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Structural and magnetic properties of nanocrystalline compounds of the general formul¥bh&®; ., s 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 MNnO; whose composition is the samg~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 rangel@Mn=0.7.
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[. INTRODUCTION tial as electrode material in solid oxide fuel cel8OFQ or
in yttria stabilized zirconidYSZ) based gas sensdts.

Rare-earth based mixed-valence manganites stimulated a The substituted compounds have been extensively inves-
large interest owing to their peculiar magnetotransport proptigated and their structural, magnetic, and transport proper-
erties and, in particular, to the colossal magnetoresistandges as a function of temperature and composition are widely
(CMR) effect! In recent years large efforts have been de-characterized in the literature. On the contrary, the vacancy-
voted to understand the physics involved in the magnetic andoped compounds are less accurately described, and discrep-
transport properties of these materal$hese compounds ancies are reported in the literatdfe’® At the origin of
are solid solutions of general formula, REME,MnO;, in  these widespread results is the complexity of these materials
which partial substitution of rare-eartRE) ions(like La, Pr,  from a cristallochemistry point of view. This makes it diffi-
Nd, or Y) with divalent metalstME), such as Ca, Sr, Ba, cultto understand how the structure evolves to accommodate
produces mixed-valence Mh-Mn** phases. The parent vacancies and nonstoichiometry. The lanthanum manganite
compounds REMn@and MEMNGQ, are insulating materials compounds may exhibit oxidative nonstoichiometry usually
that antiferromagnetically order at low temperatures ( reflected by the formula LaMngQ 5. In the case of positive
<Ty). The mixed valence activates the double-exchange this formula is ambiguous since cation vacancies must be
(DE) interaction which promotes ferromagnetic coupling be-considered instead of interstitial oxygen anions; the formula
tween Mri* and Mrf* ions*=° giving rise to the magnetore- should then be written as (LaMp),O; [with x=5/(3
sistance effect. Some of these compoufidsthe composi- + 8)]. The so-called oxygen excegsdepends on synthesis
tion range 0.2x<0.5) undergo an insulator to metal and thermal treatment conditions: the highésvalues are
transition as a function of temperatur&,f,), close to the obtained at low temperature and in highly oxidative atmo-
Curie temperatureT(c). The closeness ofc and Ty, pro-  sphere. Values ob as high as 0.15 are frequently reported,
duces the so-called colossal magnetoresistance effect. Théhich is also equivalent to about 5% of La and Mn vacan-
Mn®"-Mn** mixed-valence state can also be obtained bycies. Much highers (i.e., 5~0.26—-0.27) values have also
changing the stoichiometry, as for the so-callif-doped been proposetP!! equivalent to about 9% of La and Mn
or vacancy-doped compounds of general formula vacancies. Studies on LaMnO;. s compounds(with O
Lay _xMn; O3, 5. In these compounds changesqry, and ~ <x=<0.3) have shown structural and magnetic properties
& modify the MP*/Mn*" ratio activating the DE interac- widely dispersed even for compounds of very similar
tion; this promotes the ferromagnetiéM) coupling and can compositions?>~*® For example, studies reporting a single
give rise to CMR effect as in substituted compouftdsn  La,_,MnO,. 5 phase withx~0.2 (Refs. 12 and 18contrast
the field of self-doped manganites, nanocrystalline comwith the pseudobinary phase diagram for,0g-Mn,O;
pounds are of strong interest due to their enhanced magneelutions’ that assigns a lower limit of 0.9 to the La/Mn
toresistance properties in low fields and to their high potenratio implying, forx>0.1, a phase separation between a per-
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TABLE |. Results on sample composition, microstructural, and magnetic properties.

La/Mn Mn#* Overall Particle Crystallite Tc (K)

a b at. %° composition size gm) ¢ size(nm) ©
S 1.0 0.981) 3902) Lag 9dMNg 903 0.482) 43(6) 2122)
Se 09  089) 312 Lag sMNO, o6 0.512) 40(6) 2482)
Ss 08  08a) 312 Lag sMNO, g5 0.472) 33(5) 2522)
S, 07  067)  222)  LaggMnO,es 0.482) 27(5) 2492)

@Atomic ratio in the precursor solution.

bAtomic ratio determined by induced coupled plast@P).

°Mn** concentration determined from titratidim at. %
dDetermined form laser granulometry.

of the total of Mn atoms

®Determined from XRD applying the Scherrer law @24) reflection(hexagonal setting

ovskite phase LajMnO;, and a manganese oxide phaseized by piezoelectric ceramic transducers, working at 1.7-
such as, for example, Mﬁ)4_18 The complexity of self- MHz frequency. A pure air flow6 I/min) carried the aerosol

doped manganese perovskites requires a special care in ordbrough a tubular furnace heated at 900 °C. The final pow-
to understand the close relations among composition, struaers were then collected in an electrostatic receptor at the
ture, and magnetic properties. In addition, dealing with nanofurnace exit. The ratios between La and Mn in the precursor

crystalline materials, surface/interface effects as well as th
presence of parasitic phases, which may evade detection d

solutions (Table ) were fixed to those of the target com-
weunds. In the following we will refer to each sample using

to the small crystallite size, must be taken into account for ahe La/Mn ratio in its precursor solution; SS9, S5, and

deep comprehension of the sample properties.
Ultrasonic assisted spray pyrolysidASP) (Refs. 19 and

NE
The effective La/Mn ratio in the final compound was

20) has been used to produce self-doped manganese oXigdgaasyured by induced coupled-plastf@P) atomic spectros-

perovskites with the advantage of providing a large amoun

of material with a precise reproducibility of microstructural
properties, particle morphologfgrain size and shapeand
crystallographic structuré~??> A peculiar aspect of these

compounds is that the Curie temperature and the sharpne

of the ferromagneti¢FM) transition increase as the average
La/Mn ratio decreases down to La/Mi.9. Below this

value T remains almost unchanged. In addition, the satura
tion magnetization reaches a maximum value for La/Mn

~0.9. The aim of this work is to shed light on these peculia

of vacancy-doped La,MnO;,s nanocrystalline com-
pounds. To this end we employed composition measur
ments, transmission electron microsco@EM), x-ray dif-
fraction (XRD), and x-ray absorption spectroscof¥AS)

techniques. Emphasis has been given to the complementa'}

information derived from Rietveld refinements of XRD pat-
terns and accurate analysis of XAS spectra.

