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Abstract 

lat,.s.~Sro.lsMnO.~ single crystals were grown by the floating zone method. They can be reversibly reduced under controlled 
oxygen partial pressure. Their defect chemistry is investigated together with the evolution of their cell parameters and that of 
their electric conductivity which is very sensitive to their oxygen content. On the other hand, stoichiometric crystals can be 
oxidized with a slow kinetics making possible the preparation of diphasic materials. © 1997 Elsevier Science S.A. 
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I. Introdnclion 

The discovery of giant magnetoresislance [1~=3] in 
the L~l t o,A,MnO~ system (A ~ Ca, Sr)has attracted 
renewed interest on these mixed-valence perovskites 
[4~9]. The electric and magnetic properties of these 
materials are related to the double exchange interac- 
tion between Mn~and Mn 4. ions [10-12]. Conse- 
quently, the transport properties of these substituted 
manganites depend on the Mn4~/Mn "~ ' ratio and on 
structural parameters such as the distance between 
the Mn-O planes or the Mn-O-Mn bond angles. For 
a given divalent A ion, both the Mn4~/Mn ~. ratio 
and the crystallographic structure may be modified by 
changing the substitution degree x or by controlling 
the oxygen content of the material. 

For most polycrystalline samples prepared by solid 
state reaction or from wet chemical processes, an 
oxygen excess is found. Conversely, for samples heat 
treated under reducing conditions an oxygcn detio 
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ciency can be observed [13=16]. From a structural 
point of view, an oxygen excess is generally related to 
cation vacancies, whereas an oxygen deficiency is axe 
sociated with oxygen vacancies in the pcrovskit¢ nero 
work. To account for these kinds of defect, the chemio 
cal formulae may be, respectively written (La)=, 
A**), ~,.Mn)o,O3 and ~ z  ~, A,MnO~= ~. However, the 
presence of interstitial oxygen atoms in the structure 
was pointed out by AIon~ et al. [17] for samples 
prepared under high oxygen pressures. 

To obtain reliable data concerning the properties of 
the non-stoiehoimetric materials, a high homogeneity 
is required. Such an homogeneity can be obtained 
when all the samples under examination come from 
the same single crystal. Therefore, in the present 
article, we report the preparation and the study of 
reduced single crystals La..8~Sr.,l~MnO~ ~, (0 <~ # 
0.135) equilibrated under low oxygen partial pres- 
sures. For this large non.stoichiometry range, tt~ree 
valency states of the manganese ions must be taken 
into account to discuss the equilibrium conditions of 
the material at high temperature. A particular atteno 
tion is paid to the structural evolution of the samples 
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in rdatitm with their transport properties. Despite the 
slow kinetics of the reaction, some preliminary results 
concerning the oxidation of single crystals are also 
premnted. 

2. Experimental 

The feed rod used for the crystal growth was pre- 
pared by ~l id  state reaction of a mixture of La.~O~ 
(Prolabo, Rectapur, 99.995%) previously heated at 
(XK}°C, SrCO~ (Prolabo, Rectapur. 99%) and MnO., 
(John~n Matthey, reagent grade)checked by thermo- 
gravimetric analysis. The powder mixture was heated 
in air at 1 I~)°C for 3 days with three intermediate 
grindings; then, it was isestatically pressed at 15(XI 
bars to obtain a cylindrical rod which was sintered at 
I I ~ C .  Using the back-reflection Laue method a 
[{llll] oriented seed was cut from a previously grown 
cD'stal and used to grow the new single crystal along 
the same [001] direction. The crystal growth was car- 
ried out using the floating zone method in an image 
furnace [18,19] under a convenient atmosphere. The 
c~stal and the feed rod were rotated in opposite 
directions at 30 rpm and the translation speed was 7 
mm h ~=t. Under these conditions, a lil-cm long and 
4omm diameter crystal was obtained. All the samples 
used in the pre~nt study were cut in this crystal. 

