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SAMMANFATTNING PÅ SVENSKA 

Materialkemin är ett dynamiskt område där höga krav ställs på syntesen; 
framställningen av alltmer avancerade material är en förutsättning för 
mycket av den teknologiska utvecklingen. Vi har tagit fram en 
manganmolekyl som öppnar nya dörrar för syntes av manganbaserade 
material. Mangan ingår i många material som används i t ex moderna 
katalysatorer och batterier, och många som kan vara lämpade för 
morgondagens elektronik.

En mycket intressant grupp av föreningar är de dopade 
lantanmanganaterna. Dopning innebär i det här fallet att man byter ut ett 
antal trevärda lantanjoner La3+ mot tvåvärda joner av t ex kalcium Ca2+,
strontium Sr2+ eller barium Ba2+. När man gör det övergår motsvarande 
mängd av manganjonerna från trevärda Mn3+ till fyrvärda Mn4+. På så sätt 
bevaras laddningsbalansen i föreningen. Blandningen av tre och fyrvärt 
mangan ger upphov till många värdefulla egenskaper, såsom elektriska, 
magnetiska, jonledande och katalyserande.

Den egenskap som framför allt har väckt ett enormt intresse för de 
här materialen sedan början av 1990-talet är den stora magnetoresistansen. 
Magnetoresistans innebär att materialets ledningsförmåga påverkas av 
magnetfält, något som används t ex för avläsning av magnetiska minnen.  

Magnetoresistansen hos vissa dopade lantanmanganater är flera 
hundra gånger större än i de material som idag används för avläsning av 
magnetiska minnen, och kallas därför “kolossal magnetoresistans”. I början 
hoppades man att lantanmanganaterna skulle kunna ersätta dagens 
läsmaterial, men idag vet man att det krävs mycket låga temperaturer och 
starka magnetfält för att uppnå den “kolossala” effekten och att den därför är 
svår att utnyttja i t ex datorer. Materialen är ändå mycket intresssanta, dels 
för andra typer av tillämpningar, dels ur grundforskningsperspektiv. Därför 
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arbetar många forskningsgrupper med att undersöka såväl egenskaperna hos 
olika sammansättningar som olika metoder att framställa materialen.

Även om egenskaperna är avgörande för vad materialen kan 
användas till, så är förståelse för hur materialen bildas av yttersta vikt, om 
man vill ha full kontroll över struktur och egenskaper. Det är därför jag 
lägger ner min mesta energi på just detta. Jag arbetar i en forskargrupp ledd 
av Gunnar Westin vid institutionen för materialkemi, Uppsala universitet. 
Gruppen, som omfattar sju personer, arbetar med ett tjugotal projekt, som 
innefattar både grundforskning och framställning av olika material för allt
ifrån optiska vågledare till bergborrar. Den gemensamma nämnaren för 
projekten är lösningskemi. 

När det gäller material med komplicerade sammansättningar har 
lösningskemisk framställning många fördelar, såsom hög renhet, relativt låga 
avbränningstemperaturer och stora möjligheter att styra sammansättningen. 
Den lösningskemiska metod jag använder heter Sol-Gel-syntes, och bygger 
på att de olika utgångsämnena blandas i lösning och sedan bringas att binda 
till varandra så att ett nätverk, en gel, bildas. Gelen bränns sedan till den 
önskade oxiden. Om man gör det här på rätt sätt kan den goda blandningen 
av molekylerna i lösningen bevaras hela vägen till oxiden, något som är 
oerhört viktigt för materialets egenskaper. 

I Sol-Gel-syntes är valet av utgångsämnen mycket viktigt. Det finns 
många att välja på, men de i många avseenden mest överlägsna är 
alkoxiderna. En alkoxid kan ses som en förening av en metall och en 
alkohol, och den är ofta mycket reaktiv. Trots många fördelar har ingen före 
oss gjort någon rent alkoxidbaserad syntes av manganmaterial. Förklaringen 
är ganska enkel: alla dittills kända mangan-alkoxider var olämpliga för sol–
gel syntes, t ex var nästan alla olösliga, och löslighet är ett måste i 
lösningskemisk framställning. 

Molekyler 
i lösning

OxidSol GelMolekyler 
i lösning

OxidSol GelMolekyler 
i lösning

OxidSol Gel

Schematisk bild av Sol-gel-processen. Molekylerna blandas i lösning och 
bringas sedan att reagera med varandra. Först bildas en sol, dvs små 
partiklar som svävar i lösningen, sedan en gel som bränns till oxid. 
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Alkoxider är mycket reaktiva. För att de inte ska förstöras genom 
reaktioner med syre och vatten som finns i luften, syntetiseras och 
förvaras de i handskboxar fyllda med argongas.

Det forskningsprojekt som den här avhandlingen handlar om, började därför 
med att ta fram en löslig manganalkoxid. När det var gjort blandade vi den
med lösningar av liknande alkoxider av lantan, neodym, kalcium, strontium 
och barium i olika proportioner, och använde sedan dessa blandningar för 
Sol-Gel-syntes av olika dopade lantanmanganater.   

Eftersom vi ville veta hur materialen bildas, gjorde vi först en termo-
gravimetrisk analys, där en bit gel vägdes ytterst noggrant medan den 
värmdes med konstant hastighet till 1000°C och därvid brändes till oxid. 
Detta gav en bild av hur vikten minskar stegvis vartefter olika reaktioner 
sker vid olika temperaturer. För att få förståelse för processen tog vi ut 
prover vid intressanta temperaturer, och analyserade proverna med flera 
olika metoder. På så sätt fick vi information om vilka typer av föreningar 
som bildas under värmningen, och vid vilken temperatur endast den rena 
oxidföreningen återstår. Genom att göra detta för olika sammansättningar 
fick vi också en uppfattning om vilka beteenden som är generella för den här 
typen av material, och vilka som är unika för specifika sammansättningar. 

De viktigaste upptäckterna härvid är att gelen tar upp koldioxid ur 
luften och bildar karbonatföreningar, och att detta är avgörande för vid 
vilken temperatur en homogen oxid kan bildas, samt att den nya 
manganalkoxiden gör det möjligt att framställa oxider med ovanligt stort 
syreinnehåll. 

Idag, när vi har skaffat oss en del kunskap om utvecklingen från gel 
till oxid, är nästa steg att använda denna kunskap. Detta har vi i viss mån 
gjort i framställningen av filmer av dopade lantanmanganater, filmer som vi 
hoppas att kunna använda för att mäta bl a materialens magnetoresistiva 
egenskaper. En första sådan mätning är redan gjord och resultaten visar 
bland annat på ett något annorlunda beteende hos sol-gel-filmen jämfört med 
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film framställd med en mer vanlig metod, en skillnad som det vore roligt att 
undersöka närmare.  

Vidare kommer vi att använda våra slutsatser till att försöka påverka 
hur materialet bildas, bland annat genom att hindra gelen från att ta upp 
koldioxid.

Vi hoppas att vår forskning leder till ökad förståelse för hur olika 
material bildas och hur man kan styra processen, och därmed i förlängningen 
styra materialens egenskaper. Kunskap om hur olika material bildas är också 
viktigt för att det i framtiden ska bli lättare att ta fram helt nya material. 

250 nm250 nm

Tvärsnitt av en film sedd med svepelektonmikroskop. Filmen med den 
dopade lantanmanganaten är ungefär en tiotusendels millimeter tjock. När 
den känner av ett magnetfält ändras den från isolerande till elektriskt 
ledande. 
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INTRODUCTION

When it comes to its importance for human society the development and 
improvement of materials cannot be emphasized enough. Today the 
advances in materials science has brought us to the point where materials 
can be tailored on atomic scale to suit specific applications, and the need for 
and use of designed material will increase in the future. This development 
has been possible through increased knowledge and understanding of the 
materials chemistry and physics, and advances in processing methods. As 
such, chemical solution based processing, including sol–gel synthesis, are of 
great interest in the regard that it offers relatively inexpensive industry-scale 
processing of a wide range of materials. It benefits from high control over 
stoichiometry and morphology, and it is in many aspects more flexible than 
e.g. vacuum technology and high temperature synthesis.  

This thesis describes a new all-alkoxide based sol–gel route to 
perovskite mixed-valence manganites, which is a fascinating family of 
compounds, that has attracted considerable interest during the last decade 
due to very large magneto-resistance phenomena near the Curie temperature. 
These materials exhibit many interesting chemical and physical properties, 
but the focus of this thesis is on understanding the synthesis process, not on 
the properties of the final oxide. However, some electron transport 
measurements have been performed, and as a background the chapter 
“Perovskite manganites” briefly describes the crystallographic structure, 
electron transport and magnetoresistance of this type of compounds. Some 
general aspects of sol–gel materials processing are described in the chapter 
“Sol–Gel synthesis”. 

In sol–gel processing alkoxides are in many aspects the most 
versatile precursors, however the lack of a suitable manganese alkoxide has 
prevented sol–gel processing of manganites based on purely alkoxides. Thus, 
this project started with the preparation and characterization of the alkoxide 
Mn19O12(moe)14(moeH)10 ·moeH (moeH = CH3OCH2CH2OH), described in 
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“The manganese alkoxide precursor” chapter. It is a reactive compound with
high solubility in suitable organic solvents such as toluene/moeH, and after 
mixing with La, Nd, Ca, Sr, and Ba methoxy-ethoxides in different ratios, 
Mn19O12(moe)14(moeH)10 ·moeH was used as precursor in sol–gel 

processing of Ln1-xAxMnO3 perovskites. The gel-to-oxide phase evolution of 
the process was studied in some detail and is described under “Phase 
development studies”. The chapter “Ln1-xAxMnO3 films” includes studies of 
thin film preparation, and transport measurements for La0.67Ca0.33MnO3
films. Finally “Discussion” and “Concluding remarks” discuss of some 
aspects of the process and prospects for its further development. 



PEROVSKITE MANGANITES 

Perovskite ceramics exhibit a number of interesting chemical and physical 
properties and a rich variety of crystallographic, electronic and magnetic 
phases.

The discovery of very large magneto-resistance (MR) in hole-doped 
manganites has created an enormous interest in this type of mixed valence 
perovskites during the last decade. Today it is evident that the low 
temperatures and high magnetic fields, required for this extraordinary MR 
effect, makes most applications based on it unrealistic. However, the 
La1-xAxMnO3 perovskites are still interesting from a fundamental aspect, and 
for potential applications in e.g. un-cooled infrared bolometers.[1-4]  

A full account for all the chemical and physical properties of the 
perovskite manganites is far beyond the scope of this thesis. This chapter is 
meant as an introduction to the structural and electronic transport properties 
of these materials, as well as a short description of some factors influencing 
the CMR effect. The information is mainly based on reviews by Coey et
al[5] and Prellier et al[2], unless otherwise stated. 

Crystallographic Structure and Chemical Composition 

The perovskite oxides have the empirical formula ABO3. The ideal 
perovskite structure is cubic, and many perovskites adopt this structure at 
high temperatures, but are distorted at lower temperatures.  The larger A 
cation is coordinated by twelve oxygens in a cuboctahedral way, while the 
smaller B cation is octahedrally coordinated to six oxygens (Figure 1).  

