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Abstract

This thesis describes experimental work carried out on bilayer manganites with the

general composition R2−2xA1+2xMn2O7, where R is a trivalent rare earth cation and

A is a divalent alkaline-earth cation. Experiments have been carried out primarily

using Scanning Tunnelling Microscopy (STM) and Spectroscopy (STS); bulk elec-

trical transport, MPMS and LEED measurements have also been made.

The primary results are obtained from single crystal samples of PrSr2Mn2O7. This

compound provides a surface suitable for STM study when cleaved at low tempera-

ture in ultra-high vacuum: atomic resolution can be readily achieved. The expected

square lattice is observed, together with a larger scale surface modulation which is

not presently explained. In some areas of the PrSr2Mn2O7 surface a population of

adatoms and surface vacancies is observed. STS data indicate that adatoms carry

a negative charge compared to the rest of the surface, and vacancies a positive

charge: the adatoms and vacancies are interpreted as oxygen adatoms and oxygen

vacancies. A detailed study is made of the oxygen adatoms and vacancies: this is

believed to be the first such study made on a manganite surface. Oxygen adatoms

on the PrSr2Mn2O7 surface are found to be mobile: hopping and adatom-vacancy

recombination are observed.

Additional results are reported on the layered manganite compound

La2−2xSr1+2xMn2O7 at a range of cation doping x. For the LaSr2Mn2O7 compound

(x = 0.5) spectroscopic variation has been identified in a variable-temperature STS

survey. This indicates the coexistence of two surface electronic phases, possibly the

charge ordered and antiferromagnetic phases.
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1.1 Introduction to Manganites

Manganese oxides, or manganites, have been the subject of a great deal of experimen-

tal and theoretical work, due to their remarkable properties such as colossal magne-

toresistance and phase separation [12,29,56]. Manganites adopt a perovskite or lay-

ered perovskite crystal structure, and have the general formula Rn-nxA1+nxMnnO3n+1,

where R is a trivalent rare earth cation and A is a divalent alkaline-earth cation.

The fundamental “building block” of these manganites is the perovskite unit cell as

shown in figure 1.1a: this consists of a cube with R or A ions at the vertices, a Mn

ion at the body centre, and oxygen ions at the face centres. The Mn ion is thus

surrounded by an oxygen octahedron. The three dimensional perovskite structure

R1-xAxMnO3 is formed at n = ∞ : layered compounds are formed by inserting an

additional rock-salt-type layer (R1-xAx)2O2 between every nth MnO2 sheet [32]. The

bilayer compound R2-2xA1+2xMn2O7 is formed at n = 2: figure 1.1 shows the struc-

ture of the n = 2 and n =∞ compounds. The convention adopted for labelling the

crystal directions is indicated. In layered compounds the c-axis is perpendicular to

the layers, and the a and b axes are parallel to the layers. The various compounds

are commonly defined by their relative (R,A), Mn and O content, so the cubic per-

ovskite structure is referred to as 113 and the bilayer is 327. The rare earth and

alkaline earth ions are referred to as occupying the A sites in the crystal, whilst the

manganese ion sites are the B sites.

Structural phase transitions to lower symmetry states can occur in manganites.

The basic perovskite structure is cubic, but the Jahn-Teller effect (see section 1.3)

and also the mismatch between ionic radii may cause the crystal to undergo an

orthorhombic distortion, whereby the oxygen octahedra tilt with respect to one

another. Figure 1.2 shows the distortion caused by the Jahn-teller effect in LaMnO3.

The (100) plane of undistorted cubic LaMnO3 is shown in figure 1.2a, and the (101)

plane of orthorhombic LaMnO3 is shown in figure 1.2b.
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Figure 1.1: Crystal structure of Rn-nxA1+nxMnnO3n+1. (a) cubic perovskite unit cell
(b) cubic (n = ∞) structure (c) n = 2 bilayer structure. Unit cells are shown as
dotted lines. The convention adopted for labelling crystal directions is shown: the
c-axis is perpendicular to the layers, and the a and b axes are parallel to the layers.

1.2 Cation Doping and Electron Bandwidth

The cation doping x is critical for determining the properties of manganites. As x

is increased, Mn3+ is progressively replaced by Mn4+. At x = 0 and x = 1, Mn is

only present in a single valence state and super-exchange via oxygen sites causes

the material to become an antiferromagnetic insulator (AFI). At some intermediate

doping levels (0 < x < 1), due to the mixed manganese valency (Mn3+ and Mn4+

are both present in the material) double exchange may dominate. In this case the

ground state of the manganite is a ferromagnetic metal (FM) [7]. Above the Curie

or Néel temperature, all compounds revert to a paramagnetic insulating (PI) state.

In addition to these states, a charge ordered state is often observed at x ≥ 0.5. This

state is thought to comprise spatial segregation of Mn4+ and Mn3+ ions. The charge

ordered (CO) state may also exhibit orbital and spin order: the charge, spin and

orbitally ordered state is referred to as the CE state [21]. The charge ordered state

competes strongly with the metallic state [13].



Chapter 1. The Physics of Manganites 12

 

a b 

3.880 Å 

3.
88

0 
Å

 

3.984 Å 

3.
83

6 
Å

 

[0
 1

 0
] 

Figure 1.2: (a) (100) plane of cubic LaMnO3 without Jahn-Teller distortion (b)
orthorhombically distorted structure of LaMnO3: the (101) plane is shown. La is
green, Mn purple and O red. The dimensions are the Mn-Mn spacing in the indicated
direction

The choice of the trivalent and divalent A-site cations is equally as important as

the cation doping level. An important factor in the effect of different cations is the

ionic radius: ionic radii of various ions are listed in table 1.1. Oxygen ions have

a tendency to sit closer to the A-site when it is occupied by a smaller ion: this

causes the oxygen octahedron to distort, producing a structural phase transition.

The distortion of the oxygen octahedra can be quantified by a geometric factor Γ.

This is defined as Γ = dA−O/
√

2dMn−O, where dA−O is the distance between the A-

site and the nearest oxygen ion, and dMn−O is the distance between the Mn site and

the closest oxygen ion [12]. For an undistorted cube as shown in figure 1.1a, Γ = 1.

When small A-site cations are selected, dA−O decreases and Γ ≤ 1. The Mn-O-Mn

angle θ also decreases from 180◦: as θ decreases, the electron hopping amplitude

for the Mn-O-Mn bond decreases. This is because the oxygen p orbital is involved,

so there is a cos θ term in the hopping amplitude: if θ 6= 180 the p orbital cannot

point towards both Mn ions at once. Thus as the A-site ionic radius is decreased, Γ

decreases, θ decreases, the electron hopping amplitude is reduced, and the material

becomes less conductive. Γ is thus a measure of the single electron bandwidth.

As Γ decreases charge-ordered states can become stabilised, and metallic phases

are less common. Clearly manganite compounds have a rich three dimensional

phase diagram, with many electronic, magnetic and structural phases manifested as

functions of temperature, cation doping and choice of rare earth and alkaline earth
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Ion Crystal Radius (Å) Ionic Radius (Å)
La3+ 1.172 1.032
Bi3+ 1.17 1.03
Pr3+ 1.13 0.99
Nd3+ 1.123 0.983
Pb2+ 1.33 1.19
Sr2+ 1.32 1.18
Ca2+ 1.14 1.00
Mn3+ 0.785 0.645
Mn4+ 0.67 0.53
O2- 1.26 1.40

Table 1.1: Ionic and Crystal Radii in Ångstroms, for six-fold coordination. Note
close match between Pr3+ and Ca2+ [68].

species.

Since manganites can exhibit so many different phases, much research has been

undertaken to study the possibility of phase separation in these materials, where

two competing phases coexist, forming an inhomogeneous state [12]. The coexisting

phases can be magnetic, for example the coexistence of ferromagnetic and anti-

ferromagnetic regions in La2-2xSr1+2xMn2O7 is thought to comprise the “canted”

antiferromagnetic state (see section 1.6). Metallic and insulating or semiconducting

phases may coexist near a metal-insulator transition as a result of a “percolative”

phase transition, where the transition will occur at slightly different temperatures

in different parts of the sample, due to variations in doping or nucleation of the new

phase by defects. This leads to a phase transition which is broad in temperature.

Such phase coexistence has been studied using STM/STS (section 2.2.1). It can be

argued that a percolative phase transition does not represent phase separation per

se, and is a simple consequence of a second-order phase transition in a system with

some disorder (defects, etc.): however this is largely a matter of terminology.
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1.3 Jahn Teller Effect and Polarons

At intermediate doping levels (0 < x < 1) the manganese ions in the manganite

crystal are in a mixed valence state of Mn3+ and Mn4+, which have configurations

3d4 (t32ge
1
g) and 3d3 (t32ge

0
g), and spin states 2 and 3/2 respectively. In Mn3+, the

interaction between the orbital state of the additional eg electron and the crystal

field of the surrounding oxygen octahedra causes a Jahn-Teller distortion. As the

partly filled eg orbitals (dx2−y2 , d3z2−r2) are oriented towards the oxygen sites, the

overall energy can be lowered if the octahedron spontaneously distorts, as shown in

figure 1.3. Mn4+ has only a filled t2g shell, so the Jahn-Teller effect does not occur

in this ion. The Jahn-Teller effect results in a large electron-phonon interaction,

since the presence of the eg electron causes a large lattice distortion. It has long

been recognised that this electron phonon interaction is crucial for understanding

the properties of manganites: for example double exchange alone cannot explain the

metallic state of La1-xSrxMnO3 [44].

 

Jahn-Teller 

Distortion 

Figure 1.3: The Jahn-Teller effect in the Mn3+ ion. Adapted from [29]

Since the Jahn-Teller distortion introduces a strain field, it can be energetically

advantageous for the whole crystal to distort: this is known as the co-operative

Jahn-Teller effect. Structural phase transitions can thus occur in manganites as a

function of cation doping, or as a function of temperature at fixed doping. The Jahn-

Teller effect can also influence the magnetic ground state of a manganite. Antiferro-
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magnetic cubic perovskite crystals commonly adopt G type antiferromagnetic order

(figure 1.4b), as this preserves antiferromagnetic coupling for all nearest-neighbour

interactions. However LaMnO3 shows A type ordering (1.4a), with ferromagnetic

coupling in the (010) planes, and antiferromagnetic coupling between these planes.

This occurs because the Jahn-Teller distortion results in alternating long and short

Mn-O bonds in the (010) planes (see figure 1.2b). This means that the d orbitals on

a Mn ion are oriented differently to its neighbouring Mn ion, leading to an occupied

orbital on one ion interacting with an unoccupied orbital on the other. In this case

super-exchange can lead to a ferromagnetic in-plane interaction [7].

Since it is the eg electrons which are itinerant in manganites, the charge carriers in

Jahn-Teller active manganites are electrons with an accompanying lattice distortion:

this can be regarded as a quasiparticle called a polaron. A polaron is essentially a

bound state of an electron and a phonon, and has a much larger effective mass than a

bare electron. The transition to the metallic, magnetic state from the paramagnetic

insulating (PI) state can be understood as a polaronic effect [7, 44], whereby the

PI state is dominated by polarons which are self-trapped in the lattice, and the

transition to the low T metallic state occurs when these polarons are unbound.