A quantitalive analysis of the metallic elements was 
n|ad¢ by ~DAX {JEOL 21100 FX) at the extremities of 
the single cry,stal~ and showed an invariant composio 
tion. The homogeneity of ;t cry~tui of the s~,me com- 
position and grown in the ~ame condilions w;t_s ~dso 
checked I~y ICP/LES chemical analy~e~ c~lrricd out 
on cry~tal fraction~ cut at I cm from one ;ntother~ 

Chtmgcs in oxygen ~toichiometLv under reducing 
{~(lldlt . . . . .  fl~ were determined, at I IXXrC. through there 
mogravimet~ by measuring the weight change of a 
p~irt of the grown c~stal (I.3 g) as a function of the 
oxygen partial presstire p(O:). Thermogravimetric 
measurements were made using an Ugine Eyraud 
thermob~dance having a resolution of Ill ~g, Various 
~ x)g~n partial pressures were obtained using H :/H ,O 
or N./O: mixtures, they were measured with a zircoo 
nia probe and ranged from I(I ~ ~" to !(} ~ arm. Using 
lhe results of this preliminary, study, several ~mples 
with various stoichiometries were obtained by quench~ 

1(¢~" ing ~ingie crystal fragments heated at I(~ t C G~r I(~ h 
u~der an oxygen partial pressure obtained from 
CO/CO~ mixturcs~ The ma~ variations of these sam° 
p,les were measured with an accuracy of :± 0,2 rag, The 
cryst~d~ogr~phi¢ ch~racteristics of the reduced sam° 
ple~ were obtained by ~wder  X-ray diffraction with a 
Sceman~Bohlin ¢,~ "~mcra (Co=K,,~, A ~ 1,7889 A)use 
m3 A~{PO~)~ as internal standard, Cell parameters 
were refined bv~ ~ I¢~a~' ~ ~t square method with the SILEX 
programme. 

The DC electrical conductivity was measured as a 
function of temperature using a four-probe technique 
on 8-mm long rectangular-shaped samples. The cur- 
rent flow was parallel to the largest dimension of the 
sample which contains the [001] cristallographic direc- 
tion. All the data were collected with a computer 
driven system, using a Keithley 224 current source 
and a Keithley 196 digital multimeter for the voltage 
measurements. Magnetic measurements were carried 
out with a SQUID magnetometer (Quantum Design 
MPMS-5). 

3. Stoichiometry of the reduced samples 

A first aim of this work was to determine tile 
oxygen stoichiometry of the as-grown crystal and the 
thermodynamic conditions of its reduction. Owing to 
the lack of a reference state for Sr-doped LaMnO.~, a 
first step consisted in determining the point corre- 
sponding to 8 = 0. The weakest variation of the sam- 
ple weight in relation to log p(O:) was observed for a 
variation of p(O,)  from 1.4x 10 -i" to 2.5x 10-" 
arm {Fig. I), it corresponds to a variation AS = -4.5 
x Ill °'~. This indicates that between these points a~/a 
log p(O:) is close to its minimum value which corre- 
sponds to the stoichiometrie composition according to 
a statistical thermodynamic calculation made by Wag- 
ner [2tl]. Moreover, it clearly appeared that ,~ oxygen 
excess is found in tile sample treated at 2.5 x 10 ~" 
arm, since after being reduced under 6.8 x Ill ~ I, arm 
it could be equilibrated again in less than 16 h trader 
the former pressure. Conversely, in the o~gen excess 
region the oxidalion kinelics of ~l singleocrystalline 
material is vet3, slow. For example, starling with ,~ 
sample equilibrated under 2.5 x Itl " arm, no equiliho 
rium was reached after a 5oday treatment under pure 
oxygen at IIXI0°C. Taking into account the weight 
variations observed u ~ n  several attempts at oxidizing 
singleocrystalline samples, the oxygen deficiency, a, 
cannot I~ larger than 5 x Ill ~'~ and is more likely 
much smaller. Therefore, the sample in equilibrium 
under p ( O : ) ~  2.5 x 10 ~" arm at I(I(II}°C is con- 
sidered to have the stoichiometric composition ( ~S = 0). 
These cquilibrit~m conditions are in good agreement 
with those previously re~r ted  for polycrystalline sam- 
ples with close strontium contents [15], From these 
conditions, a sample was quenched at room tempera. 
lure. Its weight after the treatment was the same as 
the initial one. This clearly indicates that the as-grown 
c~slal has a stoichiometric ¢omlx~sition ~ ~ 0. 