In order for the ions to be in contact with each other in the ideal 
cubic structure, rA + rO must be equal to 2 (rB + rO), where rA, rB and rO are 
the ionic radii of the A, B and oxygen ions. From this relation Goldschmidt 
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defined a tolerance factor, t’ = (rA + rO)/( 2 (rB + rO)). The perovskite 
structure is stable within the range 0.89 t’  1.2. 

In most perovskite manganites the ideal cubic structure, for which 
t’ = 1, is distorted by cation size mismatch and the Jahn-Teller effect, and 
there is a variety of cubic, tetragonal, rhombohedral, hexagonal, 
orthorhombic and monoclinic structures, with rhombohedral and monoclinic 
angles close the ideal values r = 60  and m = 90 , m = 90  respectively. 
Figure 2 illustrates the relation between the different cells. 

  

A

B

O

A

B

O

  
Figure 1. Structure of the perovskite; at the top two illustrations of the 
simple cubic ABO3 unit cell showing the B-ion (left) and A-ion (right) in 
the center respectively. At the bottom an illustration of the structure 
emphasizing the octahedral environment of the B cation, the oxygens are 
situated at the corners of the octahedras.  

Figure 1. Structure of the perovskite; at the top two illustrations of the 
simple cubic ABO3 unit cell showing the B-ion (left) and A-ion (right) in 
the center respectively. At the bottom an illustration of the structure 
emphasizing the octahedral environment of the B cation, the oxygens are 
situated at the corners of the octahedras.  
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Figure 2. Relations between the unit cells used to describe manganese 
perovskites. The simple cubic cell, shown in the lower left corner, has a 
lattice parameter a0. The orthorhombic lattice parameters are related to 
the simple cubic lattice parameter by a c a2 0 and b  2a0. The
rhombohedral cell is centered around the space diagonal of the 2a0 cube.
From Coey et al [5]. 

The stability range allows a plethora of chemical compositions for the 
perovskite oxides, and depending on the valency of the cations the 
combinations A1+B5+O3, A2+B4+O3 and A3+B3+O3 are all possible. Also, 
partial substitution of any or both of the A and B cations for A’ and B’ can 
be used to form species like (AxA’1-x)(BxB’1-x)O3, or even more complex 
compositions. A’ and B’ can be of the same or a different valency as the A 
and B ions, e.g. A2+(B3+

0.5B’5+
0.5). In some compounds, such as the mixed 

valence manganites, B and B’ are of the same element but of different 
valency.  

Thus, substitutions provide extensive possibilities to tailor the 
chemical compositions, and thereby the properties of the materials. The 
substitutions affect two things: 

The interatomic distances and angles – this cause distortions that 
influence not only the crystallographic structure but also the physical 
properties.
The number of 3d-electrons – some of the effects of this on 
magnetic and electronic properties will be treated in the following 
paragraph.
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Another frequent feature of perovskite compounds is oxygen non-
stoichiometry, i.e. deficiencies of cations or anions. The formation of these 
ABO3±x perovskites is mainly governed by the ability of the transition metal 
at the B-site to take several oxidation states and several coordinations. 
Although oxygen vacancies are more common than oxygen excess (i.e.
cation vacancies), there are a few systems showing apparent oxygen excess, 
including LaMnO3+ .

In LaMnO3+ , or (LaMn)1- O3 which is a more accurate way of 
describing the system, the oxygen content can be as high as LaMnO3.29,
corresponding to 58% Mn4+, still preserving the perovskite structure.[6] A 
formula like (LaMn)1- O3 implies that the La:Mn ratio is 1:1, which is not 
always the case. Neutron diffraction studies of an LaMnO3.12 sample 
prepared by solid state reaction showed that the oxygen excess was 
accommodated by vacancies at the La- and Mn-sites, along with partial 
elimination of La2O3, resulting in the composition La0.94Mn0.98O3.[7] This 
composition can be considered stoichiometric with respect to the oxygen 
content, but it is non-stoichiometric with respect to the cation ratio. 

While annealing in oxygen atmosphere might result in considerable 
oxygen excess, oxygen deficient samples can be obtained by annealing in 
vacuum or a reducing atmosphere. Many oxygen deficient perovskites can 
be described as perovskite-related superstructures of the general formula 
AnBnOn-1. Examples of manganites with ordered oxygen vacancies are 
La8Mn8O23 and La4Mn4O11, these and LaMnO3 were prepared by reduction 
of LaMnO3.07 in CO at different temperatures.[8] The oxygen vacancies are 
accommodated by one (La4Mn4O11) or three (La8Mn8O23) sheets of MnO6
octahedral alternated with one sheet of MnO4 tetrahedra.

The readily occurring vacancies and non-stoichiometries in this type 
of compounds is the reason why the properties of samples of seemingly the 
same composition vary depending on how they were prepared. Several 
studies show that the partial pressure of oxygen during preparation or post-
annealing has a critical influence on the physical properties.  

Electron transport and magnetic properties 

In La1-xAxMnO3 perovskites there is a strong correlation between electron 
transport and magnetic properties; high resistivity is associated with 
antiferromagnetism and low resistivity with ferromagnetism. 

In LaMnO3 the magnetic moments of the Jahn-Teller distorted Mn3+

3d4 ions are ordered parallel within the ab planes, forming ferromagnetic 
layers which in their turn are ordered antiparallel to each other. LaMnO3 is 
an antiferromagnetic insulator, but when doped with sufficient amounts of 
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Mn4+ ions, as when the A-site La3+ ions are partially substituted for divalent 
ions such as an alkaline earth ion or Pb2+, the material becomes 
ferromagnetic with a metallic conductivity below the Curie temperature Tc.
Above Tc the sample is paramagnetic. For low values of x and for x>0.5 the 
La1-xCaxMnO3 compounds are antiferromagnetic, but for compositions 
around x=0.3 they are ferromagnetic below Tc.

Double exchange 
In 1951 Zerner presented a theory of indirect magnetic exchange between 3d
atoms.[9] Carrier electrons can hop between two ions only if the electron 
spins of the two ions are parallel, and Zerner showed that ferromagnetic 
interactions are energetically favored when conduction electrons are present. 
He used his theory to explain the correlation between electron transport and 
magnetic properties observed in perovskite manganites. 

To describe the exchange between Mn3+ and Mn4+ ions via an 
oxygen ion Zerner introduced the concept of double exchange, i.e.
simultaneous transfer of an electron from the Mn3+ to the oxygen and from 
the oxygen to the Mn4+. Double exchange is always ferromagnetic; if the 
spins of the d-electrons of the two manganese ions are parallel the 
configurations Mn3+–O2-–Mn4+ and Mn4+–O2-–Mn3+ will be degenerated. If 
the manganese spins are not parallel the electron transfer becomes more 
difficult. The electron transfer is also more difficult if the Mn–O–Mn bond is 
bent; when the angle is 180° the overlap of the manganese d-orbitals and the 
oxygen p-orbitals is the largest and the interactions are the strongest, and 
will decrease on deviation from this angle. 

Colossal Magneto Resistance 
Magnetoresistance (MR) is the change in electrical resistance of a material in 
response to a magnetic field. It is a result of the ability of magnetic fields to 
change the scattering of conduction electrons. MR is generally defined as 

R/R0 = (RH – R0)/R0 (or sometimes as (R0 – RH)/R0 or R/RH) where R0 is 
the zero field resistance and RH the resistance in an applied magnetic field.

In the early 1990’s extraordinary large negative MR effects were reported 
for La–Ca–Mn–O thin films,[10,11] and this created an enormous interest in 
perovskite mixed valence manganites.  

In these materials, the correlation between magnetic properties and 
electron transport gives rise to the MR; when a sample in the paramagnetic 
state is subjected to a magnetic field, the spins will align (the sample 
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becomes ferromagnetic), which enables transport between the Mn-ions. The 
term colossal magneto resistance (CMR) was introduced to distinguish this 
type of MR from the giant magneto resistance (GMR) occurring in 
ferromagnetic multilayers. Although first used to describe very large 
negative values of MR, today the term “colossal” is not necessarily 
correlated to the MR value, but is often used to describe the mechanism 
giving rise to the MR.

At the Curie temperature the change from insulating to metallic 
behaviors of the material causes a peak in the resistivity at a temperature T
close to Tc. Both spin disorder and magnetic susceptibility are large which 
maximizes the effect of an applied field, giving rise to a peak value of the 
CMR at a temperature usually slightly lower than T  (Figure 3).

High values of the CMR peak are generally found when T  and Tc
are low and the peak resistivity at T is high. The MR becomes larger at 
phase transitions at lower temperatures, because with decreasing temperature 
the metallic resistivity decreases, while the semiconducting resistivity 
increases, thereby generating a larger difference between the two states at 
lower temperatures. 

Figure 3. The temperature dependence of resistivity (  and 
magnetoresistance (MR). After Jin et al. [11]. 

Controlling the CMR 
The CMR peak, the T  and Tc are all related to the crystal structure and are 
therefore influenced by the chemical composition of the oxide. For example 
the size of the A-site cation will affect the tilting of the MnO6 octahedra and 
thereby the Mn–O–Mn angles and interactions. Changing the radius of the 
A-site cation will therefore influence Tc, and also the magnitude of CMR and 
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the peak resistivity.[12] According to Rao, an average radius of the A-site 
cation of approximately 1.2 Å gives the highest Tc.[13]  

The heat-treatment might affect various factors, such as oxygen 
content, epitaxy, grain size elemental homogeneity and substrate-film 
reactions.[11,14-16] Homogeneity and oxygen stoichiometry are both 
important parameters. Homogeneity is important in order to have a sharp 
transition between the metallic and insulating states. If the sample is 
inhomogeneous, different parts will have different transition temperatures. 
The oxygen stoichiometry affects the Mn3+:Mn4+ ratio, and thereby the 
electronic transport properties and the resulting CMR effect. Also, due to 
differences in size of the Mn3+ (0.645Å [17]) and the Mn4+ (0.530Å [17]) the 
average Mn–O bond distances will be affected; an increased amount of Mn4+

will lead to shorter bonds and stronger interactions. It has been shown that 
annealing La0.67Ca0.33MnO3 films in O2 atmosphere will increase the peak 
temperature and decrease the electrical resistivity near room 
temperature.[11]

For high MR in perovskite oxide films a good epitaxy is of great 
importance and therefore also the choice of the substrate. The smaller the 
mismatch of the lattice parameters of the substrate and the film, the better 
the epitaxy and thus the MR properties. Decreasing the substrate–film 
mismatch will also increase T  The film thickness also strongly influence 
the MR, as the strain caused by the substrate-film lattice mismatch will relax 
with increasing film thickness. As the film grows thicker it will reach a 
critical thickness beyond which the transport properties and MR does not 
change even if the thickness is increased further (Figure 4).[18] The strain 
will affect Mn–O–Mn bond angels and Mn–Mn atomic distances, and it can 
also influence the oxygen content; introduction of oxygen vacancies can 
relax tensile stress, as it causes transition of Mn4+ to larger Mn3+ ions.[19] 
Post-annealing can remove or reduce differences in properties between films 
of the same composition caused by strain-induced features such as thickness 
dependence or substrate differences.[19,20] 

Thus, the peak temperature, as well as the CMR value, can be altered by 
tailoring the film thickness and by heat-treatment atmosphere, temperature 
and time.  



