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0. Abstract 
Millimeter sized single crystals of the bilayer manganite La1.2Sr1.8Mn2O7 (x=0.4) were 
grown using the Traveling Floating Zone Technique. The analysis of the single crystals 
was done with X-ray powder diffraction, Laue X-ray back-reflection, SQUID, polarized 
optical microscopy and electron microscopy (SEM and EPMA) and the results of this 
analysis are presented here.  
Analysis of the longitudinal and transverse sections with Electron Microscopy showed 
the presence of two types of composition inhomogeneities in the sample.  
Two mechanisms were proposed to understand the formation of this concentration 
inhomogeneity using proposed schematic phase diagrams.  
 

1. Introduction 
 
Since the observation of the Colossal Magnetoresistance (CMR) effect in the manganite 
perovskites, considerable attention has been given to this family of compounds. 
The manganite perovskites are generally represented by the Ruddlesden-Popper (RP) 
notation (R,A)n+1MnnO3n+1 (R,A are Lanthanum and Strontium).  
In the RP phases the Mn atom is in the centre of an octahedral of oxygen atoms. The Mn 
and O atoms are arranged in a MnO2 plane, similar to the CuO2 planes in the High Tc 
superconducting cuprates. The MnO2 planes are stacked, interleaved with (La,Sr)O 
planes. The RP phases are categorized by the amount of MnO2 planes that are separated 
by a double rock-salt layer of (La,Sr)O planes. This is schematically represented in figure 
11.  
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Figure 1: Ruddlesden-Popper phases (La,Sr)n+1MnnO3n+1 with n=1, n=2 and n=∞. n octahedral layers 
with composition (La,Sr)MnO3 are separated by a rock-salt layer of composition (La,Sr)O. They form 
the cleavage planes and are indicated by the solid lines. 

 
As one can see there are structurally two classes in the CMR oxides: the layered samples 
with one (n=1) and two (n=2) layers and the three dimensional perovskite samples (n=∞).  



The layered samples with one layer, such as La1-xSr1+xMnO4 (LSMO 214) and two layers, 
such as La2-2xSr1+2xMn2O7 (LSMO 327) cleave nicely as the rock salt layers are ionic 
bonded.  
The perovskite samples however such as La1-xSrxMnO3 (LSMO 113) may be fractured of 
scraped in vacuum, as no cleaving plane is present1. The perovskite samples are the 
prototype of the colossal Magnetoresistance materials and many efforts have been made 
to understand the nature of the CMR effect in this material.  
Since Moritomo et al. found an extremely large Magnetoresistance (~20 000%, 129 K, 
H=7T2) around the Curie temperature Tc in a single crystal of La1.2Sr1.8Mn2O7, many 
research is done to understand the physics in the bilayer compounds of the RP phases.  

One of the efforts was to establish the magnetic and structural phase diagram of 
La2-2xSr1+2xMn2O7 as a function of the doping concentration. Kubota et al. established this 
phase diagram in the range of 0.30≤x≤0.50 (figure 2a3). 
They found that the LSMO 327 exhibits a planar ferromagnetic (FM) structure FM-I 
(magnetic moments aligned in ab-plane) at low temperatures in the range of 0.32≤x≤0.38. 
For high temperatures the compound is in the paramagnetic state.  
At x~0.39 a finite canting angle between neighboring layers starts appearing and reaches 
180o for x≥0.48 (AFM-I e.g A-type AFM). For x=0.30 they found that the magnetic 
moments were aligned parallel to the c-axis (FM-II, indicating a phase boundary between 
x=0.30 and 0.32).  At x=0.50 the magnetic structure exhibits complicated temperature 
dependence due to charge ordering4.  
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Figure 2: magnetic phase diagram of the layered La2-2xSr1+2xMn2O7 by a) Kubota and b) Ling et al.  



Although the magnetic and structural phase diagram is complicated, the structure of 
LSMO 327 is fairly simple. There is only a single tetragonal (I4/mmm) phase (fig 3a.) in 
the entire hole concentration (0.30 ≤x≤ 1.0) and temperature ranges (T≤ 400K). This 
simplicity is probably due to the layered structure, which absorbs the changes in the Mn-
O bond lengths and the average ionic radio of La and Sr ions when the hole concentration 
is changed4.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3a: schematic representation of the magnetic spin arrangement on Mn ions in the I4/mmm 
tetragonal cell of La1.2Sr1.8Mn2O7. Each Mn atom is surrounded by an O6 octahedron. The unit cell 
parameters are a=b=3.87 Å and c= 20.1 Å 
Figure 3b: The Mn3+ and Mn4+ ions.  
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Changing the hole concentration by replacing La atoms by Sr atoms will affect the charge 
on the Mn atom. This is illustrated in figure 46. A compound with x=0 (e.g no Sr atoms) 
will have a Mn3+ 3d4 arrangement. Increasing the Sr concentration will add more holes to 
the compound, increasing the Mn4+ 3d3 concentration. The physics of the manganites will 
change drastically by the addition of more eg conduction electrons. One of the exciting 
developments of this doping in the manganite perovskites was the discovery of the CMR 
effect.  
 
Colossal Magnetoresistance (CMR) 
The CMR effect is the very large change in conductivity (typically orders of magnitude) 
when a magnetic field is applied slightly above the sample’s Tc. This change in 
conductivity is typically accompanied by a ferromagnetic-paramagnetic transition. This 
change can also be obtained by changing the temperature across the critical temperature 
Tc and thus inducing the ferromagnetic-paramagnetic transition.  
 
 
 
 
 
 



This behavior is summarized in figure 41, which shows the resistivity and magnetization 
as a function of temperature for the layered CMR oxide La2-2xSr1+2xMn2O7 for x=0.4.  
 

Figure 4: The resistivity vs. temperature and magnetization vs. temperature for the layered CMR oxide La2-

2xSr1+2xMn2O7 for x=0.4 after Moritomo et al.  The resistive and magnetic transitions are at the same or very 
nearly the same temperatures, indicating a strong coupling of the charge and spin degrees of freedom. This 
coupling is also obvious from the magnetoresistive behavior shown in panel a.  

 
At high temperature the material is an insulator (increasing resistivity for increasing 
temperature) while at temperatures below Tc= 130 K the material is a very poor metal.  
Coincident with the insulating and metallic states are the paramagnetic and ferromagnetic 
phases of the material.  
 
Double-Exchange model 
Although the origin of the CMR effect as well as the nature of the insulating and poor 
metallic state are not understood, it is clear that there is a coupling of the charge, spin and 
lattice degrees of freedom in these compounds.  
The charge and spin coupling can be seen in figure 4, where the resistive and magnetic 
transitions take place at the same or very nearly the same temperature.  
The coupling to the lattice (electron-phonon coupling) was recognized in the theoretical 
work of Millis et al7.  
The traditional starting point for understanding the CMR effect, Metal-Insulator and PM-
FM transitions in the manganites is the Double Exchange model, originally studied by 
Zener, deGennes and Anderson and Hasegawa in the 1950’s and 60’s. The DE 
mechanism says that the hopping probability t for an eg symmetry conduction electron to 
hop from one site to another depends on the relative angle between the core t2g spins 
between the two sites: 

 
t=t0 cos (θ/2) 

 



where t0 is the bare hopping probability. This is illustrated in figure 5aFout! Bladwijzer 
niet gedefinieerd.,6. If the neighboring spins are ferromagnetically aligned, θ=0 and there 
is a maximum hopping probability. If there is an antiferromagnetic ordering, the relative 
angle is 180o and no hopping probability. A paramagnetic ordering can be approximated 
by a relative angle of 90o and t is reduced by cos (θ/2) =1/√2, 70% of the ferromagnetic 

value.  

Figure 5a: hopping probability t depends on the relative angle of the t2g core spins between two sites. 
Ferromagnetic state gives a full hopping probability to, while a paramagnetic state has 0.70 to.  
Figure 5b: the hopping probability is related to the bandwidth. The Ferromagnetic state has the greatest 
bandwidth. The bandwidth of the paramagnetic state is reduced by 30%, predicting an increasing density 
of states at the Fermi Level.  

5a. 5b.

 
The hopping probability is related to the bandwidth and the ferromagnetic ordering will 
give the greatest bandwidth. The antiferromagnetic ordering has zero hopping probability 
and thus zero bandwidth. The bandwidth of the paramagnetic ordering will be 70% of the 
ferromagnetic bandwidth. Kubo did a more precise calculation of the bandwidth change 
with temperature and obtained a similar result.  
There is thus an energy gain in the eg band for the ferromagnetic ordering, competing 
with the superexchange alignment favoring the antiferromagnetic ordering as well as with 
the thermal fluctuation which favor disorder. The DE model explains intuitively why a 
material is a ferromagnetic metal at low temperatures and will become a paramagnetic 
insulator at high temperatures. When a large magnetic field is applied slightly above Tc, it 
will align the core t2g spins and increase the hopping amplitude for eg electrons, thus 
making the material more metallic.  
Although the DE model gives intuitively a nice explanation for the observed transitions 
and trends in conductivity, it does not explain the magnitude of the CMR effect very 
well.  
The Double Exchange model predicts a 30% decrease in the hopping probability and the 
bandwidth. These changes in t and W will contribute to similar changes in the electron 
mobility μ and the conductivity σ (σ=neμ). As the conductivity change across the FM-PM 
transition is many orders of magnitude instead of the predicted 30%, additional physics 
must be necessary to explain the conductivity changes in the manganites.  
The DE model also predicts an increase in the density of states at EF for the paramagnetic 
state as the bandwidth is 0.7 of the ferromagnetic state value. This is illustrated in figure 
5b. Thus for intermediate doping levels, the density of states at EF should slightly 
increase upon going to the paramagnetic state.  
Dessau et al. however found qualitatively different behavior from this and this will be 
discussed later in this section.  