 

(a) type A 

antiferromagnetism 

(b) type G 

antiferromagnetism 

Figure 1.4: Two types of antiferromagnetism which can occur on a simple cubic
lattice. The direction of the magnetic moment of each ion relative to the lattice
may vary from that shown, but the relative orientation from ion to ion is preserved.
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1.4 Colossal Magnetoresistance

A remarkable property of several manganite compounds is negative colossal mag-

netoresistance (CMR), a very large reduction in electrical resistance upon applica-

tion of a magnetic field. The magnitude of magnetoresistance effects is normally

given as the fractional change in resistance upon application of magnetic field. Ei-

ther ∆R/RH or ∆R/R0 may be quoted, where R0 is the resistance at zero field,

RH the resistance at maximum field, and ∆R = (R0 − RH). The phenomenon

of negative magnetoresistance in manganites was first noted in 1954 [81]: magne-

toresistance ratios of order ∆R/RH = 0.1 at 0.3 T were found for polycrystalline

La1-xSrxMnO3 samples. Large negative magnetoresistance effects were identified in

a manganite compound in 1989 [33], in single crystal samples of Nd0.5Pb0.5MnO3:

this compound shows a magnetoresistance ratio of ∆R/RH ≈ 9 at 11 T. Later

studies identified magnetoresistance ratios of ∆R/RH = 1.5 at 7 T in thin films of

La0.67Ba0.3MnO3 [82], and ∆R/RH = 1 at 1 T in thin films of La0.72Ca0.25MnO3 [9].

In all cases the largest magnetoresistance effect is found at temperatures close to

the metal-insulator transition. The first truly colossal magnetoresistance effect was

reported in a La0.67Ca0.33MnO3 thin film [27], with ∆R/RH > 1000 at 6 T and 77

K. This film was optimised for the largest possible CMR effect by annealing under

an O2 atmosphere: this seems to have shifted the PI to FM phase transition from

around 200 K to 95 K. Annealing in vacuum or in oxygen can profoundly change

the properties of manganite films or crystals, because it can respectively decrease

or increase the oxygen content of the material: this can in turn change the effective

cation doping level. Since this publication even larger CMR effects have been found.

In Nd0.7Sr0.3MnO3 thin films ∆R/RH > 10, 000 was reported, at 60 K and 6 T [84].

In this case a magnetoresistive memory effect was also seen, whereby the low tem-

perature resistivity at zero field, after field cooling, was 10−3 times the initial zero

field cooled resistivity.

The currently favoured explanation [13] for the CMR phenomenon is as a boundary

effect at the phase transition from the FM metal state to the PI state, or from the

FM metal to the CO state. A simple phenomenological explanation for CMR is that

the magnetic field can align the Mn spins, and hence enhance the double-exchange

hopping probability (proportional to cos(θ/2), where θ is the angle between adjacent

Mn spins) [7]. Just below the transition temperature some spin disorder will remain:
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this disorder can be suppressed by an applied magnetic field, effectively shifting the

transition to a higher temperature and producing the negative MR effect [17]. This

simple explanation is obviously not sufficient: a full model must include the effects

of the strong electron-phonon coupling, i.e. polaronic effects, which may dominate

the PI state [7, 44], and the fact that different competing phases may coexist near

the phase boundary.
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1.5 Charge Ordering

In manganites with certain values of the cation doping, notably x = 0.5, the CE-type

charge ordered state may be stabilised at low temperature. This state is thought

to comprise spatial segregation of Mn4+ and Mn3+ ions. The state is also thought

to be orbitally ordered, with the eg electron occupying d3x2−r2 and d3y2−r2 orbitals

on alternate sites, and to have antiferromagnetic spin ordering [21, 52]. Thus it is

sometimes referred to as the CEAFM state. The charge and orbital ordering of the

charge ordered state are illustrated in figure 1.5. Ordering of the Mn3+ and Mn4+

ions produces a
√

2a x
√

2a unit cell, where a is the basic unit cell size. Including

the effect of orbital order gives a 2
√

2a x
√

2a unit cell, as shown in figure 1.5.

Although strictly the CE type of order implies spin and orbital order as well as

charge order [21], it has been frequently used in the literature [36] to mean just the√
2a x

√
2a charge ordering, hence the use of “CEAFM” to denote a state which is

also spin ordered.

Powders of La2O3 !prior to use, dehydrated at "900 °C for
"12 h#, SrCO3 , and Mn3O4 with purities of 99.9% were
weighted to the prescribed ratios, mixed, well ground, and
then calcined at 1050 °C for 14 hh in an alumina crucible.
After regrinding, they were sintered at 1450 °C for 14–30 h.
The resulting powders were pulverized, and then isostatically
pressed into a rod shape ("5 mm$!100 mm# and sintered
again at 1450 °C for 14–30 h. The crystal growth was per-
formed on this sintered rod with use of a halogen-lamp im-
age furnace at a rate of 12 or 14 mm/h under an atmosphere
of 1 atm O2 . Each grown crystal was characterized by a
four-circle single crystal x-ray diffractometer. The lattice pa-
rameters are a0"b0"3.876(4) Å and c0"20.010(4) Å with
I4/mmm tetragonal structure at room temperature. In this
paper, to index the diffraction peaks, we will adopt the te-
tragonal setting. The crystal was oriented using Laue x-ray
diffraction patterns, and cut into rectangular slab specimens
along the main crystalline axes. Sample dimensions for the
resistivity and the magnetization measurements were typi-
cally "1!"1!"0.2mm3. Resistivity measurements were
made by a conventional dc four-probe technique with current
parallel (%ab) and perpendicular (%c) to MnO2 bilayers. The
electrodes on the sample were formed by heat treatment type
silver paint. Magnetic fields were provided by a supercon-
ducting magnet. Magnetization measurements were per-
formed by using a commercial dc magnetometer. We per-
formed x-ray and electron diffraction measurements of the
obtained crystals in the temperature range from room tem-
perature to "20 K. Measurements of electron diffraction pat-
terns were performed by a 300 kV transmission electron mi-
croscope !Hitachi: HF-3000L#, equipped with a double-tilt
type of liquid helium specimen cooling holder. X-ray diffrac-
tion measurements were performed by using a low-
temperature imaging plate !IP# system equipped with a
closed-cycle helium refrigerator. 15° oscillation photographs
for x-ray diffraction were taken for a crystal with a size of
"0.2!"0.2!"0.1mm3. Long exposure time ("120 min#
was needed to observe the weak superlattice reflections,
when the x-ray generator with an Mo target !9 kW# was
used.
In Fig. 1, we show the &001' zone-axis electron diffraction

patterns at several temperatures during !a#–!c# cooling and
!d#–!f# warming runs. The diffraction pattern at 300 K &Fig.
1!a#' can be indexed with the aforementioned tetragonal unit
cell. The most pronounced feature is temperature variation of
the additional supperstructure reflections. As presented in a
previous report6 and also seen in Fig. 1!b#, superlattice spots
appear upon cooling from room temperature below "210 K,
along the &110' and &11̄0' directions around each fundamen-
tal Bragg reflection. The wave vector of these superlattice

spots can be described as q! "a!*& 14 ,#
1
4 ,0'(a! •a!*"1). Fig-

ure 1!g# schematically displays the Mn3$-Mn4$ ionic order-
ing and the d3x2%r2/d3y2%r2 orbital-ordering of Mn

3$ which
is consistent with the ordering wave vector of q!

"a!*& 14 ,
1
4 ,0' . The two different modulations along &110' and

&11̄0' can originate from twin domains rotated by 90° to each
other. A similar pattern of the superlattice reflections has
been observed for an n"1 single-layered manganite
La0.5Sr1.5MnO4 (x"1/2),7,8 which is attributed to orbital or-
dering. More recently, Murakami et al.9 performed a direct

x-ray observation of the orbital ordering in La0.5Sr1.5MnO4 at
a doping level of x"1/2 by using the anisotropy of the tensor
of susceptibility !ATS# reflection technique, and revealed the
concomitant charge and orbital ordering at TCO(220 K, as
illustrated in Fig. 1!g#. The appearance of the superlattice
reflections, being identical to those in single-layered manga-
nite, is indicative of the presence of the same pattern of
the charge-orbital ordering in bilayered manganite

FIG. 1. &001' zone-axis electron diffraction patterns of
LaSr2Mn2O7 at several temperatures during !a#–!c# cooling and
!d#–!f# warming runs. The superlattice reflections show up only in
the intermediate temperature region. !g# Schematic view of possible
charge and orbital ordering in LaSr2Mn2O7 . Only the Mn

3$ and
Mn4$ ions are displayed.
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Figure 1.5: the CE charge ordered state, showing distribution of Mn3+ and Mn4+,
and orientation of Mn3+ eg orbitals. [28]

CE-type order as described above implies spatial segregation of formal Mn3+ and

Mn4+ ions, producing a commensurate superlattice. An alternate model [40] regards

charge order as a charge density wave, with a much smaller variation in charge from

one Mn site to the next [18]. This allows for incommensurate charge ordering: this

has been observed in La1−xCaxMnO3 for x ≥ 0.5 by electron diffraction [40].
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1.6 The Phase Diagram of La2−2xSr1+2xMn2O7 as

a Function of Cation Doping

Bilayer manganites exhibit a variety of electronic and magnetic phases. Figure 1.6

shows the phase diagram of La2−2xSr1+2xMn2O7 [37], indicating phases manifested

as a function of cation doping x and temperature. The compound is a paramagnetic

insulator at room temperature for all doping levels. At x = 0.3, La2−2xSr1+2xMn2O7

is an antiferromagnetic metal (AFM) below the Néel temperature of 100 K: in the

region 0.32 < x < 0.4 the material is a ferromagnetic metal (FM) at low tempera-

ture. Between x = 0.42 and x = 0.66 there is an antiferromagnetic insulator state

(AFI) below the Néel temperature: this is an A-type AF state (see figure 1.4) with

an additional phase transition to a canted antiferromagnetic state at a lower tem-

perature between x = 0.42 and x = 0.48. This CAF state can be interpreted as

phase-separated mixture of ferromagnetic and antiferromagnetic states [12]. Figure

1.7 illustrates the spin alignment in the region 0.3 < x < 0.5. At x = 0.5 there

is a charge ordered state with a transition temperature of 210 K: this state seems

not to be stable to zero temperature however, reverting to the AFI state at around

100 K [28]. This charge ordered state will be examined in more detail in section

1.6.3. In the region 0.66 < x < 0.74 there is a frustrated spin state, with no long

range spin order at all. At high doping, between x = 0.74 and x = 1, two different

AFI states are seen, which are thought to overlap near x = 0.9. Also, a structural

phase transition takes place at high temperature between x = 0.74 and x = 0.94,

from a tetragonal to a lower symmetry orthorhombic structure. This transition

is not complete, and the tetragonal and orthorhombic phases coexist even at low

temperature.

Bilayer manganites with x = 0.3 are antiferromagnetic at low temperature as noted

above: this AF state comprises ferromagnetic bilayer planes which have antiferro-

magnetic interlayer coupling (see figure 1.7). Neutron diffraction has been used to

determine the spin orientation as a function of temperature [2]. It was found that at

the Néel temperature of 100 K, the spins are oriented at 43◦ to the c-axis: this angle

decreases with temperature to a minimum of 13◦ at 5 K. Thus the spin arrangement

is never exactly as depicted in figures 1.4 or 1.7, with spins oriented exactly in the

c direction. Regardless of the spin angle though, the antiferromagnetic interlayer
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the only appropriate !orthorhombic" maximal nonisomorphic
subgroup of I4/mmm . Rietveld-refinement of thermal dis-

placement parameters provided no justification for further

symmetry lowering !i.e., breaking of mirror symmetries",
therefore Immm was retained as the orthorhombic space

group. The magnitude of the orthorhombic splitting !at all
temperatures" maximises at x!0.80. For x!0.80, the refined
I4/mmm crystal structure at room temperature is compared

to the Immm crystal structure at 10 K in Table II. As dis-

cussed below, this crystallographic phase transition is asso-

ciated with an orbital ordering transition that preferentially

orients the occupied Mn3" eg orbital along the y axis. Ob-

servation of all three #2 0 0$ peaks indicates that tetragonal
and orthorhombic phases coexist to T!10K, reflecting the
first-order nature of this orbital ordering transition.