Il. MATERIALS AND METHODS

A. Sample preparation, chemical, and magnetic
characterization

Four Lg ,MnO5, s samples x=0, 0.1, 0.2, 0.3, and
—0.385<6=<0) were produced by UASP. This technique,

/
trends through an accurate description of the atomic structur%

I:opy and resulted to be close to that of the precursor solution
(see Table)l The Mrf** content, measured by iodometry,
decreases from 39% in;Sto 22% in S 5. It is intriguing

gl;at the lower values of Mif content are found for the
arger vacancy doping of the lanthanum site. Such an appar-
ently anomalous result had been already noted in Refs.
12-14 where it was suggested that the charge deficit due to
vacancies on La sites would be preferably compensated by
the formation of oxygen vacancies, rather than by oxidation
f Mn®* into Mn**. Another possible explanation is that
ecreasing the La content brings the La/Mn ratio in a region
of the phase diagram where a phase separation otlurs.

eThus for La/Mn<0.9, the decreasing of M#i concentra-

tion measured by iodometry might be related to the occur-
nce of parasitic manganese oxide phases with different Mn
oichiometry such as M@, and/or MnO; in which the
average valence of Mn is only 2.66 and 3, respectively.
Powder particle morphology has been probed by scanning
electron microscopySEM) and transmission electron mi-
croscopy(TEM) showing that the powders consist of submi-
crometer particles having perfect spherical shépg. 1).
The particle size distribution has been measured by optical
granulometry leading to similar average diameters of
~0.5 um for all compositions as reported in Table I. The
particle size distribution produced by UASP mainly depends

which has been widely used for the production of fine elec-on synthesis parameters such as temperature and the ultra-

troceramic materials such as ZrOTiO,, and PZT%-?Lin-

sonic frequency. The very similar particle size distributions

volves the high-temperature pyrolysis of an aerosol in a tuebserved in our samples originates from the very same syn-
bular furnace. The precursor solution consisted of lanthanurthesis procedure adopted for all the compositions.

and manganese nitrates hexahydrdtea(NOs)3, 6-H,O
and Mn(NQ);, 6-H,0] dissolved in distilled water at

The bright field TEM image presented in Fig. 1 also evi-
dences a crystalline contrast, indicating that spherical par-

0.025 mol/l concentration. The aqueous solution was atomticles are composed of many nanometric crystallites. The av-
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© Particle size (pm) FIG. 2. () Magnetization as a function of temperature, under

excitation field of 0.2 Ty(b) Mg measured at 10 K and under 8 T
FIG. 1. Morphology of sample & as it appears from SEM (open squares calculated from overall sample compositit@pen
(upper.lefi pane)FI)and ?}I’EM(uppe‘r) right panel ;r?d distribution of circleé and calgulated fr(?m phase-separation models deduced from
particle size from laser granulomettpwer panel. Rietveld analysigopen triangles

] ] ) ) ] zationM¢ was measured at 10 K with an 8-T magnetic field

erage F:rystalhte(coh_erently diffracting regionssize was [Fig. 2(b)]. Mg reaches the maximum value in the S
determined by applying the Scherrer law on 884 XRD  gample (-80 emulg) and then decreases as the La content
peak R3c hexagonal setting, see belpwand results in a decreases. This finding contrasts with the valueMgfcal-
few tens of nm. The crystallite size decreases when theylated assuming homogeneous samples having average
La/Mn ratio is reduced, a trend likely to be related to thecomposition given in Table (column 5 which would imply
above-mentioned solubility limit for La vacancies of abouta monotonic increasing trerdig. 2(b)] from S; to S ;7. As
10% (Ref. 17 (i.e., La/Mn~0.9). In this case the larger La before, this finding suggests that the overall composition is
deficit in the precursor solution would contrast the growth ofnot an exhaustive parameter to characterize the sample prop-
the perovskite phase. erties. Figure ) also reports the saturated magnetization as

Magnetic characterizations were performed on a vibratingalculated from the models derived from the analysis of
sample magnetometer in the temperature range 10-340 XRD data as described below. In this case a contribution of
and magnetic field between 0 and 8 T. All the vacancy doped?2 emu/g has been considered for the;&n phase, when
samples, 8-S 7, present a low-temperature ferromagneticpresent. A much better agreement between calculated and
phase and become paramagnetic at high temperflige ~ measuredV is found. The remaining difference is likely to
2(a)]. The § sample has the broadest magnetic transitiorbe related to the small crystallite size within the samples,
with the lowest Tc=213 K. The other samples present |eading to a large influence of nonmagnetic grain-boundary
sharper magnetic transitions at higheg~250 K which is  regions?>2°
similar to theT observed in standard substituted manganites
near the optimum doping such as,j€a,;Mn0;.% In hole
doped manganite$: heavily depends on compositigno-
tice for example that, in La ,CaMnOg;, T increases from X-ray powder-diffraction patterns were collected at room
~200 K to ~265 K raisingx from 0.2 to 0.33 and local temperature in the 26226<120° range using a standard
atomic structure around the Mn ioffsthe similar transition ~Cu-anode powder diffractometéBiemens D500in Bragg-
Tcin Sy9, S5, and G 7 samples suggests they must presenBrentano geometry. A graphite monochromator and a Ni fil-
doped phases of similar composition/structure, despite theer were used to select G¢, fluorescence out of the broad
differences in average composition. The saturation magnetbremsstrahlung. The analysis of the powder XRD patterns

B. Crystallographic structure: x-ray diffraction
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TABLE II. Rietveld results using model 1 for sampleg ¢S
Sos, So.7, and model 1 and 2 for samplg-Sfixed parameters are
indicated with ¢). In sample $, model 2(see tex, the estimated

1
-—
{2,0,2),{0,0,6)

g
!

