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CHAPTER

9
Bilayered La2-2xSr1+2xMn2O7:
polarons on the verge of a metallic
breakdown

STM/S studies have been performed on the bilayered manganite La2-2xSr1+2xMn2O7

for 0.3 ≤ x ≤ 0.425. Over this entire doping range, two distinct types of topogra-
phy are typically observed, one showing little contrast and a more or less disordered
patchiness, while the other displays a square-like pattern with typical length scales
of 2.3 nm. The latter structures are suggested to be remnants of polaron correla-
tions that survive at the surface below the bulk Tc. Tunneling spectra taken on these
two types of topography are very similar, vary only slightly as a function of doping
concentration and show a (pseudo)gap for all doping concentrations studied. Inter-
estingly, on one particular cleave, unprecedented atomic resolution over a large field
of view was observed, which we argue to be a single layered intergrowth at the sur-
face of an otherwise bilayered material. Temperature dependent measurements on
the x=0.36 doped compound show a difference between the high- and low temper-
ature data, and as they are both gapped at the Fermi level, these data highlight the
importance of polarons for this doping concentration. The picture emerging from
these data and ARPES data taken on identical crystals reported in Ref. [6] is that of a
polaronic, bad metal at low temperature which does not support coherent electronic
excitations at the Fermi level. This system is very close to tipping over into a good,
coherent metallic state, something that does occur in N>2 intergrowths inside the
N=2 single crystals. Upon increasing the temperature, the N=2 material undergoes
a transition into a truly insulating state. The precarious balance of the bad metal
state between the extremes of coherent metallic and strongly insulating behaviour
provides the enormous sensitivity to external stimuli, such as the application of an
external magnetic field, thereby giving rise to the CMR effect.
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9.1 Introduction

The exact nature of the low temperature electronic phase of the manganite materi-
als family, and hence the origin of their colossal magnetoresistive (CMR) transition
is the subject of lively scientific debate. As has been shown in chapter 8, there is a
strong dependence of the electronic structure and its temperature dependence on the
dimensionality of the material. While the cubic compound of (La,Sr)N+1MnNO3N+1

(i.e. N = ∞) has a metallic phase over a wide Sr doping range [183], the almost two-
dimensional single layered compound is not metallic for any doping concentration
and has charge and/or orbital ordered (CO/OO) insulating phases that do not dis-
play the CMR effect [187]. The bilayered compound, La2-2xSr1+2xMn2O7, henceforth
called LSMO, which has a natural cleavage plane between the (La,Sr)O rocksalt lay-
ers and displays the largest CMR effect of all manganites, is somewhere in between
these two extremes and has a narrow region in the phase diagram where a low tem-
perature metallic-like phase exists [188].

However, the metallic phase in the bilayered material has a resistivity in excess
of the Mott limit [190, 191], placing it in the realm of a poor metal at most. This
observation is compounded by the lack of a coherent Drude peak in optical conduc-
tivity measurements [192,194], in sharp contrast to the cubic compound where sharp
Drude peaks are seen [184]. On the other hand, angle resolved photoemission seems
to paint a different picture. Although early reports confirmed the poor metallicity by
detecting vanishing spectral weight at the Fermi level [200, 201], later reports found
sharp quasi-particle peaks at EF, in some cases at specific k-locations [202, 203], in
other reports for all momenta [204–206].

Investigating dozens of samples using ARPES, we found that for our samples
such sharply peaked spectra can only be obtained on very specific locations on the
sample, usually amounting in total to no more than a few percent of the sample
surface. In a combined effort to elucidate the origin of these regions, detailed ARPES
and STM/S investigations were started on crystals grown in two separate labs with
doping concentrations spanning the entire ‘metallic’ region of the phase diagram of
bilayered LSMO. In the following, the STM/S results will be presented. The reader
is referred to Ref. [6] for details on the ARPES investigation.