Generally speaking, one can understand the metal-insulator transitions in terms of a 
change in the number of carriers or in the mobility of the carriers (σ=neμ). In the DE 
model, the change in conductivity is predominantly explained by a reduction of the 
mobility of the carriers (hopping probability). Another mechanism which can reduce the 
mobility is the Anderson localization effects due to disorder, for instance the disorder of 
the t2g core spins.  
Neither of the two mechanisms should influence the density of states at the Fermi Level. 
If the reduction in mobility is the dominant mechanism for the metal-insulator transition, 
a significant density of states is expected, even in the insulating paramagnetic state.  
Dessau et al. however found experimental data that the change in mobility is not the 
dominant mechanism.  
 
The pseudogap 
Dessau et al. performed angle-resolved photoemission measurements (ARPES) on the 
bilayer manganite La1.2Sr1.8Mn2O7 (x=0.4, d3.6)a. 
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Figure 6: Near-EF data of La1.2Sr1.8Mn2O7 taken at 200 K (red, paramagnetic state) and 50 K (blue, 
ferromagnetic state) along the a) (0,0)-(π,0) and b) (π,0)-(π,π). Two major features can be distinguished, 
indicated by α and β. The upper right hand corner shows T-dependent angle-integrated data from the 
three-dimensional compound La0.8Sr0.18MnO3 as well as from an Au reference. 
Figure 6c: Comparison between experimental dispersion and the LSDA bands (black).  
a The samples were grown by the floating-zone method and the surfaces of the samples were mirror-like. 
All samples were measured at the Stanford Synchrotron Radiation Laboratory (SSRL) using a 50mm 
hemispherical analyzer.  The energy resolution was 40 meV FWHM and the k resolution better than ±0.05π 
in the first Brillouin zone at a photon energy of 22.4 eV.  
The samples were measured at 50 and 200 K. All 200 K data was taken first, immediately after the sample 
cleave at 200 K. After all 200 K data were finished the sample was cooled to 50 K.  



 
Figure 68 shows the near-EF data of La1.2Sr1.8Mn2O7 along the (0,0)-(π,0)-(π,π) symmetry 
directions at 200 K (Paramagnetic state) and at 50 K (Ferromagnetic state). 
In the spectra taken along the (0,0)-(π,0) direction (figure 6a), one can see two major 
features, which are labeled α and β. The strongest feature α is first visible at 0.18 π and 
continues to disperse toward EF as the spectra progress toward (π,0). A weak feature 
visible at -0.6 eV is labeled β. 
In the spectra taken along the (π,0)-( π,π) line (figure 6b) one can also see the α and β 
features. Feature α continues to disperse toward the Fermi Energy, but never reaches it. 
Instead the locus of the lowest energy is at (π, 0.37π) and at this point it loses intensity. 
This is more clearly illustrated in ARPES data in two earlier published articles by Dessau 
et al9,10.   
The centroids of the two features are plotted as a function of k in figure 6c, which also 
include the eg↑ bands from their LSDA (Local Spin Density Approximation) band 
structure calculations.  
From their calculations and polarization dependent photoemission experiments they say 
that α has primarily dx

2
-y

2 symmetry and β primarily d3z
2

-r
2↑ symmetry. As you can see, 

the energy position of the centroids agree relatively well with the calculations between 
0.7 and 1.5 eV. For energy levels closer to EF however, the peaks fall off and are 
suppressed from EF.  The authors say that this suppression is due to the opening of a 
pseudogap near EF and affects the states with dx

2
-y

2 symmetry as well as with d3z
2

-r
2↑ 

symmetry.  
In addition, the locations of the experimental minima in binding energy as well as the 
locations where the spectral weight is rapidly being depleted agree well with the 
predicted Fermi Surface crossings. However the spectral behavior of these critical k-
points is different from that expected of a real Fermi Surface crossing. The spectral 
weight reaching the Fermi Energy is close to zero, thus the authors speak of a ‘Ghost 
Fermi Surface’. This is in rough agreement with the FS calculated by the LSDA band 
theory10.  
 
Two important aspects can be seen in the temperature dependence of the near-EF spectra 
in figure 7.  
The first aspect is that the data only show a very small change in the bandwidth, which is 
in contradiction with the DE-predicted change.  
As was explained earlier, the DE model predicts a 30% decrease in bandwidth when 
going from the Ferromagnetic to Paramagnetic state. In the data the highest binding 
energy occupied states was found to be at (0.18π,0) and a binding energy of ~1.6 eV. 
When going to the paramagnetic state, DE predicts that these states should show a 
significant (~30%) energy shift towards EF, thus they should be present around 1.1 eV. 
Dessau et al. however observed an energy shift of approximately 0.06 eV or a change in 
W of just 4%.  This implies that a short-range (in-plane) ferromagnetic correlation might 
still exist above TC.  This was also found by neutron scattering measurements from the 
same sample which showed in-plane short-range FM order at temperatures as high as 284 
K.   
The second aspect is the dramatic temperature dependence near k= (π, 0.28π), in contrast 
to the small T-dependence of k= (π, 0.18π). The first point corresponds to a predicted FS 



crossing and is also the point of closest approach of the centroid to EF. The spectra at 
higher T are pushed farther away from EF and the spectral weight near EF is reduced. This 
behavior represents the opening of the pseudogap centered around EF with T. It is 
expected then that the stated near kF are suppressed more heavily then states farther away. 
Dessau et al. also found this behavior in their data. The term pseudogap was chosen by 
the authors because the edges of the gap are soft and spectral weight at EF is not always 
completely suppressed.  
Spectral weight is also suppressed at temperatures lower than TC. The temperature-
dependent spectral weight near EF is shown in figure 710 for the k value (π, 0.28, 0). This 
corresponds to a point on the dx

2
-y

2 Fermi Surface. There is essentially no weight at EF 
above TC, but below TC the weight starts to increase. Even though the weight is 
continuously increasing as the temperature is lowered, it still remains a factor 10 less than 
expected. The pseudogap is active at all temperatures. The pseudogap affects therefore 
both the Ferromagnetic and Paramagnetic states, although the suppression is more 
heavily in the Paramagnetic state: the pseudogap is larger above Tc.  
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 Figure 7a: Temperature-dependence of the spectral weight near EF at k=(π

 
 

, 0.28, 0), hν=22.4 eV 
Figure 7b: High-resolution ARPES data near E  taken at T=20 K (Ferromagnetic state) showing the Fermi 
edge cutoff.  The k value is about (0.8

F
, 0.28

 

) and hν=50 eV.  
A gold spectrum (dark curve) is superimposed to show the small, but finite weight at EF.  

To resolve the spectral weight at EF Dessau et al. took much higher energy and 
momentum resolution ARPES data at T=20 K (ferromagnetic state). They found a small, 
but finite spectral weight, occuring very near the k-space locations where band theory 
calculations predicts a Fermi Surface crossing10 (figure 7b).  
The ‘ghost’ Fermi Surface, which was termed this way because of the little spectral 
weight, does contain the expected number of carriers. This was also confirmed by recent 
Hall measurements. The authors therefore argue that there are a large number of carriers 
(x=0.4), but that each of these carriers is heavily dressed by a correlation effect such that 
it has very little spectral weight remaining at EF.  
As the temperature dependence of the pseudogap correspond very well with the observed 
resistive trends, the authors say that the pseudogap should be considered a key 



mechanism cooperating with double-exchange to produce the metal-insulator transition 
and the CMR effect.  
 
Interpretation pseudogap 
A number of possible origins for the pseudogap have been formulated by the authors, 
such as the Jahn-Teller effect, strong electron-boson coupling, polaronic or bipolaronic 
effects, phase separation, a coulomb gap, strong on-site correlations and charge/orbital 
ordering. Whatever the effect is, it should cooperate with and strengthen the Double-
Exchange effect, to explain the Metal-Insulator and magnetic transition happening at the 
same temperature.  
The authors later published an article5 which explained the origin of the pseudogap in 
terms of Fermi Surface nesting instabilities and the production of nanoscale fluctuating 
charge/orbital modulations, cooperating with Jahn-Teller distortions.  
Some results and their conclusion of this article will be discussed here.  
The authors used high-resolution ARPES (Advanced Light Source at the Lawrence 
Berkeley National Laboratory) to analyze the details of the Fermi Surface and the k-
dependent electronic structure. In figure 95 their low-temperature (T=20 K) ARPES data 
of La1.2Sr1.8Mn2O7 is shown.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8a: Low-temperature (T=20K) ARPES data of La1.2Sr1.8Mn2O7. The integrated spectral weight near 
EF over much of the first Brillouin zone and the calculated LSDA Fermi Surface (black lines). Data has been 
reflected about the (0,0)-( ,0) line based on symmetry arguments. 
Figure 8b: Binding Energy vs emission angle θ image plot from an angular slice at (0. 0.7 ) (see white line 
in figure a).  
Figure 8c: Near EF blow up of data from b), see the blue box.  

