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CHAPTER

8
Introduction to La2-2xSr1+2xMn2O7

Next to the high temperature superconductors, the colossal magnetoresistant man-
ganites are one of the flagships of condensed matter research. In this chapter the
manganite family of materials, and in particular the bilayered manganite La2-2xSr1+2x

Mn2O7, is introduced and the most relevant literature on the subject is reviewed.
This section will be closely following Ref. [6], see also Refs. [167, 168] and references
therein for more details on the bilayered manganites.
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8. INTRODUCTION TO LA2-2XSR1+2XMN2O7

8.1 Magnetoresistance

Magnetoresistance is a change of the resistivity of a material upon application of
an external magnetic field, which was first observed in 1856 by W. Thomson, a.k.a.
Lord Kelvin. Whereas this effect is small in most materials, typically less than 5%,
some materials exhibit a rather large magnetoresistive effect. These materials can
be divided into two groups, the giant magnetoresistive (GMR) and colossal magne-
toresistive (CMR) materials. Although the physics underlying these two groups is
completely different, from an application point of view they have identical proper-
ties. GMR materials already form the basis of modern day hard drives and signalled
the birth of spintronics. In a nutshell, GMR materials consist of ferromagnetic lay-
ers separated by a thin non-magnetic layer. For certain thicknesses of the separation
layer, it becomes energetically favourable for the ferromagnetic layers to have their
spins anti-parallel. Since hopping perpendicular to the layers requires a spin-flip, the
resistivity is about 10% higher than when the layers have their spins parallel, which
can be achieved by application of an external magnetic field. Independent switching
of the spin orientation of a single layer is generally used in hard drives, where the
two spin orientations (up and down) encode a 0 and 1, respectively. For an overview
on the history of the GMR effect, see the 2007 Nobel Lectures [169, 170].

Figure 8.1: (a) The colossal magnetoresistant effect in La1−xCaxMnO3. The large drop in re-
sistivity caused by a metal-to-insulator transition is shifted to higher temperatures with appli-
cation of an external magnetic field. Image taken from [168]. The CMR effect is seen in several
Mn compounds with a crystal structure of the Ruddlesden-Popper series, (A,B)N+1MnNO3N+1.
Shown here are (b) N=∞, (c) N=2 and (d) N=1, where only the N=1 compound does not dis-
play the CMR effect. The MnO octahedra are shaded in blue and the red balls indicate the A
and B ion positions. The crystallographic orientation is indicated at the bottom right of the
figure.

The CMR effect on the other hand does not involve a sandwich of magnetic and
non-magnetic materials, but is observed in mostly manganese based perovskite ox-
ides [171]. The resistivity in such materials can change with several orders of magni-
tude upon application of an external magnetic field, see Fig. 8.1a, which is much
larger than in any other material. However, the precise mechanism driving this
colossal change in resistivity is still under debate. In the remainder of this section,
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Ruddlesden-Popper crystal structure

the bilayered manganite La2-2xSr1+2xMn2O7 (LSMO) will mainly be discussed, for
two reasons. Firstly, the CMR effect in this material is largest of all manganite mate-
rials (see section 8.3), making it one of the most studied systems within the family of
CMR manganites. Secondly, the presence of a natural, non-polar cleavage plane (see
section 8.2) makes this material ideal for surface sensitive studies such as scanning
tunneling microscopy and spectroscopy (STM/S) and angle resolved photoemission
spectroscopy (ARPES).

8.2 Ruddlesden-Popper crystal structure

The general chemical formula for all manganite CMR materials is (A,B)N+1MnNO3N+1,
where A and B are di- or trivalent alkaline earth or Lanthanide metal ions, and N
stands for the number of stacked MnO planes. This commonly termed Ruddlesden-
Popper series of structures forms the basis of many materials, ranging from insula-
tors to high temperature superconductors (i.e. the cuprates), where the fine details
of the different constituents of the material determine its properties.

The Mn ion is at the center of an octahedron spanned by six oxygen ions, where
each oxygen ion is part of at least two octahedra, leading to a two dimensional (2D)
plane of MnO6 octahedra. The remaining interstitial sites are filled with A (and B)
ions. In case the A ion is divalent, and assigning the formal charge of 2- to the oxygen
ions, the charge on the Mn ion will be 4+ in order to have a charge neutral material.
By partial substitution of the divalent A ions for trivalent (B) ions, the charge on the
manganese ion will be between 4+ and 3+, and the system will be in a mixed-valence
state. The exact properties of the material will then depend on the properties of the
A and B ions and their ratio.