The second step of this work was to establish the 
relation between 6 and p(O~). Some points were 
obtai,aed from the thermogravimetric measurements 
[prO:) ~- 2.5 × 10 ~', 1.4 × 10~ m 6.8 x 10~ la and 6.8 
x 10 ~ ~'~ arm] and complementary data were deduced, 

with a i~a~rer accuracx, from the weight changes of 
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Fig. !. Experimental dependence of log P(02)with the non- 
stoichiometry & The triangles correspond to the initial thermograv- 
imetric study and tile squares to tile samples equilibrated under 
CO/CO2. The curve represents the calculated isotherm. 

crystals equilibrated with C O / C O ,  mixtures (Fig. 1). 
The shape of the log p(O 2) =f(,~) curve is similar to 
that obtained for polycrystalline samples containing 
various strontium amounts [15]. To explain the rela- 
tion between ~ and p(O~), the evolution of the defect 
chemistry of the material under study must be exami- 
hated. At room temperature, manganese ions are 
found in two valency states which depend on the 
oxygen deficiency. For highly reduced samples (6 > 
x/2) these valency states are 2 + and 3 + ,  whereas 
for lower non-stoichiometries (6 < x/2) they are 3 + 
and 4 + .  At high temperature, it is likely that the 
three valency states can be found together since no 
particular feature is observed on the log p(O, ) ~,IX ,~ ) 
curve around ~ ~ x/2. Therefiwe an attempt was made 
Io reproduce our data by taking into account the two 
chemical equilibria suggested by Kuo ct al. [15]. The 
first reaction describes the reduction of Mn ~' in 
Mn 0~' with the tbrmation of oxygen vacancies: using 
the KrOger=Vink notation, it can be written as: 

2Mn~s.+Oo "~ ' , , ~ ' -MnM. + VM + ~'0. ( I )  

its equilibrium constant is: 

K, ,~ [Mnh,, ]:[V(T']i~(O= )! i[Mn~,, 1"~10,, ] 

y • b The concentrations of the manganese ions under 
their different valency states arc related b~ the dis° 
proportionation equilibrium: 

2Mn~,, ,~, Mn'M, , 4 Mn~. (2) 

with the following constant: 

K~ = [Mn'M. ][Mn~. ] / [ M n h .  12 

the equation for electroneutrality is: 

[Sr L ] + [Mn'Mn] = 2[V~'] + [Mn~n] (3) 

and that describing the conservation of manganese: 

[Mn'Mn ] + [Mn~ln] + [Mn~.ln] = 1 (4) 

These equations can be expressed by taking into 
account the lanthanum substitution degree [Sr'L~ ]----x 
and the oxygen deficiency through [V~"] = 8 and 
[Oo ] - 3 - 6. Then the concentrations of each kind of 
manganese ions can be calculated as a function of ~, 
x and K 2. Therefore, for a given strontium content x, 
the oxygen partial pressure can be expressed as a 
function of 6, K. and K,. The equilibrium constants 
were obtained by a least square procedure minimizing 
the expression v,[Iog P(O2)c,,t-iog P(O2)~xo]2. An 
excellent agreement is obtained between our data and 
the calculated isotherm (Fig. 1). The values of the 
calculated constants Kt and K, are reported in Table 
I together with those obtained with the same proce- 
dure for the data of Kuo et al. [15]. The satisfying 
agreement between the experimental and the calcu- 
lated data suggests that a model taking into account 
the equilibria (1) and (2) is convenient to describe the 
behaviour of the three compositions at high tempera- 
ture. However, a comparison of the values of gt  and 
K, obtained for the different compositions does not 
lead to a clear-cut conclusion. It seems a bit surpriso 
tag to find the lowest value of the disproportionation 
constant for x ~ 0.15 and the highest value for x 
0.20. A possible explanation for these unexpected 
results may be the use by Kuo ct al, of H~/CO~ 
based mixtures which are known to react very slowly 
below 15(X)°C: in particular, we believe that the actual 
oxygen partial pressures are higher than tho~ r¢o 
ported by these authors since an attempt to reduce 
undoped LaMnO~ at lt~}°C under 1 x 10 : ' "  atm led 
to the decomposition of the sample, which is in con° 
tradiction with their data. Some cation nomstoichiom° 
etry may also be invoked, for example a small lano 
thanum deficiency in a sample would incre~ose its 
Mn ~t* content. 