As one can see, there is a good agreement between the experimental image plot and the 
theoretical Fermi Surface in figure 8a. The theoretical FS consists mainly of two parts, 
one small electron pocket centered around (0,0) with mainly d3z

2
-r

2 character and two 
concentric large hole pockets centered around the zone corners (±π,±π) with mainly dx

2
-y

2 
character.  
 



The higher intensity around (0,0) corresponds to the electron hole pocket, although its 
intensity is enhanced by the out-of-plane photon polarization. The small asymmetry along 
the (0,0)-( ,0) line is also probably due to this polarization effect. 
The four L-shaped loci around the corners correspond to portions of the hole pockets, but 
where the theory predicts a splitting of the two hole-like pieces, this is not observed in the 
experimental FS. In theory this splitting is due to the coupling between two MnO2 planes 
per unit cell, but probably due to strong in-plane correlation effects, this theoretical 
splitting is reduced below detectable limits.  
In figure 8b the energy versus momentum k distribution relation is shown. The angular 
slice is taken at the 10o φ angle and is indicated by the white line in figure 8a. There is 
clearly a dispersive feature of roughly parabolic shape with maximum spectral weight 
around binding energy 1 eV and θ=0o. As this peak disperses toward EF it loses spectral 
weight until no longer visible below 0.3 eV. In figure 8c however the spectra are blown 
up and the color rescaled and the spectral weight does continue all the way to EF, 
although dropping drastically. It is this very low weight that is responsible for the FS plot 
in figure 8a.  
The origin of the pseudogap can be found in the FS topology in figure 8a. The hole-like 
portions are very straight (more than expected by the LSDA calculations, especially near 
the corners of the hole pockets). These straight parallel segments indicate that the physics 
of these compounds can be considered quasi-1D. These straight FS segments are in 
addition also prone to (and originate from) nesting instabilities.  
A large portion of the FS is connected in k space to another by the reciprocal lattice 
vector q. This can schematically be seen in the following way (figure 9a5), the main band 
hybridizes with an Umklapp band shifted by an amount of G in k space. This 
hybridization will open up a gap of 2Δ, which lowers the electronic energy of the system.  
The authors observed a heavy nesting that will gap large portions of the FS, gaining more 
energy and thus making a distortion more likely. The fact that the entire FS can be 

Figure 9a: Schematic plot for density wave formation in k space 
Figure 9b: density wave formation in real space with a lattice constant of 3.3 a 
Figure 9c: Overlay of experimental FS topology with CE-type ordering vectors (red) and orbital stripe 
ordering (black) 



affected by these vectors (figure 9c) means that there will be no ungapped portions 
remaining, consistent with the insulating state above TC.  
The q vector that connects the straight FS segments is probably (±0.3,0) or (0,±0.3) in 

of the MnO6 octahedra, 

ditional type of weak superlattice reflection was observed in the paramagnetic state 

rtance of the 

e 

units of 2π/a (see the black lines in figure 9c). The Charge Density Wave corresponding 
to this wave vector would have a modulation period of 1/0.3 or 3.3 lattice constants in 
real space. This incommensurate CDW is illustrated in figure 9b. 
The authors also found a cooperative Jahn-Teller style distortion 
(period 3.3a) with the strength of the modulation matching the amplitude of the charge 
modulation (figure 9b). The coupling of the J-T distortion with the CDW would explain 
more details of the ARPES data. The CDW can on itself not account for the energy range 
(~1eV) around EF in which the pseudogap depletes the spectral weight. Further more, it 
was found that the edges of the gap are ‘soft’, where a simple CDW gap would produce 
sharp edges. The cooperation of the CDW with the Jahn-Teller distortion can explain the 
large energy scale and the soft edges of the gap. The typical energy scale of the J-T 
distortion is near 1 eV and x-ray results showed that the J-T distortion varies in space, 
meaning that the resulting gap will have various energy scales and so the gap edge will be 
soft.  
An ad
in the x-ray scattering experiments on these crystals. They found a so-called CE ordering, 
with a wave vector qCE= (1/4,1/4,0)=(π/2a, π/2a,0). This is the combination of 
antiferromagnetism and charge/orbital orderings and is a real space ordering similar to 
(but different than) a checker board. The CE vectors are drawn in figure 9c (red arrows).  
They are slightly shorter than the ideal nesting vector and this means that it can still gap 
the near Fermi states, although with less efficiency than the (0.3,0,1) vector. 
To summarize: Dessau et al. have found experimental evidence for the impo
pseudogap in the resistivity trends. The pseudogap is effective in either explaining the 
low-temperature poor conductivity of the high-temperature insulating behavior of these 
compounds. Before the discovery of the pseudogap, the Double Exchange model was 
considered to be the dominant mechanism in explaining the Metal-Insulator transition.  
Experimental evidence suggests that the origin of the pseudogap is the short rang
charge/orbital density wave enhanced by FS nesting and cooperating with the Jahn-Teller 
distortion.  



 
2. Experimental procedures 
 

In this section the preparation of the La1.2Sr1.8Mn2O7 single crystal and the experimental 
methods that were used to characterize it are discussed.  
 

2.1 From starting compounds to single crystal.   
 
Preparation La1.2Sr1.8Mn2O7 powder 
The LSMO powder was prepared by solid-state reaction using La2O3 (99.99%), SrCO3 
(99.99%) and MnO2 (99.9%). The starting compounds were weighed in the right 
stoichiometric amounts with a total of 30 g. The compounds were mixed by hand and ball 
mill for 60 min. untill the sample was a homogeneous grey powder to the eye.  
The four samples were prepared using different heating procedures. Between each 
heating session, the sample was grinded with the ball mill for 10 min. The different 
heating procedures are described in table 1. For the last heating session the powder was 
pressed into a rod (6000 bar) and sintered, this is denoted by a double bar in the table. 
 
Table 1: Heating procedures for the different samples. 

 1 2 3 4 

Sample 1 800 oC 12 h 1200 oC 16 h 1400 oC 12 h 1400 oC 12 h 

Sample 2 1100 oC 16 h 1300 oC 12 h 1400 oC 24 h 1450 oC 24 h 
1500 oC 2 h 

Sample 3 1100 oC 24 h 1250 oC 12 h 1400 oC 24 h 1450 oC 24 h 
1500 oC 2 h 

Sample 4 1100 oC 24 h 1300 oC 24 h 1400 oC 32 h 
1400 oC 24 h  

1450 oC 24 h 
1500 oC 2 h 

 
 
Sample 1 
The first sample was prepared using MnCO3 instead of MnO2 and the total weight of the 
starting compounds was 15 g.  
 
Sample 2 
Sample 2 was prepared using La2O3 that was dried at 1000o C in air for 12 h, since the 
powder appeared to form La(OH)3 (analyzed with X-ray diffraction). Also new batches 
of SrCO3 and MnO2 were used. 
 
Sample 3 
Sample 3 was prepared using La2O3 that was dried at 120 oC for 12 h because the batch 
that was dried at 1000 oC looked yellowish to the eye.  
 
Sample 4 
Sample 4 was prepared using La2O3 that was dried at 900 oC for 12 h. The drying at 120  
oC for 12 h appeared not to suffice as the La content in sample 3 was probably too low.  



The Mn content was also probably too low due to evaporation, 0.5% more Mn was added 
to compensate. 
 
The LSMO rods were analyzed with X-ray diffraction (XRD) to determine the phase. The 
XRD technique is described in paragraph 2.2. 
Subsequently the rods were used to grow single crystals with the traveling floating zone 
technique.  
 