9.2 Experimental

High quality bilayered single crystals of La2-2xSr1+2xMn2O7 have been grown us-
ing the traveling solvent, floating zone technique in Amsterdam by Y. K. Huang
(x=0.3, 0.36 and 0.40) and Oxford by A. T. Boothroyd and D. Prabhakaran (x=0.3,
0.325, 0.40 and 0.425). After growth the crystal quality was confirmed by Laue and
SQUID magnetometry. Figure 9.1a shows a typical example of a magnetisation curve
recorded through the paramagnetic insulating to ferromagnetic metallic phase tran-
sition. The transition temperatures determined from such magnetisation curves for
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The surface as seen with STM

various doping concentrations are plotted in Fig. 9.1b on top of a phase diagram
taken from Ref. [207].

Figure 9.1: (a) Magnetisation versus temperature for an x = 0.36 sample measured using
SQUID magnetometry. Data taken after zero field cooling, with an external field B = 100 G
|| c. The sample shows a sharp transition from a paramagnetic (PM) to a ferromagnetic (FM)
state at TC = 130 K with a total width smaller than 5 K. (b) Magnetic transitions as measured
using SQUID magnetometry of LSMO with x = 0.30 (TN) and 0.325 ≥ x ≥ 0.425 (TC), plotted
on top of the magnetic phase diagram, taken from Ref. [207]. Depicted are the onset, midpoint
and endpoint temperatures of the transition (triangles, circles and squares). (c) LEED image
of a typical LSMO sample, E = 400 eV showing a very clear tetragonal pattern, without any
signs of a structural reconstruction. The inset shows a cleaved crystal on top of a cleavage
post, with a millimeter sized smooth and mirror-like surface. (d) Typical Laue image of the
bilayered manganites, which displays the high quality and single crystallinity of the samples.

Samples were fractured in situ at a pressure better than 2.5x10−10 mbar at room
temperature resulting in flat and shiny surfaces (see inset to Fig. 9.1c) and directly
inserted into the STM which has a base pressure of 2.5x10−11 mbar. In the STM, the
samples were cooled to 4.6 K. Electrochemically etched W tips and mechanically cut
Pt/Ir tips were characterised on an Au(788) surface before a sample was measured.
The orientation of the samples was furthermore obtained from in situ low energy
electron diffraction (LEED), a typical example of which is shown in Fig. 9.1c. The
single crystallinity of the samples was confirmed by Laue diffraction, see Fig. 9.1d.

9.3 The surface as seen with STM

A combined STM and angle dependent x-ray photoemission study showed that the
bilayered manganites indeed cleave between the (La,Sr)O rocksalt layers as expected
from the crystal structure [208]. Interestingly, it has been proven very hard to obtain
atomic resolution on these (La,Sr)O surfaces with STM, and in the literature only
one report exists where atomic resolution was obtained on nm-sized patches on an
otherwise rather featureless surface [209]. The authors attributed this inability to
resolve the atomic lattice to strong screening effects, and estimated that the atomic
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corrugation would be as little as 0.02 Å, requiring either a very flat surface or a lifting
of the screening due to strain or defects, to be able to detect the atoms.

Figure 9.2: (a) Large field of view of a region with (an above average number of) half unit cell
steps at the surface and (b) corresponding line scan along the dotted line (x=0.3, V = -500 mV,
I = 100 pA). (c) Topographic image of an x=0.425 sample. The textures have little corrugation
and are in this case disordered.

Imaging the cleavage surface of a typical bilayer LSMO single crystal in the CMR
doping region using low temperature STM/S yields large, flat terraces, see Figs. 9.2a
and b. The terraced, flat and debris-free surfaces we image indeed lack atomic cor-
rugation, however they do posses a spatial texture in the tunneling signal. These
structures are usually disordered as shown in Fig. 9.2c, but are - in some cases - or-
dered into a semi-regular, square-like lattice, displaying characteristic length scales
of order of 2-3 nm. Figs. 9.3a-d shows a few examples of topographic images con-
taining such semi-ordered structures for various doping concentrations. The quasi-
ordered nature of these regions at the surface is evident from the autocorrelation
traces from the STM topographs, as shown in Fig. 9.3e, which display clear struc-
tures at distances between 5-15 units cells. Comparison with low energy electron
diffraction (LEED) data recorded in the STM chamber shows that the orientation of
the quasi-periodic structures is not pinned to the underlying atomic lattice, and has
even been seen in STM experiments to change as a function of macroscopic position
on the sample. Furthermore, there seems to be no trend in the appearance or length
scale of the quasi-ordered patterns as a function of doping concentration.