In the simplest case, where N=∞, an infinite number of MnO6 octahedra planes
are stacked in the out-of-plane direction, giving a cubic, three dimensional (3D) com-
pound. Due to the three dimensionality of the structure, there will not be a natural
cleavage plane, leading to a 3D surface, i.e. one with many cracks and ridges. More-
over, to avoid a polar surface, there will not be a low energy (unreconstructed) sur-
face, making this material less than ideal for STM/S or ARPES investigations.

By decreasing the stacking number, N, the dimensionality of the structure is low-
ered. In the extreme case, where N=1, single planes of MnO6 octahedra are sepa-
rated by more weakly bound AO layers, giving a nearly 2D structure. The material
studied in this thesis is the intermediate, N=2, bilayered manganite. Since the man-
ganese octahedra are more strongly bound than the interstitial AO layers, the N6= ∞
crystals are more easily cleaved and will give a flat, two dimensional cleavage sur-
face, which is ideal for surface sensitive techniques. Figure 8.1b-d show the crystal
structure of the cubic, bilayered and single layered Ruddlesden-Popper compounds,
respectively.
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8. INTRODUCTION TO LA2-2XSR1+2XMN2O7

Figure 8.2: Phase diagrams (La,Sr)N+1MnNO3N+1, for (a) N=∞ [168], (b) N=2 [173] and (c)
N=1 [174].

8.3 Transport and magnetic properties

To illustrate the effect of a change in the dimensionality of the crystal structure on
the electronic and magnetic properties of the material, the phase diagrams of the
cubic, bilayered and single layered manganites in the series (La,Sr)N+1MnNO3N+1 are
shown in Fig. 8.2a-c. As can be seen from the figure, there is a large variation in
the properties of all three systems as a function of doping. The high temperature
phase is paramagnetic insulating (PI) for almost all doping concentrations. Upon
cooling, the materials can have a transition to a ferromagnetic metallic (FM), anti-
ferromagnetic metallic (AFM), and several insulating phases, which are often charge
and/or orbitally ordered (CO/OO). The CMR effect occurs at the transition from the
high temperature insulating phase to the low temperature metallic phase. At some
particular doping concentrations, and for many systems where A ions other than La
and Sr are used, canted ferromagnetic metallic phases (CFM) appear. This means
that the MnO6 octahedra, which carry the spin that cause the magnetic order, are
canted slightly out of plane such that the Mn-O-Mn bonds angles deviate from 180
degrees. The canting of the octahedra can be directly related to the radii of the A
ions, rA, with respect to the radii of the Mn (rMn) and O (rO) ions, and is commonly
expressed in terms of the tolerance factor [172], f = (rMn + rO)/

√
2(〈rA〉+ rO). The

more this factor deviates from unity, the more the octahedra are distorted.
To be able to explain the wealth of phases, even over small doping regions where

the tolerance factor is barely altered, electron-lattice coupling has to be taken into
account [175]. The electrons on the manganese sites have orbital, spin and charge de-
grees of freedom. Starting from the simplest scenario, where the MnO6 octahedron
is undistorted and has a 3d4 electronic configuration, the five degenerate d-levels
split into an eg and t2g orbital set due to the ligand field, see Fig. 8.3a. The system
can lower its energy even more by a distortion of the octahedron, a so called Jahn-
Teller distortion, which will lift the degeneracy of the eg and t2g orbital sets, see Fig.
8.3b and c. To compensate for the strain in the lattice due to Jahn-Teller distortions,
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Transport and magnetic properties

Figure 8.3: Energy level scheme of the Mn 3d-states for various scenarios. (a) The five-fold
degenerate d-levels will split due to the ligand field in an eg and t2g level. Jahn-Teller distortion
of the octahedron will split the levels further, where depending on the distortion either (b) a
z2-r2 orbital or (c) an x2-y2 orbital will be the highest occupied level. Adapted from [167]
and [168].