The model describing our data is that of a random 
distribution of the oxygen vacancies on the perovskito 

"rabl¢ I 
Equilibrium constants determined at I(HIO"C for various strontium 
c o l l l e n t s  x 
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lattice taking place together with a disproportionation 
of Mn 3~ ions. No extended detects are to be con- 
sidered in such a model in contrast to the results 
reported for undoped ~MnO~_ ~ [21]. Disproportion- 
ation at high temperature was taken into account by 
Mizusaki et al. [22] to interpret the reduction of 
Lat_,Sr, FeO~_.~ and by Kuo et al. for the above- 
mentioned data. It was also taken into account in the 
oxygen exce~ region to explain the electrical conduc- 
tiviW and the defect chemistry of Lat_,SqMnO~.,s 
[23,24]. Therefore this model seems suitable to inter- 
pret a large number of data in addition to those 
reported here. 

4. Properties of the reduced samples 

Powder X-ray diffraction patterns were recorded 
for all the samples except for the most reduced one 
(8~0.135) which was reoxidized during the initial 
thermogravimetric study. For ~ _< 0.055, X-ray 
diffraction indicates that the samples are single phase 
lFig. 2) since all the reflections can be indexed in the 
orthorhombic system with the Pbnm space group (no. 
62). For 8 ~ 0.092, no indexation was possible hitherto 
but no indication of a decomposition was found ei- 
ther. Moreover, at the reduction temperature (10{X)°C) 
the most reduced sample (¢1=--0.135) seems to be 
made of a single phase since after its reoxidatlolt it 
was still itl single crystalline form. Itowever. at room 
temperature a decomposition cannot be completely 
discarded: such a decomposition was reported for 
oxygen deficicnl LaMnO~ ,~ below t~II~/~C [25] with 
the form~ttion of a compound contai~fing ordered ano 
ioa vacancies~ 

In stoichiometric La,,.~Sr,,t~MnO~. the h parameo 
let is found smaller than the a parameter, unlike what 
i~ fotmd in unripped LaMnO, i25] or in samples with 

GG 

........................ a ...................... ~ . . . . . . . . . . . . .  = ~ L = ~  e 

a o 

o 

2 ~ 2 95 ~ % ~ 9'? ~ ~ ~ ~9 3 30t  

,~, Ccl't parameters, as a t'unctk~n ~f the ~on.~toichionlctLv ,~ in 
the ~nm S.G 

low strontium content [5,7]. This result is in agree- 
ment with that obtained by Kawano et al. by neutron 
diffraction [7] but not with the extrapolation pre- 
sented in [5]. In the interpretation of the diffraction 
pattern, an inversion between the a and b parameters 
can easily be done since the indexation of most lines 
does not make it possible to choose between the 
settings corresponding to Pbnm and Pnam. For the 
sample under study, the reported parameters are 
based on the observation of the 021 reflection which 
is allowed for Pbnm but not for Pnam. Moreover, our 
data showed that the a parameter presents a weak 
variation with the oxygen deficiency, a behaviour which 
is similar to that observed in function of the lan- 
thanum substitution degree x. 

The c parameter increases with the ox'ygen defi- 
ciency whereas it decreases with decreasing strontium 
content [5]. This means that for a similar Mn~+/Mn s~ 
ratio, the a,b planes are more distant from one an- 
other in the oxygen deficient material than in the 
corresponding strontium-substituted material ( x =  
0.15 - 2 ~5 ), thus the antii~rromagnetic coupling along 
the c axis [26] should be weaker in the former mate- 
rial. 

The conductivity of the samples (Fig. 3) is very 
sensitive to their oxygen content, when 8 increases 
from () to 0.092 it is divided by approx. 50 at room 
temperature and by more than 104 at 100 K. The 
metallic behaviour which is observed between 210 and 
240 K for the stoichiometric sample disappears com- 
pletely tbr ~ ~ 0.04. The decrease of the conductivity 
is due to the decrease of the hole ( M # ' )  concentra- 
tion and also to the oxygen vacancies which break the 
path of the electron Iloppings. However, the modifio 
cation of the crystalline structure should also be taken 
into account. For 6 ~ I).04, a more detailed study of 
the conductivity is presented elsewhere together with 
that of the magnetoresistance [27]. The most reduced 
sample (~ ~= 0.092) exhibits the highest resistivity, but 
it is worth noting that with such an oxygen deficiency 
it should contain only Mn:" and Mn ~a" ions at low 
temperature, Therefore, for this composition there is 
no more hole doping but rather electron doping. It is 
likely that for a non-stoichiometry close to x/2 the 
resistivity would be higher than that reported here for 
the two clo~st compositions since the carrier concen- 
tration should be vet3' weak. 