9.4 Tunneling spectroscopy on La2-2xSr1+2xMn2O7

To investigate whether the quasi-periodic structures seen in STM are of electronic na-
ture or a structural feature, and to establish the typical tunneling signal as a function
of doping of our bilayered LSMO samples, spatially resolved tunneling spectroscopy
measurements have been performed. STM/S investigations to date on single crys-
talline LSMO showed a gapped density of states at the Fermi level at low tempera-
tures [209,210], in line with the picture arising from various bulk probes of the mate-
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Figure 9.3: (a)-(d) Pseudo-periodic textures observed in the topographic STM images from
different Sr doping concentrations of bilayer LSMO. Setup conditions are similar to those of
Fig. 9.2a. The colour scale for all four images is as indicated above (a). The vertical corrugation
at less than 1 Å is too small to be due to differing atomic layers of the crystal. Doping levels
are given in panel (e), which shows line traces through the autocorrelation plots derived from
the topographs shown as inset to (a)-(d) along the lines indicated. The traces show that the
data support differing correlations ranging between 5-10 unit cells.

rial as being a bad metal. Point contact measurements on samples with a doping of
x = 0.36, however, were found to be best described by an insulating surface bilayer
through which a metallic signal of the bulk tunnels [211]. Support for the notion that
the outermost surface layer might be different from the bulk and insulating instead
of metallic was inferred by the same authors from resonant x-ray scattering experi-
ments, where the outer bilayer was seen to have no ferromagnetic order [212–214].
Spin-polarised, scanning electron microscope data on x = 0.3 samples on the other
hand demonstrate that even the topmost layer is ferromagnetic [215]. If this dis-
agreement is related to the difference in doping concentration, it should be reflected
in the doping dependent tunneling spectroscopy measurements. Furthermore, the
suggestion that the surface layer is insulating, through which the metallic bulk den-
sity of states tunnels, seems at odds at best poor metal behaviour of the bulk states
from transport and optical experiments.

Still, due to the increased freedom at the surface, caused by the removal of the
constraining top-bilayer, the surface might indeed be more prone to insulating be-
haviour than the bulk as it is more two dimensional. A recent (hard) x-ray pho-
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toemission study of the same crystals as studied here found no major difference
between the surface and bulk in terms of charge transfer or composition [216], in-
dicating that the differences between the outermost bilayer and the rest are subtle in
nature. While recent LEED studies [214] have given no evidence for a lowering of the
2D surface symmetry, for example via a surface reconstruction, a finding LEED data
taken on the samples measured with STM described in this thesis support, a con-
traction of the apical bond length for the outermost MnO2-plane was observed [214],
which could impact the mobility of the charge carriers at the surface.

Figure 9.4: Doping and temperature dependence of the tunneling spectra. (a) I(V) curves
taken at different temperatures on samples with different doping levels with comparable
setup voltages and currents (∼ 500 mV and 100 pA). All spectra taken across the ‘metallic’
phase are gapped with gaps on the order of 100 mV. (b) Temperature dependence of the tun-
neling spectra for x=0.36 taken well within the low temperature phase and well above TC. To
illustrate that thermal broadening alone cannot account for the difference between low and
high temperature spectra, the 4.6 K spectrum is thermally broadened to 256 K and 450 K re-
spectively, the latter showing a near perfect match with the high temperature STS spectrum.
All spectra are normalised at 400 mV.

As it turns out, the tunneling spectra of bilayer LSMO from all cleavage surfaces
measured are gapped (symmetrically) around EF over an energy range of ∼100 mV
at low temperature for all doping concentrations studied, as shown in Fig. 9.4a.
The tunneling spectra themselves show no major variations from point to point.
This suggests that the observed spatial textures seen in the STM data are a subtle,
‘higher order’ structural ordering phenomenon, leading to modest, periodic signa-
tures, somewhat reminiscent of the 2.5 nm correlated regions seen in the high-T, po-
laronic liquid phase described in Ref. [196]. The authors of Ref. [217] suggest that ag-
gregates of polarons resembling a charge ordered state should be observable in STM
experiments above TC. The STM data presented here shows that these kind of enti-
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Temperature dependence of x = 0.36

ties could exist at the surface even at low temperatures, possibly being a log-jammed
form of the fluctuating polarons observed in recent neutron experiments [199].

