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To under st and the combined e˜ect of divalent ion and A -site vacancy

( â ) self-dopin g, beyond the binary La Mn O system, polycrystal l ine
La Ca â MnO samples w ere studied . Samples with C a substitutio n
and excess Mn in the range 0 33 and 0 4 5 , respectively , w ere pre-
pared by standard solid- state reactions. Structural and phase analysi s of the

samples were done by X -ray di˜raction and transmission electron microscopy .
T he manganite structure in this comp osition range include s rhombic and or-
thorhombic phases. Most samples contain the hausmanite phase (Mn O )

coexisting w ith the manganite phase. A small amount of pero vskite related
A Mn O (A = La, Ca) structure near the hausmanite { manga ni te boundary is
also found in samples treated in oxygen atmosphere. T he calculated vacancy

content accommo dated in the manganite phase can b e higher than 1/ 8, the
rep orted limit for La MnO , w hich is conÙrmed in our = 0 sample.
For the comp ositio ns studied, a ferromagnetic metallic behavi or below is
found, conÙrming the stabili ty of the Mn sublattic e, and near the optimum

stoichiometric (( = 0 33 = 0 ) system, a net A -site vacancy content (up
to = 0 2) does not degrade the magnetic and electric prop erties.

PACS numb ers: 64.75.+ g, 81.40.Rs, 75.50. {y , 72.20.My

1. I n t rod uct io n

Extensi ve research on colossal m agnetoresisti ve lantha num m angani tes has
been perform ed on m ateri als doped wi th divalent elements, wi th the general f or-
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m ula La 1 À x A x MnO 3 (A =Ca ,Sr,Ba,Pb), in search f or opti m ized properti es. Much
less work has been di rected to the stud y of self -doped m anganites La 1 À x MnO 3 .
The kno wn studi es show tha t La-deÙcient system s can be technologically interest-
ing, reachi ng hi gh ferrom agneti c tra nsiti on tem peratures [1, 2]. There is also ra is-
ing interest also due to the funda menta l pro blems of com positi on and structure
correl ati on to the A- site vacancies [3{ 5]. In addi ti on, thi n Ùlm s of La 1 À x MnO 3

[6] and (La ,Ca) 1 À x MnO 3 [7] prepared by MOCVD have shown Curi e tem per-
atures near 290{ 300 K wi th a high magnetoresistance rati o. One relevant is-
sue for the study of these non-sto ichi ometri c materi als is the f orm atio n of sec-
ondary Mn- ri ch phases, the m ain one being hausmani te Mn 3 O , typi cal ly for
La -deÙciency above { 12% [5, 8]. T o address these issues and understa nd
the ro le of A- site cati onic vacancies ( ) beyond the bi nary La x MnO system ,
polycrysta l l ine La x y Cax y MnO £ sam ples wi th excess Mn were prepared in
the range and (see [9] f or deta ils).

Sampl es were prepared by standard sol id-sta te reacti ons by repeatedl y cal-
ci ning and m il li ng. The fol lowi ng Ùnal condi ti ons were investi gated : (a) cold pressed
reacted powders sintered in ai r at 1300 C for 10 h; tho se ini ti al pel lets (a) were
further annealed at: (b) 1000 C for 24 h under Ûowi ng oxygen or (c) 1350 C in
ai r f or 60 hours. Chem ical compositi ons were determ ined by ato m ic absorpti on
spectroscopy (AAS), energy dispersion spectroscopy (ED S) in scanni ng electron
m icroscope (SEM) and R utherf ord backscatteri ng spectro metry (R BS) techni ques.
T ransmission electron microscopy (TEM) analysis wa s done to corroborate the
X- ray di ˜ra cti on results. Thi n sections for nano-analyti cal hi gh resoluti on TEM
were prepared by m echanically gri ndi ng fol lowing by preci sion ion m i lli ng wi th
Ar ions. The elemental analysis was determ ined by using the nano-ED S gauge of
di ameters down to 4 nm in TEM.

Sampl e average global com positi ons pl otted in the (Ca ) ( ) plane are
shown in Fi g. 1. The sam plesare divi ded into four sets accordi ngly to com positi ons:

, and . The resul ts reported wi l l concentra te
m ostl y on the sampl es labeled as 1 to 4 in Fi g. 1.