Traveling floating zone technique: growth of a single crystal 
Single crystals can be grown using the optical floating zone technique (Crystal Systems 
Inc, figure 1011). The LSMO rod is used as a feed rod and the seed rod is an old LSMO 
single crystalline piece or a piece of the feed rod. A zone in the feed rod is melted by four 
halogen lamps (1500 W) focused on the zone by mirrors. 
The molten zone is held between the seed and the feed rod by its own surface tension and 
is moved upwards along the sample by moving the mirror stage. The material will then 
start to crystallize at the lower end of the zone, on the seed rod. The seed and the feed rod  

Feed rod

Halogen lamp 
and mirror 

Floating zone

Crystal

Seed rod

Moving mirror stageMoving mirror stage 

Figure 10: Optical floating zone technique

Quartz tube 

 
are counter-rotated to provide an uniform temperature distribution and a homogeneous 
concentration. The feed and the seed rod are inside a quartz tube in which an O2-
atmosphere is maintained. The four samples were grown in different conditions: 
 
Table 2: The growth conditions used for the different samples 

 Growth rate (mm/h) Rotation rate (rpm) O2-pressure (atm) 
Sample 1 10 20 2 
Sample 2 10 20 2 
Sample 3 10 30 1.4 
Sample 4 15 20 2 



The single crystals were analyzed using various techniques: 
• Laue Diffraction to analyze the quality of the single crystals  
• Superconducting Quantum Interference Device (SQUID) to determine the 

magnetization as a function of temperature and the Curie temperature 
• Scanning Electron Microscopy (SEM) and Polarized Optical Microscopy were used 

to image longitudinal and transversal sections of the rod  
• Electron Probe MicroAnalysis (EPMA) in Leiden was used to determine the 

composition of the single crystal 
The last three techniques require a flat and smooth crystal surface and the sample was 
polished before the analysis was performed.  
The different techniques are described in paragraph 2.2. 
 
 



2.2 Experimental methods 
 
X-Ray Diffraction (XRD) 
X-Ray Diffraction (Philips Analytical SR 5069) was used to analyze the phase of the 
polycrystalline rod.  
In XRD the powdered sample is irradiated by a monochromatic X-ray beam. The 
diffracted waves will interfere with each other, producing a diffraction pattern that 
consists of strong diffraction peaks if the atoms are periodically arranged. The diffracted 
waves are detected by a detector that can rotate (2θ = 0-90o) and are analyzed using 
Bragg’s law. In this section X-Ray Diffraction will be theoretically discussed.  
 
Production of X-rays 
In X-ray Diffraction the monochromatic X-ray beam is generated in an X-ray tube12 
(figure 11a). At one end in the vacuum chamber an electric current runs through a 
tungsten filament, called the cathode, causing the filament to glow and emit electrons. 
The electrons are accelerated by a large voltage difference set up between the cathode 
and the anode. The electrons hit the Cu anode and will eject inner core electrons. Outer 
shell electrons will fall back in energy to occupy the created vacancies.  
The transition of an L-shell electron to the K-shell will create a Kα X-ray (λ=1.5418 Å) 
and the transition from the M-shell to the K-shell will produce a Kβ X-ray (λ=1.5418 Å). 
The Kα  X-rays have a higher intensity and energy than the Kβ X-rays. This difference in 
energy and wavelength will produce two adjacent peaks in the diffraction pattern; the Kα 

and the Kβ line.  
 The process is schematically illustrated in figure 11b12. The X-rays then move through a 
window toward the sample.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2a. 

Figure 11a: X-Ray tube. 

2b. 

Figure 11b: Electronic transitions from the M- and L-shell to the K-shell. The Kα  X-rays 
have a higher intensity and energy than the Kβ X-rays. 

 
Bragg’s law 
When the incident X-ray beam hits the sample, it will primarily be diffracted by the 
electrons in the atoms. The scattering is an elastic process and the wavelength of the X-



rays remains unchanged. The scattered X-rays therefore carry information about the 
electron distribution. As the X-ray beam consists of several waves, the diffracted waves 
will interfere constructive or destructive with each other depending on the atom’s 
geometry. Ray 2 travels a distance 2a longer in the sample than ray 1. This is 
schematically illustrated in figure 12. The two waves will interfere constructively and 
produce a diffraction peak if Bragg’s law is satisfied: 
  

nλ = 2d sinθ         (1) 
 
Where λ is the wavelength of the x-ray beam and θ is the scattering angle.  
 
 
 
 
 
 
 
 
 
 
 

12a.  12b
 
 
Figure 12a: Bragg’s law 
Figure 12b: Schematic XRD setup 

 
In theory one can determine the lattice parameters by varying the scattering angle. This is 
however a time-consuming method and in practice one uses powder diffraction.  
 
Powder Diffraction13 
A single crystal will diffract a monochromatic X-ray beam only in one or two directions 
(figure 13a14). In a powdered sample however the hundreds of crystal domains are 
randomly orientated, thus the diffracted waves will form continuous cones corresponding 
to the different d-spacings in the sample (figure 13b14).  
 
 
 
 
 
 
 
 
  
 

13a. 
 
 

 

 
Figure 13a: Scattering by a single crystal
Figure 13b: Scattering by a powdered sample. The hundreds of crystal domains will scatter the X-rays in a
continuous cone, corresponding to different d-spacings in the sample. 

13b. 



A 1D pattern can be recorded by scanning from 0 to 90o. As the crystalline domains are 
randomly orientated, one can assume that by scanning from 0 to 90o all the angles where 
diffraction occurs will be found. A schematic setup is shown in figure 3b13. The positions 
and intensities of the peaks can then be used to determine the structure of the sample. 
 
 
Laue Diffraction15,16,17 
Laue Diffraction was used to analyze the quality of the single crystal. In single crystals 
the atoms are arranged in a regular periodic order, single crystals will scatter incident 
radiation into a periodic pattern. This phenomenon is made use of in Laue Diffraction. In 
Laue Diffraction a single crystal is irradiated with white radiation (polychromatic X-ray 
beam). The diffracted waves will produce spots on a photographic film. The position of 
the spots is determined by Bragg’s law (1). As the atomic spacing d and the incident 
angle θ of beam is fixed, the only variables are the order n and wavelength λ. Each order 
will select a wavelength that will satisfy Bragg’s law with fixed d and θ. Each reflection 
therefore corresponds to a certain order and wavelength. The Laue photograph is 
therefore just a projection of 
the planes of the crystal.  The 
Laue diffraction method can 
also be used to analyze the 
crystal’s quality from the size 
and shape of the spots. If the 
crystal is a little bent or 
twisted the spots will become 
distorted and smeared out.  

Incident X-
ray beam 

FilmDiaphragm

Single Crystal

Figure 14: Back-scattered Laue DiffractionA schematic Back-reflection 
Laue Diffraction setup is 
shown in figure 14.  
 
Polarized Optical Microscopy18  
Polarized Optical Microscopy (Zeiss axioplan 2) was used to image the longitudinal and 
transversal sections of the single crystal rod.  
In polarized microscopy one can visualize the anisotropic character of the crystal using a 
polarizer and an analyzer. In a polarizer the oscillations in all directions in the light beam 
are polarized to lie in one plane.  
The polarizer is placed in the light beam before the sample and the analyzer (e.g a second 
polarizer) is placed between the objective aperture and the observation tubes or camera 
port. The polarizer and analyzer are placed with right angles to each other (crossed 
polarizers) and no light can pass through the analyzer.  
If the polarized light impinges on the sample surface, the polarization of the light will 
change due to the anisotropic and birefringent character of the material. The material will 
therefore produce an image contrast (figure 15a).  
Differences in the crystallographic axes will change the optical properties of the material. 
Changes in phase, composition and orientation of the crystallographic axes can therefore 
be imaged using polarized microscopy.  



In addition to polarized microscopy another method can be used to image the crystal 
surface.  
 

 
Differential Interference Contrast (DIC19)  
In DIC a special crystal prism is placed in the light path, not used in bright field 
microscopy. In figure 15b the differences between bright field and DIC microscopy are 
illustrated. 
In bright field microscopy the light passes through an objective and is reflected by the 
sample back through the objective to form an image. In DIC microscopy a special crystal 
prism is placed in the light path before the objective. The prism splits the light beam into 
two paths and they are spatially separated by a very small distance, called a ‘shear 
amount’. The two rays are reflected by the sample at two different points separated by the 
shear amount and travel back through the objective. The two light beams will overlap in 
the prism and the spatial difference between the points at which the light was reflected 
result in a phase difference between the two beams. This phase difference results in 
interference when they overlap in the prism, generating contrast equivalent to the phase 
difference. If there is no phase difference the image will appear uniform gray.  
DIC microscopy can be used to image differences in height and refractive indices. 
Differences in refractive index will also result in a change in the optical path and phase 
difference.  

Objective 

Objective 

Bright Field 
Microscopy DIC Microscopy 

Sample 
(Fine height difference) 

1) Split light beams 

2) Two paths reflect at  
different points on sample 

3) Two light paths  
overlap in prism 

Shear amount 

Plane-Polarized  
Light in other  
direction 

Light source 

Oscillations in all 
directions 

Polarizer 

Plane- 
Polarized light 

Analyzer 

Sample 

15a. 15b
Figure 15a: Polarized Microscopy 
Figure 15b: Differential Interference Microscopy 



Superconducting Quantum 
Interference Device (SQUID)  
SQUID (Quantum Design MPMS-5S) 
was used to measure the magnetization 
of the single crystal as a function of 
temperature. 
SQUID can be used to detect very 
weak magnetic fields in the order of 
10-14 T (Earth’s magnetic Field is 0.5 x 
10 -4 T). It makes use of two 
superconductors separated by two thin 
insulating layers, forming two 
Josephson Junctions (Figure 16)20. 