9.5 Temperature dependence of x = 0.36

To investigate further, the temperature dependence of the tunneling spectra of x =
0.36 has been measured. From the magnetisation curve obtained for x = 0.36 samples
shown in Fig. 9.1a the CMR transition is found to be around 135 K. The CMR is ac-
companied by a transition from a ferromagnetic ‘metallic’ to a paramagnetic insulat-
ing state, hence the tunneling spectra are expected to change across this transition.
Figure 9.4b shows normalised tunneling spectra upon increasing temperature. At
the time of measurement, the exact same position could not be regained after heat-
ing the sample to temperatures above ∼50 K, hence the spectra could not be taken
on the exact same location. However, since the variation of the spectra as a func-
tion of position on the sample is within the noise of the measurement, comparison
of different temperatures (i.e. at different locations) is valid.

Immediately one sees that the spectra taken at different temperatures do not
match one another. To investigate whether this difference is caused by thermal
broadening, the average of spectra taken at 4.6 K has been broadened to 256 K by con-
volution with a Fermi-Dirac function. Since the broadened curve is far from match-
ing the measured curve (see inset to Fig. 9.4b), thermal broadening alone cannot
account for the difference between the curves measured at different temperatures.
However, if the 4.6 K spectrum is thermally broadened to 450 K, a nearly perfect
match with the 256 K spectrum is obtained. Similar results have been reported for
x=0.3 and x=0.32 doped compounds [209,210], where in fact the spectra where found
to be consistent with a thermally activated conductance across a single gap. More-
over, as the spectra at low temperature are already gapped in the low temperature
phase, this is unlikely to be a metallic double exchange state, but still essentially a
polaronic state.

9.6 Single layered intergrowth

During the STM investigation of numerous cleavage surfaces of bilayer LSMO, very
clear atomic resolution was found over a large terrace of one particular cleave, (shown
in Fig. 9.5a-b). Analysis of the Fourier transform shows reduced in-plane symmetry,
with clear (

√
2×

√
2) spots shown in the inset to Fig. 9.5a. This is atypical for bilayer

LSMO, which has a (1×1) tetragonal lattice symmetry in the ferromagnetic ‘metallic’
phase that is observed in all LEED data (see inset to Fig. 9.5b and Ref. [214]). An
important observation linked to this large scale STM imaging with atomic contrast
is that the step bordering this terrace is only one quarter of the N=2 c-axis unit cell
in height (5 Å, see Fig. 9.5c). Additionally, the STS spectra from this region were
more strongly gapped compared to those from non-atomically resolved regions dis-
playing 10 Å step heights, as shown in Fig. 9.5d. Taken together, these facts form a
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compelling argument that in Fig. 9.5 - in fact - a stacking fault in the Ruddlesden-
Popper manganite is imaged, in which an extra La2O2 block (or blocks) creates a
region of the bilayer crystal which is effectively single layer (La,Sr)2MnO4. The fact
that atomic contrast is readily observed in STM of cleaved single crystals of N=1
LSMO [218] also offers further support for this interpretation.

The observation with STM/S of such a surface inclusion with a different stacking
number N is rare, but is not, in itself, wholly surprising. Numerous µSR studies
[219], magnetisation measurements [220, 221] and transmission electron microscopy
studies [222, 223] have established that stacking faults occur even in the very best
crystals at the ≈ 1% level [220, 221]. These intergrowths vary - locally - the stacking
number N and are the cause of anomalous steps in the magnetisation above the bulk
TC common in bilayer LSMO between 200 and 350 K: small patches with N values
above two deliver a higher TC. Due to the strong connection between magnetism
and metallic behavior in the manganites, it is a simple step to reason that N > 2

intergrowths would also be metallic above and beyond the bilayer TC. In contrast,
an N = 1 intergrowth will be more insulating than bilayer LSMO, in keeping with
the STM/S data shown in Fig. 9.5d.

