
FT peak intensities increases as the temperature decreases in
ing the ordering of the local atomic structure around Mn ions.
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sTot
2 5

2~R1a2^R&!21~R1b2^R&!2

3
1s1

2 ,

where^R& is the average Mn-O bond length. ThesTot
2 (T),

reported in Fig. 11, is in good agreement with literatu
data.38,45

A single contribution is required to fit the MnO6 distribu-
tion in self-doped samples~Fig. 10!. The difficulty in distin-
guishing a subshell distribution in doped samples is w
known in hole doped compounds35,38,39as a result of reduced
JT effect with respect to the undoped compounds. In ad
tion, the nanocrystalline nature of our samples and the p

FIG. 9. Example of best fit on the LaMnO3 sample: the left
panel reports the partial signals used~vertically shifted for clarity!.
The total EXAFS signal~dots! and the total theoretical signals~full
line! are shown together with the residual~experimental minus the
oretical data! ~lower curve!. The right panel reports the modulus o
the Fourier transform~FT! of the experimental~dots! and theoreti-
cal ~line! signals and the FT of the residual~lower shifted for clar-
ity!.
01441
ll
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ence of parasitic phases contribute to enlarge the MnO
tribution making it hard to reveal an eventual subsh
distribution. Interestingly thesMnO

2 ~around RT! increases
from ;631023 Å2 in S1 to ;1131023 Å2 in S0.7. This
increment could be related to the increasing Mn3O4 contami-
nation.

ThesMnO
2 in doped samples decreases steeply cooling

sample across the MI transition. This trend, not observed
pure LaMnO3, is well known in substitutional doped manga
nese perovskites and reflects the reduction of structural
tortions through the insulator to metal transition due to
weaker charge to lattice coupling. This finding demonstra
that in our samples the magnetic transition has a similar
gin.

In the second region we found the two-body contributio
of 8 MnLa and 12 Mn-O1-Mn1 configurations~Fig. 7!. No-
tice that the structural parameters for three-body Mn-O1-Mn1
and two-body Mn-Mn1 distributions are no longer indepen
dent; then their sum is treated byGNXAS as a single contri-
bution namedhMnOMn

3 in Figs. 9 and 10~see Ref. 42 for
more details!. The Mn-La coordination distance is aroun
3.36 Å in LaMnO3 as well as in vacancy doped compoun
and does not change as a function of temperature. ThesMnLa

2

is larger for LaMnO3 than in doped compounds. This findin
comes in agreement with the broader Mn-La distribution
the pure LaMnO3 structure~orthorhombic structure!29 with
respect to that found in doped compounds~rhombohedral
structure!. The sMnLa

2 decreases smoothly as a function
temperature in all the samples evidencing a weak partic
tion of Mn-La shell to the magnetic transition in agreeme
with the literature.36

The average Mn-O1-Mn1 bond angle in pure LaMnO3 is
uMnOMn;159° and does not change appreciably on cool
the sample until 77 K. In doped compounds the avera
uMnOMn;163° is in agreement with XRD results~Table II!.
However,uMnOMn increases significantly upon cooling th
samples acrossTC ~Fig 11!. This behavior is consistent with
y

are

e-
FIG. 10. Examples of best fit on vacanc
doped samples at the LN temperature: S1 @panel
~a!#, S0.9 @panel~b!#, and S0.7 @panel~c!#. The up-
per curves represent the signals used, below
shown experimental~dots! and total theoretical
~full line! signals. The residuals are reported b
low.
2-9



o

rm

ic
a

ed
-

e

in

inl

ity
e
b-

cy
ruc-

ap-
tes
ro-
nd
se.
evo-

In
ture
s the

t an

tion
The

y
gy
ld

he
m-
as

as
lu-
ite

ped

ted
the

e
ap-
s
sis
ion,

on-
f
nto
e
as

a-
ses
the
DE

u-

s
n

G. DEZANNEAU et al. PHYSICAL REVIEW B 69, 014412 ~2004!
the increase ofuMnOMn observed by neutron diffraction30 on
La0.75Ca0.25MnO3, when the sample is cooled acrossTC .

The third structural region includes the contributions
Mn-Mn2 and Mn-O3 pairs~Fig. 7! while the contributions of
Mn-O2 are negligibly weak due to a huge Debye-Waller te
(sMnO2

2 .0.04 Å2). Coordination distances for Mn-Mn2 and

Mn-O3 pairs are in agreement with the crystallograph
structure~Table IV! and do not change significantly as
function of temperature. The largersMnO3

2 in LaMnO3 is

consistent with higher structural distortions in undop
compounds.29,30Both sMnMn2

2 andsMnO3

2 increase as a func

tion of composition from S1 to S0.7; this trend should be
related to the increasing fraction of the Mn3O4 phase in the
S0.7 sample.