the crystal will have to distort cooperatively, where elongation and compression of
the apical Mn-O bonds are intermingled, which for the non-doped, Mn4+, parent
compound will result in a regular lattice of alternating elongated (dz2−r2) and com-
pressed (dx2−y2) octahedra. This orbital ordering will give an in plane ferromagnetic
order, but will lead via the superexchange mechanism [176] to an anti-ferromagnetic
out-of-plane ordering of the spins, also called A-type anti-ferromagnetism. Upon
doping the system, electrons will be effectively removed from the system and at half
doping, equal amounts of 3+ and 4+ Mn ions are present. In this case, the orbitals
can order cooperatively again into alternating Jahn-Teller distorted and undistorted
octahedra, which implies a charge ordering as well.

At intermediate doping concentrations, 0<x<0.5, competition between the en-
ergy lowering by Jahn-Teller distortions and the energy gain due to induced strain
will lead to short-ranged orbital order which eventually will break down. In the ab-
sence of (static) long-range orbital and anti-ferromagnetic order, and in the presence
of empty orbitals on some of the Mn ions, Hund’s rule coupling, which aligns all
spins on a single Mn ion, will become an important parameter. In order to increase
the hopping of electrons from neighbouring sites with different valence, and thereby
reduce the energy of the system, spins on neighbouring Mn atoms will start to align
parallel via the double exchange mechanism. In a fully ferromagnetic double ex-
change metal, all bond lengths will therefore be equal and all spins aligned, which is
exactly opposite to the superexchange driven anti-ferromagnet.

If the spins in the double exchange metal are not perfectly aligned, but tilted by
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8. INTRODUCTION TO LA2-2XSR1+2XMN2O7

an angle θ, hopping from site i to site j is given by tij = cos θ [177, 178]. Therefore,
if the temperature is increased and the spins will start to fluctuate due to an in-
crease in thermal energy, the double exchange hopping is gradually reduced. If the
temperature is raised high enough, the balance between double exchange and lat-
tice distortions due to electron-phonon coupling is tipped towards the latter, leading
to a paramagnetic insulating state at high temperatures. This relation also implies
that materials with tolerance factors close to unity, in which the MnO6 octahedra
are barely canted, have the highest hopping and lowest resistivity at low tempera-
ture [179]. The system studied in this thesis, where La and Sr are the A and B ions,
turns out to have the highest tolerance factor of all manganites [180], also giving it
the largest CMR effect.

The super-exchange vs. double exchange picture seems to explain the exotic
phase diagram of the CMR manganites qualitatively rather well. The temperature
induced metal-to-insulator transition, where the system goes from a low tempera-
ture double exchange metal to a high temperature paramagnetic insulator, can be
tuned with an external magnetic field, leading to the CMR effect. However, quanti-
tative theoretical studies and numerous experimental observations seem to indicate
that this is not the complete story. It has for instance been shown that double ex-
change in the cubic compound can only account for ∼ 30% of the the colossal change
in resistivity [181, 182].

8.4 Colossal magnetoresistance in La2-2xSr1+2xMn2O7

Returning to the phase diagrams shown in Fig. 8.2, the 3D, cubic compound has
a broad doping range where the material is truly metallic, with a low temperature
resistivity on the order of 0.1 mΩcm−1 [183]. In optical conductivity measurements,
a clear Drude peak can be seen [184], indicating that this material is a real metal
with coherent spectral weight at the Fermi level. Moreover, as all bond lengths are
equal [185,186], this compound is truly a double exchange metal at low temperature.
The transition of the paramagnetic insulating to ferromagnetic metallic phase, i.e. at
∼ 0.15<x<0.5, is where the CMR effect occurs [183].

The single layered compound on the other side of the scale, remains insulating
for all doping concentrations down to the lowest temperatures, displaying no CMR
effect [187]. The extra freedom given to the MnO6 octahedra by the interstitial AO
layers allows them to Jahn-Teller distort more easily without inducing energetically
unfavourable strain, leading to a situation where a charge carrier can only hop if it
drags along the lattice distortion present on its original site. Such a charge carrier,
one that is heavily dressed with the lattice, is called a polaron.