In approximately the same composition range (0.75%x

%0.90) !Fig. 1", a new set of AF diffraction peaks appears

below TN . These peaks can be divided into two subsets !Fig.
5", the relative intensities of which vary !apparently unsys-
tematically" with x. The more intense subset can be indexed
in terms of the Immm nuclear subcell to (h" 1

2 , k, l"
1
2 ) and

the weaker subset to (h" 1
2 , k, l". This indicates the presence

of two distinct but related AF superstructures. The doubling

of the short a axis, but not the long b axis, in both cases

indicates the presence of ferromagnetic columns along b, an-

tiferromagnetically coupled along a. Comparing calculated

to observed magnetic intensities clearly indicates that these

columns are also antiferromagnetically coupled along c

within the perovskite-type bilayers. This is analogous to the

type-C AFI state first seen in La1#xCaxMnO3, x&0.8,18 and
more recently in Sm1#xCaxMnO3 and Pr1#xSrxMnO3, x

&0.85.19 Magnetic transitions in the latter compounds were
also accompanied by structural transitions. Interbilayer cou-

pling is neither ferromagnetic nor antiferromagnetic, consis-

tent with the degeneracy in the space-group symmetry

Immm; however, coupling between one bilayer and the next-

nearest bilayer is not degenerate, and the two possibilities

available are the source of the two subsets of AF reflections,

i.e., there are two magnetic polytypes. The minority phase is

hereafter referred to as type-C 'Fig. 2!e"(, and the majority
phase, in which c is doubled, as type-C* 'Fig. 2!f"(. Rietveld
refinement indicates that the spins are aligned parallel to the

long basal plane axis, b. Two-phase magnetic refinements

were carried out on the assumption that )C!)C* . Final

FIG. 1. !Color" Magnetic and crystallographic phase diagram of La2#2xSr1"2xMn2O7. Solid data points represent magnetic transitions

determined from neutron powder-diffraction data !antiferromagnetic Néel temperature TN , ferromagnetic Curie temperature TC , charge-
ordering temperature TCO , and orbital ordering temperature TO). Open data points represent crystallographic transitions. Lines are guides to

the eye.
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Figure 1.6: the phase diagram of La2-2xSr1+2xMnnO7, showing electronic and struc-
tural phases. From [37]

 

Figure 1.7: schematic of spin orientation in La2-2xSr1+2xMnnO7, in the doping region
0 < x < 0.5. The spin ordering at x = 0.5 is A-type antiferromagnetic. From [29]
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coupling is preserved. Spin polarised SEM has been used to directly observe the lay-

ered antiferromagnetic structure of the x = 0.3 compound [31]: this study verified

the temperature dependence of the spin orientation. Both studies [2, 31] identified

ferromagnetic inclusions, representing regions with higher (0.3 < x < 0.32) cation

doping. Since it is difficult to determine the real doping level accurately, one must

be cautious in interpreting experimental data in regions within a few percent in x

of phase transitions.
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1.6.1 Anisotropic Electrical Transport Properties of Bilayer

Manganites

Bilayer manganites possess highly anisotropic electrical transport properties, with

the resistivity parallel to the c axis (perpendicular to the bilayer planes) ρc several

orders of magnitude higher than that parallel to the a or b axis, ρab. Figures 1.8 and

1.9 illustrate this anisotropy in La2−2xSr1+2xMn2O7 at x = 0.4 and x = 0.3. This

anisotropy can be attributed to the layered structure of the material: the (R,A)2O2

rock-salt type oxide layers are insulating, and electrons moving parallel to the c-axis

need to tunnel through these layers. This simple picture is complicated slightly by

the polaronic nature of electrical transport in these materials. Only a bare electron,

not a polaron, can tunnel between the layers: polarons are therefore confined to

the perovskite bilayers. For the electron to move out of the bilayer an energy cost

equivalent to the polaron binding energy must be paid [59]. This energy cost is

manifested as a pseudogap, observed in c-axis transport measurements. Due to

this highly anisotropic gap, at some doping levels and temperature ranges bilayer

manganites may be regarded as two-dimensional metals, with metallic transport only

parallel to the ab planes. This occurs in La1.4Sr1.6Mn2O7 (x = 0.3), as shown in

figure 1.9: ρc has a maximum at around 100 K (T cmax), corresponding to the metal-

insulator transition, whereas ρab peaks at around 270 K (T abmax). Near T abmax the

conductance anisotropy ρc/ρab = 104. Between T cmax and T abmax the material behaves

like a metal (dρ/dT > 0) in the ab direction, and a semiconductor (dρ/dT < 0) in

the c direction.

The model of La1.4Sr1.6Mn2O7 (x = 0.3) as a two-dimensional metal has been dis-

puted. Li et al. [35] made transport measurements of La2−2xSr1+2xMn2O7 samples

with x = 0.3 and 0.38, which have antiferromagnetic and ferromagnetic ground

states respectively. Multi-terminal conductivity measurements were made on both

compounds for a range of temperatures and magnetic fields: these measurements

are a variation on six-terminal measurement methods. No evidence was found for

different transition temperatures in the c and ab plane directions, contrary to the

previous findings by Kimura et al. [30]. The authors suggest that the previously ob-

served difference between T cmax and T abmax is an artefact of four-terminal conductivity

measurements with slightly misaligned contacts. However, optical conductivity mea-

surements [26] show clear differences between the ab-plane and c axis directions. In
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Figure 1.8: Temperature and magnetic
field dependence of ρc and ρab in x = 0.4
La2−2xSr1+2xMn2O7, showing CMR effect
and anisotropic resistivity. [46]

 

Figure 1.9: Temperature dependent re-
sistivity in x = 0.3 La2−2xSr1+2xMn2O7,
showing different behaviour of ρc and ρab.
[30]

particular an increase in optical conductivity at low frequencies is noted below 90

K: this is associated with a metallic state and is only observed in the ab-plane direc-

tion, not in the c-axis direction [59]. This is consistent with the electrical transport

measurements by Kimura et al. [30], and provides evidence in favour of the model of

La1.4Sr1.6Mn2O7 as a two-dimensional metal, crucially without requiring electrical

contacts. The drop in the c-axis conductivity below 90 K, as shown in figure 1.9,

is thought to be due to shunting of the c-axis current along the metallic ab planes

(see section 2.2.3 and [59]).

The experiment by Li et al. [35] reveals a very large conductance anisotropy for the

x = 0.3 compound, around 10,000 below 30 K at zero field. This is far in excess of

the value for the x = 0.38 compound of 230. The high field (7 T) anisotropies of the

two compounds are similar, indicating that the high c-axis resistivity of the x = 0.30

compound arises due to the antiferromagnetic interlayer coupling. The conductance

anisotropy of the x = 0.38 compound, and the residual high-field anisotropy of the

x = 0.3 compound, are attributed to the effect of greater Mn-Mn distance in the

c-axis on double exchange transport.
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1.6.2 Magnetoresistance of x = 0.3 and x = 0.4 Bilayered

Manganites

Bilayer manganites exhibit a large magnetoresistance effect at some doping levels, in

a similar way to the cubic perovskite manganites (section 1.4). Colossal magnetore-

sistance has been observed in La2−2xSr1+2xMn2O7 single crystals with cation doping

x = 0.4 [46]. The CMR effect is attendant on the metal-insulator transition at 125

K. A magnetoresistance ratio R0/RH of up to 200 was measured at 129 K, under an

applied field of 7 T. This is ten times larger than that measured in La1-xSrxMnO3

single crystals at the same doping level, implying that the bilayer structure somehow

enhances the CMR effect. Magnetoresistance can be observed in both the c axis and

ab plane resistivity (ρc and ρab), with a similar R0/RH in each direction (figure 1.8).

Here the magnetic field is applied parallel to the ab plane, along the easy axis of

ferromagnetic spin alignment in the low temperature ferromagnetic phase (see figure

1.7).

The magnetoresistance of La2-2xSr1+2xMnnO7 single crystals with x = 0.3 has also

been investigated [30]. In contrast to the x = 0.4 compound, where the temperature

dependence of ρc is largely identical to ρab (figure 1.8), at x = 0.3 they are fundamen-

tally different, as discussed in the previous section, and shown in figure 1.9. Under

a magnetic field, applied parallel to the c-axis, a magnetoresistance effect is seen in

La1.4Sr1.6Mn2O7 in both ρc and ρab: near T abmax = 270 K the effect is isotropic and

relatively small [30]. Close to T cmax = 100 K the MR effect is enhanced by proxim-

ity to the metal-insulator transition, and is observed to be highly anisotropic, with

R0/RH (c-axis) as high as 100 and R0/RH (ab plane) around 3 at 5 T. At 4.2 K,

where the material should be fully antiferromagnetic, an anisotropic magnetoresis-

tance effect is still observed, with R0/RH (c axis) = 3.4 and R0/RH (ab plane) =

1.1 at 0.5 T. This anisotropic magnetoresistance is unusual, and it occurs even far

from the phase transition. It can be modelled [29,30] by regarding the material as a

stack of ferromagnetic metal-insulator-ferromagnetic metal junctions (FM/I/FM),

through which spin-polarized electrons tunnel. Since the interlayer spin coupling

is antiferromagnetic, the interlayer tunnelling probability under zero applied field

is very small. The coupling is weak however, and can be overcome by an applied

magnetic field of 1.5 T [50]. A fully three dimensional ferromagnet is thus created,

and the interlayer tunnelling probability is greatly increased. The ferromagnetic
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state has spins oriented in the ab plane, similar to the ground state of the x = 0.4

compound at zero field (see figure 1.7). This effect is referred to as tunnelling mag-

netoresistance to distinguish it from the CMR effect seen in perovskite manganites

close to the metal-insulator transition temperature.

1.6.3 The Charge Ordered Phase in LaSr2Mn2O7

At x = 0.5 La2-2xSr1+2xMn2O7 contains equal numbers of Mn3+ and Mn4+ ions,

which below the charge ordering temperature TCO = 210 K are thought to occupy

alternate ion sites, forming a CE-type charge ordered state. The charge ordered

phase of LaSr2Mn2O7 was determined, by x-ray diffraction and bulk conductivity,

to form at around 210 K, and collapse with decreasing temperature at 70-100 K

[28, 34]. This collapse is referred to as re-entrant behaviour. Figure 1.10 shows the

dependence of the ab-plane resistivity on temperature and magnetic field. The low

temperature re-entrant temperature transition is observed to be hysteretic, with the

transition occurring at higher temperature on warming than cooling. Above 210

K the material is a paramagnetic insulator (PMI): the low temperature phase is an

A-type antiferromagnetic (AFM) insulator. Similar behaviour has been identified by

neutron scattering [1]: in addition the CE and AFM phases are observed to coexist

below 170 K. At around 125 K, the two phases exist in roughly equal proportions.

A substantial negative magnetoresistive effect is observed in LaSr2Mn2O7 below 210

K, as can be seen in figure 1.10. This effect is observed in the temperature range in

which charge order is active, and is associated with a field-induced transition to the

AFI state [28, 72]. The charge ordered state can be completely suppressed by the

application of a field of 20 T [28].