In the fourth region, around 6 Å~Fig. 8!, we found the
signal of Mn-La-Mn3 atomic configurations, enhanced by th
large focusing effect. The sum of Mn-La-Mn3 and Mn-Mn3

contributions is included ashMnLaMn
(3) in Figs. 9 and 10. The

only free parameter was the Mn-La-Mn angle that rema
around 180° without any special trend with temperature.

EXAFS results demonstrate that cooling the sample ma
affects the evolution of MnO6 distortions and Mn-O-Mn
bond angles. In particular, the evolution ofsMnO

2 and

FIG. 11. Lower panel: variance of Mn-O bond length distrib
tion in LaMnO3 as a function of temperature~see text!. Middle
panel: Debye-Waller factors of Mn-O bond length distribution a
function of temperature in vacancy-doped samples. Upper pa
Mn-O-Mn bond angle distribution in LaMnO3 and in vacancy-
doped samples.
01441
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uMnOMn in the doped samples shows a broad discontinu
near TC , in contrast with the smooth trend found in th
LaMnO3 sample. This trend, accordingly with results on su
stituted manganites,46 demonstrates that also in vacan
doped compounds the insulator to metal transition has st
tural counterparts, corresponding to the decrease of MnO6 JT
distortions and the opening of the Mn-O-Mn bond angle.

III. DISCUSSION AND CONCLUSION

Ultrasonic assisted spray pyrolysis allows producing r
idly a large amount of vacancy doped Mn-oxide perovski
in the form of nanocrystalline powders. This technique p
vides accurate reproducibility of sample microstructure a
magnetic properties, highly suitable for applicative purpo
Recent studies highlighted some peculiar aspects in the
lution of the magnetic properties of these compounds.
particular, it has been observed that the Curie tempera
and the sharpness of the magnetic transition increase a
nominal composition ratio decreases until La/Mn;0.9, then
they remain almost unchanged for La/Mn<0.9. Moreover,
the saturation magnetization reaches a maximum value a
average composition of La/Mn;0.9.

In order to achieve an accurate sample characteriza
several complementary techniques have been exploited.
sample composition and Mn41 content were determined b
ICP and titration, respectively. Powder particle morpholo
was described by SEM and TEM investigations. Rietve
profile refinement of XRD patterns allowed us to probe t
structure and composition of crystallized phases. The co
parative analysis of the XANES region of XAS spectra h
definitively assessed and quantified the amount of the Mn3O4
parasitic phase. Finally, the analysis of the EXAFS spectra
a function of temperature allowed us to describe the evo
tion of the Mn local structure in vacancy doped perovsk
phase across the magnetic transition.

Our findings demonstrate that for La/Mn,0.9, the struc-
ture is no longer stable and separates into a vacancy do
La;0.9MnO3 phase and in a Mn3O4 phase. The La/Mn ratio
in the vacancy doped perovskite phase is largely unaffec
by changes in the average composition. This fact explains
similar magnetic transition observed for samples S0.9, S0.8,
and S0.7. Recent studies on well-crystallized samples18 di-
rectly observed the parasitic Mn3O4 phase giving strength to
our finding. In our case, dealing with nanocrystallin
samples, the proposed methodology cannot be directly
plied since Mn3O4 may evade XRD detection due to it
small crystallite size. Nevertheless, the XANES analy
gave direct proof of the phase separation and, in addit
reliably quantified the relative amount of each phase.

Temperature-dependent EXAFS measurements dem
strated the reduction of MnO6 distortions and the lining up o
Mn-O-Mn bond angles when the samples were cooled i
the FM metallic phase. This trend is very similar to th
one observed in substituted compounds such
La12xCaxMnO3.45–47 It then appears that the same mech
nism is responsible for the magnetic transition in both clas
of samples. This mechanism, involving the weakening of
charge to lattice interaction and the strengthening of the

a
el:
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coupling, has a structural counterpart corresponding to
reduction of the JT effect on Mn sites.

The observed differences in magnetic properties betw
La/Mn<0.9 samples and S1 could not be only attributed to
variations of structural properties since XRD and XA
analysis, respectively, sensitive to the crystallographic pr
erties and to the local order features such as Mn-O dista
and Mn-O-Mn bond angles, demonstrated only minor diff
ences in the structure. Thus, for sample S1, the broadening of
the transition and the reduced Curie temperature are p
ably related to vacancies on the manganese site. Such kin
defects may hinder the charge mobility reducing the DE
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