The bilayered system is somewhere in between these two extremes, as it is not
as two dimensional as the single layered compound, but also not three dimensional
like the cubic compound. The material will adopt a Jahn-Teller distortion more eas-
ily than the cubic compound, but the strain energy penalty is increased with respect
to the single layered material. A metallic-like region can be found in a narrow part
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Colossal magnetoresistance in La2-2xSr1+2xMn2O7

of the phase diagram, and it is this region where the CMR effect is largest of all
manganites [188, 189]. However, the resistivity in this low temperature phase is
on the order of 5 mΩcm−1, which is actually in excess of the Mott maximum of 1
mΩcm−1 [190,191], making this material a poor metal at most. Optical conductivity
measurements on the bilayered material show the material lacks a coherent Drude
peak even down to the lowest temperatures [192–194], indicating an absence of co-
herent spectral weight at the Fermi level, much unlike its cubic cousin. Lastly, a
low temperature neutron diffraction study shows that the Mn-O bond lengths are
in fact more distorted in the low temperature metallic phase than in the insulating
phase [195], opposite to what is expected for a double exchange metal.

Having shown that the low temperature phase of bilayered LSMO is not a sim-
ple double exchange metal, but rather a poor metal at most with little or no coher-
ent spectral weight at the Fermi level, it is interesting to have a look at the prop-
erties of the high temperature insulating phase. From neutron and x-ray scattering
studies it is clear that the static charge and orbital order seen at undoped and half-
doped LSMO become short-ranged and dynamic at intermediate doping concentra-
tions [196,197]. The main Bragg peaks in scattering experiments have diffuse scatter-
ing intensity around them above the Curie temperature (Tc), which is typically asso-
ciated with polaronic lattice deformations [198]. The scattering measurements also
reveal in-plane, incommensurate supermodulation peaks above Tc, characterised by
a wave vector (±0.3, 0, ±1) in terms of reciprocal lattice units (2π/a, 0, 2π/c), which
is associated with polaron correlations. Rather than singular polarons, the CMR
manganites are believed to ’possess a dense population of polarons that interact via
overlapping strain fields and electronic wave functions, and might be described as

Figure 8.4: (a) Schematic of the distortion of the MnO6 octahedra in bilayered LSMO at an
intermediate doping concentration (x=0.4) in the high temperature paramagnetic insulating
phase. The polarons form a strain field with a period of ∼3 unit cells and have a correlation
length of 6 unit cells, as determined from x-ray scattering measurements. Image from [196]. (b)
The strength of both the diffuse scattering around the main Bragg peaks (open symbols) and
of the supermodulation peaks (closed symbols) seen in scattering experiments, plotted as a
function of temperature, taken from [197]. Reducing the temperature from room temperature,
both signals increase, but abruptly drop at TC.
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8. INTRODUCTION TO LA2-2XSR1+2XMN2O7

polaronic liquids’ [196]. From the incommensurate wave vector, these strain fields
are estimated to have a correlation length in the MnO2, or ab-plane of 26 Å, which
corresponds to approximately 6 unit cells, see Fig. 8.4a.

Both the polaronic lattice deformations seen in the form of diffuse (or Huang)
scattering, and the incommensurate supermodulation peaks, increase in intensity as
the temperature is lowered towards the insulator-to-metal transition, but abruptly
vanish at the transition, see Fig. 8.4b. This behaviour is commonly explained along
the lines of the following reasoning. Initially, the polaronic liquid observed at high
temperatures starts to freeze in upon lowering the temperature. However, before
the system reaches a static polaronic crystal, double exchange kicks in and the Jahn-
Teller lattice distortions vanish. It has already been mentioned that the low temper-
ature phase is not a true double exchange metal, but a system where lattice corre-
lations still play a role. Indeed, recent scattering experiments have found that well
in the ferromagnetic phase, at 10 K, polarons remain as fluctuations that strongly
broaden and soften certain lattice vibrations near the wave vectors where the charge-
order peaks appeared in the insulating phase [199], shedding doubt on this com-
monly adopted description of the physics driving the colossal magnetoresistant ef-
fect in the bilayered manganites. In chapter 9, STM/S data will be presented which,
taken together with ARPES data gathered on identical samples, show that the bilay-
ered manganites are indeed better described by a polaronic ‘bad metal’ picture on the
verge of breaking down into a truly double exchange metal in the low temperature
phase across the ‘metallic’ region in the phase diagram.
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