Additionally, small area electron diffraction experiments in transmission electron
microscopy studies on bilayered LSMO with x = 0.40 have shown that inclusions
have a (

√
2 ×

√
2) reconstructed unit cell, with respect to the tetragonal structure of

the bilayered matrix [222]. This would be exactly the type of reconstruction that is
needed to explain the observed non-tetragonal spots in the Fourier transform in the
inset to Fig. 9.5a.

In Fig. 9.5d, STS spectra are also compared to k-integrated angle resolved pho-
toemission spectra. As mentioned previously, gapped and quasi-particle peaked
photoemission spectra have been reported in literature. From the figure, it is im-
mediately clear that the quasi-particle peaked spectra are very different from the
STS spectra, having a peak at zero bias instead of a gap. This, and a number of other
anomalies, including the non-tetragonal crystal symmetry also seen in ARPES exper-
iments, can all be explained when stacking fault intergrowths are seen as the source
of the quasi-particle peaked spectra, as has been discussed in Ref. [6]. As the pho-
toemission current unlike the STS signal originates from deeper than only the first
bilayer, the effect of the surface on the STS spectra can be appreciated. Assuming
the matrix tunneling elements are similar for both techniques, the STS spectra are
slightly more gapped than the ARPES spectra, indicating that indeed the surface is
slightly more insulating. However, this is a difference between two poorly metallic
spectra, not between a metal and an insulator.

9.7 Discussion

From the data shown and the ARPES data recorded within the group on the same
single crystals, the physical nature of the charge carriers responsible for the electronic
transport of the bilayered manganites can be addressed. The most suitable picture -
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Figure 9.5: (a) 400 Å field of view with atomic resolution. The inset shows the Fourier trans-
form of the image with clear spots corresponding to the unit cell distances (green circles). In-
terestingly, non-tetragonal spots appear in between the lattice spots, indicating an orthorhom-
bic crystal symmetry. (b) 100 Å zoom of part of (b) showing the clear atomic resolution. The
inset is the LEED pattern taken on the same sample confirming the lattice seen in STM has
indeed the same orientation as the crystal structure. (c) Topography of stepped surface taken
on the same region as (a) and (b), where the step height corresponds to that expected for sin-
gle layer LSMO as can be seen from the line trace below the image. (d) Comparison between
symmetrised, k-integrated ARPES spectra and STM dI/dV traces. The spectra taken on the
region with atomic resolution is more strongly gapped than on non-atomically resolved areas.
The non-peaked ARPES spectra are only slightly less gapped indicating that the surface is
only marginally affecting the tunneling signal.

considering the results on both the dynamics of the charge carriers and the subtle yet
clear structural anomalies they bring with them - is that of polaronic charge carriers
above TC, but also in the ferromagnetic (bad) metallic state. The fact that the STM
signatures of the weakly self-organised polaronic carriers when ‘log-jammed’ at the
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surface resemble the polaronic correlations seen above TC in diffraction experiments
suggest that in the bulk of the bilayer LSMO systems - which is more metallic than
the surface - the system teeters on the edge of a breakdown of the fragile polaronic
metal state into an insulting, charge and orbitally ordered state. This borderline
situation, coupled to the disorder and enhanced fluctuations present in these quasi-
2D systems, delivers all the ingredients for the colossal magnetoresistance transition
[217].

As has been shown in chapter 2, the physics describing the manganites depends
crucially on the propensity of the system to form ordered textures in spin, charge
and orbital occupation. For the polaronic metal state to remain stable, it is vital
that the degeneracy in the eg orbital manifold is preserved, as this is the ticket to
the double-exchange energy reduction that encourages hopping of the carriers. This
condition - in turn - stipulates equality in the equatorial and axial bond lengths of
the MnO6 octahedra. The deviating axial bond lengths at the surface of bilayered
LSMO compared to the bulk, as observed in Ref. [214] lift this degeneracy and thus
push the surface of this material further into the insulating regime than the bulk al-
ready is: the correlated polarons can become prone to trapping in pseudo-periodic
patterns the details of which will be influenced strongly by long-range strain fields
between the polaronic entities. Our STM experiments have proven able to pick up
these subtle surface modulations for doping ranges spanning the metallic low tem-
perature phase in the bilayer phase diagram. On the other hand, the N>2 inclusions
observed in ARPES experiments, structurally bear greater resemblance to the cubic
compound, and thus show a higher propensity towards metallic behavior, including
the existence of coherent spectral weight at EF. Paradoxically, it is this fragility of
the polaronic metal state in the bilayer systems that is the key to their colossal mag-
netoresistance, as it delivers the precarious balance between weakly metallic and
insulating behavior required for such an enormous sensitivity to the extra impulse
provided by an external magnetic field.