The analysis of structure and phasesof the sampl es was perform ed by X- ray
di ˜ra cti on (XR D) wi th R ietveld reÙnement and tra nsmission electro n microscopy.
El ectri cal resisti vi ty , m agneto resistance, a.c. m agneti c susceptibi l i ty , and SQUID
m agneti zati on measurements were used to study the combi ned e˜ect of Ca sub-
sti tuti on and vacancy self -dopi ng on the electri cal and magneti c properti es and
are detai led elsewhere [9, 10]. The m angani te structure in the studi ed compositi on
range incl udes rhom bic and ortho rho mbic pha ses, coexi sting in a m ixed form in
given ranges of the values. The XR D analysis readi ly reveals the presence of
the hausmani te (Mn O ) phase in most sam ples.The relati ve content of Mn O for
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Fig. 1. Average comp osition of the samples plotted in the x (C a){ y (â ) plane. SpeciÙc

results for samples lab eled 1{4 are rep orted in the text.

each sam ple wa s determ ined by the area rati o of the two m ain di ˜ra cti on peaks of
hausmani te and manganite phases wi th a previ ous cal ibra ti on using kno wn phase
m ixture powder sampl es. The am ount of Mn 3 O 4 increases wi th the stoichi om et-
ri c devi ati on y of the average global com positi on of the sampl es. The di ˜erence
between the com positi ons of the m anganite pha se and the global compositi on of
the sam pl e increaseswi th y . The reducti on of Mn 3 O 4 content is achi eved by heat
trea tm ent of the ini ti al pel lets (a). It is found tha t the 24 hours trea tm ent in O2

at 1 0 0 0 £ C (b) is much more e˜ecti ve tha n the 60 hours trea tm ent in ai r (c) at high
tem perature (1 3 5 0 C). However, heat trea tm ent (b) does not necessari ly lead to
addi ti onal m angani te phase form ati on. Given X-ray di ˜ra cti on peaks are found,
whi ch cannot be attri buted to the hausmani te or manganite phases.

The detai led analysis of the X- ray di ˜ra ctogram s of the sampl es in trea t-
m ent (b), includi ng R ietveld reÙnement shows tha t tho se extra peaks can be re-
lated to the perovski te based Mn- ri ch LaMn O phase. Thi s phase (JCPD S data
base ref erence # 27-0261) presents a m onoclini c 2 structure wi th param eters:

= 7 5 1 6 = 7 3 7 6 = 7 5 1 6 ¡A, = 9 1 3 0 . Fi gure 2 presents the data for
sam ple 2 under trea tm ent (b), norm al ized to the hi ghest peak of the m angani te
phase. The verti cal l ines corresp ond to the LaMn O pha se. The arro ws indi -
cate two peaks tha t do not corresp ond to the two m ain phases. The overal l X- ray
di ˜ra cti on pattern of the LaMn O phase is qui te di stinct from tho se of m an-
gani te or hausmani te, wi th very few peaks overl appi ng tho se of the major phases.
At 2 5 9 9 5 one can recognize a peak convo lutio n, between the pl ane (2 2 4 ) of
the LaMn O phase and (224) of the hausmani te. The presence of the La Mn O
phase is stro ngly dependent on the therm al trea tm ent. W i th the excepti on of the
sto ichi ometri c sampl e 4 (La Ca MnO ), the peak at 2 5 5 1 5 , (204)
pl ane of the LaMn O phase, is clearl y observed in sampl es annealed at 1000 C
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Fig. 2. X -ray di˜ractogram in logarithmi c scale for sample 2 under treatment (b),

normali zed to the highest peak of the manganite phase. The vertical lines corresp ond to

the LaMn 7 O 1 2 phase. T he arrow s indica te two of the lines that are w ell separated from

those of the manganite and hausmanite, the main phases.

for 24 h in O 2 (trea tm ent (b)) but i t is hardl y seen, or absent in the ori ginal (a)
sam ples, or after further 60 h at 1 3 5 0 £ C in ai r, heat trea tm ent (c). Thi s is shown
in Fi g. 3 for sam ples 2, 3 and 4 in corresp ondence wi th the heat trea tm ents. The
increase in La Mn 7 O1 2 phase peaks under therm al trea tm ent fol lows the decreasing
in hausmani te phase. The (204) peak of the La Mn 7 O1 2 phase, whi ch is the most
intense of the present sam ples is not one of the main peaks of the phase (20%

Fig. 3. Details of X -ray di˜ractograms near the LaMn 7 O 12 (204) peak for samples 2,

3, and 4 under the three heat treatments. With the exception of the stoichiometric sam-

ple 4, the LaMn O phase is clearly observed in the samples annealed at 1000 C for

24 h in O (heat treatment (b)) but it is hardly detected or absent in the original (a)

samples or of heat treatment (c) 60 h at 1350 C in air.
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in JCPD S data base reference # 27-0261). In fact, the m ain characteri sti c peaks
of the LaMn 7 O1 2 phase ((2 02) (100%), (2 0 2 ) (80%), and (3 0 4 ) (80%)) are not
signiÙcant. The (040), (004) and (2 2 4 ) (a l l 80% intensi ty) peaks are detected, but
at lower intensi ty tha n the (204) peak. Thi s discrepancy is discussed below.