Figure 4. Resistivity and magnetoresisrivity versus temperature for 
La0.75Sr0.25MnO3 films deposited with PLD on SrTiO3 (left) and LaAlO3

(right), showing the thickness dependence of the transition and peak 
temperature respectively. From Khartsev et al. [18]. 
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SOL-GEL SYNTHESIS 

In sol–gel processing materials are obtained from solution via gelation. It 
can be used as an optional, often more controllable, way of making ceramics 
or glasses that can also be prepared with other techniques. But the high 
homogeneity of the constituent elements and the mild processing conditions 
of the sol–gel synthesis, such as moderate preparation temperatures, also 
makes it possible to obtain unique materials, not accessible with other 
techniques.

Sol–gel methods have been used commercially since the 1930’s, but 
the real take off was not until the 1970’s, when it was shown that gel 
monoliths could be transformed with retained shape into oxide[21-23] and 
that the use of alkoxide precursors allow for low sintering temperatures
[24,25]. Since then, although monoliths have turned out the least important 
of the many possibilities of sol–gel synthesis, other aspects has attracted a
continuously growing interest. Today sol–gel processing is a well-
established method used at laboratories and industries all over the world, and 
a large number of review articles and books have been published on the 
topic,[26-34] as well as an excellent web-site[35]. The Journal of Sol–Gel 
Science and Technology is entirely dedicated to the subject, but the ever 
increasing amount of reports on studies of sol–gel processes and sol–gel 
derived material are found in many other chemistry, physics and materials 
related journals and bulletins. There are several conferences treating 
different aspects of the field, and the International sol–gel society (ISGS) 
was founded in August 2003. 

The scope of this chapter is to give a brief introduction to the large 
number of different types of materials that can be prepared using sol–gel 
methods, and to its advantages for ceramics synthesis, as well as a short 
description of the basics of alkoxide based sol–gel processing.
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Some possibilities with sol–gel synthesis 

In sol–gel processing the precursors are mixed in solution and through 
hydrolysis and condensation reactions made to connect to each other to form 
a sol. The sol, or sometimes the precursor-solution itself, can be used for 
making gel-films by spin- or dip-coating or spraying, or for drawing gel-
fibers; the rapid evaporation of the solvent causes gelation during the actual 
film- or fiber-preparation.  

The sol may also be reacted with water in an emulsion process
and/or spray-dried to form powders, or it may undergo further condensation 
reactions resulting in a gel. Depending on the reaction conditions the gel 
may be of a particulate or polymeric nature, and it is also possible to make 
uniform and monodispersed nano- or micrometer sized powders or 
monolithic gel bodies. Gradient glasses and ceramics, may be prepared by 
partially soaking e.g. a gel cylinder in a metal ion solution and then heat-
treat it to form oxide. 

Solution Sol Gel Amorphous
oxide

Crystalline
oxide

Solution Sol Gel Amorphous
oxide

Crystalline
oxide

Figure 5. Schematic steps involved in the sol–gel synthesis of crystalline 
oxide, via polymeric and particulate sols and gels respectively. From 
Westin [34]. 

On drying evaporation of the pore liquid of the gel causes considerable 
shrinkage and stiffening of the solid network due to capillary forces and 
progressive condensation reactions. The high stress during drying causes 
many gels to crack or collapse, so that a powder is obtained. The xerogel 
(xero = dry), may be crushed and sintered into dense glasses and ceramics.  
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It is possible to prepare highly porous materials in which the solid network 
of the wet gel is maintained after drying. By using supercritical drying the 
capillary pressure is avoided and the solvents may be extracted from the gel 
without cracking. The resulting aerogels have very low densities and may 
have a solid content of only a few vol%. Also, monolithic xerogels with 
porosities up to 90% can be prepared by drying at ambient pressure, by 
aging the gel in a monomer solution before drying, and thereby enhance its 
strength and stiffness.[36] Another way to reduce the shrinkage is to remove 
the hydroxyls through surface modification and thereby reduce the 
condensation.

The possibilities to transform gel monoliths to oxides without 
cracking can be used to prepare materials of complicated shapes that may be 
difficult to machine by other techniques. The main difficulty with sol–gel 
processing in this context is the long processing times required and the 
shrinkage of the gel during drying and sintering, which has to be accounted 
for. It is possible to reduce the degree of shrinkage by adding a filler powder 
of the target phase to the solution before gelation. 

Composite materials can be made by adding e.g. powders or fibers 
of a different phase to the solution. The solution can be gelled as a thin 
coating on the added powder or to encapsulate it as the gel is formed. The 
mild processing conditions of some sol–gel systems, make it possible to 
synthesize another form of composite materials: organic-inorganic and bio-
inorganic hybrid materials. The organic part of the hybrid can either be 
covalently bonded to the inorganic network or encapsulated by it. The 
organic part may be of any size: just a tiny methyl group or a large bioactive 
molecule such as an enzyme, or even a living cell.  

Sol–gel derived ceramics 

The intimate mixing of the elements in gels results in very short diffusion-
ways and thereby allows formation of the target material to occur at 
considerably lower temperatures than in conventional solid-state processing, 
often by several hundreds degrees. This makes it possible to obtain low-
temperature modifications or metastable phases, and it also provides good 
control over the stoichiometry in processing of ceramics containing volatile 
oxides.

One example where the low preparation temperatures have had a 
great impact is in the sol–gel processing of lead zirconate titanate (PZT). 
PZT is an important piezoelectric material and its properties are highly 
dependent on the precise stoichiometry. It is used in a variety of products 
such as surface acoustic wave devices, pyrodetectors and electromechanical 
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actuators in lighters, pressure sonars and microengines. The volatility and 
propensity to reduction of PbO makes it difficult to prepare PZT films with 
high control by other techniques. 

Another advantage of the even elemental distribution within the gel 
is that unlike solid-state synthesis, sol–gel processing does not require any 
grinding procedures to achieve homogeneous single-phase ceramics, thereby 
avoiding a potential source of contamination. This, along with the purity of 
the precursors, makes the sol–gel process an excellent method for making 
high purity materials, such as opto- and electroceramics and glasses for 
optical wave-guides. Grinding of powders also produces dust, which can be 
hazardous. This was recognised by the nuclear fuel industry, which was one 
of the earliest to study and use sol–gel processing for non-silicate systems. 
The wet processing does not produce radioactive dust, and it is a highly 
controllable method for preparation of small submicron oxide spheres, that 
can be packed into fuel cells.

The precise size control of the particles is yet another strength of sol-
gel processing. The particles can be used e.g. as porous beads, as fillers, or 
as starting materials for polycrystalline ceramic compacts. In the preparation 
of ceramic bodies, a controlled particle size distribution can yield very high 
green densities, which might be sintered into fully dense bodies. Controlled 
particle sizes also provide better control of the microstructure during 
densification. For this purpose oxide nanoparticles prepared from alkoxide 
precursors are of great interest, and is one of the most important of the 
technological applications of the sol–gel processing. 

Although the porosity of gels can be a problem in the production of 
fully dense bodies, it is useful in other areas. Conventional ceramics 
processing cannot yield the high surface areas and small pore sizes that are 
typical for inorganic gels. The possibility to control the porosity is highly 
attractive for applications such as catalysis, thermal or acoustical insulation, 
filtration, separation, and chromatography.  

One of the areas where sol–gel has been most successful is in the 
preparation of coatings and films. Compared to other common film 
preparation techniques, such as CVD, ALD and PVD, the equipment needed 
for sol–gel film deposition is relatively simple and inexpensive. This, 
together with the fact that large areas can be coated relatively easily, makes 
the sol–gel process attractive for many industrial applications. Moreover, the 
possibility to prepare porous and particulate films and coatings is of use for 
e.g. dye sensitized solar-cells, displays, sensors, and bio applications. 

Another possibility is to coat surfaces with complex shapes, such as 
tubes and fibers. Coatings can be used for protection of e.g. sensitive 
nanoparticles with optic or magnetic properties. Larger sol–gel coated 
particles can be used as starting materials for composites in which controlled 
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particle size is important. In these materials coating makes the phase 
distribution more homogeneous compared to mixed powders, and it also 
inhibit graingrowth during sintering, thereby providing a way to tailor the 
properties of the composite.[37] 

The many different types of materials attainable by sol–gel brings about 
many potential applications. The most successful applications are those 
benefiting from the advantages of sol–gel i.e. high throughput, purity, 
homogeneity, controllable porosity and particle size, while avoiding the 
disadvantages such as shrinkage and cost of precursors and solvents. 

Precursors
in solution

Sol

Fibers

Films

Gel Aerogels

Hybrid materials Uniform particles

Dense ceramicsInorganic composites

Coatings Xerogels

Precursors
in solution

Sol

Fibers

Films

Gel Aerogels

Hybrid materials Uniform particles

Dense ceramicsInorganic composites

Coatings Xerogels

Figure 6.  Some possibilities with sol–gel processing. 
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Alkoxide based sol-gel synthesis

The vastness of the sol–gel field gives us access to many different kinds of
materials in many different shapes and forms. In making these materials the 
sol–gel chemist has a variety of precursors to choose from, ranging from 
simple salts to complex multimetal metal-organic molecules. 

In inorganic sol–gel processing water solutions of metal salts are used. By 
increasing pH aqua-ligands (M–OH2) are converted to hydroxo- (M–OH or 
M–O(H)–M) and oxo-ligands (M=O or M–O–M). Precipitates, stable sols or 
gels are formed by altering the concentration, pH, or temperature of the 
solution. These systems are also sensitive to the nature of the anion; it may 
strongly influence the microstructure and morphology of the precipitates or 
gels by coordinating to the metal ions and thereby influence the hydrolysis 
and condensation pathways.  

The inorganic route will not be discussed in any detail here, but the 
interested reader is recommended the reviews by Vayssieres[38] or Livage et
al[27]. The strengths of this method lies in that it is inexpensive, both in 
terms of chemicals and equipment needed, and in the possibilities to obtain 
very good micro or nano crystals of desired shape and phase at low 
temperature, see e.g. ref [39-41]. Its main drawback is that it is more or less 
restricted to monometallic systems as it is quite hard to achieve high 
homogeneity in multimetal systems.

For multimetal systems metal-organic precursors dissolved in organic 
solvents provide much better control of the elemental homogeneity. In 
organic sol–gel processing the most common type of precursor is alkoxides. 
Alkoxides are derivatives of alcohols, ROH. They contain M–OR bonds, in 
which R is an alkyl group saturated at the site of its attachment to oxygen 
and M is a metal or semimetal.[42] 

The drawback of metal alkoxides as precursors is that they must be handled 
with great care. Most metal alkoxides are extremely sensitive to moisture 
and many also to oxygen, and therefore require highly controlled synthesis 
conditions. The synthesis need to be carried out under inert atmosphere, and 
all glassware must be carefully dried, as well as solvents and starting 
chemicals. 