{1.2,2), (1,1,6}
{0.3,0), {2,1,4), (0.1.8)

(3,12), (3,0.6), (0,1,10)
oglintensity)

(2,2,0), (0,28

g {g \ g _ uncertainty on the Ogg, is about 1%.

5 g $_| g«

g I obE s N B 5

£ - i ‘J 1 l 1 \ 2theta (deg) 6.) Sample ) So.9 Sos So7
2 LJUWL—J‘——Q\—'M;————'Q—’ Model 1 2 1 1 1
§ o (Sye)

2 0.8

k=

a(R) 5.51462) 5.51462) 5.51272) 5.50752) 5.507@2)

1 Bas c (A) 13.3611) 13.3611) 13.3731) 13.3891) 13.4011)
| (S, V (A% 351.88 351.88 351.67 351.73  351.96
20 4IO 6I0 8IO 1(l)0 120

2 theta (deg) Ocq , 0.9205) 0.896* 0.9084) 0.8924) 0.8883)

B, (A? 0.873 0.883 0.833 0.823 0.803
FIG. 3. Diffraction patterns for samplelSS{,,g,_Sols, and §7; ta (%9 ) 23 49 239 4

indexation of the manganite phase is performeR3t space group OcGy,, 1* 0.978 1* 1* 1*
(hexagonal setting inset: indexation of the MyO, phase for B A2y 0626 0.655 0.576 0.51(5 0.554
sample §- (intensity is given in logarithmic scale wn (A7) 0.626) 655 576) 515 S54)
Ocg 1* 1* 1* 1* 1*
Bo (A?) 2.32) 2.602) 2.2(2) 2.812) 2.700)
0.4551) 0.4551) 0.4541) 0.4632) 0.4591)

was performed using the Rietvéldstructural refinement ap-
proach as implemented in theuLLPROF package® The
background was modeled with a third-order polynomial*©
function, while the profile of the diffraction line was mod-

eled using a pseudo-Voigt function. Rwp 15.4 15.4 14.6 12.6 13.6
Undoped LaMnQ presents an orthorhombic structure, Rsragg 4.18 4.28 3.89 3.06 2.99
usually refined within the®Pnmaspace group characterized X 3.29 3.29 2.85 2.02 2.21

by two independent oxygen positions leading to three Mn-O

distances £ 1.90,~1.96,~2.17 A) and two tilting modes of Runo ()  1.960 1.961 1.961 1.957 1.959
the MnQ; octahedr&®3® The LaMnQ structure features 6 (°) 1645 1642 1644 1657 1647
large distortions due to the Jahn-Telld) effect on Mr#™*
ions. Hole or vacancy doping provokes a sudden drop of the

structural distortions due to the reduction of the coherent Jfo.s: S.7), @ La-rich phase in model @ample $). Table II
effect. XRD patterns of our samplé&ig. 3 were refined reports results of Rietveld refinements including structural
within the R3¢ (hexagonal settingspace groupno. 167 parameters and agreement fagtors. We opservg that the oxy-
characterized by a single Mn-O distance. Within this symmeJ€n thermal factorsE{o~22.5 A%) are sensibly hlgher than

try the atomic site positions are: L@, 0, 0.25 in 6a: Mn  th0se of La B ,~0.8 A?) and Mn By,~0.55 A). This
(0,0,0 in 6b, and O &, 0, 0.25 in 18e with x=0.45. Iso- should be partially related to the lower sensitivity of x rays to

tropic Debye-Waller factors were independently refined orfght ato”.‘s- However, the Very Ia_lrge' values we found here
each atomic site in a last refinement run. Rietveld refine-'k6|y derive from the higher static disorder on the oxygen

ments were performed considering different models f0|5it83'5+due_’ for example_, to an incoherent Jahn-T_eIIer effect on
atomic occupancies on La, Mn, and O sites. A preliminaryMn sites. Interestingly, the structural refinement on
structural refinement attempt considered the occupancie@MP€S S, Sos, and $ 7 (model J show that the La oc-
taken from the average composition measuremégtgiven ~ CUPanNCy is about 0.9 for any sample considered despite the
in the “overall composition” column of Table)lbut it did ~ Valués expected from compositional analy§i€P). This

not reach a satisfactory fitting to the experimental pattern. 1{inding is in agreement with the solubility limit of La vacan-
order to improve the refinement it was necessary to assunfe€S N the LaO;-Mn,0; phase diagram, which is around
that the La/Mn ratio in the manganite phase could be differ-10%: " The segregation of Mn-rich phases, such as,®

ent from the one expected from ICP measurements. The fopnd/0or MO, must be considered in order to match the
lowing models of cation occupancies were considered: ~ 'atio La/Mn~0.9, found by Rietveld analysis, with the aver-
age sample composition as derived from ICP. These phases

* Model 1 (samples &, S5, S.7): Mn and O sites were  must be poorly crystallized or in the form of small particles
considered fully occupied and only the La site occupancysince they cannot be detected in the XRD patterns except for
was refined. the §; sample in which shoulders nearby the perovskite