Recent data from conductivity, magnetization, neutron and x-ray diffraction experi-

ments at the Argonne National Laboratory [36] indicate that the CE state is in fact

continuously stable to zero temperature, but only in a very narrow doping region

very close to 50% hole doping. Both re-entrant and non re-entrant crystals have

been produced by this group: non re-entrant crystals do not exhibit a collapse of

the charge ordering at low temperature: neither is there any appreciable hysteresis.

Non re-entrant crystals retain a high proportion of CE-type order at low temper-

ature: A-type AFM order (AAFM) is present but is a minority phase, accounting
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eral magnetic fields. While the magnetic field effect on !ab is
fairly small above the onset temperature of the charge-orbital
ordering, a relatively large negative MR effect can be ob-
served in the charge-orbital ordered state where !ab is en-
hanced. The abrupt increase of !ab due to the onset of
charge-orbital ordering is suppressed by applying magnetic
fields. Judging from the field dependence of the onset tem-
perature of a steep increase of !ab , the charge-orbital order-

ing transition temperature appears to decrease with increas-
ing magnetic field ("TCO#!3 K at 70 kOe$. Much higher
fields than 70 kOe are, however, needed for the full destruc-
tion of the charge-orbital ordered state.14 In the inset of Fig.
3, we display the isothermal inplane MR and the correspond-
ing M -H curve with H!c at 50 K where the charge-orbital
ordering is already absent. !ab gradually decreases in accord
with the increase of the magnetization by applying magnetic
fields. The nearly linear M -H curve in the layered AF state
indicates that the angle of the field-induced spin canting in-
creases at a rate of 0.13 deg/kOe. A possible origin for the
low temperature MR is as follows: In the layered AF state
composed of ferromagnetic single MnO2 layers, the almost
fully spin-polarized carriers are confined within the respec-
tive single MnO2 layer and subject to the strong localization
effect as observed. However, the field-induced spin-canting
or ferromagnetic component may allow carrier hopping be-
tween the single layers and resultantly relax the strong local-
ization in terms of the single-layer to bilayer crossover for
the carrier dynamics.
In summary, we have investigated the close correlation

among the charge-transport and magnetic properties and the
structural change in the bilayered manganite crystal
LaSr2Mn2O7 %hole doping level of x"0.5). In this system,
the charge-orbital ordered state appears below &210 K. With
further decreasing temperature, however, the ordered state is
suppressed and finally collapses below 50–100 K. In re-
sponse to the field-induced spincanting, a fairly large mag-
netoresistance is observed for the layered antiferromagnetic
but orbital-disordered low-temperature state.
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The rapid increase of !ab completely disappears under the mag-
netic field more than &200 kOe.

FIG. 3. Temperature dependence of !ab in magnetic fields of 0,
30, and 70 kOe applied along the c axis in the cooling run for a
LaSr2Mn2O7 crystal. Inset: Isothermal magnetoresistance and cor-
responding magnetization at 50 K.
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Figure 1.10: Temperature and magnetic field dependence of the ab-plane resistivity
of LaSr2Mn2O7. [28]

for just a few percent of the volume of the crystal. Oxygen level seems to be crit-

ical to the nature of the samples, as indicated by a crystal which was transformed

from re-entrant to non re-entrant type by annealing in an oxygen atmosphere. The

effective formula is therefore La2-2xSr1+2xMn2O7−δ, and the critical parameter is the

hole doping level h = x− δ. In this interpretation, it is only deviation from h = 0.5

which causes re-entrance to the AFM state. No significant coexistence of CE and

AAFM order was seen, either in re-entrant or non re-entrant samples: the phase

coexistence seen by other groups is attributed to spatial variation in h = x− δ. The

revised phase diagram around h = 0.5 is shown in figure 1.11: the supposed doping

level of re-entrant and non re-entrant crystals is marked as A and B respectively:

“coexistent” indicates the probable distribution of h in samples exhibiting phase

coexistence. The Néel temperature is measured as 130K, so above this temperature
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the CE state is paramagnetic (CEPM). At h = 0.5 the material is charge, orbital and

spin ordered (CEAFM) only below 130 K. At slightly higher or lower h re-entrance

occurs and the CE state disappears below around 100 K. As at h = 0.5 the CEPM

state is found above around 130 K: the CEAFM state below 130 K is metastable,

and is only observed on cooling: on warming the crystal transforms directly from the

AAFM state to CEPM, accounting for the hysteretic transition previously reported

in [28].

Goodenough [3], a larger fraction of the crystal would
exhibit the CE ground state at low temperatures. Then
for sufficiently small !h, the CE ground state can be the
majority phase. For crystals exhibiting reentrance we be-
lieve hhi differs somewhat from 0.5. We also find crystals
(batch C) without a transition to the CE state, implying that
hhi is yet further from 0.5. The conductivity data for
batch-C crystals are very similar to that of Ref. [18] and
are shown in Fig. 3(a) for a nominal doping x ! 0:48. Note
that the sharp decrease in !c at "200 K, found in the
reentrant and nonreentrant crystals, is entirely absent, and
the conductivity changes directly from the PMI to the
AAFM behavior.

Data on batch-A crystals display a striking temperature
dependence and hysteresis in !ab and !c and magnetiza-
tion, as shown in Figs. 2(a)–2(c) and 3(a). Similar hys-
teresis is also found in the diffraction data of Figs. 2(d),
2(f), and 3(b) and in the data of others [4,7]. Such hystere-
sis was also reported in resonant x-ray studies [9], but we
are unaware of reports of such dramatic hysteresis in the
conductivity or magnetization of LaSr2Mn2O7. The drops
in our conductivity and magnetization data exhibit a simi-
lar temperature range and hysteresis as all the published
diffraction data [4,7,9]. A striking conclusion of our neu-
tron diffraction data for this batch-A crystal is the lack of
coexistence of CE and AAFM order, which is universally
found by others [4,6,7]. Neutrons probe AAFM and
CEAFM order [Figs. 2(d) and 2(e)], the latter of which
only occurs below "130 K (above 130 K the CE state is
paramagnetic). In warming and cooling cycles, one, and

only one, state is ever found. This conclusion is possible
because of the small !h in our crystals. Near the lower-
temperature transition of batch-A crystals, we found evi-
dence for sluggish kinetics that was assisted by magnetic
fields of 7 T. This may imply a small energy difference
between these states since the change in magnetization at
the transition is only "2 emu=g. Further, the broad thermal
hysteresis associated with reentrance implies there is only
a slight difference in the temperature dependencies of their
free energies.

Crystals from batch B exhibit a similar high-temperature
transition, but only a trace of the lower-temperature tran-
sition to AAFM states. This is clearly seen in magnetiza-
tion [Fig. 2(f)] and conductivity [Figs. 2(g) and 2(h)].
Apparently the free energy for CE order, that is the ma-
jority phase of batch-B crystals, is sufficiently low so that
CE order remains stable down to low temperatures. Since
CE order has a sharp minimum in its free energy for h
exactly 0.5, batch-B crystals should have hhi very close to
that value. We confirm the low-temperature CE state
through the CEAFM reflection [Fig. 2(i)] by neutron dif-
fraction in a slightly larger nonreentrant crystal. A minor
part of batch-B crystals may transform into the AAFM
below "100 K [Fig. 2(j)]. Others [7,10] have identified a
weak CE superlattice peak at low temperatures which
decays upon warming to above "50 K, but then reappears
as a strong peak at "120 K. This has the appearance of a
nonequilibrium ‘‘quenched-in’’ CE state, that is then an-
nealed out upon warming to "50 K. To dispel this possi-
bility and address thermodynamic stability, we monitor
these reflections during slow cooling (&1 K=min) that
should minimize quenched-in CE order due to sluggish
kinetics. We find that the CEAFM reflection is reversible
upon slow heating [Fig. 2(i)], and conclude that the CE
phase is the low-temperature ground state in a majority of
each batch-B crystal.

For batch-B crystals, the succession of states with de-
creasing temperature (shown schematically in Fig. 4) can
be cast in terms of entropy. Transforming from the PMI to a
charge-ordered paramagnet (CEPM) gains orbital and
charge order while the onset of AFM in the CE state at
"130 K additionally gains magnetic order. Transitions
between the AAFM and CEAFM states are more complex:
the internal energy for a CEAFM increases as h deviates
from 0.5 while the broad hysteresis implies similar tem-
perature dependencies of their free energies. Therefore the
phase boundary is almost vertical versus h. Batch-A crys-
tals also transform from PMI to CEPM at "200 K but CE
order appears to be metastable at lower temperatures
(dashed lines in Fig. 4) until it transforms at "100 K to
the AAFM ground state. Within this metastable region, the
CE state develops CEAFM order below "130 K due to a
gain in magnetic entropy. Upon warming, CEAFM order is
absent and AAFM order persists until CEPM order is
thermodynamically stable (T > 130 K). Thus it appears
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FIG. 4 (color online). Schematic, qualitative phase diagram
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1.7 The Phase Diagram of Pr(Sr1−yCay)2Mn2O7 as

a Function of Bandwidth

The properties of manganites can be tuned by varying the choice of divalent alkaline-

earth cation as well as by varying the cation doping: this has the effect of changing

the electron bandwidth as discussed in section 1.2. The series Pr(Sr1-yCay)2Mn2O7

demonstrates this effect: with increasing y, Sr is progressively replaced by the smaller

Ca, and the electron bandwidth decreases. Figure 1.12 [79] shows the charge and

spin order phases manifested by the manganite as a function of Ca content, y.

Ca rich crystals are orthorhombically distorted since the small size of the Ca ion

means the geometric factor (see section 1.2) Γ ≤ 1: the line marked TS in figure 1.12

shows where the crystal structure changes from tetragonal I4/mmm to orthorhombic

Amam.

In this series of compounds the cation doping is always x = 0.5, i.e. equal quan-

tities of Mn3+ and Mn4+ are present. At this doping level CE-type charge ordered

compounds are expected to be stabilised: however charge order is only observed in

Pr(Sr1-yCay)2Mn2O7 for y ≥ 0.4. This may be attributed to disorder in the Sr-rich

compounds caused by the mismatch between the ionic radius of Sr and Pr. As can

be seen in table 1.1, there is a much better match in ionic radius between Ca and

Pr: thus the Ca-rich compounds have low disorder. Charge order may be stabilised

in the Ca-rich compounds by the orthorhombic distortion or the smaller electron

bandwidth at large y. Below y = 0.4 the manganite is a paramagnetic insulator at

room temperature, and an A-type antiferromagnet (A-AF) below the Néel temper-

ature of 100-130 K. The A-AF state is sometime referred to as psuedometallic as

the resistivity drops upon cooling through TN, but upon further cooling starts to

diverge again (see figure 1.13).