Figure 16: Josephson Junction 

Cooper pairs can tunnel across the 
Josephson junction. The Cooper pairs 
can be described by a wave function, 
similar to a free particle wave function.  
When no voltage is applied, a current 
proportional to the phase difference of 
the wave functions can run across the 
junction, as Josephson has showed: 
 

)sin()sin( max21max δϕϕ III s =−=       (2) 
 

owever when a voltage is applied, the current through the junction will oscillate with a H
characteristic frequency which is proportional to the applied voltage.  
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he sensitivity of the SQUID for measuring magnetic fields depends on Quantum 

critical current depends on the magnetic flux that runs through the 

s the biasing current constant in the SQUID, the measured voltage will 

 
T
Interference21. This is the behavior of the tunneling current in the presence of an external 
magnetic field.  
The maximum 
junction and the current is predicted to depend periodically on the magnetic flux. This is 
due to the fact that the change in phase across the junction is dependent on the change in 
magnetic flux. 
When one keep
oscillate and one period of voltage variation corresponds to an increase of 1 flux 
quantum, which is quantized as: 
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Scanning Electron Micros  
S

copy (SEM)
canning Electron Microscopy (Jeol JSM-

840A) was used to image the longitudinal 
and transversal sections of the single-
crystal rod. The SEM is a microscope that 
uses electrons instead of light to image 
samples with a higher resolution than 
optical microscopes. In figure 17a, a 
schematic SEM is shown22,23. 
In the electron gun24 a current is run 
through a tungsten filament, causing it to 
heat up and emit electrons. The electrons 
are then accelerated toward the positive 
anode, producing a monochromatic 
electron beam.  
The beam is condensed by the first 
condenser lens and any high-angle 
electrons will be eliminated by the 
condenser aperture.  
The beam is focused by the second 
condenser lens, producing a thin, tight 
coherent beam. A second objective 
aperture eliminates high-angle electrons.  
A set of coils will scan the beam in a grid 
fashion. 
The third objective lens focuses the beam 
onto the part of the sample which is 
scanned.  
When the electron beam hits the sample, 
several processes take place25, which are 
illustrated in figure 17b22.  
Backscattered Electrons are produced 
when an incident electron hits an atom in 
the sample which is (partially) in its path. 
The incident electron is then scattered 
approximately 180 o back. Heavier atoms 
will scatter incident electrons more and 
appear brighter than lighter atoms. This mode is used to image composition differences in 
the sample. 
Secondary electrons are produced when the incident electron gives part of its energy to a 
lower energy electron in the sample (usually a K-shell electron). The electron in the 
sample-atom will become ionized and leave the atom with a small kinetic energy (5 eV), 
this electron is called a secondary electron. The incident electron will change path and 
can ionize several other atoms. This mode can be used to image the topography of the 
sample, as only secondary electrons that are very near the surface (< 10nm) can leave the 
sample, due to its low kinetic energy. 

17a. 

Figure 17a: Schematic SEM setup 
Figure 17a: When incident beam hits the sample several  
processes take place 

17b. 



Auger electrons: the production of a second
occupied by an electron from a higher energy s
two shells is used to ionize an outer, lower e
X-rays are produced when a higher energy
lower shell, which was created by the produ
falls back, it will emit its energy as an X-r
unique to the element from which it is prod
determine the composition of the sample. 
 

ary electron creates a vacancy, which will be 
hell. The energy difference between the 

nergy electron, an Auger electron.  
 electron falls back to occupy a vacancy in a 
ction of a secondary electron. As the electron 
ay. The X-rays have a characteristic energy 
uced. The X-rays can therefore be used to 

y electron mode is used, giving composition 

 of the single crystal.  
 a similar setup to the SEM. The SEM however cannot measure and 

on of Auger electrons and the EPMA does 
 between the SEM and the EPMA setups. 
om 10-200 nA, roughly 1000 times higher 

duce more X-rays from the sample and improve the detection limits 

 addition to the backscattered and secondary 
ix wave dispersive x-ray spectrometers26, 

e X-rays are analyzed by diffracting the waves 
determined by comparing the intensity of the 

om standards to the intensity of the sample. It should be noted that measuring 
e w re.  

In SEM the Backscattered and the Secondar
and topographic information. 
 
Electron Probe MicroAnalysis (EPMA) 
EPMA was used to determine the composition
The EPMA has
analyze the X-rays produced by the formati
have this ability. There are several differences
The EPMA uses an electron beam current fr
than the SEM, to pro
and accuracy of the analysis.  
In order to detect the X-rays, the EPMA is in
electron detectors equipped with three to s
which can detect and count the x-rays. Th
by crystals27. The chemical composition is 
X-rays fr
elements lighter than Oxygen should be don
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3. Results 
In this section, the results of the four different samples will be discussed. Each sample 
and its results will be discussed separately. 
 
Sample 1 
In figure 18 the XRD spectrum of the sample after sintering (1450 oC, 12 h) and after 
growth are shown together with a generated spectrum of La1.2Sr1.8Mn2O7. The spectrum 
is generated using CaRIne Crystallography 3.1and the size of the atoms was not taken 

to account. The intensities of the peaks are therefore not representative.  

. The experimental spectra are shown together with the 
enerated spectrum for clarity. 

s little peaks and it is therefore hard to draw 

o 

ction of the desired phase present.  

in
The analysis of the experimental spectra was done using measured reference spectra of 
the XRD analyzing program
g
The XRD spectrum after sintering exhibit
conclusions regarding the phase.  
The spectrum after sintering was compared with reference spectra of La1.5Sr0.5MnO4 
(214), La0.65Sr0.35MnO3 (113) and La2.0Sr1.0Mn2O7 (327). The prominent peaks in the 
spectrum can both be ascribed to the LSMO 113 and 327 phases. The peak at 2θ = 40
(pink) however can only be ascribed to the 113 phase, suggesting that this is the major 
phase. The minor peaks at 2θ = 43o and 2θ = 45.5o can only be ascribed to the 327 phase 
(blue), thus there is a minor fra
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XRDs were taken from the La2O3 and SrCO3 batches to control the quality of the starting 
compounds. It appeared that La2O3 had formed La(OH)3 complexes. The La-ratio in the 
sample was therefore too low, decreasing the (La,Sr) to Mn ratio below 3:2. As a result 
the LSMO 113 phase was formed with a minor fraction of the LSMO 327 phase.  
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Figure 18: XRD spectrum of the LSMO powder and the LSMO after growth. 



After the crystal growth the rod was polycrystalline, because many grain boundaries were 

 rod was not uniform. Little parts of the feed 
d already melted outside the hot zone of the furnace, indicating the inhomogeneity of 

.  

he LSMO 327 

fter growth are large compared to the reference peaks of 

e with the c-axis perpendicular to the plane. When 

visible under the microscope. The crystal growth also indicated that the sample was a 2 
phase system, since the melting of the feed
ro
the sample
The XRD spectrum of the sample after growth is shown in figure 18 and is compared to 
the generated spectrum of La1.2Sr1.8Mn2O7. The resemblance between the two spectra is 
clear. One peak can however only be ascribed to the LSMO 113 phase and is indicated 
with the pink arrow. Two peaks in the spectrum can only be ascribed to t
phase and are indicated with blue arrows. The polycrystalline rod is therefore a mixture 
of the LSMO 113 and the 327 phase.  
The 0,0,c peaks of the sample a
the analysizin program. This is due to the preferential orientation of the crystals; the 
crystallites have a plate-like shap
preparing the powdered sample for the XRD the ab-planes tend to orientate parallel to 
each other.  
 
Sample 2 
 
X-ray Difraction 
XRDs were taken of the sample before sintering (1400oC, 24h) and after crystal growth. 
Both spectra are compared to the generated spectrum of La1.2Sr1.8Mn2O7 in figure 19.  
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Figure 19: XRD spectrum of the LSMO powder and the LSMO after growth. 

LSMO 113 



The XRD before sintering shows a close resemblance to the reference spectrum, 
indicating the sample is the desired LSMO 327 phase. One minor peak however shows 
the presence of a second minority phase (LSMO 113) and is indicated with the pink 
arrow.  
After growth the sample possessed millimeter scale domains of single-crystalline 

cribed to the LSMO 327 phase is however present 

tion 
 figure 21 the Laue picture from the sample (20 kV, 40 mA, 10 min) and a generated 

re of La1.2Sr1.8Mn2O7 are shown.  

 
The reference Laue picture is generated by OrientExpress using the lattice constants a= 
3.870 Å, b= 3.870 Å, c= 20.100 ÅFout! Bladwijzer niet gedefinieerd.. Thus the size of the atoms is 
not taken into account.  
The experimental and reference Laue pictures show a close resemblance and the sample 
has the desired crystal structure.  

a bit elongated, indicating a 
 visible in the left side of the 

icture are not understood and are not due to defects of the apparatus.  

material. The growth direction was parallel to the ab planes and perpendicular to the c-
axis (20.2 Å). The crystal was cleaved along a grain boundary, parallel to the ab planes.  
The XRD spectrum of the single crystalline rod indicates the presence of the LSMO 327 
phase. The fraction of LSMO 113 phase, which was initially present in the 
polycrystalline rod, has decreased in the crystal growth process. A second peak at 2θ=29o 
(purple arrow), which could not be as
and indicates the presence of another phase. This phase could not be ascribed to the 
LSMO 113, 214 and 327 phases and it is unknown what the composition of this phase is.  
 