* Model 2 (sample §): starting from the best fit obtained 110/101 main reflection could be associated to the;@®jn
using the model-1 La and Mn occupancies were refined iphase(see inset in Fig. 3
order to match the chemical analysis results. We show in the following that a careful analysis of x-ray

absorption spectroscopy data at the Iredge definitively

Both these models imply the presence of parasitic phasesssesses the presence of azMpphase. The ratio La/Mn
since the refined La/Mn may differ from the overall La/Mn ~0.9 obtained by refining the XRD pattern of samplei$
ratio: a Mn-rich phase is required in modeldamples &g, considerably smaller than the value La/Mf0.98 measured
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3] France. Measurements were carried out between 77 and 300
K in the energy range 6.2-7 keV, corresponding to a
81 A\ maximum value of the photoelectron wave vectkr
3.0 ~14 A1 (see below. A couple of grazing incidence mirrors
§ 509] (energy cutoff~10 keV) provide a harmonic free beam on
o the sample. X-ray beam energy was calibrated collecting
281 XAS spectra of a pure Mn metal powder samplgg (
2.7 =6537 eV) and was regularly checked during the experi-
261 ment. Incidentl, and transmitted ; beam intensities were
o 3 " - collected using M filled ionization chambers. Samples were

prepared suspending the sample powders in ethyl alcohol
La/Mn (ICP) (ultrasonic baththen filtering the suspension through a mil-
) , , lipore (Sigma-Aldrich membrane. This procedure ensures a
FIG. 4. Evolution of the O/Mn ratio measured by iodometry very homogeneous sample film, suitable for good quality
(full squares and calculated from a phase-separation model dex a5 measurements. All four samples were measured at
:jnuocdeedl g?;?)gegxi:g;efmements with mode{dpen trianglesand room temperature. The;$ S, 9, and $ 7 samples were also
measured at different temperatures between room tempera-

e " ture (RT) and liquid nitrogen(LN) temperature in order to
by ICP. This finding implies the presence of a La-rich para robe the evolution of the Mn local atomic structure across

sitic phase in order to preserve the overall sample composf; . L .
tion. Such a phase has not been detected by XRD, nor bhe magnetic transition. Finally we collected XAS spectra at

e MnK-edge for a pure LaMn@(between 77 K and RT
TEM, probably because, as suggested by several authtts, and CaMnQ (at RT) samples and for wo Mn oxide@t

La-rich ph Id b I talli din the f f
a-Tich pnases Would be poorly crystafine and in the form o RT): Mn;O, and Mn,O3, to be used as references.

ially h I ides.
partially hydrolyzed oxides The XAS spectra are usually divided into two main re-

In order to verify the reliability of model 1, we calculated . '™ ;
the average valence of the whole sample considering a mipd!ons: the near-edge region, named XANB&ay absorp-

: o : -tion near-edge structureextending up to some tens of eV
ture of a perovskite phase, of composition given by the Ri- ;
etveld model, and a parasitic phase, namelyQaa (for above the edge, and the extended region, named EXAFS
sample $) or,Mn3O4 (for samples Sq ’808 S,-), whose (extended x-ray absorption fine structustarting some tens

relative proportions are deduced from ICP data. In such f eV above the edge. This discrimination has been intro-

way we obtain a good agreemedfig. 4) between calculated Elceq Thor?er to rpugm{hd'itpgléghf th? mformatlon. alvallf—
(model 1 and measured M contents for samples,3, avie in the two regions. the eatures are mainly at-

Sys So. In sample Sthe larger amount of MH measured fected by the electronic nature of the absorber and by the

requires considering vacancies on both manganese and Ia}rrﬁ:—ptﬁfggxflfgerst?omn';gn;g?nr}raetgé ZErOl:ES :{r;,r:tlejrfee{gfutrﬁz
thanum sitegmodel 3. Owing to a large correlation between g y

Mn and La occupancies the most probable La/Mn ratio, aCf|rst few neighboring shells around the absorber. A complete

cordingly with compositiona{lCP) data, was determined by ingégl'?eblfont?segtr”yl |§f|i?n tOHgvlﬂ/zcgtratrlgfelzar?teSS;II?tZti\t/ge
looking at the isoy? maps in the space of La- and Mn-site 9 9. ' q

occupancies. Further details about the procedure ad0pter%]ie?]?rg;qt?]ingﬁgxiel?fgrabttleogeorir\]/;zecgri[uzr:rzir?n?hgn(;l/;'ga n;O
(model 2 are given elsewher®?® As a result, for sample parnng

S,, such an analysis suggests around 10% of vacancies c;p\at of reference compounds. The analysis of the EXAFS

; .[egion, on the contrary, is more reliable and it represents a
the lanthanum site and about 2% on the manganese site . T
. o widely used tool to achieve an accurate description of the
(Table 1. We notice that, refining the pattern of samplg S local ; ; d th bsorbi .
the best fit accuracyy?) decreases slightly using model 2 ocal at?mlc environment around the absorbing atomic
instead of model 1. however we feel that model 2 is morespeC|e§‘. In the following sections we describe the results
. v ] ; . obtained from the analysis of MK-edge XAS data of our
reliable from a physical point of view since the overall
o . ! .., samples.
sample composition deduced from it falls in agreement with
ICP composition measurements. 1. XANES region
We remark that the Mn-O distanceBy{,o~1.96 A) and
Mn-O-Mn angles ¢~ 164.5°) in the refined structures vary
less than 0.001 A (0.3°) in all the samples except for sampl
Sy having the smaller Mn-O distandé.957 A and larger
Mn-O-Mn angle (165.7°). This sample also presents th
higher Curie temperature.