20



21

Apart from the precautions needed regarding oxygen and water, alkoxide 
synthesis is quite straightforward and uncomplicated. The synthesis route 
depends mainly on the electronegativity of the metal or semimetal: 

The most electropositive elements (i.e. the metals of group 1 and 2, 
and the lanthanides) form alkoxides by reaction of the metal with the 
alcohol.
For the most electronegative semimetal ions (B3+, Si4+, P5+) the 
reaction of the metal chloride with the alcohol is spontaneous. 
For other electronegative ions (e.g. Ti4+, Sb3+, Sb5+) addition of dry 
ammonia or an organic amine is needed to achieve complete 
reaction of the chloride with the alcohol.
The alkoxides of the less electronegative low-valent metal ions are 
prepared by reaction of the metal chloride and an alkali alkoxide, 
usually Li-, Na- or K-alkoxide.

Chlorides are the most common starting compounds, but there are other 
compounds that sometimes might be advantageous, such as iodides, nitrates, 
amines or reactive organometallic compounds. 

Heterometallic alkoxides are usually prepared by either direct 
reaction of two (or more) homometallic alkoxides, or reaction of a metal 
chloride with a heterometallic alkoxide containing an alkali ion, yielding the 
alkali chloride as a precipitated by-product. 

Most of the fundamental research on alkoxide based sol–gel processing has 
been performed on silicon systems. Although many mechanisms are the 
same, silicon and the transition metals differ in two important aspects: 
electronegativity and coordination, both affecting the reactivity of the 
alkoxide.

Silicon is more electronegative, which makes it less susceptible to 
nucleophilic attack and therefore quite stable. Also the preferred 
coordination number of silicon is four, and Si(OR)4 is coordinatively 
saturated and always monomeric. 

To fill their coordination sphere many metal alkoxides form 
oligomers by sharing oxygen atoms of bridging x-OR ligands. In some 
alkoxides the metals are connected via x-oxo-oxygen as well as by bridging 
alkoxo-ligands. The oxo-oxygen may result from auto-decomposition or 
unintentional addition of water. 

The extent of oligomerisation depends on the size of the metal ion 
and the alkyl group; it increases with the size of the metal ion and decreases 
with larger alkyl groups due to steric and electronic effects. In solution the 
solvent also affect the oligomerisation; in polar solvents such as alcohols the 
alkoxides may expand their coordination sphere through coordination of 
solvent molecules, decreasing the degree of oligomerisation. 



Apart from oligomers of alkoxides with the same type of metal ion, it is also 
possible to incorporate two or more different kinds of metal atoms in an 
alkoxide. Most of these hetero-metallic alkoxides are bimetallic, but 
alkoxides with up to four different metals has been reported.[43-45] For sol–
gel synthesis, these heterometallic alkoxides provide mixing at atomic scale
of the metal ions already in the precursor molecule.   
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Figure 7. At top left: a heterometallic alkoxide ErAl3(OPri)12 [46].  At top 
right: a homometallic oxo-alkoxide Er5O(OPri)13 [47]. At the bottom two 
modified heterometallic alkoxides; Pb2Ti4(OAc)2(OEt)14 [30] and 
Ba2Cu4(acac)4(moe)4(moeH)2 [48]. 

The gelation of alkoxides occur by hydrolysis and condensation reactions on 
addition of even small amounts of water, or when subjected to the moisture 
in the air. The high reactivity of metal alkoxides is sometimes a problem in 
sol-gel processing, but it can be moderated. 

As coordinatively unsaturated alkoxides are more reactive than 
saturated and the degree of oligomerisation influences the reactivity, the 
choice of solvent can sometimes be used to modify the reactivity. It is also 
possible to alter the reactivity by changing alkylgroups, or by replacing parts 
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of the alkoxogroups with less reactive groups such as -diketonates or 
carboxylates. These bidentate ligands are less easily hydrolysed. This does 
not only lower the reactivity but may also influence the hydrolysis and 
condensation pathways and can be used to alter the morphology of the gel or 
precipitate.

The high reactivity of pure metal alkoxides may also be 
advantageous in some aspects. Unmodified alkoxides (except those of the 
most electronegative elements) form gels with little or no organic residues in 
forms of unhydrolysed organic groups. This implies higher purity and allows 
lower preparation temperatures of many oxides.

The target oxide is formed by heating the xerogel. Crystallization and 
sintering may occur from temperatures of about 300°C, but the reactions 
during heating, and thus the temperatures needed, depend on the organic and 
hydroxyl content of the gel and on the nature of its metal ions. A standard 
course during heating is that up to about 150°C physically adsorbed water 
and solvent is evaporated. Condensation reactions of hydroxyls to liberate 
water may continue to 500°C. Decomposition and/or combustion of organic 
residues usually occurs between 200 and 450°C. If the gel contains large 
basic ions such as Ca2+, Sr2+, Ba2+ or Ln3+, these ions may form carbonates 
by absorption of carbon dioxide from combustion products or from the air. 
These carbonates may need temperatures of 800°C or more to decompose. 

Figure 8. Typical weight versus temperature graph for a gel-to-oxide 
conversion, and schematic illustration of the phase evolution.
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The beauty of sol–gel synthesis is the possibility to tailor the properties of 
the precursor system (by using homo- and/or heterometallic alkoxides, with 
or without parts of the ligands replaced, or by mixing alkoxides with other 
types of precursors) together with the controllability of the gelation, drying 
and heat-treatment processes – the possibilities are fascinating. 
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SYNTHESES

The preparations involving the syntheses and mixing of precursors were 
made in a glove box, with an atmosphere of dry, oxygen-free argon. The 
MnCl2, K metal lumps, Ca metal shots and La, Nd, Sr and Ba metal chips 
were used as purchased. The p.a. quality methoxy-ethanol (moeH), toluene, 
iso-propanol and ethanol were distilled over CaH2 under inert atmosphere. 

Preparation of the La, Nd, Ca, Sr, and Ba precursors 

The lanthanum, neodymium, calcium, strontium and barium precursors were 
prepared by direct reaction of the metal with moeH. For La and Nd  ca 0.5 
mg of HgCl2 was used as catalyst. The solvents used were moeH or a 
mixture of moeH and toluene. The reactions were carried out at room 
temperature or at slightly elevated temperatures, i.e. 50 C. The resulting 
solutions contained suspended fine particles, which were removed by 
centrifugation.

The concentrations of the solutions were determined gravimetrically 
as the oxides formed by annealing hydrolyzed and dried samples at 1050 C
for 12h. In the case of Ba and Sr, the concentration was also determined 
gravimetrically as sulphate after adding a solution containing (NH4)2SO4 to 
the alkoxide solution, drying and annealing at 1050 C for 12h. 
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Preparation of the Mn precursor 

The manganese precursor was prepared by either metathesis or alcoholysis. 
In the metathesis route potassium methoxy-ethoxide was first prepared by 
dissolving potassium metal in moeH, or in a moeH–toluene mixture. MnCl2
was then added and after 24 hours of stirring, the mixture was centrifuged to 
separate the KCl formed. The solution part was evaporated to a pale pink 
husk of Mn19O12(moe)14(moeH)10 ·moeH crystals on the vessel walls.  

The same product was prepared by alcoholysis of manganese 
ethoxide or iso-propoxide. A mixture of KCl and Mn(OEt)2 or KCl and 
Mn(OPri)2 was first prepared by dissolving K in ethanol or iso-propanol and 
then adding MnCl2. The alcohol was evaporated in vacuo and moeH was 
added to the mixture, which was left to stir over night. After centrifugation 
the KCl was separated from the solution containing the Mn-alkoxide. 

For either route, the obtained raw-product frequently contained small 
amounts of K and/or Cl, according to SEM–EDS analysis, and therefore the 
alkoxide was recrystallised. The K and Cl contents in the recrystallised 
product were below the detection limit, i.e. ca 0.3 mol%.  

For use in sol–gel synthesis the Mn-oxoalkoxide was dissolved in 
moeH, and the concentration of the solution was determined gravimetrically 
as Mn3O4 formed by annealing hydrolyzed and dried samples at 1050 C for 
12h.

Preparation of powders and films

The precursor solutions were mixed in stoichiometrical ratios with respect to 
the target perovskites; La0.67Ca0.33MnO3 (LCM), La0.33Nd0.33Ca0.33MnO3
(LNCM), La0.75Sr0.25MnO3 (LSM), and La0.75Ba0.125Sr0.125MnO3 (LBSM). 

For the studies on the phase development during heat-treatment, gel 
powders were prepared by depositing mixed alkoxide solutions onto 
aluminum foil in air. After 30 minutes the gels were dry and could easily be 
removed from the foil. Heat treatment to study the gel to oxide 
transformation process was performed with a TG apparatus in air. Samples 
were heated to different temperatures and analyzed by PXRD, FT–IR 
spectroscopy and TEM-EDS. 

Gel films were made by spin-coating in air at 3000-3500 rpm, by 
adding a 0.6 or 0.2M mixed alkoxide solution to the Si/SiO2/TiO2/Pt, Al2O3,
Si/SiO2 and LaAlO3 (LAO) substrates. The gel-films were converted to oxide 
by heating in air to 800°C, and some samples of the LCM on LAO were also 
post-annealed in oxygen for 2h at 1000 C. Thick films where prepared by 
multiple coatings with intermediate heating to 800°C. To study the influence 
of heating rate, rates from 1 to 100 C·min-1 were used. 
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CHARACTERIZATION

UV-Vis-NIR and IR spectroscopy 

The ultraviolet–visible–near infrared (UV–Vis–NIR) spectra of the 
manganese alkoxide were recorded with a Perkin-Elmer Lambda 19 
dispersive spectrometer in the range 250–1000 nm, in the case of the solid-
state studies equipped with a 60 mm reflectance sphere using a transmission 
mode. The solution spectra were recorded for crystals dissolved in 
toluene:moeH (2:3 vol:vol). 

The infrared spectra were obtained with a Fourier transform 
spectrometer (FT–IR; Bruker IFS-55) in the range 360–5000 cm-1. Solid 
samples were studied as KBr tablets or paraffin mull between KBr windows.
The manganese precursor dissolved in toluene:moeH:hexane (1:2:3 
vol:vol:vol) were studied in a closed KBr cell with 0.1 mm path length.  

Thermal analysis 

The decomposition processes on heating (Ln,A)Mn-xerogels were studied 
with thermo-gravimetric analysis (TGA; Perkin–Elmer TGA7), and by 
differential thermal analysis (DTA; Setaram Labsys 1600) or differential  
scanning calometry (DSC; Perkin-Elmer Pyris 1).  

The thermal stability of the manganese precursor was investigated 
by DSC (Perkin-Elmer Pyris 1) of crystals in sealed steel capsules, and by 
ocular studies of crystals in sealed glass capillaries in a Gallenkamp melting-
point apparatus.
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X-ray diffraction 

X-ray powder diffraction (PXRD) patterns were recorded using Guinier–
Hägg focusing cameras with Cu K 1 radiation and Si as internal standard. 
The program SCANPI 49  was used to evaluate the diffractograms, and 
crystalline phases were identified and their unit cells determined with an 
indexing and refinement program, PIRUM 50 .