The synthesi s of the pure LaMn 7 O 1 2 compound dem ands hi gh pressures
and tem peratures (40 kba r and 1000£ C) due to the atypi cal coordi nati on
(La 1 = 4Mn 3= 4) A ( Mn 1) B O in thi s perovski te structure. The favo rable therm ody-
nam ic condi ti ons f or the nucl eati on of the LaMn O - l ike phases may also be
local ly achieved by epi ta xi al growth in thi n Ùlm s (Nd : MnO £ ) [11] or at the
gra in boundari es duri ng the m angani te sinteri ng. On the other hand, CaMn O is
also a perovski te- l ike com pound but of hexagonal structure 3 , wi th = 1 0 4 6 4 ¡A
and = 6 3 4 3 ¡A. It can be prepa red at norm al atm ospheri c pressure [12]. Due to
the smaller relati ve am ount of Ca tha n La in sam ples ( 0 3 3 ), the fracti onal
am ount of thi s phase should be reduced.

Co ntra ry to the case of hausmani te, the quanti Ùcati on of the LaMn O -l ike
phase in the sampl es cannot be done in thi s study , since not all major peaks are
vi sibl e and standards for thi s phase are not avai lable. However, the area rati o
between a La Mn O peak and the m ain manganite peak sti l l gives a rough in-
di cati on of the rela ti ve content. For thi s estim ate, the (040) peak of La Mn O
at 2 4 9 3 7 (80% intensi ty) wa s selected as it is easily observed and app ears
in a properly isolated positi on on the di ˜ra ctogram . The (2 2 4 ) peak (80% inten-
sity) is to o close to the hausmani te (224) peak to be consi dered of any pra cti cal
use, whi le the (204) peak (20% intensi ty), should be less rel iable for quanti ta tiv e
analysis. The relati ve content of the LaMn O phase is always below 1.6%, and
i t is below XR D detecti on resoluti on ( 0 2%) for the origina l (a) sampl es and for
the sam ples of heat trea tm ent (c). One Ùnds tha t the LaMn O phase content so
determ ined is di rectl y related to the reducti on of the hausmani te phase content
after the oxyg en trea tm ent (b), as shown in Fi g. 4.



178 F. Fi guei ras et al .

TABLE

Prop erties of samples 2, 3, and 4 for the three thermal treatment condi-
tions, includi ng data on structural, magnetic, and transp ort prop erties.
M R is the low- Ùeld magnetoresistan ce.

Sample T C M R x 00 y 00 a b c V ol.

( K ) (%/T esla) (C a) ( â ) ( ¡A ) ( ¡A ) ( ¡A ) ( ¡A 3 )

4a 263.5 34 0.336 0.013 5.460 5.474 7.697 230.0

4b 268.5 44 0.336 0.011 5.460 5.470 7.697 229.9

4c 262 36 0.332 0 5.457 5.472 7.705 230.1

2a 262 44 0.246 0.192 5.456 5.571 7.731 235.0

2b 265 47 0.227 0.254 5.465 5.556 7.732 234.8

2c 262 44 0.241 0.206 5.473 5.564 7.751 236.0

3a 266.5 44 0.334 0.086 5.446 5.495 7.697 230.4

3b 267 44 0.324 0.114 5.460 5.470 7.693 229.7

3c 266 54 0.331 0.095 5.467 5.475 7.694 230.3

The consi stency of these resul ts al lows one to Ùnal ly set the com positi on of
the major manganite phase, leading to the e˜ecti ve A- site vacancy content (y 00 ).
For simpl icity, we assume tha t the La / Ca rati o in the LaMn 7 O -l ike pha se is the
sam eas in the main materi al . In T able we present the calcula ted com positi on of the
m angani te phase of sam ples 2, 3, and 4, for the three therm al trea tm ent condi ti ons,
along wi th data on structura l , m agneti c, and tra nsport pro perti es [9, 10]. The
vacancy content ( ) of the m angani te phaseis pl otted in Fi g. 5, as a functi on of the