The MnK-edge XAS data were treated using the standard
gpproach in order to extract the XANES normalized signals.
First the experimental absorption spectegE)=1In(l,/1,),
Jvere corrected by subtracting the background absorption sig-
nal. The background has been simulated using the “Vic-
toreen” empirical formulaCE~3—DE~ % whose coefficients
(C,D) were determined by fitting the experimental XAS
data in the energy region below the ed@e3-6.52 keV.

Mn K-edge XAS measurements were performed in transThe corrected spectra were normalized to the free ion ab-
mission geometry at the CRG-GILDA beam et Euro-  sorption so that the smooth part of the absorption coefficient
pean Synchrotron Radiation FacilityfESRF, Grenoble, above the edge, modeled with a polynomial function, is

C. X-ray absorption spectroscopy
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Energy (eV)

6555 | b)
< E 0CaMnO3

6554 -

6540 6555 6570

6553 S E (eV)

S
0.9
6552 o8 So.7 FIG. 6. Simulation(full lines) of XANES spectradiamond$ of
samples §; and $ g from a linear combination of & (full line,
> LaMnO
EO AMI

Threshold Energy (eV)

6551 upper curvesand MO, (dot line, upper curvgsXANES spectra
(see text

our samples, is likely to be related to the phase separation
into La_ygVMinO3; and MO, phases as suggested by XRD
FIG. 5. (8) Normalized XANES spectra of samples,SSy,, data analysis. In order to prove this hypothesis, we fitted the
So.s, and 97 (full lines), compared to the XANES spectra of ref- XANES of § g and $ 7 samples fie) with a linear com-
erence compounds LaMnQdot lineg) and CaMnQ (dash ling; (b)  bination of XANES spectra of MyO, and LaMnO;
threshold energies for; Samples taken at the main inflection point (sample §o):
(maximum of the first derivatiyeof the absorption spectruriull
squarescompared to the threshold energies calculated from sample
titration (open squaregs

La/Mn

B
Pexp= (1= B)K(Lag mnoy) T 3 H(Mng0,) -

equal to 1. Figure ®) reports normalized XANES spectra

for the S samples compared with those of reference com- : .
pounds LaMn@ and CaMnQ. The § ¢ sample has been chosen because its nominal La/Mn

The threshold energie€Eg) were chosen at the main in- ratio reaches the minimum value compatible with the phase

: . : : = " diagram for LaO3-Mn,0; solid solutions.’” Such a linear
flection point (maximum of th(Laamsgsgerlvatlv)eof the ab combination fits well the experimental ddféig. 6) and the

s%r;o';cllr?n spectra. We foundt, =6550.7(1) eV and  ojative amount of MgO, and Lg MnO; phases matches
Eg*""%=6554.6(1) eV, in good agreement with the valueswell with the values derived from the XRD patterns refine-
6550.6 and 6654.8 eV reported in the literatthén hole  ment(Table I1l). The(weak differences can also be an effect
doped compounds, such asLaCaMnO;, E, progres- of the different sensitivity of the two techniques: XRD prob-
sively shifts as a function of M content®3"In the S;  ing only the well crystallized phases, XAS probing the glo-
sampleg[Fig. 5b)] we observe a weakalmost negligible ~ bal Mn environment crystalline or amorphous. An attempt to
E, change(less than 0.4 e\)as the nominal Mi" doping  fit the experimental XANES spectra of the, Sand S -

varies between 22% ¢S) and 39% (g9 . This finding, in  samples using the signal of the MD; reference sample

TABLE Ill. Composition of the samples as derived by analysis of XRD and XANES data. The relative
uncertainty on MO, fractions are 3—5 %XRD) and 5—-10 %{EXAFS).

Sample XRD XANES

S 0.97(La ggdMINg 9703) +0.03(L3.0;3)

So.9 Lag.9iMnO; Lay gMnO;

Soe 0.9(L8 goMNO3) +0.03(Mn;0,) 0.87(La gMnOs) + 0.04(Mn;O,)
Sor 0.76(La gsMNO;) +0.08(Mn;0,) 0.8(La MnOs) +0.07(Mn,O,)
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drastically reduces the quality of the fit and, in addition, the Ryvino, ~ 7o
resulting sample composition does not match with ICP and RMuLa ~ ToV3
XRD results. Rnmnmng ~ 270
RMnOg ~ To\/g
2. EXAFS region RMnMng ~ 2rov2

Rmnos ~ 370

We exploited the analysis of the EXAFS spectra as a Bioiior. < Bl
nMnsg o

function of temperature to follow the evolution of the Mn

local environment across the magnetic transition, to be com- Nymo, =6
pared with the peculiar behavior reported in substituted com- Npnra =8
pounds. It is well known, in fact, that the magnetic transition NmnMn, =6
in substituted compount’®®3°is accompanied with a sud- Nnno, = 24
den reduction of structural distortions reflecting the weaken- NMnMn, = 12
ing of electron to lattice coupling in the low-temperature Nmnog = 30
ferromagnetic metallic phase. NMnmng = 8

The EXAFS structural signag}(k) is defined as the rela- i . . :
tive oscillations of the total absorption coefficientk) with FIG. 7. Schematic representation of the perovskite pseudocubic

t to th b ti fficient of the isolated at unit. The generic Mn absorber is surrounded by a Jahn-Teller dis-
respe)c34 0 the absorption coefncient o € 1solated atom, oy octahedron of six oxygen atoms;JOThe La ions are at the

ro(k center of the pseudocube and the other Mn and O neighbors are
labeled as a function of their distance from the absorber. Approxi-
p(K) = po(K) mate distance and coordination number for each shell are reported
x(k)= : (1) p
(k) on the left.