XRD data for the films were recorded on Siemens D5000 
diffractometers. The phase purity of the films was examined by grazing 
incidence measurements. In the case of LCM on LAO substrate 2 -, -,
and -scans were used to determine the cell parameters and the quality of 
epitaxy. 

Single-crystal X-ray data for Mn19O12(moe)14(moeH)10 moeH were 
collected on a STOE-IPDS image-plate diffractometer at T = 110 K.

Electron microscopy 

Scanning electron microscopes equipped with energy dispersive X-ray 
spectrometers (SEM–EDS: Jeol 820–Link 10000AN and Leo 440–EDAX-
EDS) were used to detect any K or Cl impurities in the manganese precursor 
(detection limit ca 0.3 mol%). A transmission electron microscope equipped 
with an energy dispersive X-ray spectrometer (TEM–EDS; Jeol 2000FX–
Link 10000AN) was used for studies of the habit, metal ion homogeneity 
and crystallinity of the xero-gels and samples heated to different 
temperatures. Surface and cross-section studies of the films were performed 
with a FEG-SEM (Leo 1550–ISIS-EDS) and to some extent also with the 
Jeol 820 instrument. 

Transport  measurements 

For the LCM film on LAO-substrate transport properties were measured and 
compared to those of a film made by pulsed laser deposition (PLD). The 
transport measurements were performed in an electromagnet, at zero-field 
and at 0.7 T, using a standard four probe technique. The measurements 
where performed from 77K to room temperature. The temperature 
coefficient of resistivity is defined as TCR Tdlnd and the 
magnetoresistance ratio as MR 0T7.00 )( .
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THE MANGANESE ALKOXIDE PRECURSOR 

The soluble Mn oxo-alkoxide Mn19O12(moe)14(moeH)10 moeH was
prepared by metathesis or alcoholysis, both routes yielding KCl as by-
product. To eliminate any K and/or Cl in the product the alkoxide was re-
crystallized. Crystallization, and thereby purification, became much more 
difficult in the presence of even small amounts of Mn3+. It was therefore 
crucial to prevent any oxidation during the synthesis. This requires 
absolutely inert atmosphere and oxygen-free solvents, as the Mn2+ ion is 
extremely susceptible to oxidation because of its highly basic ligands. This 
might be one reason why the manganese(II) alkoxide system has not been 
extensively studied. 

The electronic spectra indicated that the same Mn compound was 
present before and after crystallization (Figure 9). We therefore believe that 
the oxo-alkoxide is formed by auto-decomposition of the organic ligands 
immediately when the precursors react. Such decompositions have been 
observed for e.g. Mo- and W-alkoxides [51] and K4Zr2O(OPri)10 [52] with 
formation of ethers or ketones, alcohols and alkanes as by-products. 

Mn19O12(moe)14(moeH)10 moeH is stable over time, both in the 
solid state and in solution, provided that no traces of oxygen or water are 
present. Differential scanning calorimetry studies showed that the first and 
irreversible changes start at ca 100 C.

It is not likely that an oxo-alkoxide would dissociate on dissolution, 
especially not when it has such high oxo-oxygen ratio as in this case. The 
expected rigidity of the Mn–O network in the molecule is supported by 
spectroscopic data. FT-IR and UV–Vis spectroscopic studies indicated that
the structure in solution is somewhat different from that of the solid state, 
but it seems like the main features of the structure remain. Virtually all peaks 
of the solid-state IR-spectrum appear at approximately the same 
wavenumber in the solution spectrum, but are split or changed in intensity 
(figure 10).
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Figure 9. Electronic spectra of solid and dissolved 
Mn19O12(moe)14(moeH)10 moeH crystals, and of the synthesis solution 

before crystallization. 
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Figure 10. FT-IR spectra of Mn19O12(moe)14(moeH)10 moeH as crystals 
and dissolved in toluene/moeH/hexane. The solution spectrum has been 
deleted where solvent absorption is too strong to be corrected for.
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The solid-state structure of Mn19O12(moe)14(moeH)10 moeH was
determined by single-crystal X-ray crystallography. The individual Mn19-
molecules are shaped as flat discs and all Mn atoms are divalent and 
octahedrally coordinated by oxygen atoms (Figure 11).  An organic shell 
encapsulates the M19O54 core of the molecule. The anionic moe groups and 
the solvate moeH molecules could not be distinguished from each other.
The single-crystal X-ray data indicates that the cavities between the Mn19-
molecules are partially filled with diffusely positioned solvent molecules, 
and the unit cell is trigonal and contains three formula units of the disc-like 
Mn19-molecules together with three moeH molecules (Figure 12).  

Figure 11. Mn19O12(moe)14(moeH)10
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Figure 12.  Packing of Mn19O12(moe)14(moeH)10  discs in solid state.

Mn19 consists of four crystallographically independent Mn atoms (Figure 13) 
that are connected to each other through oxo-oxygens atoms or moe(H) 
oxygen atoms. The central Mn1 atom is coordinated by six 3-oxo-oxygens, 
and the six middle ring Mn2-atoms are coordinated by three oxo-oxygens 
and three moe(H) alkoxo-oxygens. The peripheral ring contains twelve 
alternating Mn3 and Mn4 atoms coordinated by one oxo-oxygen and five 
moe(H) oxygens, i.e. four alkoxo-oxygens plus one ether-oxygen and three 
alkoxo-oxygens plus two ether-oxygens, respectively. 

The geometrical distortions at the outer Mn3 and Mn4 atoms are 
very pronounced in comparison to the MnO6 coordination sphere of the Mn1 
and Mn2 atoms (Figure 14). Although the octahedra are distorted, the Mn3 
and Mn4 atoms should not be considered as trivalent ions. Bond valence 
analysis[53,54] indicates divalent oxidation state for all the manganese 
atoms, which is in accordance with spectroscopic data.  
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Figure 13.  Distribution of the four crystallographically independent Mn 
atoms in the Mn19O12(moe)14(moeH)10  discs. 
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Figure 14.  Coordination sphere of the different Mn atoms. 
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Being 1.65 nm across Mn19 is one of the largest alkoxides reported. The 
Mn19O54-core exhibits structure much like a fragment of the Mn(OH)2
pyrochroite mineral,[55] which has similar Mn–O bond lengths and Mn–Mn 
distances. And although e.g. Ca9(moe)18(moeH)2[56] has a planar structure, 
the structure of Mn19 is interesting not only because of its size but also 
because planar structures are highly unusual for oxo-alkoxides, which 
normally are more globular (Figure 15), e.g. Ba6O(moe)10(moeH)4[57] 
contains a central octahedral Ba6( 6-O) unit.

Figure 15. The two known structures of heterometallic oxo-alkoxides 
containing manganese Mn7Sb4O4(OEt)18(HOEt)2[58] (left) and 
Mn8Sb4O4(OEt)20[59] (right).  
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PHASE DEVELOPMENT STUDIES 

Xerogel powders were prepared by spraying the mixed precursor solutions
onto aluminum foil. When the solutions were subjected to the air, the 
oxidation of the Mn2+ was immediate and caused a darkening of the solution. 
As the hydrolysis and condensation reactions proceeded and solvent 
evaporated, dark brown gels were formed. The gels were left to dry for 30 
minutes before being removed from the foil. The xerogels were found to 
consist of amorphous hydrated oxo-carbonates, sometimes with small 
amounts of organic residues left (vide infra), and used for studying the oxide 
formation process. 

TGA and DSC/DTA 

Thermal studies of the decomposition of the gels were made using TGA and 
DTA (LCM, LBSM) or DSC (LNCM).

The typical behavior on heating was that the gels first lost about 10-
15% of its weight, thereafter the TG-graph leveled out into a plateau at about 
150 C. The plateau ended at about 250 C with a sharp step, after which the 
sample gradually lost weight as it decomposed and the perovskite oxide was 
formed. After a final distinct step the decomposition ended at about 680 C
and further heating to 1000 C resulted in only a few weight-percents loss.  

Based on FT-IR results, roughly the two first steps of the TG graph 
can be taken as loss of water and the rest of the weight loss up to ca 680 C
as decomposition of carbonate into oxide and CO2. The LSM-sample 
behaved differently in that the carbonate decomposition did not end with an 
abrupt weight loss, instead the gradual decomposition continued to 760 C.
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Figure 16. Different TG graphs:   LCM;                LNCM; 
LBSM;              LSM 
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Figure 17. Example of an TG-DTA graph; LBSM. 

The typical DTA/DSC-graph showed a strong endothermic peak up to 
150 C, due to the first evaporation of water seen in the TG-graph. The next 
TG-step was accompanied in the DTA/DSC by a weaker endothermic peak 
and an overlapping exothermic peak, indicating that this evaporation caused 
formation of new bonds in the material.  

In the region of ca 300-630 C there were large and relatively 
continuous weight reductions, but no large peaks in the DSC graphs showing 
that evaporation and formation of new bonds occurred at a relatively even 
rate balancing each other thermodynamically. The lack of peaks in the 
DTA/DSC graphs in this region is also an indication of that there were very 
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little of organic residues in the gels, as the combustion of organic groups 
would yield strong exothermic peaks in the temperature range 250–450 C.

In the last sharp step in the TG-graph the rapid evaporation of CO2
resulted in an endothermic peak. For LBSM the intensity of the peak was 
very low, and for LCM the maximum of the peak was at the beginning of the 
step. Knowing from PXRD and TEM studies that this is the temperature 
range when the main crystallization occurred, this might be explained by an 
overlapping exothermic peak.  

For the LCM composition, TG measurements were performed at different 
heating rates. It was found that the weight-loss steps were about the same 
regardless of the heating rate, but occurred with better definition and at 
lower temperature with the slower heating rates (Figure 18). Evaporation of
H2O has a cooling effect, but occurred at an early stage and should not affect 
the temperature of complete perovskite formation. There were large 
differences in the “perovskite temperature” for different heating rates, 
indicating that kinetic factors are involved in the carbonate decomposition. 

The well-controlled temperature and quick temperature drop of the 
Perkin–Elmer TGA7 apparatus made it suitable for quench studies of the 
conversion process, and it also allowed us to follow the process through the 
weight curve to know that the desired stage has been reached. Samples for 
studies of the phase development from gel to oxide were prepared using 
heating rates of 20 C·min-1 (LCM and LNCM) or 5 C·min-1 (LSM and 
LBSM). Depending on the appearance of the TG graph samples were heated 
to different temperatures, and analyzed by FT–IR spectroscopy, PXRD, and 
TEM–EDS.
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Figure 18. LCM heated at : 20 C·min-1  and 2 C·min-1.
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FT-IR spectroscopy 

As the material remained X-ray amorphous till about 700 C, FT–IR
spectroscopy provided valuable information about the phase compositions. A 
typical set of IR spectra is shown in figure 21. 

The IR spectra of the gels (Figure 19) exhibited a band assigned to 
M–O stretching below 800 cm-1, and peaks from carbonate stretching modes 
at ca 1480 and 1380 cm-1 and bending modes at ca 1060 and 850 cm-1. There 
were also at least two different H–O–H bending modes, one at ca 1640 cm-1

and the other at ca 1580 cm-1, and an O–H stretch band at 3700–2700 cm-1.
The two water bending modes indicate that the water was situated at two 
relatively well defined positions, such as one more loosely adsorbed on the 
surface and one more strongly coordinated inside the gel.  