Fig. 5. The vacancy content ( ) of the manganite phase determined from X -ray di˜rac-

tion as a function of the value of the original average ( ). T he manganite phase accom-

mo dates a large fraction of vacancies, up to the solid solution limit close to 0 2 7

(line). T his value is beyond the rep orted limit of = 0 12 for La MnO [5, 8], w hich

is also conÙrmed by the = 0 comp ositi on of this study .
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ori gina l value (y ) in the sam ple average com positi on showi ng tha t the m angani te
phase accomm odates a large fracti on of vacanci es. It is im porta nt to note tha t
when Ca is present (x > 0 ) y 00 reaches values beyond 1/ 8, the reported lim it for
La 1 À y MnO 3 [5, 8], whi ch is conÙrm ed for the x = 0 com positi on of thi s study .

3. N an o-E D S-TE M st u di es

R esults of HRTEM thi n sections of sam ples 1 and 2 after heat trea tm ent
(c) and (b), respecti vely, are bri eÛy described. Sampl e 2b has an average com -
positi on of La 0 :4 7 9 Ca0 : â : MnO £ . Sam ple 1c of avera ge com positi on of
La : Ca : â : MnO £ has a lower Ca content. Both sam ples revealed an
unrea cted Mn O hausmani te phase. The nano-ED S-TEM analysis of parti cles in

conta ct wi th unreacted hausmani te parti cl es in sampl e 2b (see Fi g. 6) revealed
local arra ngements of parti cles of the f ollowi ng typ es:

( i ) the hausmani te parti cle conta cts m angani te parti cles of terna ry compositi on
close to the avera ge com positi on of the sam ple;

( i i ) at pl aces of La content below La sam ple avera ge content, parti cles of chem-
ical com positi on cl ose to the bi nary phases CaMn O (JCPD S # 19-0232),
Ca Mn O (JCPD S # 19-0233) wi th La/ (La +Ca +Mn) content below 5% atm
were observed;

( i i i ) at places of Ca content below Ca sam ple avera ge content, parti cles of chem-
ical com positi on cl ose to the bi nary phases LaMn O , LaMn O (JCPD S
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# 27-0261) wi th Ca/ (Ca +La +Mn) content ranging from 2{ 5% atm and par-
ti cles of the nearl y binary mangani te phase wi th com positi on up to the solid
soluti on l imit of La 0 :5 9 8 Ca0 : 0 7 0 â 0 :3 3 1 MnO 3 + d were found.

The arra ngement (i ) is more frequentl y observed.
A sim i lar study of sam ple 1c showed tha t the com positi on pro Ùle of the

m angani te parti cl es in conta ct wi th the hausmani te residual parti cles is constant
from the phase boundary to the center of the parti cles, being appro xi matel y given
as La 0 :6 0 7 Ca0 :1 2 1 â 0 : MnO £ .

The maxi mum value of A- site vacancy content in the m angani te parti cles
as determ ined by the nano-ED S analysis of TEM is close to = 0 3 0 for values
of Ca/ La site occupati on ranging f rom = 0 0 7 up to = 0 3 0 . Fi ne parti cles
(40{ 70 nm parti cle diam eter) of Mn rich phases of the La{ Mn{ O system, nam ely
the (La ,Ca)Mn O and the (La ,Ca)Mn O sol id soluti ons, are observed at conta ct
or very close to unreacted hausmani te parti cles. The observati on of Mn rich binary
phases of the Ca{ Mn{ O system was anti cipated from the publ ished works [11] and
is related to hetero geneity of m ixture of the sol id precursors of the sam ples in the
present study .