where k=%"2m(E—E,)]¥? (A~1) is the photoelectron o _ _ _ _
wave vector defined as a function of the x-ray photon energyaking into account single- as well multiple-scattering contri-
E with respect to the energy of the absorption edgeransl  butions to the EXAFS structural signal. The absorption back-

the electron mass. ground has been simulated with a straight line fitting the
In single scattering approximation the theoretical EXAFSexperimental data in the pre-edge region. The atomic absorp-
signal is given by the well-known formuta tion in the post-edge region has been simulated with a

smoothly varying polynomial spline through the experimen-
5 NA, 2 tal data. In order to choose the relevant contributions to be
kx(K)=S52 ———SiN(2kR;+ ¢ e 271K e 2R used in the fitting we proceeded as follows: after a best fit is
' Ri achieved for the nearest-neighbor shell (Mn&@tahedroj
2 a new contribution is added, chosen on the basis of the crys-
in which the sum runs over the neighbor coordination shellstallographic structure and of its relative multiplicitig. 7),
For each shelN; represents the coordination numbythe  and a new refinement is performed. Antest is then made
average distance, andlz is the mean-square relative dis- and the new contribution is retained only if it improves the
placement (MSRD) of the absorber-scatterer pair. The Statistical significance of the fitting. In such a way we were
Aoi(klRi) and ¢Oi(k’Ri) are respective'y the backscattering able to f|t the XAS Signal reproducing the main St-ructur.al
amplitude and phase functions{k) is the photoelectron ~features until abau7 A around the absorber as depicted in
mean free path, ang? is an empirical parameter taking into Figs- 9 and 10.

account many-body losses in the photoabsorption process. N order to obtain physically reliable best-fit results the
In the case of multiple-scattering/S) processes an ex- number of free parameters and the correlations within them

pression formally similar to Eq(2) can apply in whichR, must be_ kept as low as pos_sible through a suitable cho?c_e of
represents the full length of the MS path. However, the amconstraints a_nd gpproxmgtlons. To this aim the multiplicity
plitude and phase functions become now complex expresQf each contrlt_)utlon was fixed to the value expected_from the
sions taking into account each scattering event along the'ystallographic structure. The sanBé=0.85, experimen-
multiple-scattering path. Moreover, the factor becomes a tally determined refining the LaMn{EXAFS data, was kept
complicated expression accounting not only for the variancdor aII_the samples. Finally we neglected the contributions of
of the MS path length but also including the effect of scat-Parasitic MRO, phases. . ' '
tering angle distributions. MS contributions are usually In order to motlvate this last ph0|ce we first notice that the
weak, except fofalmosty collinear atomic arrangements in Mn3O4 phase is poorly crystallizetsee XRD results thus
which they are enhanced by the large forward scatteringe€ EXAFS signal is likely to be strongly attenuated by the
amplitudé® (focusing effect In our samples significant MS exponential Debye-WallefDW) term e 27% jn Eqg. (2).
signals have been found for the three body configurationdlotice that the effect of disorder decreases in the XANES
Mn-O;-Mn; (Opnomn~160°) and Mn-La-MB (Ouniamn  Fegion(i.e., for k~0); this justifies the larger sensitivity of
~180°) in Fig. 7. XANES to the parasitic MgO, phase. In addition, the
The EXAFS data analysis was performed following theMn;Q, structure has two inequivalent Mn sitésne having
theory described in Refs. 41 and 40 and implemented in théour oxygen ions at about 2.08 A, the other being sixfold
freely availablecNxas packageé®“® This approach allows coordinated with four O around 1.90 A and two O around
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TABLE IV. The main parameters characterizing the local structure around Mn ions as derived by EXAFS analysis: the average values
(upper numbepswith minimum and maximum valugsniddle numbersare reported. The average error bars on the refined parameters are
also reportedlower numbers In all the $ samples/temperatures the Mn-Mdistances are 3.81(4) A while the Mn-MiDebye-Waller
factors increase from-0.006(1) to~0.011(2) £ going from § to & ;. In LaMnO; R(Mn-Mn,) is found 3.895) A while o? is
~0.02(4) &. The effect of cooling is smaller than the error bars.

MnO, MnLa MnMn, MnO; Mn-O,-Mn,
R a? R a? R a? R a? %
A) (X 10° A?) (A) (x10° A?) (A) (x10° A?) (A) (X 10° A?) )
LaMnO, 1.92 1.7 3.36 14.3 5.57 8.7 5.84 18.9 158.6
1.91-1.92 1.2-23 3.35-3.37 13-15 5.51-5.57 7-11 5.79-5.89 16-23 157.6-159.5
(x.01) (£.2) (x£.02) (=1) (£.04) (=1) (£.04) (=2) (£1)
2.13
2.11-2.14
(+.01)
St 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 7.4-9.9 161-165
(£.01) (=.5) (£.02) (1) (x£.04) (1) (%£.03) (=1) (x1)
So.e 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 8.3-10.4 160.8-164.7
(x.01) (=.7) (x£.02) (=1) (£.04) (=1) (£.04) (=1) (x1)
So7 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 9.7-14 160.3-163.7
(£.01) (=.8) (£.03) (1) (x£.04) (=1) (x.05) (1) (x1)

2.29 A. The complex Mn-O distribution in M@, and the  contributions MnQ, and MnQy, in order to reduce correla-
broad distribution expected in the perovskite phésither  tion effects®® This choice is partially not justified due to the
due to the MnQ@ JT distortions, or to the nanocrystalline bimodal nature of the Mng contribution. Nevertheless, the
nature of our UASP samplemakes it difficult to distinguish ~ relevant parameter to be compared with the doped samples is
the two contributions. the variance of the Mn-O distribution being defined as

Owing to these limitations EXAFS is less sensitive than
XANES to the parasitic phases. Neglecting these phase: IN s, IN Soe IN Son
would bias the absolute structural results. Nevertheless, i
would not affect the relative structural changes obsefsed gt
below) tuning the sample temperature across the magnetic
transition.