For the LSM and LNCM gels there were no peaks associated with 
moe(H), indicating that the hydrolysis of the alkoxo-groups and the 
evaporation of solvents were complete. In the IR spectra of the LCM and 
LBSM gels, there are a few weak peaks between 1200 and 1000 cm-1 due to
C–C and C–O bending of a small amount of residual moe(H).
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Figure 19. FT-IR spectra of the gels.

On heating to 200 C (LCM 220 C) the changes in the IR spectra were that 
the peak corresponding to the weakly bonded water, i.e. 1640 cm-1, and the 
peaks due to moeH had been reduced in intensity. There was little or no 
change in the M–O bands at this temperature. This, together with the DSC 
graph in which a strongly endothermic peak was observed in this 
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temperature region, indicates that loosely adsorbed water was lost without 
much reconstruction of bonds in the solid.  

After the sharp step at the end of the TG plateau, i.e. for samples 
heated to ca 300 C, all water had been removed and there were 
superimposed weak peaks in the broad M–O absorption band (Figure 20). As 
these peaks were absent from ca 600 C, they are believed to stem from the 
unidentified crystalline trace phases observed by TEM in the 300–600 C
temperature range (vide infra).

Further heating to ca 700 C (LSM 760 C) resulted in complete 
carbonate decomposition and formation of perovskite oxide, with absorption 
peaks at ca 600 cm-1 and for LCM and LNCM part of a peak at ca 400 cm-1

was also seen. These peaks are attributed to Mn–O stretching and O–Mn–O 
bending respectively.[60,61] With exception for LBSM which showed 
smaller and irregular variations, these peaks were shifted to higher 
wavenumbers for samples heated to higher temperatures. The shift was about 
10 cm-1 for a 1000 C sample compared to corresponding sample heated to ca
800 C (see Table 1, page 43). 
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Figure 20. FT-IR spectra of samples heated beyond the second water 
evaporation step.

IR spectroscopy is a valuable tool for detection of amorphous carbonate 
impurities. There were large differences in the “perovskite temperature” for 
the different heating-rates used in the LCM study. On heating the gel at 
5°C·min-1, the IR spectra showed that the carbonate groups had completely 
disappeared at 690°C, whereas 800°C were required for samples heated at 
20°C·min-1 and the gel heated at 100°C·min-1 contained a small amount of 
carbonate even at 800°C.
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      Figure 21.  Typical set of IR spectra; LNCM
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Figure 22.  Typical set of  PXRD pattern; LNCM 
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Powder X-Ray Diffraction 

At temperatures below the last step of the TG graph, which starts at ca 600-
630 C, the only indication by PXRD of any crystallinity, were a few weak 
peaks of the LNCM 300 C-pattern and LCM 300, 400 and 450 C-patterns.
The PXRD and ED-patterns of these phases were very diffuse, and phase 
identification has not been possible. For LNCM the peaks occurred at 
approximately d = 3.59, 2.91, 2.47, 2.08 and 2.03 Å and for LCM at 
approximately d = 3.02, 2.57, 2.22, 1.57 and 1.11 Å  (the first and the last 
were only observed at 465°C). These peaks were not observed at higher 
temperatures. 

Figure 22 shows PXRD patterns of LNCM samples heated to 
different temperatures, the main part of the material remained PXRD 
amorphous still at 630 C i.e. till the last step in the TG graph. After the step, 
i.e. at 700 C, the perovskite phase had formed and no other phases were 
observed.

Common for all compositions was that, after the first formation of 
the perovskite, heating to higher temperatures resulted in a varying degree of 
increased intensities, decreased line-width and more resolved splitting
observed in the PXRD patterns. This reflects crystal growth, as well as 
changes in oxygen content and perhaps also increased homogeneity. 
However, there were some differences between the compositions, such as 
type of distortions and at what temperature the crystallisation was complete. 
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Figure 23.  More resolved peak splitting on heating; LSM
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By IR spectroscopy it was seen that for LSM the decomposition of 
carbonates continues until 760 C, but the PXRD pattern showed that already 
at 680 C part of the material had crystallized into a rhombohedral perovskite 
structure. Further heating to 1000 C did not change the cell parameters but 
the splitting of the peaks become more resolved (Figure 23), and after 
annealing for 4 h at 1000 C a monoclinic cell was obtained.  

LSM was the only of the investigated compositions that crystallized 
into a rhombohedral/monoclinic structure; the others were cubic with 
indication of orthorhombic distortions especially at higher temperatures,
except LBSM that remained cubic also at 1000 C (see Table 1). LBSM 
crystallized between 600 and 700 C and heating to higher temperatures 
resulted in a slight increase of the cubic cell. This might be due to loss of 
oxygen, which causes a transition of the smaller Mn4+ into larger Mn3+, and 
thereby expansion of the cell.  

The effect of oxygen loss on cell parameters was most dramatic for 
the LCM composition, where large variations were observed in the 
orthorhombic bo lattice parameter, depending on how the samples were heat-
treated, i.e. on the final oxygen stoichiometry. For example annealing in air 
at 800°C (after heating at 20°C·min-1) increased the bo-axis from 7.64 Å to 
7.71 Å after 1h and 7.70 Å after 4h, indicating that equilibrium had been 
reached within the first hour. The ao- and co-lattice parameters changed very 
little. The LCM orthorhombic perovskite samples were divided into two 
types, based on the length of the bo-axis. The longer bo-axis of ca 7.71 Å of 
the samples with lower oxygen content, corresponds well to data reported for 
other synthesis methods.[60,62] Oxygen rich samples had shorter bo-axis of 
ca 7.65 Å.

For LNCM an orthorhombic cell could be indexed after heating to 
1000 C. There are indications of orthorhombic distortion at 700 and 800 C,
but these reflections were too diffuse to allow any accurate calculation of 
orthorhombic cell parameters, and the samples were therefore assigned cubic 
cells. More studies are needed if any effect of oxygen stoichiometry on the 
cell parameters should be established for this composition.  
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Table 1: Lattice parameters for the perovskites.  
PXRD, cubic and orthorhombic cell parameters  M–O stretch  

ac (Å) ao (Å) b o (Å) c o (Å) (cm-1)

LCM       800 C 3.851(2) 5.458(2) 7.640(7) 5.469(3) 584

LCM     1000 C 3.855(1) 5.448(1) 7.722(9) 5.454(2) 594

LNCM    700 C 3.845(1) 579

LNCM    800 C 3.8452(6) 579

LNCM  1000 C 5.448(3) 5.595(5) 7.691(4) 588

LBSM     700 C 3.885(2) 578

LBSM     800 C 3.8899(5) 584

LBSM   1000 C 3.897(2) 581

PXRD, rhombohedral and monoclinic cell parameters

a r (Å) r (deg) 

LSM       680°C 5.486 60.27 580 overlapped 

LSM       760°C 5.484 60.32 602

LSM     1000°C 5.481 60.35 612

a m (Å) b m (Å) c m (Å)  (deg) 

LSM     1000°C, 4h 5.475(1) 5.504(2) 7.771(1) 90.50(2) 612

Electron microscopy 

TEM studies of the gels were complicated due to the high sensitivity of the 
gels to the electron beam, which caused water evaporation, resulting in 
formation of blisters and pores. EDS showed an elemental homogeneity that 
varied within 2 atom-% (LCM and LNCM) or 3 atom-% (LSM and LBSM). 
The gels were ED amorphous, but exposure to the electron beam for too long 
time or to too high intensity sometimes caused partial crystallization.  

The materials quenched at ca 200 C looked much like the gels 
damaged by the electron beam. The elemental composition varied within the 
same range as for the gels, and like the gels the samples were amorphous, 
and also sensitive to the electron beam; partial crystallization occurred even 
easier than for the gels. However, after ca 300 C, when the evaporation of 
water was complete, the samples were generally more stable in the electron 
beam. 
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Figure 24.  Crystalline trace phases in the amorphous matrix for samples 
heated to ca 300-600 C; LCM 465 C.

ED and dark field imaging are powerful tools for revealing minor crystalline 
phases within the amorphous matrix, not always detectable by PXRD. Such 
phases were observed in the temperature region of ca 300-600 C, for all 
compositions to a varying extent. The small sizes of the particles together 
with the sparse distribution within the matrix made it difficult to identify the 
phase/phases. However, it is still interesting to observe the occurrence of the 
trace phase(s). 

These crystals seem to form within the amorphous oxo-carbonate 
matrix when the more strongly bonded water is evaporated. Their 
composition was different from that of the matrix; a reduced elemental 
homogeneity was observed in this temperature region. The variation in 
compositions was larger for the LSM and LBSM compositions than for the 
LCM and LNCM. For the LNCM 300 C sample crystallites were observed 
only in some parts of the material. EDS analysis indicated a reduced 
homogeneity in the parts where crystals were found, compared to areas with 
no observed crystallites or samples quenched at lower or higher 
temperatures. 

For LCM there was no observation of reduced homogeneity. This 
could either be because of a similar composition of the crystals and the 
matrix, or that the inhomogeneities were on a smaller scale than observable 
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with a ca 20 nm probe. Figure 24 shows bright- and darkfield images and 
corresponding ED pattern of the LCM 465 C sample. 

The highest degree of crystallinity in this temperature range was 
found in the LSM samples heated to 380 and 560 C; ca 5-10 nm sized 
crystals constituted about half of the materials, and the EDS analysis varied 
within 4%, which was more than at both higher and lower temperatures. As 
the degree of crystallinity was quite high it is remarkable that there was no 
indication of crystallinity in the PXRD patterns. An explanation could be 
that part of the crystallization was caused by the vacuum or beam of the 
electron microscope, although this was not observed directly. 

LBSM exhibited the most pronounced inhomogeneity, and the EDS 
analysis showed variations within 7% in the 300-600 C temperature range. 
This indicates that segregation occurred not only on crystallization but also 
within the amorphous oxo-carbonates, as the LBSM samples showed a rather 
low degree of crystallinity compared to LSM. 

The amount of crystallinity in the LBSM sample heated to 600 C was quite 
low and the crystal phase could not be determined, but for the other 
compositions it was clear that towards the end of the carbonate 
decomposition, parts of the material crystallized into the perovskite oxide. 
For the LCM 620 C and LSM 680 C samples this was seen also by XRD, 
but it was only revealed by TEM-ED for the LNCM 630 C sample. 

For LNCM, although amorphous in PXRD, the 630 C material 
exhibited a considerable degree of crystallinity. Surrounded and separated by 
an amorphous oxo-carbonate matrix, 5-20 nm sized perovskite crystals gave 
rise to an ED-pattern indicating a cubic cell, but it might just be that the 
orthorhombic reflections were too weak to be observed. The elemental 
homogeneity that was reduced at 300 C was restored. At 700 C the 
amorphous layers around the crystals were gone and the material consisted 
of agglomerated 10-50 nm sized single-phase perovskite crystals, as 
indicated by ED and EDS. Increasing the temperature caused crystal growth; 
at 1000 C the crystal sizes were about 60-120 nm and the orthorhombic 
distortion was clearly seen in the ED pattern.  