 
Laue Diffrac
In
Laue pictu

Figure 21: experimental and reference Laue pictures of La1.2Sr1.8Mn2O7

The points in the experimental Laue picture are however 
deviation from the perfect crystal structure. The big spots
p



 
 
Electron Probe MicroAnalysis 
In figure 22 a picture from the longitudinal 

ndicated with an arrow). The 
omposition is normalized to the Mn-

ich is set to 2.00. The 

, the measured Oxygen concentration should 
be interpreted with care. The matrix and dark stripes both have the same LSMO 327 
structure and only differ in composition. The darker stripes have a lower La-
concentration and a higher Sr-concentration, but the composition difference between the 
two phases is small.  
The white precipitates are the LSMO 214 phase, but form only a minor fraction of the 
sample (<1%). 
 
Table 3: Composition analysis of the matrix, dark stripes and white precipitates in the sample 

 La Sr Mn O La+Sr 

Figure 22: EPMA picture of crystal surface 
showing composition differences 

section (parallel to the ab-planes) of the 
rod taken in backscattered electron mode 
is shown. One can clearly see a stripe-like 
pattern where the stripes are regularly 
spaced. The crystal has an inhomogeneous 
composition.  
The composition was measured in 3 
different areas, the main phase (matrix), 
the darkest stripe and in a white precipitate 
(i
c
concentration, wh
matrix phase has the desired composition 
of La1.2Sr1.8Mn2O7. Ss was mentioned before

Matrix 1.19 1.79 2.00 6.22 2.97 
Dark stripes 1.08 1.85 2.00 6.26 2.93 

White precipitates 1.27 2.72 2.00 7.05 3.98 
 
 
Annealing 
In order to understand the composition oscillation mechanism within the crystal, we have 
tried to anneal the crystal in air.  
The first annealing took place in 1100 oC for 60 h. The sample was embedded in the 
acrylic resin, grinded and polished and was icroscope. 

position 

 did not result in a hom

imaged using SEM and polarized m
he annealed sample still exhibited the stripe-like pattern, indicating the comT

differences in the sample.  
Another annealing with another crystal piece was carried out in 1400 oC for 50 h and was 
quenched in air. This annealing also ogeneous sample.  
 
 
 
 
 
 



 
 
SQUID 
A small crystalline piece was used to m
temperature (T=5-350K) to determine the Cu
in figure 23.   
 

easure the magnetization as a function of 
rie temperature. The M-T diagram is shown 

a as 
heated up from 5 K to 350 K and then cooled down (Field-Cool
magnetic field was 50 Gauss.  
The transition at T=120 K is probably a ferromagn ansition as also m red 

C
 28. The difference between the ZFC and FC diagrams 

elow 50 K was also mentioned by S.H Chun and may be attributed to a spin glass 
28. 

 the inverse of the magnetization as a function of temperature is shown. Three 

ses, but conclude that it are RP phases with n≥3 since n=1 

resence of 
tergrowths with different values of n and/or hole (Sr) concentration.  
he presence of the addition transitions is therefore due to extrinsic phases as can be 
onfirmed with the composition analysis. The composition was not homogeneous and 
hases with different La/Sr ratio were present.  

0.0025

0.003

 
After Zero-Field Cooling (ZFC) the M-T diagram was recorded while the s mple w

ing). The applied 

etic tr and w easu
by S.H Chun et al. (T =121 K)
b
transition
In the inset
different regimes can be observed after the lower transition temperature. Two kinks are 
present at T = 220 K and T = 270 K.  This behavior was not mentioned by Chun et al. but 
is mentioned by N.O Moreno29. Moreno et al. found one to four additional transitions, 
depending on the sample. They ascribe these transitions to extrinsic Ruddlesden-Popper 
phases and not to an intrinsic effect as has been claimed. They could not determine the 
origin of the extrinsic pha
orders antiferromagnetic. Regarding the distribution of Tc

* that they found for different 
samples (290-310K and 260-360 K) they claim that this could result from the p
in
T
c
p
 

Figure 23: Magnetization as a function of temperature, Tc=120 K. Inset shows 1/M as a function of 
temperature. One can see three different regimes after Tc=120 K. Two kink points can be observed at 220 
K and 270 K.  
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Sample 3 

0Sr1.0Mn2O7 (green) and La0.65Sr0.35MnO3 (yellow) reference spectra.  

ows a close re

h se seems to be a general problem

he sample possessed millimeter sized single 

 
X-Ray Diffraction 
The XRD spectrum of the sintered sample (1450 oC 24 h, 1500 oC 2 h) is shown in figure 
24 with the La2.

F

LSMO 113

igure 24: XRD of sintered sample with reference spectra of LSMO 327 (green) and 113 (yellow). 

 
The experimental spectrum sh semblance to the reference spectrum of 

 as was also mentioned by K. Ruck et al .  

La2.0Sr1.0Mn2O7 and the sintered rod has the desired LSMO 327 phase. A minor peak at 
2θ= 40.5o however can only be ascribed to the LSMO 113 phase and indicates the 
presence of a second minor phase. The formation of the perovskite (La,Sr)MnO3 as a 
parasitic p a 30

 
Single Crystal Growth 
The sintered rod was used for single crystal growth in the optical furnace. The sample 
was rotated faster (30 rpm vs 20 rpm with the second sample) to narrow the temperature 
distribution and to homogenize the 
concentration within the zone.  

After growth the sample was cut with a 
diamond saw to image the crossection of the 
sample. The sample possessed two main grain 
boundaries that run through the whole length of 

Surface rim

Grain boundaries 
II

I I

the sample. In the crossection one could see that 
the sample had formed a surface rim around the 
core (figure 25).  Figure 25: The crossection of the sample 

T
exhibited several grain boundaries 



crystals. A piece of the sample was cleaved along one of the grain boundaries and 
n a sample holder together with the crossection. Both were imaged with 

olarized optical microscopy, SEM and EPMA.  

viewed by polarized microscopy 
(crossed polarizers, 50x). The
crossection exhibits various domains. 
These domains may differ in 
orientation of the c-axis and represent 
different crystalline domains. The 
domains can however also differ in the 
orientation of the spins and give rise to 
different colors in polarized microscopy.  
The crossection clearly exhibits a second 
phase in the rim of the sample, as the 
colors are very different from the matrix. 
The crossection was analyzed with SEM 
and EPMA to image composition
differences in the sample. The results of 
the SEM are not shown here as they are 
equivalent to the results obtained with 
the EPMA.  
 

mounted i
p
 
Polarized Microscopy  
In figure 26 the crossection is shown as 

 

 

Second phase  
embedded in the matrix 

Figure 26: Crossection viewed with crossed polarizers. 
Various domains and a second phase are visible. 

the 



Electron Probe MicroAnalysis 
In figure 27a (13.0 kV, 50x) the crossection is imaged 
with EPMA. Three different features can be obse

a. 
rved 

 the crossection. The first feature is the presence of 
d in the matrix, in the surface 

 the core 
 in the 

t in two 

y present 
d was a 

.  
d straight-

 the wave-
 stripes are 

stripe a
lear what 

ai
o different 
which are

a grain boundary. 
t first it was thought that the wave-like and straight 

stripes do not coexist and the presence of one pattern 
excluded the presence of the other one. This was 
contradicted by figure 27d (13.0 kV, 150x) in which 
one can see that the wave-like pattern intersects the 
straight-stripe pattern.  
In figure 27e (20.0 kV, 5000x) a close-up of a stripe 
is shown. One can clearly see a concentration-
gradient. The stripes are approximately 1 μm in 
width. It is not clear why this phase segregation takes 
place.  
The composition of the sample was determined using 
a crossection and crystal surface piece of the sample.  
The results are summarized in table 4. 
 
 
 
 
 
 
 
 

in
a second phase embedde
rim of the sample.  
Composition differences were also found in
of the sample, though not as profound as
surface rim.  
The composition differences were presen

different forms. The first form was primaril
in region I (see single crystal growth) an
wave-like stripe forming a complex pattern
The second form was a regularly space
stripe pattern and was found in region II.  
In figure 27b (20.0 kV, 300x) a detail of
like stripe is shown. One can see that the
regularly spaced and within the 
concentration-gradient is present. It is not c
the driving force is for the formation of this 
In figure 27c (13.0 kV, 100x) the str
pattern is shown. One can clearly see tw
domains with different orientations 
eparated by 

 

pattern.  
ght-stripe 
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The compositions measured in the matrix in the 
longitudinal and transversal sections of the rod 
show a rather different La/Sr ratio. The composition 
of the transversal section is close to the desired 
composition, the crossection however has a too low 

 the rim in the crossection of the 

ez31. They found crystallites of the 
long the as-grown material. They 
rovskite volume fraction resulting 

300 μm in the matrix with waves 
:Sr ratio in matrix was a too low. 
 the Lanthanum and Manganese 
e nthanum and evaporation of 

uartz tube supports the latter 
und a brownish material deposition on the tube and shafts 

 revealed the presence of Mn, O 
ilization is higher at lower growth 
ture and time.  

 features of the sample.  