The relevant structural parameters derived from the fitting >
are reported in Table IV and best-fit examples are reported ir ~4 2}
Figs. 9 and 10. The main structural features can be groupe: ‘g
in four main regions corresponding to the four main peaks in —
the FT's (Figs. 8 and @ The first region, corresponding to
the main peak in the FT around 1.5 A, concerns the nearest— 1}
neighbor signalnotice that the FT’s are uncorrected for the
phase-shift effe¢t Two signals were required in order to fit
the contribution of Jahn-Teller distorted Mp@©ctahedra in
LaMnO; (Fig. 9, left panel four oxygen atoms were found 5 4 & >
atabout 1.92 A 7)o, ), and two around 2.13 A7), ).

We are not able to distinguish the subshell splitting of the R (4)
- 9
first MnO,, shell, expected around 1.9 and _1-972 AThe FIG. 8. Modulus of the fourier transforrFT) of the EXAFS
longer Mn-O distance appears shorter than in the crystallogata for the three samples investigated. The peaks signal the occur-

graphic structurei.e., 2.17 A. This could be an effect of the rence of an atomic correlation but the peak positions do not reflect
correlated disorder on Mn and O sites and/or due to theéne real interatomic distance owing to the phase shift effethe

weaker sensitivity of EXAFS to longer distances. TheFT peak intensities increases as the temperature decreases indicat-
Debye-Waller factorog,,o was kept the same for the two ing the ordering of the local atomic structure around Mn ions.

(k)
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FIG. 9. Example of best fit on the LaMnGsample: the left
panel reports the partial signals useeértically shifted for clarity.
The total EXAFS signaldotg and the total theoretical signa(fll
line) are shown together with the residdakperimental minus the-
oretical data (lower curve. The right panel reports the modulus of
the Fourier transforntFT) of the experimentaldots and theoreti-
cal (line) signals and the FT of the residu@wer shifted for clar-

ity).
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where(R) is the average Mn-O bond length. Thé (T),
reported in Fig. 11, is in good agreement with literaturetion of Mn-La shell to the magnetic transition in agreement

data:

38,

45

A single contribution is required to fit the MnQlistribu-
tion in self-doped sample$ig. 10. The difficulty in distin-
guishing a subshell distribution in doped samples is welthe sample until 77 K. In doped compounds the average
known in hole doped compourtis®3°as a result of reduced 6y,omn~163° is in agreement with XRD result$able 1I).

JT effect with respect to the undoped compounds. In addiHowever, 6y,0mn INCreases significantly upon cooling the
tion, the nanocrystalline nature of our samples and the presamples acros§: (Fig 11). This behavior is consistent with

20

15

10

kx(k) (A7)

o

(b)
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ence of parasitic phases contribute to enlarge the MnO dis-
tribution making it hard to reveal an eventual subshell
distribution. Interestingly thers,,o (around RT increases
from ~6x10"2 A% in S; to ~11x10 2 A? in S;. This
increment could be related to the increasing;@pcontami-
nation.

The Uf/mo in doped samples decreases steeply cooling the
sample across the MI transition. This trend, not observed in
pure LaMnQ, is well known in substitutional doped manga-
nese perovskites and reflects the reduction of structural dis-
tortions through the insulator to metal transition due to the
weaker charge to lattice coupling. This finding demonstrates
that in our samples the magnetic transition has a similar ori-
gin.

In the second region we found the two-body contributions
of 8 MnLa and 12 Mn-@-Mn; configurations(Fig. 7). No-
tice that the structural parameters for three-body MpMD,
and two-body Mn-Mn distributions are no longer indepen-
dent; then their sum is treated IBnXAS as a single contri-
bution namedyy,omn, in Figs. 9 and 10see Ref. 42 for
more details The Mn-La coordination distance is around
3.36 A'in LaMnQ; as well as in vacancy doped compounds
and does not change as a function of temperatureama
is larger for LaMnQ than in doped compounds. This finding
comes in agreement with the broader Mn-La distribution in
the pure LaMn@ structure(orthorhombic structuné® with
respect to that found in doped compoun@dsombohedral
structure. The o2, , decreases smoothly as a function of
temperature in all the samples evidencing a weak participa-

with the literature®
The average Mn-@Mn; bond angle in pure LaMngis
Ounomn~159° and does not change appreciably on cooling

()

] n @ MnOMn n @ MnOMn n @ ll.nOMn_

/\/\/\/\/\/\/\A;;«;\A /\/\/\AA/\N\;:;)\A /\/\/\/\/\/\/V\;:;)w FIG. 10. Examples of best fit on vacancy
_\/\/\/\/\/\/\/\/\/V\/\/\/\Nl\‘i/m \/\/\/\/\/\/\/WWW\A:T“ Wun— doped samples at the LN temperature:[fanel

N NO N @], Syg[panel(b)], and $ 7 _[panel(c)]. The up-
MM A A | AN AA e per curves represent the signals used, below are
i n® (©) @) ] shown experimental{dots and total theoretical
MnLaMn 71" MnLaMn 71" MnLaMn X . X

MVWMAAA e | ANMMAMAA A | AN (full line) signals. The residuals are reported be-
rull | 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1.

4 6 8 10 12 14 4 6 8 10 12 14 4 6 8 10 12 14

k (A7)
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Ovnowmn IN the doped samples shows a broad discontinuity
near T¢, in contrast with the smooth trend found in the
LaMnO; sample. This trend, accordingly with results on sub-
stituted manganite¥, demonstrates that also in vacancy
doped compounds the insulator to metal transition has struc-
tural counterparts, corresponding to the decrease of MiTO
distortions and the opening of the Mn-O-Mn bond angle.