5. Oxidized samples 

Partial oxidations of crystal fractions were carried 
out ~tween 750°C and 9tX)~C for times ranging from 
12 h to 4 da~  (Table 2), Whereas no weight increase 
could be detected after this treatment (partly because 
of the small size of the samples), the resistivity of the 
annealed samples is always lower than that of the 
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Fig. 4. Resistivity tit" the oxidized samples as a function of the 
temperature for the as-grown crystal (a) and for samples treated as 
indicated in Table I lb, c, d and ¢). 

starting crystal (Fig. 4), this clearly indicates an oxida- 
tion. The shape of all the curves is characteristic of a 
more complex behaviour than that of the stoichiomet- 
ric crystal and it is worth noting that at low tempera° 
ture all the samples exhibit a metallic behaviour. It 
seems that the electrical conductivity of the samples 
under study is the sum of two contributions, one more 
or less similar to that of the stoichiometric material 
and the other related to an oxidized phase. As above- 
mentioned, the oxidation of strontium-substituted 
lanthanum manganites under ordinary pressures is 
generally interpreted by the formation of cation va- 
cancies. The kinetics of this reaction is slow for single 
crystals since it requires cation diffusion. In the mate- 
rial under study, a thin surface layer of an oxidized 
phase is formed upon annealiqg, whereas the core 
keeps its original stoichiometry. Therefore, the sam- 
pie its equivalent to two resistaqces in a parallel con= 
figuration. A relevant parameter to take into account 
the relative contributions of the two phases is their 
thickness. This is obvious in comparing the resistivi- 
ties of samples (d) and (e) oxidized in the same 
conditions. For sample (d), the presence of two phases 
is indicated by the bump obset~ed near 240 K and by 
the transition from a semi-conducting to a metallic 
behaviour near IIX) K. The thickness of the oxidized 
layer should be the same for both samples, but the 

Tal:~l¢ 2 
Chiirlicicristics of the oxidized siunrJlcs 

Sample Thickness (ram) Oxidalion eruditions 

b 2.0 12 h/76f f 'C/02 
c 0.50 99 h/75( |°C/air  
d ii..~ii 95 l i l g l ) O ' ~ C i a i r  

e 0.29 95 h /g l l l i °C /a i r  

lower thickness of sample (e) makes it difficult to 
detect the presence of its unoxidized fraction; the 
resistivity curve has a shape similar to that observed 
for a single crystal with a strontium content x ~ 0.175 
[28]. This does not mean that this sample is com- 
pletely oxidized but that its mean conductivity is 
dominated by that of the oxidized layer. The compar- 
ison of the resistivity curves of samples (c) and (d), 
which have the same thickness, indicates that the 
oxidized layer of sample (d) is thicker than that of 
sample (c). As the latter was treated for the same 
period of time but at lower teml~rature, this results 
from a slower cation diffusion. 

The presence of two phases in the oxidized samples 
is also confirmed by their magnetization curves which 
arc all similar to that of sample (c) presented in Fig. 
5. The oxidized layer of this sample has a Curie 
temperature T¢ close to 280 K, whereas T¢ is close to 
24t) K for the stoichiometric core. From the intensity 
of the magnetization in the shoulder region around 
270 K, it appears that the oxidized fraction of the 
material is clearly smaller than the unoxidizcd fraco 
tion. A more detailed study of this region under 
different magnetic fields would be useful to estimate 
the relative fraction of both phases. All the features 
observed on the magnetization curve have their ¢OUno 
terparts on the resistivity curve, which illustrates the 
close relationship between the electrical and magnetic 
properties of these materials. 

6. Condusion 

It has been shown that single crystals of 
La,.ssSr,.tsMnO3 grown by the floating zone method 
are stoichiometric. They can easily and reversibly be 
reduced under low oxygen partial pressures. The re- 
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duction isotherms can be interpreted by taking into 
account a disproportionation of the Mn ~" ions at 
high temperature. The low temperature conductivity 
of the samples is highly sensitive to oxygen deficiency 
but its evolution depends also on that of the cell 
parameters° The oxidation of single-crystalline mate- 
rial has a slow kinetics since it requires cation diffu- 
sion, Therefore diphasic samples can be obtained by 
controlling the oxidation time as revealed by the 
ro~i~tivi~ ~n(I magnetization measurements, 
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