The same type of evolution was seen for the other compositions; 
dissolution of the crystalline trace phases and the final carbonate 
decomposition led to immediate formation of the perovskite oxide and also 
to restored homogeneity. The changes observed by TEM on heating beyond 
the temperature of the final carbonate decomposition was crystal growth and 
more resolved ED patterns. A set of TEM images of LBSM samples heated 
to different temperatures are shown in figure 25.  
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Figure 25.  TEM images of the LBSM gel (A) and samples heated to 
300 C (B), 700 C (C), 800 C (D), and 1000 C (E). 
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The TG-graph for the LSM sample did not show a sharp step caused by a 
final rapid carbonate decomposition, but a more gradual conversion. As 
observed by TEM, large part of the material had crystallized at 680 C. The 
crystal growth proceeded on further heating, and at the time of the final 
carbonate decomposition (760 C), the perovskite formed at 680 C had a 
good crystallinity, whereas the perovskite formed between 680 and 760 C
presented smaller crystal sizes. In the end this lead to a broader distribution 
of crystal sizes (Figure 26). 

Crystalline

Amorphous

20 nm 20 nm

Crystalline

Amorphous

20 nm 20 nm

Figure 26.  TEM images of LSM samples heated to 680 C (left) and 700 C (right). 

For the LCM sample heated to 620 C the material was partly composed of 
perovskite crystals in the size range 10-20 nm, and further crystallization 
occurred in the electron beam. Although amorphous according to PXRD, for 
LCM heated at 5 Cmin-1 to 580 C, perovskite was observed in the 
amorphous matrix by TEM. The ED pattern indicated a cubic symmetry, and 
is shown together with an orthorhombic pattern for comparison in figure 27. 
Annealing at 560 C for 24h resulted in almost complete crystallization into a 
perovskite phase with a composition close to La0.67Ca0.33MnO3, but a few 
percent of the material consisted of an amorphous material containing 
mainly La and Mn, which indicates a tendency towards phase separation 
when the material crystallizes slowly at low temperature. Perovskite LNCM 
was also obtained by annealing for 24h at low temperature (550 C) and this 
sample showed a evident A-site inhomogeneity (Figure 28). 
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Figure 27.  ED pattern of LCM sample heated to 580 C (left) and 800 C
(right). The reflections indexed with cubic symmetry have been marked. 
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Figure 28.  Illustration of the distributions of EDS data for the relative 
ratios of La, Nd and Ca in LNCM samples heated to annealed for 24h at 

550 C (left) and heated to 800 C (right). 
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Ln1-xAxMnO3 FILMS

Films were spin-coated on Si/SiO2/TiO2/Pt and polycrystalline -Al2O3
substrates, and in the case of LCM and LNCM also on Si and LaAlO3
(LAO). The gel films were converted to oxide by heating in air in a tube 
furnace. Based on the phase development studies, 800 C was chosen as final 
temperature for the heat-treatment. For LCM heating rates of 2-100 C·min-1

were used, for LNCM and LSM 5 C·min-1, and for LBSM 1 C·min-1

The alkoxide precursors used yielded fully hydrolyzed gels almost 
without any organic parts left, thus reducing the gas formation and thereby 
the risk of cracks in the films. However when the carbonates decompose 
there is a considerable evolution of CO2 which is expected to cause some 
porosity, and if too fast perhaps also cracks. The effect of heating rate was 
evaluated in the LCM study, where heating rates up to 100 C·min-1 were 
used for films deposited on Pt substrates. It was found that heating rates 
between 2 and 20 C·min-1 resulted in smooth crack-free films, whereas some 
large pores and bubbles were observed in the film heated at 50 C·min-1, and 
the film heated at 100 C·min-1 was completely covered by 1-2 m sized 
bubbles (Figure 29). 

The films were usually porous, but annealing might reduce the 
porosity, on a favorable substrate. The LCM film on LAO-substrate initially 
heated to 800 C showed a dramatic change of the morphology after 
annealing for 2h at 1000 C, from a highly porous structure of ca 50-100 nm 
sized crystals to a dense film without visible grain boundaries (Figure 30). A 
different result of annealing a LCM film was found for films deposited on 
Si/SiO2/TiO2/Pt-substrate and heated at 20 C·min-1. In this case the sintering 
caused growth of larger pores at the expense of smaller, resulting in a poor 
coverage of the surface (Figure 31). This might be an effect of the Pt-
structure, but further studies are needed to verify this. However, there is a 
tendency for films heated at lower rates to be less porous than films heated at 
higher rates. 
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Figure 29.  LCM films heated at 20 C·min-1 (top left), 50 C·min-1 (top right) 
and 100 C·min-1 (lower left and right).
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300 nm300 nm 300 nm300 nm

Figure 30. LCM film on LAO substrate heated to 800 C (left) and the 
same film after annealing at 1000 C for 2h (right). 

800°C 1h 800°C 4h

800°C 0h

800°C 1h 800°C 4h

800°C 0h

Figure 31.  LCM film on Si/SiO2/TiO2/Pt substrate heated to 800 C (top) 
and the same film after annealing in air at 800 C for 1h (lower left) and 
4h (lower right), bar =250 nm.
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Figure 32.  Cross-section SEM images of LCM films on Si/SiO2/TiO2/Pt
substrates made by single depositions of a 0.2 M solution (left) and a 0.6 
M solution (middle), and by three depositions with intermediate heating 
to 800 C of a 0.6 M solution (right). 

The thickness of the films could be varied through the concentration of the 
precursor solution, but multideposition was required to obtain thick films 
without cracks. The film thickness was varied from ca 20-30 nm for films 
made by a single deposition of a 0.2 M solution (LCM and LBSM) to ca 250 
nm for three layers of a 0.6 M solution (Figure 32). 

After being removed from an Si/SiO2/TiO2/Pt substrate, pieces of some of 
the films were studied by TEM, and in table 2 the observed crystal sizes are 
listed. The LNCM film was found to consist of a layer of 50-75 nm well-
sintered crystals. It had a feature not observed for the other compositions: as 
seen in bright field, and even more clearly in dark field, the film was 
composed of areas of similar crystallographic orientations, giving rise to ED 
pattern seen in figure 33. EDS analyses with a ca 20 nm probe showed 
homogeneous composition, both within and between different areas. 
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Figure 33.  Bright field TEM image of an LNCM film, and 
corresponding ED pattern.

Table 2. Crystal sizes as observed by TEM.
Film Heating rate Crystal sizes  
LCM 2, 20° min-1

50, 100° min-1

80-250  nm  
50-150  nm 

LNCM 5° min-1 50-75  nm 

LBSM 1° min-1 20-100  nm  

LSM 5°min-1 10-40  nm  
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GI-XRD measurements were used to examine the phase purity of the films, 
and as expected from the phase development studies the perovskite was the 
only crystalline phase present. A more thorough XRD study of the LCM film 
on LAO substrate was performed in connection with the transport 
measurements. The porous film heated to 800 C showed a preferred crystal 
orientation induced by the substrate. Calcination of the film not only resulted 
in a densification as observed by SEM, but also in improved epitaxial quality 
and a decrease in the out-of-plane lattice parameter. The lattice parameter 
change is consistent with loss of oxygen, also observed in the phase-
development studies on powder samples.  

Transport measurements for the LCM/LAO film were performed at zero-
field and at 0.7 T.  Increasing peak TCR and MR with annealing could be 
expected due to increased domain sizes.[63] This was indeed observed, but 
unlike films deposited by pulsed laser deposition (for which post annealing 
leads to a decrease in resistivity and a peak shift to higher temperature due to 
incorporation of more oxygen) there was no significant peak shift in 
transport measurements for sol–gel film, and a slight increase in resistivity, 
at least below the peak position. (Figure 34) This can at least partly be 
explained by the sol–gel film loosing oxygen during post annealing, but 
further investigations of transport properties, oxygen content and 
morphological evolution are needed to establish the origin of the behavior of 
the sol–gel derived films.   

Figure 34.  Transport measurements, MR (left) and TCR (right) for LCM 
films on LAO heated to 800 C with no annealing and post annealed in 
oxygen for 2h at 1000 C.
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DISCUSSION

Precursor system 

The soluble and reactive Mn precursor Mn19O12(moe)14(moeH)10 ·moeH 
enables pure alkoxide sol–gel routes to manganese containing materials. In 
this study, the methoxy-ethoxides of La, Nd, Ca, Sr, and Ba were chosen 
because of their high solubilities and in order to keep the solution chemistry 
simple with only one type of alkoxo ligand. The solvents were also chosen 
so to avoid any exchange reactions. 

The advantage of alkoxides compared to e.g. acetyl-acetonates, 
acetates or citric acid complexes, is that alkoxides are far more reactive and 
form stable oxygen bonds between the constituents already in the gel. The 
high reactivity also results in a very low amount of residual organic groups 
since most alkoxo-groups are removed in the hydrolysis-condensation 
reactions and the alcohols formed can be evaporated. Furthermore the lower 
reactivity of acetate precursors can lead to phase separation within the gels 
of mixed acetate-alkoxide systems.[34] Thus, alkoxide routes yield more 
homogeneous and pure gels, allowing for well-controlled low temperature 
conversion of the gel to oxide. 

The simplicity of the alkoxide system also makes it fast and easy to 
prepare films or powders of different compositions. After determining the 
concentrations of the different alkoxide solutions, they are mixed 
stoichiometrically to the desired composition(s). The mixed solution is then 
ready to be used; there is no need for sol preparation, addition of a gelling 
agent or heating of reaction mixture, as in many other sol–gel 
systems.[e.g.64] The high reactivity of the alkoxides to the moisture in the 
air enables formation of very pure gel films when spin-coated. 
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The precursor synthesis, especially of the La, Nd, Ca, Sr, and Ba precursors, 
is also much more simple and straight forward than e.g. in the proponic-acid 
route, which involves distillation and drying/redissolution steps, and also 
requires filtering of the mixed precursor solution before it can be used.[65] 
This also reduces the compositional control of the proponic-acid route 
compared to the alkoxide route. 

Preparation temperature

In the standard ceramic processing of (Ln,A)MnO3, annealing for at least 24 
hours at temperatures of 1100-1200°C is normally used. Other commonly 
used methods, such as the glycin-nitrate method and the Pechini technique, 
are also limited to powder production, but the good mixture of the raw 
powder produced by dissolution, drying and combustion, makes it possible 
to shorten the annealing times and lower the temperature, compared to solid 
state reactions. The sol–gel methods combine the advantage of lower 
temperature and shorter processing time, with the possibility to make 
powders, films, fibers and coatings.  

We have seen that our all-alkoxide sol–gel route yielded hydrated 
oxo-carbonate gels with only very small amounts of organic groups 
remaining, and that the gels were homogeneous in their elemental 
composition. Heating in air yielded the phase pure perovskite at 
comparatively low temperatures, even without annealing.  

The fact that no annealing time is needed could make it possible to 
obtain low-temperature modifications of the perovskite. This was seen in the 
LCM study where the perovskite samples where divided between two types 
of orthorhombic modifications, depending on the lattice parameters, which 
differed mainly in the bo-axis length. The shorter bo-axis of the samples 
heated to lower temperatures is due to a high oxygen content and a lower 
amount of larger and Jahn-Teller distorted Mn3+ ions.