La Sr Mn O La+Sr 

Figure 27a-e:  different features imaged 
with EPMA

e. 

La:Sr ratio.  
The composition was also measured in the stripes, 
waves and in
sample. The stripes and waves have a too low La:Sr 
ratio. The rim has a too high La:Sr ratio of 1:1 
versus the desired 1:1.5 ratio. This second phase has 
the perovskite LSMO 113 structure.  
The formation of the perovskite (La,Sr)MnO3 in the 
rim of the sample was also mentioned by M.Velázqu
perovskite phase with x~0.45 in the periphery all a
found that the lower the growth rate, the higher the pe
from decomposition.  
The composition was also measured in an area of 300x
or stripes. The average composition shows that the La
The Strontium concentration is too high compared to
content and might be due to insufficient drying of th
Manganese. Brownish material deposition on the q
argument. M. Velázquez also fo

La

and analyzed the chemical composition. EDX analysis
and Sr (alkaline earths?). They found that the Mn volat
rates, since volatilization is mainly a function of tempera
 
Table 4: Composition analysis carried out with EPMA on different

 
Matrix transversal section 1.19 2.11 2.00 6.60 3.30 
Matrix longitudinal section 1.15 1.83 2.00 5.74 2.98 

Stripes 0.71 2.62 2.00 5.61 3.33 
Waves 1.03 2.23 2.00 5.91 3.26 
Rim 0.96 0.92 2.00 4.86 1.88 

Averaged (300x300μm) 1.12 1.85 2.00 5.45 2.97 
 
 
 
 
 
 
 
 
 
 



 
 
Laue Diffraction 
A thin piece of crystal at the end of the rod was used t
(25 kV, 40 mA, 5 min) and is shown in figure 28. The
to the c-axis of the crystal.  

o take a Laue picture of the sample 
 polychromatic beam was parallel  

 La1.2Sr1.8Mn2O7, 
conclude the 
ltiple points, 

indicating the measured sample ot a sin
c d of l dom
w t to ther.  
The points in the Laue picture ar point-
but are ra ngated, indica  devia
from the perfect crystal structure. al brig
sp as al nd for

cond sample and it is not clear what the reason 
 for this feature. 

QUID 
he magnetization as a function of temperature 
as measured in a field of 50 Gauss in two 
odes; Zero-Field Cooling and Field cooling. The 
o M-T diagrams are shown in figure 30. 

Figure 28: experimental and reference Laue pictures of La1.2Sr1.8Mn2O7

 
he picture shows a close resemblance to the reference spectrum ofT

although in the experimental picture more orders can be seen. One can 
sample has the correct phase. The points are however built up from mu

is n gle 
rystal, but rather compose crysta ains 
hich are twisted with respec each o

e not like, 
ther elo ting a tion 

 Sever hter 
ots are also present, as w so fou  the 

se
is
 
 
S Figure 29: Phase diagram of Nd1-xSrxMnO3 

crystals. The letters refer to Paramagnetic 
(P), Ferromagnetic (F), A-type Anti-
ferromagnetic (A), CE-type ferromagnetic 
(CE) and C-type Antiferromagnetic spin 
ordering 
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Fig 30: Magnetization as a function of temperature 
 
The M-T diagram exhibits a plateau between T= 175-300 K and corresponds to a 
ferromagnetic state. When selecting a crystal to measure with the SQUID, the surface rim 
sticks to a magnet, also indicating its ferromagnetic state at room temperature. This is not 
in accordance with the LSMO 327 phase. Composition analysis showed that the rim 
contains the LSMO 113 phase. In the phase diagram32 (figure 29) of a similar structure 
Nd Sr MnO , one can see a Paramagnetic-Ferromagnetic-Antiferromagnetic transition 

r sample. In the M-T diagram 
 Paramagnetic-Ferromagnetic transition occurs at T= 300 K.  

spontaneous magnetization in T=135 

wn in which the features of the LSMO 113 
-FM-AFM transitions without the 

the diagram of the LSMO 327 phase, 

1-x x 3
for x≈0.5. This might explain the magnetization curve in ou
a
The decreasing magnetization at T= 170 K is probably due to a reorientation of the spins 
towards an Antiferromagnetic state. It is not clear what type the AFM state is. The 
reorientation of the spins to an AFM state is supported by the Magnetization vs Field 
diagram (Appendix figure 2). The sample has zero 
K, a property of the antiferromagnetic state.  
In the appendix figure 1 a M-T diagram is sho
phase are shown. One can clearly see the PM
contributions from the LSMO 327 phase.  
For T<100 K the diagram shows a resemblance to 
although the presence of the LSMO 113 phase influe
The magnetization vs the field for T= 5 K sho
magnetization at z

nces the magnetization. 
ws that the sample has a non-zero 

ero field, indicating a ferromagnetic field. This corresponds to the 
SMO 327 phase which is ferromagnetic at low temperatures.  
lthough these are the main features of the diagram, the diagram is still not completely 

od. The sample is a two-phase system in 

 

L
A
understo which one of the phases contains 

 complicated and hard to understand composition differences as well, making the diagram
as the phases probably couple to each other.  
 
 



Annealing 
To determine the effect of annealing on the inhomogeneous composition pattern a crystal 
piece was imaged with polarized microscopy before and after annealing (figure 31). The 
sample was cleaved along one of the two grain boundaries and the region with the 
straight stripes was imaged. In order to compare the effect of annealing the sample was 
grinded and polished in a brass sample holder and imaged with polarized microscope and 
thereafter annealed in air in 1400 oC for 100 h and taken out at 1300 oC.  

Figure 31: Polarized microscopy pictures of the crystal surface before (left) and after (right)annealing 
(1400 oC 100 h, quenched in air) 

 
As one can see the annealing did not have any effect. Thus either the annealing was not 
sufficient or the composition segregation is an energy favored configuration in the 
sample.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Sample 4 
 
X-Ray Diffraction 
In figure 32 the XRD taken after the first sintering (1400oC 32 h) is shown together with 
reference spectra of La2.0Sr1.0Mn2O7 (green) and La0.65Sr0.35MnO3 (yellow).  

LSMO 113 

Figure 32 o

327 (gree
: XRD of the sample after the first sintering (1400 C 32h). The reference spectra of LSMO 
n) and 113 (yellow) are also shown. The minor peak at 2θ= 40.5 (yellow arrow) indicated the 

presence of the LSMO 113 phase. 

As before a peak at 2θ= 40.5  (yellow arrow) indicated the presence of a minor fraction 
f the LSMO 113 phase in the sample.  
he sample was after this session sintered for the second time (1400 oC 24 h), pressed 
to a rod and sintered at 1450oC for 24 h and 1500oC for 2 h. The rod was used in the 

ptical furnace single crystal growth. 

ingle Crystal growth 
he melting of the sample was not uniform in the beginning and stabilization of the 
oating zone was complicated by this. This was probably due to the lamps, since one of 
e halogen lamps broke after 37 mm growth.  
he crossection of the sample looked more uniform compared to the previous sample, 
lthough many grain boundaries were present. With the microscope one could again see a 
rface rim around the sample, probably indicating the presence of a second phase. The 
mple possessed smaller sized single crystals compared to the previous samples.  
 crossection of the sample at the beginning of the growth was cut with the diamond saw 

nd imaged with polarized microscopy and SEM.  
 thin crystal piece was selected to perform Laue Diffraction and SQUID was carried out 
n a crystal piece from the core and from the rim of the sample. 

o

o
T
in
o
 
S
T
fl
th
T
a
su
sa
A
a
A
o
 
 



Polarized Microscopy 
 figure 33a the crossection is shown as viewed with polarized microscopy (87 o, 50x). 

l domains which are smaller compared to sample 3 (figure 16). This is 

of the rim is 
shown in figure 23b (87o, 200x). The spots are embedded in the matrix and are smaller 
compared to sample 3.  
The sample was analyzed with SEM to image composition differences more clearly. 

In
One can see severa
due to the fact that the growth of the crystal just began.  
Composition differences could only be seen clearly in the rim. A close-up 

Figure 33 a: Crossection as viewed polarized microscopy (50x), showing different domains in the sample. 
Figure 33 b: Rim as viewed polarized microscopy (200x) showing composition differences in the rim.  

a. b.

 
Scanning Electron Microscopy 
T ion 
d t 
m

he crossection was analyzed in Backscattered electron mode to image the composit
ifferences in the sample. In figure 34 a-d the SEM images taken with differen
agnifications are shown. 

a. b.

c. d.