Although Pr(Sr1-yCay)2Mn2O7 does not exhibit CE-type charge ordering for y < 0.4,

in PrSr2Mn2O7 a charge-stripe state is observed at 125 K. This has been observed

using x-ray diffraction (figure 1.13): scattering peaks are observed at h=0.24 and

k=0.24, suggesting twinned domains of a stripe-type charge order with periodicity

≈ 4a as shown in figure 1.13b. The temperature dependence of the peak intensity

is shown in figure 1.13b: the peak is strongest at TN = 125 K. The exact nature of

these stripes has not yet been identified: simple stripe charge order seems unlikely
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orthorhombic distortion or a narrowed W, while the spin or-
der is affected also by the change of W. The A-AF spin
arrangement with x2!y2-type OO is realized for y=0 with
relatively wide W. In this state, eg electrons are more or less
delocalized on the MnO2 plane !composed of FM 2D sheet"
due to the DE mechanism. On the other hand, for y=1,
charges are strongly localized in the FM quasi-one-
dimensional !1D" zigzag chains composed of 3x2!r2 /3y2

!r2 staggered-type orbital arrangement. Such reduction of
the electronic dimensionality !from 2D to quasi-1D" is obvi-
ously the consequence of the reduction of the W or the DE
interaction. The clear-cut bicritical nature of the phase dia-
gram may result from the relatively small randomness of the
system.1,13–15

The phenomenon of rotation of orbital stripes as reported
previously for the y=0.9 compound7 was confirmed to be
present in the present system over a wide range of y !y
!0.5". Figures 5!a" and 5!b" show the #001$ zone-axis EDP
of PrCa2Mn2O7 crystal at 340 and 290 K, respectively. Be-
low TCO1, satellite spots appear at around each fundamental

reflection. The modulation vector is described as q
= "b* /2!b*=2# /b"; the orbital stripe is running along the a
axis, as depicted in Fig. 5!c". Below TCO2, however, the sat-
ellite spots along the b* axis disappear and those with
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FIG. 5. !Color online" #!a" and !b"$ EDPs of the #001$ zone for
PrCa2Mn2O7 taken at !a" 340 K and !b" 290 K. The triangle indi-
cates the spot arising from the A-centered orthorhombic structure.
The vertical arrows indicate superlattice spots. #!c" and !d"$ Sche-
matics of CO-OO patterns for !c" TCO2&T&TCO1 and !d" T
&TCO2 in the MnO2 plane, respectively. #!e" and !f"$ DFIs taken
with the aperture fixed at the position of the one CO-OO reflection
position of the CO1 phase at !e" 340 K and !f" 290 K. Bright and
dark contrasts correspond to structural twins in which the orbital
stripe directions are different by 90°.

VERSATILE AND COMPETING SPIN-CHARGE-ORBITAL… PHYSICAL REVIEW B 77, 064428 !2008"

064428-3

Figure 1.12: Phase diagram of Pr(Sr1-yCay)2Mn2O7 as a function of Ca content, y.
Cation doping x = 0.5 throughout. [79]
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q= !a* /2 appear instead, indicating the orbital stripe run-
ning along the b axis, as depicted in Fig. 5!d". This phenom-
enon is also captured by the reversal of bright and dark con-
trasts in the DFIs. Figures 5!e" and 5!f" show the DFIs with
the aperture position fixed. The bright and dark regions cor-
respond to structural twins of the averaged structure, in
which the respective orbital stripe directions are different by
90°. Bright and dark contrasts are observed to be exchanged
at around TCO2 because the orbital stripe direction is rotated
by 90° in each twin domain. It is worth noting in Fig. 4 that
the temperature region of the CO1 phase becomes narrower
with decreasing y and positions only right below the TCO1 for
0.4"y"0.7, implying some role of the spin correlation de-
veloped right below TCO1 in stabilizing the CO2 phase. We
show in Fig. 6!a" a contour map of the x-ray scattering in-
tensity for PrSr2Mn2O7 !y=0" in the reciprocal space of !h,
k, 21" with !0.1 #h#0.5 and !0.5 #k#0.5 at T=125 K
obtained by SR x-ray measurements. Diffuse scattering
peaks are observed at the positions of !!0.24, 0, 21" and !0,
!0.24, 21", suggesting the existence of a vertical stripe-type
CO, as depicted in Fig. 6!b". The coexistence of the diffuse
superlattice spot along the a* and b* axes is ascribed to the
formation of nanoscaled domains with propagation vector
along the #100$ and #010$ directions. The peak intensity first
increases as the temperature decreases, then shows the maxi-
mum at around TN #see Fig. 6!c"$. Although the intensity
decreases below TN, it remains down to the lowest tempera-
ture.

A similar broad superlattice structure in the “vertical” di-
rections is also reported in other bilayer and perovskite man-
ganites. The modulation wave number here is q%0.25,
which slightly differs from other nearly half-doped cases #q
%0.3 for La2!2xSr1+2xMn2O7 !x=0.4%0.5" !Refs. 16 and 17"
and Pr0.5Sr0.5MnO3 !Ref. 18"$ but rather similar to lower
hole-doping cases #La2!2xSr1+2xMn2O7 !x=0.3%0.4" !Ref.
16" and La0.85Ca0.15MnO3 !Ref. 19"$. Such a difference may
originate from the difference in the Fermi-surface nesting
vector, as first pointed out by the angle-resolved photoemis-
sion study on the La2!2xSr1+2xMn2O7 !x=0.4".6

We did the same measurement on y=0.2 and 0.3 compo-
sitions !not shown". As increasing y, the intensity of the su-
perlattice reflection is suppressed. Instead, the peak appears
at the position of !1 /2, 3 /2, 20", indicating a structural tran-
sition from tetragonal to orthorhombic. Such a structural-
transition temperature is plotted as TS in Fig. 4. Such a “di-
agonal” lattice deformation as in the orthorhombic form may
destabilize the formation of vertical-type charge stripes,
while stabilizing the diagonal CO-OO, as manifested by the
phase diagram in Fig. 4.

The phase diagram established here bears some analogy
to that of half-doped perovskite Pr0.5!Sr1!yCay"0.5MnO3.13

End materials in both cases have similar ground states; the Sr
end shows A-AF with vertical-type short-range CO !Ref. 18"
and the Ca end shows CE-AFI with diagonal-type long-range
CO-OO. A major difference from the pseudocubic perovskite
case is the absence of the FM metallic phase. On the con-
trary, the half-doped single-layered system never shows
long-range A-AF nor FM phase, while the small W and small
A-site disorder crystals such as Pr0.5Ca1.5MnO4 raise TCO
above room temperature.20,21 These differences well reflect
the differences in the dimensionality and crystal field of each
system. The DE kinetic energy gain should less effectively
work in the bilayered manganites,22 relatively stabilizing the
x2!y2-type OO and A-AF phase as the 2D form of the DE
interaction.

In summary, we have investigated the electronic-phase
diagram of half-doped bilayered manganite
Pr!Sr1!yCay"2Mn2O7. For y#0.4, the A-type AF state with
x2!y2 orbital order shows up as the ground state while ac-
companying the short-range vertical charge stripe. For y
$0.4, the CE-type AF state emerges with the ordered orbital
!3x2!r2 /3y2!r2" whose diagonal stripes undergo the 90° ro-
tation with decreasing temperature.

This work was in part supported by Grant-in-Aids for
Scientific Research from the MEXT !Nos. 17340104,
15104006, and 16076205", Japan.
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Figure 1.13: (a) Contour map of x-ray scattering for PrSr2Mn2O7 (b) Schematic of
possible charge stripes (c) Temperature dependence of peak intensity at (0.76, 0,
20) and ρab [79]

as this would result in a 3:1 ratio between Mn3+ and Mn4+, rather than 1:1.

For y ≥ 0.5 two charge order/orbital order (CO-OO) states are observed, identified

as CO1 and CO2 (figure 1.12): these have identical charge ordering but between

CO1 and CO2 the orbital order rotates by 90◦. This rotation can be observed in

a polarised optical microscope image [78]. The charge ordering temperatures are

much higher than in LaSr2Mn2O7, with CO1 as high as 375 K at y = 1: this is

understandable as PrCa2Mn2O7 will have a much smaller geometric factor Γ and

smaller bandwidth, which will stabilise the charge ordered state. The state does not

exhibit spin order (CE-type AFM) until lower temperatures, with TN from 130-150

K depending on y. The intervening region is presumably a paramagnetic CO-OO

state.
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1.8 Manganite Based Memory Devices

Much research is currently being undertaken to determine if manganites are good

materials from which to construct memory devices. Manganites that exhibit resis-

tance switching may form the basis for novel types of solid-state memory such as

Resistive RAM (ReRAM). A ReRAM element, or resistive memory device, is simply

a two-terminal resistor that can be switched between two or more resistance states

by the application of bias [60]. The resistance states should be stable, so the memory

is non-volatile. A resistive memory device necessarily exhibits hysteretic electrical

conductance: close to the switching voltage it will demonstrate negative differential

resistance. The device can also be said to exhibit electroresistance as its resistance

is changed by application of bias and therefore by an electric field.

Devices based on metal oxides have been known since 1962 to exhibit negative dif-

ferential resistance [25]1, but it is not until more recently that oxide materials have

been investigated for their potential applications in resistive memory devices [5,39].

Two terminal devices constructed using thin films of the semiconducting perovskite

manganite Pr0.7Ca0.3MnO3 (PCMO) have been shown to exhibit resistance switch-

ing [3, 23, 39, 47, 48, 60–62, 69]. The devices consist simply of a manganite thin film

or crystal sandwiched between two metal electrodes, which may be made from dif-

ferent metals. Such devices can be reversibly switched, by the application of a bias

voltage, from a high resistance state (HRS) to a low resistance state (LRS). The

switching exhibited is bipolar, meaning that the direction of state switching is de-

pendent upon the polarity of the applied bias as well as the amplitude. Devices

made with one low work function metal (Ti or Al) electrode [23,60–62,69] can form

a Schottky diode at the metal-manganite interface. The metal electrode can be-

come oxidised at the interface, producing an insulating metal oxide layer [23,69]. In

such devices a “forming process”, whereby a large bias is applied to the device, may

be necessary before resistance switching can be observed. It has been shown [63]

that the switching effect in these devices occurs at the interface between the metal

contact and the semiconducting manganite. Figure 1.14 shows room-temperature

current-voltage plots for a PCMO based resistance switching device, with a Ti top

electrode [60]. The PCMO and deposited Ti were patterned into “mesa” structures

1For a comprehensive review of differential negative resistance, resistance switching and memory
effects in oxide devices up to 1970 see [14]
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between 100 x 100 µm2 and 500 x 500 µm2 in size [60, 62]. Diode-like behaviour is

observed: resistance state switching between HRS and LRS produces a hysteretic

I(V) curve. Diode behaviour and resistance switching is only observed for a Ti top

electrode, not Au or SrRuO3.

There is evidence that oxygen content, and motion of oxygen ions, play impor-

tant roles in resistance switching: for example, devices which have been annealed

in an oxygenated atmosphere cease to exhibit resistance switching [60]. TEM was

used to study the interface between the Ti electrode and the PCMO [69] in a re-

sistance switching device: a 10 nm thick amorphous TiOx layer is observed to form

spontaneously at the Ti:PCMO interface. EELS measurements indicate that the

O originates from the PCMO, which shows a decrease in Mn valence caused by O

deficiency: the forming process is observed to further decrease the Mn valence near

the interface, implying that O migrates from the PCMO to the TiOx layer under

applied bias during the forming process, thickening the oxide layer. The proposed

mechanism for resistance switching in this case is that electrochemical migration of

oxygen ions under applied bias causes oxidation or reduction of the TiOx layer: the

HRS represents a fully oxidised TiOx layer, LRS a reduced layer. The PCMO acts

as an oxygen reservoir. In an alternate model for interface-type resistance switch-

ing [61], oxygen vacancies form interface states which can be charged or discharged

according to the applied bias, changing the effective width of the Schottky barrier.

Oxygen vacancies may accumulate at the interface during the forming process as a

result of electrochemical migration.