9.8 Summary

Imaging the bilayered colossal magnetoresistant manganites using STM yields large,
flat terraces, where atomic resolution is generally absent. However, the images do
possess a spatial texture that is usually disordered, but occasionally forms square-
like patterns. These patterns are not pinned to the lattice as they are seen to change
orientation as a function of position on the sample and is not aligned to the LEED
patterns obtained from the same crystal surfaces after the STM investigation. As the
typical length scales of these structures are similar to those of quasi-static polarons
seen above TC with neutron and resonant x-ray diffraction, what we are imaging in
these cases in STM may be frozen-in polarons that survive in the low temperature
phase due to an increased freedom of the MnO6 octahedra at the surface.

Tunneling spectroscopy over a wide range of doping concentrations across the
‘metallic’ phase results in (symmetrically) gapped spectra where little to no variation
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exists in the spectra as a function of position on the surface and no clear trend can be
detected as a function of doping. Comparison with angle integrated photoemission
spectra from the same crystals seems to indicate that the surface is slightly more
insulating than the bulk (which is also pseudogapped). Temperature dependent STS
sees a clear difference between the low temperature and high temperature phases,
where the high temperature phase cannot be explained by thermal broadening alone.
All these observations point to a situation where the low temperature phase is more
conducting than the high temperature phase, but, instead of being a ‘classic’ double
exchange metal, is a poorly conducting polaronic system, which teeters on the edge
of a breakdown of the fragile polaronic metal state into an insulting, charge and
orbitally ordered state. It is at this fine balance between metallic-like and insulating
where the colossal magnetoresistant effect occurs.

A fine example of the role dimensionality plays in this balance is the observation
of a single layered intergrowth on an otherwise bilayered material, as inferred from
the clear atomic resolution, more strongly gapped spectrum and ∼5 Å step edge.
The lowering of the dimensionality increases the freedom of the MnO6 octahedra,
decreasing the metallicity due to increasing lattice distortions.

The results presented here formulate a clear challenge to develop a general theory
for the transport in N = 2 systems involving practically incoherent charge carriers -
fluctuating polarons - while also capturing the sensitivity to the stacking number, N.
Aside from the lattice polaron generally considered, different types of polaron, such
as spin and orbital polarons and combinations thereof, should be taken into con-
sideration [224–226]. In these cases, the hopping of a hole through a spin- and/or
orbitally ordered lattice1 is hindered by the frustration of the spin- and/or orbital
ordering of the system. An interesting proposal for the charge carrier dynamics in
the manganites is the existence of so called Zener polarons [228, 229]. In such a po-
laron, the charge carrier is not localised on a single manganese atom, but on two
neighbouring manganese atoms which are ferromagnetically coupled by the Zener
double-exchange mechanism. These manganese dimers can then for instance spa-
tially order to form a Zener polaron phase [230]. It has been shown that all these
types of polaron lead to a large incoherent spectral weight such as is seen in our
ARPES investigations [224–226, 231].

The new insight gained points towards the great potential of e.g. layer-by-layer
thin-film engineering to generate tailor-made heterostructures, not only to lead to en-
hanced transition temperatures [232], but in combination with modern lithographic
and patterning methods to tune and improve magnetoresistive properties on the
sub-micron scale in a new generation of complex oxide devices.

1as we are far from half-doping, one would not expect long range CO/OO in the bulk of the sample.
The topographs, however, with their signs of log-jammed, subtle distortions could be correlated groups of
lattice/spin/orbital polarons. In any case, in the manganites, lattice polarons and orbitons are inextricably
linked. [227]
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