D ue to the m anganese excess in the sol id soluti on ( 0 ), we can consider
thi s element to assume a balanced distri buti on in the sam ple. The local envi ron-
m ent for oxyg en capture and typ e A cati on di ˜usi on wi l l lead to the di ˜erent
phase distri buti ons. The therm odyna m ic condi ti ons created by sampl e pro cessing
and heat trea tm ent lead mainl y to the m angani te phase form ati on. The eventual
form ati on of B-site (Mn) vacanci es above therm odyna m ic equi l ibri um concentra -
ti on by the e˜ect of oxyg en inta ke woul d be easily Ùlled by the surpl us Mn in
soluti on in m etastable structure s of the phase, or even from the conta ct wi th the
Mn source, the hausmani te. One theref ore exp ects tha t the Mn- site occupancy
in the m angani te phase can be ta ken very close to uni ty [â ] 0, the related
concentra ti on of A- site vacancies being not much compro mised i f the oxyg en sto-
ichi ometry is not exactl y 3. The anneal ing step after sinteri ng wi l l extend the
di ˜usi on e˜ect on the chemical species; special ly of Ca and La cati ons tha t are
eventua l ly concentra ted in incompl etely reacted phases. At the sudden end of heat
trea tm ent, reacti ons m ay freeze in m etastable phases, and some inhom ogeneit y of
compositi on and crysta l l ini ty is exp ected. The stabi li ty of the Mn- site sublatti ce
for the com positi ons studi ed is conÙrm ed by the fact tha t al l the sam pl es show a
ferrom agneti c m etal l ic behavi or below the Curi e temperature ( ), whi ch ranges
from 220 K up to about 270 K [9, 10]. Mo reover, as given in the Tabl e, sampl es 2
and 3, wi th vacancy contents 0 2 and 0 1 , respecti vel y, present a value
cl ose to the stoichi om etri c sam ple 4 (La : Ca : MnO £ ), and the presence of
A- site vacanci es even leads to an increase in m agnetoresistance values.
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The estim ate of A- site vacancy concentra ti on for the m angani te phase sur-
passesthe m axi mum reported ( ¿ 1 2%) for the La{ MnO 3 phase [5, 8]. The form a-
ti on of interm ediary phases from the manganite to the hausmani te regulates the
am ount of Mn tha t goes into solid soluti on and A-site vacanci es. In Fi g. 5, the
l im iti ng value f or y 00 in the m anganite structure seems close to ¿ 2 7%, whi ch is
also the m anganite sol id soluti on l imit found by nano-ED S in TEM wi thi n error
l im its. The smpl es heat trea ted at 1 3 5 0 £ C for 60 h in ai r (c) show a m ore e˜ecti ve
incorp orati on of the manganese into m angani te phase and a lack of La Mn 7 O 1 2

phase, possibl y due to the higher reacti on tem perature. The accom modati on of
such large am ount of A- site vacanci es (above 12%) leads to a stro ng latti ce di s-
to rti on of the m anganite phase. Such ortho rhom bic cell di storti on is characteri zed
by the increase in cell volum e, keeping the shorter a latti ce param eter constant,
and increasing b and c [10].

The observed distri buti on of XR D peak intensi ti esof the LaMn 7 O 1 2 phase is
di ˜erent from tha t reported f or bul k sam ples [JCPD S # 27-0261]. The LaMn O -
- l ike phase has an interm ediate chemical compositi on between the Mn O and the
m angani te La Ca â MnO , and in favo rabl e therm odyna mic condi ti ons,
is a m etastable tra nsiti on phase duri ng the reacti on. The reacti on pro cess in whi ch
the hausmani te is decreased consists in oxi dati on, along wi th Ca and La cati on
incorp orati on ori ginated thro ugh di ˜usi on from the m angani te surro undi ngs. Thi s
pro cessoccurs in a l imited acti ve zone conta cti ng the hausmani te gra in bounda ri es,
the thi ckness of the acti ve zone being deÙned by the penetra ti on di ˜usi on length
of the ions. A layered reacti on zone around the hausmani te gra ins can lead to
ani sotro pi c LaMn O growth wi th pref erred ori enta ti ons such as (204) or (2 2 4 )

determ ined by conta ct wi th the hausmani te crysta ls. It wo uld be sim i lar to the
X- ray di ˜ra ctograms of epi ta xi al thi n Ùlm s, where the intensi ty of the non-oriented
peaks is reduced.

By appl yi ng the Scherrer form ula to the isolated (204) peak of La Mn O
the wi dth of the La Mn O layer is estimated as 3 0 0 ¡A, or a layer thi ckness
of appro xi m atel y 200 ato mic layers in the (204) di recti on ( = 1 6 0 0 1 ¡A). Thi s
resul t, supp orted by TEM observati on, expl ains the reduced am ount of other crys-
ta l l ine planes and anom alous X- ray peak intensi ty distri buti on for the La Mn O .
On the other hand, one notes tha t the X- ray di ˜ra cti on of the (204) planes is not
sensiti ve to the occupati on element in the centra l A- site of the doubl e perovski te
cell of LaMn O . A di sordered structure for the doubl e perovski te A- site, wi th
random occupancy by La, Ca, Mn and vacanci es m ight lead to a severe reducti on
of the other pl ane XR D peaks and a XR D pattern di ˜erent from the ordered cati on
di stri buti on structure.

The work was supp orted by FCT under Pro ject POCTI/ CTM/ 35462/ 00.
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