Another potential application of two-terminal resistance switching devices is as the

fourth fundamental circuit element, the memristor. The possibility of an additional

fourth passive circuit element, in addition to the resistor, capacitor and inductor, was

first suggested by Leon Chua in 1971 [10]. As there are four fundamental circuit

variables, current I, voltage V, charge Q and magnetic flux φ, Chua reasoned by

symmetry that there should be a fourth circuit element to provide the relationship

between charge and flux. This element is the memristor, which has a “memristance”

M: the relationship is dφ = Mdq. If M is a constant, the memristor simply functions

as a resistor. If M is a function of q however, a frequency-dependent hysteretic

current-voltage curve results. In this case the inclusion of memristors in a passive

circuit allows the circuit to perform functions which would otherwise require active

elements [10, 70]. This means that the development of a working memristor would
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Figure 1.15: (a) simulation of the operation of a memristor. The inset shows the
relationship between charge and magnetic flux, which is non-linear [70] (b) Current-
voltage curve of a Pt-TiO2-Pt device, which may be suitable as a memristor [70]
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allow simplified circuit design. Figure 1.15a shows a simulated current-voltage curve

for a memristor: the inset shows the relationship between charge and flux [70]. The

hysteretic I(V) relationship collapses at high frequency. The resistance of the device

is dependent on applied voltage, and also on the voltage history: the device thus has

a memory, hence the name “memristor”. A candidate device for a real memristor

has been proposed [70]: this device consists of a TiO2 element between two Pt

electrodes. The TiO2 is reduced to TiO2-x close to one Pt contact: oxygen ions

migrate under applied bias from the TiO2 to the TiO2-x, changing the overall device

resistance. Figure 1.15b shows an I(V) curve from a Pt-TiO2-Pt memristor device.

The similarity between memristors and ReRAM devices is clear: both are two-

terminal resistive “memory” devices which exhibit hysteretic current-voltage curves.

Similar physics may be at work, with electrochemical migration of oxygen ions play-

ing an important role. Resistance switching manganite devices may be suitable as

memristors as well as ReRAM elements.
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1.9 Questions in Manganite Physics

Some of the most important questions in manganite physics may be summarised as:

• Does phase separation occur at the metal-insulator transition temperature, or

at the charge ordering temperature, for any, or all manganite compounds?

• Which manganite compounds exhibit charge ordering, and at what tempera-

tures?

• Is charge ordering best described by the traditional model of spatial segregation

of Mn3+ and Mn4+ ions [21,52], or by a charge density wave type model [40]?

• Are the electronic properties of manganite surfaces representative of the bulk

properties?

• Do surface defects play a major role in the electronic properties of manganite

surfaces?

• What are the technological applications of manganite compounds?
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2.1 Introduction to Scanning Tunnelling

Microscopy

The Scanning Tunnelling Microscope (STM) provides a way to study the topographic

and electronic features of a surface with atomic resolution. The basic physical

principles the STM relies upon are vacuum tunnelling and piezoelectricity. The

mechanism of the STM is relatively simple: it consists of a sharp metal tip mounted

on piezoelectric positioners, which can be brought within a few Ångstroms of a

conducting sample surface. A bias voltage is applied between the tip and the sample:

a quantum mechanical tunnel current can flow between the tip and the sample,

due to the small separation between the two. The magnitude of this current is

exponentially dependent on the tip-sample separation. The piezoelectric positioners

(“piezos”) allow the tip to be moved in three dimensions: the tip can thus be

raster scanned across the sample surface. The basic architecture of the STM is

shown schematically in figure 2.1a. The most common mode of operation is constant

current mode. In this mode a feedback loop on the tunnel current is used to control

the tip height (Z), by constantly adjusting the voltage supplied to the Z piezo so as

to keep the tunnel current constant. As the tip is raster scanned across the sample

surface the Z height thus tracks the height of the surface: an image of the surface

can be built up in this way from the Z height data. Since the tunnel current is

exponentially dependent on the tip-sample distance, a small change in the height

of the surface results in a large change in current: typically the tunnel current will

decrease by an order of magnitude if the tip is withdrawn by one Ångstrom. This

means the STM can resolve very small changes in height. This makes it possible for

atoms to be resolved by the STM, since the corrugation due to the atomic lattice can

be imaged. A resolution of 0.01 Å can be achieved in the Z direction, and around 0.1

Å in the X and Y directions. An alternative mode of operation is constant height

mode: in this mode the feedback loop is turned off (or more practically reduced in

response), the tip is scanned over the surface, and the varying tunnel current signal

is used to build up an image. Both modes of operation are illustrated in figure 2.1.

The magnitude of the tunnel current is not just determined by the tip-sample sepa-

ration and the bias voltage: the electronic structure of both the tip and the sample

is important. The electron density of states of the sample may not be uniform, but
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Figure 2.1: (a) schematic of STM construction (b) STM operation: constant current
mode (c) STM operation: constant height mode

can vary across the surface under study: thus an STM image built up from Z height

or tunnel current data does not represent a simple topographic map, but rather a

convolution of the surface topography with variations in density of states. For ex-

ample, a flat metal surface could be prepared with patches of some semiconducting

material deposited on top of it. A constant-current STM image will show the semi-

conducting patches as lower than the surrounding metal, despite the fact that they

are physically higher: this is because they have a lower electron density of states,

are less conductive, and so the tip has to move closer to the surface to maintain the

tunnel current.

According to the Wentzel, Kramers and Brillouin (WKB) approximation [22,83] at

zero temperature the tunnel current (I) at some location (r) can be expressed as a

function of tip-sample separation (d), bias voltage (V ), and the electronic density of

states of both the tip and the sample, denoted by NT (r, E) and NS(r, E) respectively.

I =
∫ eV

0
NS(r, E)NT (r, E − eV )P (E, eV, r)dE (2.1)

P (E, eV, r) is the tunnelling transmission probability.
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P (E, eV ) = exp

−2d
√

2m

h̄

√
φS + φT

2
+
eV

2
− E

 (2.2)

φS and φT are the barrier heights of the sample and tip respectively: note the

exponential dependence on the tip-sample spacing d. Conventionally the bias voltage

V is assumed to be applied to the sample, with the tip at ground. At positive

sample bias (eV > 0), electrons tunnel from the occupied states of the tip into

unoccupied states of the sample: at negative bias (eV < 0) the tunnel current

is from occupied sample states into unoccupied tip states. At negative bias the

tunnelling transmission probability P (E, eV, r) is dominated by electrons tunnelling

from the Fermi level (E = 0) of the sample: at positive bias it is dominated by

electrons with E = eV , tunnelling from the Fermi level of the tip. The current (2.1)

is thus also dominated by electrons with energy E = 0 or E = eV . If we assume a

metal tip so that NT (E) is approximately constant, then for constant current mode

the tip follows a contour of constant NT (E). This means that a constant-current

STM image is a contour map of sample electron density of states. Strictly speaking

this is an approximation which is valid only at low voltages [76], but in most cases

it is a valid model.

Since the STM image can be regarded as a density of states contour map, it is a

convolution of electronic and topographic (height) information. It can be difficult

to deconvolve these two, i.e. to determine which contrast features are electronic in

origin and which are topographic. One method is to vary the bias voltage applied

to the sample. Different sample electronic states will be probed at different biases,

which may result in a change in the contrast, if it is of electronic origin: an image

dominated by topographic contrast will appear similar at different biases. Images

at different biases can be acquired “simultaneously” by changing the bias between

successive scan lines, thus interlacing images of different bias. In particular, images

at positive and negative bias can be interlaced: under positive sample bias sample

empty states are probed, and filled states are probed under negative bias. This is

sometimes known as “dual mode” imaging.
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2.1.1 Scanning Tunnelling Spectroscopy

Instead of holding the tunnel current constant and moving the tip, the STM can

be used to produce a tunnelling spectrum by holding the tip in one position and

changing the voltage: this is known as Scanning Tunnelling Spectroscopy or STS.

Normally this is achieved by temporarily suspending the feedback loop, ramping

the voltage across the required range and measuring the tunnel current. A plot of

current against voltage I(V) can thus be produced: this allows the sample density

of states to be locally measured. Often dI/dV(V) spectra are used: from equation

(2.1) dI/dV is proportional to the sample density of states NS(r, E). dI/dV can

be measured directly using lock-in techniques, or calculated numerically from a

measured I(V) curve.

It is not generally possible to extract an absolute measurement of the local density

of states from an STS measurement, since in general the density of states of the tip

is unknown, and the voltage dependence of the tunnelling probability is unknown.

However, the real strength of STS as a technique is the ability to combine spec-

troscopy measurements with the high spatial resolution of the STM. The STM can

be programmed to take an array of spectra at the same time as a topographic image:

the tip can be paused at predetermined points in the image and spectra recorded at

these points. The normal procedure is for the tip to move under feedback (constant-

current) control for image acquisition: at the spectra positions the feedback loop

is suspended and the spectrum is measured. Once the spectrum is complete the

feedback loop is re-established and image acquisition resumes. This process is all

undertaken automatically by the STM control system: dense arrays of spectra can

be collected automatically. Thus a high-resolution I(V) or dI/dV(V) map of the

sample surface can be built up. Any spatial variation of the sample density of states

(NS(r) in 2.1) will be apparent in the spectroscopy map. Since it is the spatial

variation of NS which is of most interest in such a study, the inability to measure

the absolute sample density of states is not normally a disadvantage.

In a real tunnelling spectroscopy experiment the energy resolution of an STS mea-

surement will be fundamentally limited by thermal smearing of the electron density

of states of the tip and the sample. For finite temperature we should write in equa-

tion 2.1 NS(r, E, T ) and NT (r, E−eV, T ). If we adopt the FWHM of the first deriva-

tive of the Fermi function as the energy resolution ∆E, this gives ∆E = 3.5 kT . At
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300 K this means an energy resolution of ∆E = 91 meV. Therefore STS experiments

are often performed at cryogenic temperatures: at 2 K ∆E = 0.6 meV. Note that

the Fermi distributions of the tip and the sample will both be thermally smeared:

therefore it is important that if the sample is cooled then the tip is cooled as well,

otherwise the desired improvement in the energy resolution will not be achieved.
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2.2 Existing STM Work on Manganites

Scanning Tunnelling Microscopy (STM) and Scanning Tunnelling Spectroscopy (STS)

are powerful tools for studying manganites, since they allow the electronic properties

of the material to be probed at Ångstrom length scales. This makes STM ideal for

addressing some of the most interesting questions in manganite research:

• STM can be used to study phase separation, since coexisting electronic phases

can be discerned using high-resolution STS.

• Charge ordering can also be studied, as the atomic resolution achievable with

STM allows the charge order superlattice to be directly imaged.

• STM is a surface sensitive technique: when combined with bulk probes such as

optical spectroscopy and bulk electrical transport it can provide information

of how the surface electronic structure compares with the bulk.

STM and STS require the sample surface to be very clean, so since manganite

surfaces are reactive, scanning is usually carried out in an Ultra High Vacuum (UHV)

of 10-10 mbar or less. There are various methods for preparing the sample surface:

perovskite single crystals can be cleaned or scratched in a solvent to expose a fresh

surface before loading to UHV: thin films may be studied in situ, with the STM

vacuum connected to the growth chamber. Bilayer manganites may be cleaved in

situ in the STM UHV chamber, as we will see later.