The larger bo lattice parameter for samples heated to higher 
temperatures is similar to data reported for compositions of 
La0.67Ca0.33MnO3.057 – La0.67Ca0.33MnO3.004,[62] and by assuming the 
composition of the LCM sample heated to 1000°C to be La0.67Ca0.33MnO3.0
the oxygen stoichiometry at lower temperatures could be estimated from the 
TG graph. Thus a LCM sample heated to 800°C (20 C·min-1) would have 
the composition La0.67Ca0.33MnO3.28. It should however be emphasized that 
this is a rough approximation, and that no exact determination of oxygen 
stoichiometry has been made for any sample in this study.

Although large variations in lattice parameters were not observed for
the other compositions, a reduction of oxygen content was obvious. This is a
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feature that distinguish the all-alkoxide sol–gel route from e.g. PLD and 
solid-state synthesis, where post-annealing is known to increase the oxygen 
content. The perovskite initially formed by the all-alkoxide route has higher 
oxygen excess than found in many solid-state samples even after annealing 
in oxygen.  

The gel and the evolution on heating 

The origin of the initial high oxygen content of the perovskite could at least 
partly be attributed to the reactive manganese alkoxide precursor. When the 
mixed precursor solutions were subjected to air, the oxidation of the Mn2+

was immediate and caused a darkening of the solution. The manganese in the 
gel, which formed as the hydrolysis and condensation reactions proceed, is 
expected to have a higher oxidation state than the manganese in the target 
perovskite.

Taking into account the different reactions occurring on heating as 
indicated by IR spectroscopy, the assumption that oxygen stoichiometry at 
1000 C would be 3.0 allowed approximate compositions of the gels to be 
estimated from the TG graph. The obtained molecular formulas indicate the 
average oxidation state of the manganese to be between 3.8 and 4. The basic 
nature of the surrounding A-element oxides helps stabilize the high 
oxidation state of the Mn ions, but on the other hand absorption of CO2 from 
the air partially neutralizes this basicity.

Occasionally the gels contained small amounts of organic residue, but 
roughly the gels can be described as amorphous hydrated oxo-carbonates, 
that on slow heating decomposed as follows: 

      –150 C  Evaporation of physically adsorbed water 
250–300 C Evaporation of more strongly bonded water leads 

to construction of new bonds and formation of 
crystalline trace phases 

300–600 C Decomposition of carbonates  
Formation and dissolution of the trace phases 
Some perovskite are formed towards the end of the 
temperature range 

600–700 C Complete decomposition of carbonates and 
crystallization into the perovskite phase 

700–1000 C  Crystal growth, oxygen loss and increased 
distortion of the unit cell 
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The LSM-sample behaved differently in that the carbonate decomposition 
did not end with an abrupt step, instead the gradual decomposition continued 
to 760 C. Apart from that, the main differences in the phase evolution of the 
four compositions were seen in the mid-temperature (ca 300-600 C) range, 
where the formation of crystalline trace phases seemed to reduce the 
elemental homogeneity. The decrease in homogeneity was larger for LSM 
and LBSM than for LCM and LNCM. This could reflect differences in 
thermal stability and/or reactivity of the oxo-carbonates formed on gelation 
and during the initial state of the heat-treatment. The slightly lower 
homogeneity of the LSM and LBSM gels might indicate a phase separation 
already at this stage. 

The fresh oxides formed when the carbonates decompose are likely 
to be very reactive, but the readiness to decompose and/or react is affected 
by the composition of the carbonate compound itself as well as the 
surrounding.  The decomposition was completed at lower temperatures for 
the mixed gels than for gels made from pure La-, Nd-, Ca-, Sr-, or Ba- 
alkoxide solutions (Figure 35). The observed elemental inhomogeneities in 
the ca 300-600 C range were on a nanometer scale, and this could be the 
reason why the homogeneity could be restored by just complete carbonate 
decomposition, i.e. without long annealing times. 

The results also shows that when starting from an amorphous 
precursor material such as a gel, there can be small amounts of amorphous 
carbonate impurities even above 600°C, and thus it is important to analyze 
the product with more techniques than just XRD and SEM, to be able to state 
whether or not it is phase pure. This could be of interest also for other sol–
gel and decomposition methods as combustion of organic components can 
produce CO2 that might be absorbed by the material. Such absorptions has 
been observed for e.g. acetate based sol–gel synthesis of Ba1-.xSrxTiO3.[66]

Lowering the preparation temperature? 

Annealing at temperatures lower than the last step seen in the TG graph, can 
if long enough decompose the carbonates almost completely. Thus 
isothermal heat-treatment can yield perovskite at even lower temperatures 
than 600°C. However, this leads to lower homogeneity or deficiency of 
certain ions in the perovskite, probably due to that carbonate decomposition 
releases different ions at different rates.

Thus, from the information obtained on studying the phase 
evolution, it is clear that the carbonate decomposition is the rate-determining 
step for formation of single-phase perovskite. As the carbonates are not 
present in the alkoxide solution, but result from CO2 absorption on gelation, 
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it should be possible to avoid carbonate formation in the gel by controlling 
the atmosphere in which the gelation occur.  

The lowest possible preparation temperature for pure perovskite 
from a non-carbonate gel is expected to be considerably lower than from the 
carbonated gels described in this work, making new low temperature 
modifications available.  It has been shown for other alkoxide based routes 
that temperatures as low as 100-200°C can yield oxides of e.g. doped 
TiO2,[67] and a non-carbonate synthesis of perovskite manganites should be 
possible using the all-alkoxide route, as the gels obtained by this method are 
free from organic components that would inevitably form carbonates on 
combustion. 

Furthermore, the presences of carbonates that decompose at different 
rates probably cause the slight inhomogeneity that could be observed in the 
temperature range 300–600°C for some samples. By avoiding CO2
absorption even more homogeneous materials could be expected throughout 
the entire heat-treatment.

50

70

90

0 400 800200 400 600 800
50

60

70

90

80

100

Temperature (ºC)

wt-%

Mn

LCM

La

Ca

1000
50

70

90

0 400 800200 400 600 800
50

60

70

90

80

100

Temperature (ºC)

wt-%

Mn

LCM

La

Ca

1000

Figure 35.  TG graphs for gels made from the La-, Ca-, and Mn-precursor 
solutions, and from the mixed LCM solution. 
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CONCLUDING REMARKS

Summary

The development of progressively more advanced materials forms the basis 
of the technological progress, and requires reliable and flexible synthesis 
methods. Alkoxide based sol–gel processing offers a versatile route to 
complex oxides. In this project we have developed an all-alkoxide sol–gel 
route to perovskite manganites, and shown that it can compete with well-
established methods, such as PLD, in the production of thin films with high 
quality of epitaxy and transport properties. 

Although the properties of a material are of great interest and the 
determining factor for any application, the understanding of how the material 
is formed is crucial for efficient processing. Knowledge of how different 
materials are formed is also important in tailoring of new materials. Thus the 
aim of this project was not only to make an alkoxide route to manganites, but 
also to understand the process. 

The main features of the work described in this thesis are: 

Mn19O12(moe)14(moeH)10 moeH was successfully synthesized, 
isolated and characterized. The beautiful Mn19-complex is one of 
rather few structures reported for Mn-alkoxides. Being 1.65 nm 
across it is one of the largest alkoxides reported, and its planar 
structure is very unusual for oxo-alkoxides. Its high solubility and 
reactivity makes it suitable as precursor for materials synthesis. 

We have used the novel Mn19-alkoxide as precursor in the first 
purely alkoxide based sol–gel route to perovskite manganites. The 
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synthesis method allowed for preparation of highly homogeneous 
oxides at comparatively low temperatures. Films and nano phase 
powders of four compositions were prepared: 
La0.33Nd0.33Ca0.33MnO3, La0.67Ca0.33MnO3, La0.75Sr0.25MnO3, and 
La0.75Ba0.125Sr0.125MnO3.

Films were spin-coated on various substrates. SEM studies showed 
the films to exhibit a varying degree of porosity, but the porosity 
might be modified to some extent by heating rate and post-
annealing. Fully dense epitaxial La0.67Ca0.33MnO3-films on LaAlO3
substrate were obtained after annealing for 2h in oxygen. 

The phase development of the gel-to-oxide conversion was studied 
in some detail, using TGA, DTA/DSC, powder-XRD, TEM–EDS 
and FT–IR spectroscopy. The combination of different techniques 
has proven valuable for a detailed assessment of the materials. 

The phase development studies show that the reactive and 
easily oxidized Mn precursor makes high oxygen excess 
modifications of the perovskite available and that the precursor 
system yields fully hydrolyzed gels almost without organic residues. 
However, it is evident that absorption by the gel of CO2 from air 
lead to formation carbonate compounds. The carbonates cause a 
reduction of the homogeneity at ca 300–600 C to some degree and 
their decomposition is the limiting step in oxide formation. The 
evolution of CO2 during decomposition is probably also the main 
cause of the observed porosity in the perovskite films. 

A comparative study of La0.67Ca0.33MnO3 films grown by PLD and 
our all-alkoxide route was made to evaluate the prospects of future 
applications of this sol–gel method (most CMR perovskites 
engineered towards applications are grown by PLD). Initial 
differences in microstructure and oxygen content of the sol–gel and 
PLD films can be largely eliminated by post-annealing, and the 
resulting electronic transport properties and epitaxial quality of the 
films are comparable. Thus the results clearly indicate that 
manganites prepared by the all-alkoxide sol–gel method could be 
suitable for applications in devices. 
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Future work 

Perovskite manganites exhibit a variety of interesting properties, and the 
compounds presented in this thesis are far from fully characterized, thus 
offering many possibilities for continuing studies. Further investigations of 
transport properties of thin films, with respect to e.g. oxygen content and 
morphology is just one. 

Not only the perovskite products, but also the precursors and the 
synthesis method holds challenges for the future. To our knowledge, apart 
from Mn19O12(moe)14(moeH)10 moeH, only the structures of the Ca 56  and 
Ba 57  precursors have been reported, and it would be interesting to prepare 
single crystals for structure determination of the other precursors. Moreover, 
Mn19O12(moe)14(moeH)10 moeH is an interesting molecule, not only as 

precursor in materials synthesis, and the preparation and characterization of 
new related alkoxide compounds would be worthwhile.

The all-alkoxide sol–gel route provides high control in the
processing of materials, and in developing the method even further the 
efforts should first of all be devoted to avoiding CO2 absorption during 
gelation. As discussed above, the preparation temperature for pure 
perovskite from a non-carbonated gel are expected to be considerable lower 
than from the carbonated gels described in this work, making new low 
temperature modifications available.  

Sol–gel processing represent an inexpensive and fast route to 
industry scale thin films production, and contrary to pulsed laser deposition, 
sol–gel methods also offer the possibility of large area deposition. Our 
results show that all-alkoxide sol–gel derived La0.67Ca0.33MnO3/LaAlO3 films 
can compete with PLD in terms of quality of epitaxy and transport, and thus 
up-scaling of the process to move it out of academia offers yet another 
challenge.
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