164 L

162 |

160 |

0 M OM (deg)

158 L

12 I1l. DISCUSSION AND CONCLUSION

Ultrasonic assisted spray pyrolysis allows producing rap-
idly a large amount of vacancy doped Mn-oxide perovskites
in the form of nanocrystalline powders. This technique pro-
vides accurate reproducibility of sample microstructure and
magnetic properties, highly suitable for applicative purpose.
Recent studies highlighted some peculiar aspects in the evo-
lution of the magnetic properties of these compounds. In
particular, it has been observed that the Curie temperature
and the sharpness of the magnetic transition increase as the
nominal composition ratio decreases until LaAvi0.9, then
2L g they remain almost unchanged for La/M0.9. Moreover,
the saturation magnetization reaches a maximum value at an
average composition of La/Mn0.9.
9L § In order to achieve an accurate sample characterization
several complementary techniques have been exploited. The
L L L ] sample composition and MA content were determined by
100 200 300 ICP and titration, respectively. Powder particle morphology

T(K) was described by SEM and TEM investigations. Rietveld
profile refinement of XRD patterns allowed us to probe the

tion in LaMnQ; as a function of temperaturesee text Middle struct_ure an(lj c_omF]Zoaltlo)?A(’)\leCSrystal_llzedfr;?:ges. The chom-
panel: Debye-Waller factors of Mn-O bond length distribution as apar_at_'\_/e analysis of the - ,reg'on 0 spectra has
function of temperature in vacancy-doped samples. Upper panegef'nmve'y assessed and quantified the amount of thgd4n

Mn-O-Mn bond angle distribution in LaMnpand in vacancy- Parasitic phase. Finally, the analysis of the EXAFS spectra as
doped samples. a function of temperature allowed us to describe the evolu-

tion of the Mn local structure in vacancy doped perovskite
the increase of,omn Observed by neutron diffractiéhon phase across the magnetic transition.
Lay 76Ca »gVIN0O3, when the sample is cooled acroEs. Our findings demonstrate that for La/M1©.9, the struc-

The third structural region includes the contributions ofture is no longer stable and separates into a vacancy doped
Mn-Mn, and Mn-Q, pairs(Fig. 7) while the contributions of La~0.9MnQ; phase and in a My©, phase. The La/Mn ratio
Mn-O, are negligibly weak due to a huge Debye-Waller termin the vacancy doped perovskite phase is largely unaffected
(af,ln02> 0.04 A%). Coordination distances for Mn-Mrand by changes in the average composition. This fact explains the

Mn-O; pairs are in agreement with the crystallographicSimilar magnetic transition observed for samplgs,SS,
structure (Table 1V) and do not change significantly as a @nd $7. Recent studies on well-crystallized sampfesi-
function of temperature. The larger?, o, in LaMnO; is rectly observed the parasitic M@, phase giving strength to

. . . .3 . our finding. In our case, dealing with nanocrystalline
consistent with higher structural distortions in undoped :

42939Both o2 ando? increase as a func- sa.lmple.s, the proposed methodology cannqt be dlrectly ap-

compoun MnMn;, MnOg plied since MBO, may evade XRD detection due to its
tion of composition from $to & 7; this trend should be small crystallite size. Nevertheless, the XANES analysis
related to the increasing fraction of the BBy phase in the gave direct proof of the phase separation and, in addition,
So.7 sample. reliably quantified the relative amount of each phase.

In the fourth region, around 6 AFig. 8, we found the Temperature-dependent EXAFS measurements demon-
signal of Mn-La-Mny atomic configurations, enhanced by the strated the reduction of Mn@listortions and the lining up of
large focusing effect. The sum of Mn-La-Mmand Mn-Mry Mn-O-Mn bond angles when the samples were cooled into
contributions is included ag{), ., in Figs. 9 and 10. The the FM metallic phase. This trend is very similar to the
only free parameter was the Mn-La-Mn angle that remainne observed in substituted compounds such as
around 180° without any special trend with temperature. La, _,CaMn0;.%°~#' It then appears that the same mecha-

EXAFS results demonstrate that cooling the sample mainlyhism is responsible for the magnetic transition in both classes
affects the evolution of Mn@ distortions and Mn-O-Mn of samples. This mechanism, involving the weakening of the
bond angles. In particular, the evolution @ff,mo and charge to lattice interaction and the strengthening of the DE

FIG. 11. Lower panel: variance of Mn-O bond length distribu-
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coupling, has a structural counterpart corresponding to the&eraction and favoring the superexchange, leading to a distri-

reduction of the JT effect on Mn sites. bution of sign and strength of magnetic interactions, and in a
The observed differences in magnetic properties betweelowering of T.

La/Mn=<0.9 samples and;Sould not be only attributed to

variations of structural properties since XRD and XAS

analysis, respectively, sensitive to the crystallographic prop-

erties and to the local order features such as Mn-O distances The authors acknowledge the excellent technical support

and Mn-O-Mn bond angles, demonstrated only minor differ-of F. Campolungo, V. Sciarra, and V. Tulli@NFN-LNF) in

ences in the structure. Thus, for sample tBe broadening of optimizing the GILDA beamline setup. Dr. S. Pascarelli and

the transition and the reduced Curie temperature are protA. Sophia are kindly acknowledged for manuscript revision.

ably related to vacancies on the manganese site. Such kind @he GILDA beamline is financed by the Italian institutions

defects may hinder the charge mobility reducing the DE in-CNR, INFM, and INFN.
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