2.2.1 STS Studies of Perovskite Manganites

STM and STS have been used by several groups to study perovskite (n = ∞) man-

ganite compounds. Spatially resolved STS studies (STS maps) enable Ångstrom

resolution measurements of the local conductance, and hence the electron Local

Density of States (LDOS). This is ideal for studying the nature of the paramag-

netic insulator (PI) to ferromagnetic metal (FM) phase transition and the attendant

colossal magnetoresistance (CMR) effect, by identifying the possible coexistence of

insulating and metallic regions near TC.
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Thin films and single crystals of La1-xCaxMnO3 (0.25 ≤ x ≤ 0.3) were studied by

Fäth et al. using STS [17]. These materials are known to exhibit CMR. No topo-

graphic images are shown in this paper: the surface roughness of the films and single

crystals is quoted as < 20 nm. This implies a significantly rough surface since an

atomically flat surface studied by STM would be expected to have a roughness of

less than 0.1 nm. STS maps were taken at a range of temperatures from well above

the metal-insulator transition (MIT) at TC ≈ 200 K down to 4 K, and in magnetic

fields up to 9 T. dI/dV maps at finite bias (3V) were used to measure local con-

ductance variations. Such maps taken just below TC show inhomogeneity in dI/dV,

interpreted as a coexistence of metallic and semiconducting phases. These regions

of differing conductance were 10-100 nm in size. Upon application of a magnetic

field, some semiconductive regions can be converted into metallic regions: however

some remain semiconducting in fields up to 9 T, implying that the CMR effect is

not saturated. Similarly, some regions remain semiconducting at temperatures far

below TC. Figure 2.2 shows this effect in an x = 0.27 thin film.

A study by Becker et al. [6] investigated La0.7Sr0.3MnO3 and La0.7Ca0.3MnO3 thin

films using spatially resolved STS. Topographic STM images of the thin films show a

microstructure with a grain size of order 40 to 60 nm: the overall surface roughness

is around 30 nm (peak-peak), though the r.m.s. roughness on single grains is of

order 2-3 nm. Neither atomic resolution nor clear images of atomic terraces were

reported. dI/dV was measured at zero bias, at a temperature range from 48 K

to room temperature. The LSMO films were observed via transport measurements

to undergo the metal-insulator transition at 300 K. On the LSMO films at 87 K,

spatially segregated insulating and metallic phases were observed, with insulating

“filaments” about 21 nm across. With increasing temperature, the insulating regions

grow and connect, as would be expected for a percolative phase transition. No

obvious correlation was seen between the topographic scan and the conductance

map on either LSMO or LCMO.

A similar study by Capua et al. [15] also used spatially resolved STS on

La0.7Sr0.3MnO3 thin films, at 77 K and at room temperature. These thin films

exhibited a metal-insulator transition at around 300 K. STM was performed in an

inert helium environment rather than UHV: topographic images show a roughness

of around 1.5 nm (peak-peak) over areas up to 400 nm2. This represents a flatter

surface than either Fäth or Becker et al., though neither atomic resolution nor clear
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Figure 2.2: Conductance maps of La0.73Ca0.27MnO3, 610 nm x 610 nm, bias voltage
3 V, various magnetic fields. [17]
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images of atomic terraces are reported. dI/dV at zero bias was used to investigate

LDOS variation. At 77 K, dI/dV maps were highly homogeneous: by contrast at

297 K large spatial inhomogeneities in dI/dV were observed. This was interpreted as

phase separation in FM and PI domains, with the PI domains still observed slightly

below the transition temperature. The typical size of the domains was 100-300 nm,

much larger than the filaments observed by Becker et. al. [6]. It should be noted

however that the films used by Capua et. al were flatter over a larger area than those

used by Becker et al., and also that additional small scale modulations in dI/dV over

10-20 nm were reported. The authors are confident that the observed effect is phase

coexistence rather than observation of a chemical inhomogeneity, since in addition

to the homogeneous spectroscopic maps seen at 77 K, there is a very low two di-

mensional correlation coefficient between the dI/dV maps and the simultaneously

acquired topographic images.

It seems likely from STS studies that the FM to PI phase transition in LSMO and

LCMO is a percolative one, with PI regions nucleating far below the transition

temperature, possibly due to some structural disorder such as variations in oxygen

content [17]. The existence of a percolative transition, and coexistence of metal-

lic and insulating regions, seems to account for the observed broad metal-insulator

transition [6]. However, a recent STS study [45] on La0.7Ca0.3MnO3 films, indicated

no phase coexistence near the metal-insulator transition at 268 K. These films were

grown on a NdGaO3 substrate, which is supposed to result in a less strained film

than the SrTiO3 substrate used by [17], or the MgO substrate used by [6]. This

implies that the type of phase separation seen by Fäth and Becker is not intrin-

sic to cubic LCMO, but is strain-induced. It should be pointed out though that

Fäth et al. [17] studied single crystal samples as well as films, and reported phase

separation in both sets of samples. An STS study [85] using La0.67Sr0.33MnO3 and

La0.7Sr0.3MnO3 films studied in ambient conditions reported no significant variation

in dI/dV: it is suggested that phase separation reported in UHV studies such as [6]

may be due to oxygen loss at the surface, which could produce insulating regions.

However, STS studies performed in inert gas environments [15], which should not

cause deoxygenation, also report phase coexistence.

It is worth noting that often metallic and insulating regions are assigned in a fairly

arbitrary way, either by setting an explicit cutoff value in dI/dV [6] or by presenting

a colour map of dI/dV values optimised for maximum contrast [17]. Thus it is
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generally not clear if there is a continuous distribution of dI/dV values, or a genuinely

bimodal distribution of density of states. Capua et al. [15] performed the most

thorough analysis to demonstrate the existence of two distinct phases, and there

does appear in this case to be a bimodal distribution of dI/dV values. In addition,

at room temperature, the more conductive phase was found to have a similar dI/dV

at zero bias to the homogeneous state at low temperature, lending support to the

interpretation of this state as the FM phase. The surfaces which have been studied

using STS are generally quite rough, with peak-peak roughness of 20-30 nm [6,17] or

1.5 nm [15]. Flat terraces are not seen, and atomic resolution is not achieved: this

makes it difficult to verify the nature of the surface, which may be contaminated

or damaged. This in turn makes it difficult to make any conclusions about the

presence or absence of phase separation, since the effects seen may not be intrinsic

to the material, but may arise as a result of contamination. Since these publications

however, STS work has been done on some better defined manganite surfaces.

Recent STS work [57,58] has revealed an unusual phase transition in Pr1-xPbxMnO3.

In this material in the range 0.23 ≤ x ≤ 0.32, the metal to insulator transition and

the ferromagnetic to paramagnetic transition do not occur at the same temperature.

The electronic transition temperature TMI is separated by up to 50K from the Curie

temperature TC. Between TMI and TC there is a paramagnetic metal (PM) region.

The MI transition is relatively sharp, with a width of 15 K. Single crystal samples

with x = 0.32 were studied using STM: flat terraces of unit cell height are observed

in topographic images. At this doping TC = 210 K and TMI = 255 K. STS maps

well above TMI show homogeneous dI/dV, with a finite zero bias conductance (G0):

well below TC, dI/dV are homogeneous with G0 close to zero. The homogeneity

here is determined by plotting a histogram of G0 and demonstrating that it has a

single narrow peak. Between TMI and TC, inhomogeneous STS maps are found:

the inhomogeneities have a length scale of 2-3 nm. In this temperature range the

G0 histogram shows a much broader peak at finite conductance, and a weak peak

at zero bias, indicating the presence of phase separation. (See figure 2.3). This is

strongly indicative of the PM phase being formed from the coexistence of PI and FM

regions. High resolution STM topographs taken at room temperature show stripe-

like features with periodicity 4-5 Å: these are attributed to short-range ordering of

Mn3+ and Mn4+, i.e. a localised charge ordering. Mn4+ sites should appear bright

in STM images of unoccupied states, due to localised holes.
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FIG. 3: (a), (b) Topography of di!erent areas in the insu-
lating regime (T = 300 K). (c) and (d) show corresponding
intensity profiles along the white lines drawn in (a) and (b),
respectively. The bright and dark spots in the image are as-
sociated with Mn4+ and Mn3+ ions, respectively.

localized on Mn4+ sites appear as bright spots in the
STM image, whereas electron tunneling from a conven-
tional metallic tip into a polaronic state (e.g. electrons
localized on Mn3+ ions) is di!cult and produces dark
spots [17]. However, these contrasts were seen only occa-
sionally, an observation similar to what was reported in
the case of layered manganite La2!2xSr1+2xMn2O7 [16].
This suggests the short-range stripe-like order of Mn3+

and Mn4+ ions. The extent of these features [Fig. 3(c)
and (d)] is slightly larger than the typical atomic distance
of !0.39 nm in the cubic perovskite cell and comparable
with charge ordered stripes observed in high resolution
lattice images of La0.33Ca0.67MnO3 [26]. Short-range po-
laron correlation and CE-type of charge ordering was ob-
served in manganites using di"used x-ray and neutron
scattering [14, 15]. Recent STM studies [17] probing
simultaneously the occupied and unoccupied states of
(La5/8!xPrx)Ca3/8MnO3 thin films also showed short-
range CE-type charge ordered clusters in the pm state.

To map the surface electronic state, we carried out
thousands of STS measurements at di"erent locations on
the sample surface spanning the T range from 28 – 300
K. Typically, a surface area of 50 " 50 nm2 with a lateral
resolution of 1 nm (2500 pixels) was investigated. Tun-
neling current and di"erential conductance, G = dI/dV ,
were measured simultaneously while ramping V from #1
to +1 V. An average of 2500 G-V curves taken at rep-
resentative T = 30, 221, 260 and 300 K are shown in
Fig. 4(a). At 30 K, the G-V curve is metal-like with a
finite value of G0 signifying a finite DOS at the Fermi
energy. In contrast, at 300 K, i.e. T > TMI $ 255 K, the
G-V curve around V = 0 is typical of a semiconducting
gap. In the pm metallic state at 221 K, the value of G0

is only slightly reduced compared to G0(T = 30 K), thus
showing an expected T dependence of the conductance.

FIG. 4: (a) G-V curves averaged over an area of 50 ! 50 nm2

at 30, 221, 260 and 300 K indicating metallic (T < TMI " 255
K) and semi-conducting behavior (T > TMI). Panels (b)–(e)
present conductance maps (50 ! 50 nm2) taken at 30, 199,
243 and 300 K through TC and TMI . The color scale shown
left of panel (b) encodes G0. (g)–(j) Histograms of G0 at the
same T as presented in (b)–(e). (f) Histograms for the three
di!erent T regimes compared on a semi-logarithmic scale.

For quantifying the STS results and mapping the ho-
mogeneity of the DOS laterally as well as its temperature
evolution, we plot G0 as conductance maps at selected
T . In Fig. 4(b)–(e), the local G0 is presented color-coded
(with a color scale covering 0 % G0 % 0.64 nS) at T = 30,
199, 243 and 300 K, respectively. Corresponding distri-
butions for the frequency of the observed G0 values are

Figure 2.3: Histograms of zero bias conductance derived from STS data on
Pr0.68Pb0.32MnO3, at a range of temperatures. Note bimodal distribution of con-
ductance at 221 K [57]

A more recent STS study on La0.7Ca0.3MnO3 films [64] used strained films grown on

SrTiO3, which have a metal-insulator transition at Tp = 147 K. Atomic resolution

could not be achieved in the STM topographic scans, but well-defined unit cell high

terraces are observed. In the STS experiment gapped spectra were observed both

above and below Tp: fully metallic spectra were not observed at any temperature,

and a finite zero-bias conductance was only measured at 297 K. In the insulating

regime above Tp, where transport is expected to be polaronic, the gap measured by

STS is in agreement with the polaron binding energy estimated from the resistivity.