Figure 34 a-d: Crossection viewed with SEM with different magnifications; a) 75x b) 120x c) 160x 
showing the matrix is free of composition differences d) 220x showing composition differences in the rim. 



In figure 34a half of the embedded crossection is imaged and composition differences are 

ipes in the matrix caused by the 

ends to make the sample homogeneous in composition, although 
 not 

be performed to analyze the chemical composition.  
The volume fraction of the perovskite phase  decreased with increasing growth rate, 
as was claimed before by M. Velázquez.  
The domains that were visible with polarized microscopy could not be observed with 
SEM, thus indicating the domains are not due to composition differences in the sample.  
In the Discussion a mechanism for the formation of an inhomogeneous composition 
pattern will be discussed.  
 
 
Laue Diffraction 
In figure 35 the Laue Picture taken from a thin single crystal is shown. The picture shows 

  

 
The points in the Laue picture are a bit elongated, indicating a deviation from the perfect 
crystal structure. Comparing the Laue picture with the Laue pictures of sample 2 and 3 
one can however conclude that this crystal piece is of a better quality as the spots are 
more point-like.  
 

only observed in the rim of the sample. In figure 34b and 34d one can see the spots more 
clearly. In figure 34 c the matrix of the sample is imaged and composition differences 
could not be observed. Although one can see vague str
grinding and polishing process. At larger magnifications no composition differences 
could be observed either.  
Faster growth rate thus t
composition differences in the rim remain. Unfortunately composition analysis could

also

a resemblance to the generated Laue pattern. The sample has the correct crystal structure.
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 35: experimental and reference Laue pictures of La1.2Sr1.8Mn2O7



SQUID 
A small crystal piece from the core was used to measure the magnetization as a function 
of the temperature (T= 5K-400K) to determine the Curie temperature. The M-T diagram 
is shown in figure 36.  
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The diagram is recorded with Zero-Field Cooling (ZFC) and Field-Cooling with a 

agnetic field of 50 Gauss. The diagram looks similar to the diagram recorded for the 
cond sample with TC= 120 K. The paramagnetic-ferromagnetic transition is sharp and 

ives promising results.  
he inset shows a close-up of the step-like behavior for T>230 K and was also found in 
e second sample.  
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4. Discussion 

 
 with different compositions marked in the phase diagram were 

repared by solid-state reactions of appropriate amounts of La2O3, SrCO3 and Mn2O3 and 
eated 1 week at 1350 oC. The phase diagram is a graphic representation of the phases 
at were obtained. Ruck prepared samples with n=2 (LSMO 327), n=3 (three-layer 

ompounds LSMO 4310) and n=¶ (LSMO 113).  
he results they obtained for the bilayer (red line) will be discussed to get a better 
nderstanding of the system. 
uck obtained pure-phase compounds for LSMO 327 for 0.4<x<0.7 indicated by the 
ircles. For compositions between La1.4Sr1.6Mn2O7 and La2.0Sr1.0Mn2O7 (0<x<0.3) a three 
hase system was obtained consisting of La2O3-bilayer-perovskite, indicated with the 
rosses. For 0.325<x<0.375 traces of perovskite already appeared (triangle). 
he authors also tried to prepare three-layer compounds, but this member of the 
udlessden-Popper series appeared not to be stable for this preparation procedure and the 
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Inhomogeneous composition pattern 
The phase diagram of the ternary LSMO system is shown in figure 37 and was published
by K. Ruck30. Samples

 figure 37 and was published
by K. Ruck30. Samples
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To explain the formation of a stripe pattern in the samples, a mechanism will be 
proposed. 
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Figure 37: phase diagram of the ternary LSMO system. Experimental points were measured by Ruck. The 
colored lines represent LSMO phases in which the La:Sr ratio can vary. The orange line represents the 
La:Sr ratio which is used in this experiment.  



Two different composition inhomogeneities were found in the sample: the formation of 
the formation of stripes with different La:Sr ratios 

ti

as not known to the authors. In order 

e diagram and mechanism is proposed. This phase diagram 

 
Assuming the solidification line of the LSMO 327 has the right (La,Sr):Mn ratio, cooling 
down a sample with composition Y will result in the formation of the desired phase in the 
desired composition.  
If however a sample with a deviating composition X is cooled down in the L+327 region, 
part of the sample will crystallize in the desired 327 phase.   
The solid LSMO 327 phase is balanced by a portion of liquid with composition L1. This 
is shown in figure 38. The Lever rule states that the fraction left of the starting 
composition is solid and the right fraction is liquid. Thus with decreasing temperature this 
fraction of liquid is reduced. At the eutectic temperature (∗) the remaining liquid will 
solidify into the LSMO 113 and 327 phase by eutectic reaction.  
A small composition difference between the solidification line and the starting 
composition line can thus already cause the formation of a second phase. The same 
situation is drawn for the 327 and 214 phases.  
This mechanism is supported by the fact that the core consists of the LSMO 327 phase 
and only the rim has the LSMO 113 phase embedded in the matrix.  

the LSMO 113 phase in the rim and 
from the matrix. The first inhomogenity can be studied using the orange line, in which 
the La:Sr ra o is fixed, but the manganese content varies, resulting in different LSMO 
phases. The different LSMO phases are indicated with colored lines.  
In figure 38 a schematic phase diagram and mechanism for the formation of the LSMO 
113 as a foreign phase is proposed. An experimental phase diagram for the formation of 
other members of the Ruddlessden-Popper series w
to explain the formation of the LSMO 113 phase in the rim of the sample as a function of 
temperature, a schematic phas
runs along the orange line in the ternary phase diagram.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

327+214 

Y X 
T

L S 

Figure 38: Proposed phase diagram of the LSMO system in which only the formation of other LSMO 
phases is taken into account. The variation of the La:Sr is not taken into account here.  
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The solidification process starts in the core of the sample as the temperature is lower 
there than close to the surface of the rod. The core of the sample will solidify in the 
LSMO 327 phase and is balanced by a portion of liquid with another composition.  
A fraction of this liquid eventually solidifies at the surface of the sample and if it reaches 
the eutectic point it will solidify into the LSMO 113 and 327 phases.  
 
To understand the 
inhomogeneous stripe patterns 
found for samples 2 and 3, a 
schematic phase diagram is 
proposed in figure 39. The 
phase diagram is drawn for the 

SMO 327 phase (red line) in 
hich the Mn-content stays 

onstant and the La:Sr ratio
aries.  
 sample with starting

omposition X is cooled down 
 the L+α phase. At T0 the 
mple is still totally liquid with 
arting composition C3. 
ooling down the sample to T1 
ill result in solidification of 
e sample with composition C1 

nd this solid is balanced by a 
quid with composition L1. 
ince in the floating zone 
chnique a temperature gradient is present, the sample can also solidify at T2 with 

omposition C2. This solid is again balanced by a portion of liquid with composition L2. 
he liquid will eventually reach the point with concentration C  

llize along the ab-planes, as the c-axis is very long, forming plate-

he sample will solidify at T  
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Figure 39: proposed schematic phase diagram to explain the 
formation of a stripe-pattern found in sample 2 and 3.  
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The formation of a stripe pattern can be explained in the following way (figure 40): the 
sample tends to crysta
like domains. The growth direction is therefore parallel to the ab-planes. As a 
temperature gradient is present in the floating zone, part of t 1
with composition C1 and the part of the sample which has temperature T2 will solidify 
with composition C2, these processes takes place at the same time. In the samples that 
were obtained, the composition differences were found to be plate-like, parallel to the 
growth direction. 
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It should be stressed that the mechanisms proposed here are suggestions and no 
experimental phase diagram of the system was known to the author to support the 
proposed mechanisms.   
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 5.  Conclusion 
illimeter-sized Single crystals of the double layered manganite La1.2Sr1.8Mn2O7 were 

rown using the Traveling Floating Zone Technique. Analysis of the longitudinal and 
nsverse sections with Electron Microscopy showed the presence of composition 

homogeneities in the sample. In the rim of the sample the LSMO 113 phase was 
mbedded in the matrix in a spot-like pattern. A second composition inhomogeneity was 
und in the matrix in a stripe-like pattern. The stripes had the same LSMO 327 structure 

s the matrix, but differed in the La:Sr ratio.  
wo mechanisms were proposed to understand the formation of this concentration 
homogeneity using proposed phase diagrams.  

When the growth rate was increased from 10 mm/h to 15 mm/h it was found that the 
matrix of the sample did not show composition differences. The volume fraction of the 

reign perovskite phase in the rim was decreased by the faster growth. 
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Appendix A 
 
 

Fi

sp

gure A1: Magnetization vs Temperature for sample 3. The Paramagnetic-Ferromagnetic-
Antiferromagnetic transitions are a feature of the LSMO 113 phase, x≈0.5. The inset shows the 
magnetization as a function of the field, the linear behavior and extrapolation to M=0 indicates that the 
transition is an antiferromagnetic one (pink). When the magnetization ≠0 at H=0 than the system has a 

ontaneous magnetization and is ferromagnetic. This is a feature of the LSMO 327 phase which is FM 
at low temperatures.  
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