The insulating gap is observed to narrow near Tp, but then increase again below

the transition. This indicates that the charge carriers in the metallic phase are

also polaronic, contrary to the standard model where polarons are unbound below

the metal-insulator transition [44]. A similar effect was previously seen in bilayer

manganites, see section 2.2.2. Conductance (dI/dV) spectra of La0.7Ca0.3MnO3 show

band edge peaks above and below Tp: these peaks are much sharper in the metallic

phase, indicating a well-defined binding energy and hence a coherent polaron state.

The temperature dependence of the gap in the metallic phase was found to be

consistent with polaron binding energies obtained from optical reflectivity data. As

the temperature is increased these band edge peaks soften: at 297 K they have

vanished. This is interpreted as the melting of the coherent polaron state into a

polaron liquid: this is consistent with neutron scattering data which indicated such
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a melting transition at around twice Tp. At all temperatures, including close to the

MIT, the distribution of gap values is found to be Gaussian, indicating no phase

separation in this compound.



Chapter 2. Scanning Tunnelling Microscopy of Manganites 49

2.2.2 Atomically Resolved STM Studies of Perovskite Man-

ganites

There are relatively few reports of STM studies of manganites which demonstrate

atomic resolution, compared either to the number of non-atomically resolved STS

studies, as discussed in the previous section, or to atomically resolved STM studies

of cuprate superconductor materials [19].

Renner et al. [54] studied single crystal samples of Bi1-xCaxMnO3, with x = 0.76,

using variable temperature STM and STS. This compound is a paramagnetic insu-

lator (PI) at room temperature: upon cooling samples undergo a charge ordering

transition at TCO = 250 K, and a transition to an antiferromagnetic state at around

TN = 120 K [4]. The samples were prepared by cleaning the surface with ethanol

before loading into the vacuum chamber. Atomic resolution could be achieved across

terraces a few hundred nm2 in area: at room temperature (299 K) a cubic lattice

with spacing 3.8 ± 0.6 Å was observed, in good agreement with the X-ray diffrac-

tion lattice spacing of 3.77 Å. A larger square lattice of spacing
√

2 x 3.77 Å was

also seen in room temperature scans, corresponding to a doubling of the unit cell

along the cell diagonal. This unit cell doubling was observed to coexist with the

normal lattice, and is interpreted as local CE-type charge ordering, i.e. segregation

of Mn3+ and Mn4+ ions to alternate lattice sites. A height difference between Mn3+

and Mn4+ sites is expected, due to both the Jahn Teller effect, which will distort the

oxygen octahedra about Mn3+ ions only, and the modulation of the tunnel current

due to the different charge and orbital states of the Mn3+ and Mn4+ ions. Tunnelling

spectra obtained on the
√

2 x
√

2 lattice areas were systematically more insulating

than those on the normal lattice, as would be expected for a charge ordered state. In

addition the magnitude of the energy gap in these areas was similar to that measured

by optical spectroscopy in Bi1-xCaxMnO3 (x = 0.82) at 150 K, where the majority

of the sample is in the CO state [38]. These data all support the idea that these

unit cell doubled regions are local nucleations of the CO state at room temperature.

STM topographic scans showing a phase boundary between a charge ordered area

and a disordered (normal cubic lattice) area were obtained: (figure 2.4) such images

are direct evidence for phase separation at atomic length scales.

STM topographic scans of Bi0.24Ca0.76MnO3 performed at 146 K by Renner et al. [54]
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reveal that the
√

2 x
√

2 lattice is the dominant atomic resolution feature below TCO.

The gap measured in STS on this surface is very similar to that measured in the

CO regions at room temperature. At low temperature it also becomes possible

to resolve a zigzag pattern in the atomic sites, where short and long interatomic

distances alternate. The bright atoms in the STM images of the Bi0.24Ca0.76MnO3

surface are thought to correspond to the oxygen atoms at the apex of the oxygen

octahedra: the zigzag pattern is thus inferred to be direct imaging of tilting of the

oxygen octahedra due to an orthorhombic distortion of the crystal (see section 1).

It should be noted that the CO state observed in (4) is consistent with a doping

level of x = 0.5, i.e. a CE type state [21], whereas the nominal bulk doping of the

sample is x = 0.76. Elsewhere on the surface of Bi1-xCaxMnO3 stripe-like patterns

were in fact observed [55], with a periodicity of around 1.1 nm. This is close to the

periodicity of the 2
√

2 charge ordered stripe phase expected from X-ray diffraction

data [71]. The stripe phase is only observed at low temperature: it has not been

observed to coexist with the square lattice at room temperature, as has the
√

2 x√
2 checkerboard lattice. The checkerboard charge ordered phase may be stabilised

by defects or surface effects, explaining its appearance at doping x 6= 0.5, and at

room temperature.

An atomic resolution STM study of La0.325Pr0.3Ca0.375MnO3 has been made [42].

These films were made by laser MBE and were studied in situ. This compound

undergoes a transition from a PI to a CO state at around 210 K [80]: STM mea-

surements were performed at room temperature, with the films in the PI phase.

Atomic resolution topographic scans were obtained, showing a cubic lattice of spac-

ing 4 Å (figure 2.5). Filled state (positive tip bias) and empty state (negative tip

bias) images were acquired simultaneously by using dual bias mode, where scans at

two different bias voltages are interlaced. Two types of lattice sites were observed in

the topographic scans, distinguished by a high or low height contrast. High contrast

raised sites in the negative bias image were observed to become depressed sites in

the positive bias image, corresponding to an increased tunnel current from unoc-

cupied states and a decreased current from filled states. It is suggested that the

high contrast sites are associated with Mn4+, and the low contrast sites with Mn3+.

Since Mn4+ has an unoccupied eg state, this will increase the tunnel probability at

negative tip bias dramatically compared to the Mn3+ sites. At positive bias where

the filled states are probed, the contrast is inverted since Mn3+ has an extra filled
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eg state. The contrast is also smaller at positive bias since both valence states have

three t2g electrons which contribute to tunnelling from filled states. Thus in this

case STM allows localised doped holes to be imaged with atomic resolution.

A statistical analysis was performed on the positioning of the localised holes, to

determine whether there is any tendency for the holes to order into a CE type

charge ordered state, similar to that observed by Renner et al. [54]. Neighbouring

holes along the [110] or [1-10] directions (see figure 2.5) were regarded as belonging

to CE clusters, and holes with neighbours along the [100] or [010] directions to non

CE regions. It was found that the observed hole distribution has a significantly

higher proportion of CE clusters than a random distribution, indicating a tendency

for nanoscale CE regions to form even well above the charge ordering transition.
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Figure 1  STM mapping of the paramagnetic phase of 
Bi0.24Ca0.76MnO3 at 299 Kelvin. A 3.4x3.1 nm2 image 
with well resolved square lattice (a0=3.8±0.6Å). B The 
intensity profile reveals a random distribution of short 
and long interatomic distances (indicated by arrows) 
along the main crystallographic axes.  

 

 

 

 

 

Figure 2  Topographic and spectroscopic atomic 
scale signatures of phase separation into metallic 
and insulating regions in the paramagnetic phase of 
Bi0.24Ca0.76MnO3 at 299 K. A 3.5x3.5 nm2 STM image 
of a grain boundary (yellow line) between an 
insulating ! 2a0x! 2a0 charge-ordered region (upper 
right) and a more metallic homogeneous cubic region 
(lower left). B Intensity profile extracted along the 
orange line in A. Note the larger amplitude 
modulation in the ordered region due to charge 
ordering. C Charge-ordered regions with the 
! 2a0x! 2a0 lattice (purple) yield insulating dI/dV(V) 
characteristics, while the disordered cubic regions 
(green) are characterized by more metallic dI/dV(V) 
characteristics (numerical derivatives normalized to 
the metallic junction resistance R=V/I at 0.7V). The 
low bias part of the corresponding I(V) data are 
shown in the inset. The spectra were taken at the 
yellow crosses on the 3.7x2.9 nm2 STM images 
(white squares = cubic unit cell).  

 

 

Figure 2.4: Coexistence of PI (disordered) and CO (ordered) states at room tem-
perature. [54]

 110 and/or  1 10 directions are viewed as CE-type CO
clusters as indicated (red dots) in Fig. 3(b) and shown
schematically in Fig. 3(d). Neighboring holes along
the  100 and/or  010 directions are viewed as non-CO
clusters. Figure 4 shows the statistical distribution of
the non-CO and CO clusters obtained from Fig. 3(b),
which is compared with that of a two-dimensional ran-
dom distribution (2DRD) with the same doping level
[32]. The distribution of localized holes in Fig. 3(b) is
distinctively different from that of the 2DRD. In particu-
lar, the experimental data show a strong preference of
forming small sized non-CO clusters. The average size of
the non-CO cluster sizes obtained from Fig. 3(b) is
1.9 holes, which is considerably smaller than that of the
2DRD (2.6 holes). This observation indicates a strong
short-range hole-hole correlation, and the formation of
larger clusters is energetically unfavorable in the para-
magnetic state. Moreover, the number of the CE-like
CO clusters obtained from the STM data is distinctly
higher than that of the random distribution. These dif-
ferences, however, should reflect only the behavior of
static doped holes, since our STM is not sensitive to the
dynamic motion of the holes. Our result demonstrated
that, for LPCMO, CO clusters are preserved even in the
paramagnetic state at a temperature that is well above the
CO transition temperature, which is consistent with pre-
vious x-ray scattering studies of manganites [13,15]. An
important and open question is whether the hole local-
ization and the electronic inhomogeneity in the LPCMO
film is spatially correlated to the doped divalent cations
(Ca). This issue will be addressed in future studies by
controlling the termination layer of the film.

Our results demonstrate that the combination of laser
MBE growth and in situ STM with atomic resolution is a
powerful approach to study TMOs. Direct visualization of
the doped holes in real space provides insights of polaron
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FIG. 3 (color). 20 nm  10 nm dual bias STM images obtained simultaneously in the same area at paramagnetic state of a 120 nm
LPCMO film. (a) Occupied-state image (Vbias  1:5 V, It  0:020 nA) and (b) unoccupied-state image (Vbias   2:0 V, It  
0:050 nA). Both (a) and (b) reveal the same square lattice of Mn ions. In the unoccupied-state image, the brighter and darker lattice
sites correspond toMn4  (localized hole) andMn3  ions, respectively. The relative contrast betweenMn4  andMn3  ions is reversed
in the occupied-state image. (c) Marked line profiles showing the relative contrast between Mn4  (indicated by blue lines) and Mn3  

(indicated by green lines) ions. The CE-type CO cluster is indicated by the red spots in the unoccupied-state image, with a schematic
picture shown in (d).
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FIG. 4 (color). Distribution of holes forming the non-CO (left
panel) and CO (right panel) clusters (normalized by total number
of holes) obtained from Fig. 3(b), which is compared with that of
a 2DRD with the same doping level. The error bars represent the
standard deviations for the random distribution when using the
same number of holes from the experimental data. In comparison
to the random distribution, the localized holes show strong short-
range correlation and a clear preference of forming nanoscale
CE-type charge-order-like clusters.
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Figure 2.5: Dual bias images of LPCMO, showing occupied states (a) and unoccu-
pied (b). Cross sections through both images are also shown (c), together with the
CE-type charge ordered structure (d) [42]
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2.2.3 STM Studies of Bilayer Manganites

All of the STM studies discussed so far have been performed on cubic (n=∞) per-

ovskite manganites. Bilayer manganites – the 327 compound, with n = 2 – have

been very little studied with STM. This is despite the fact that layered mangan-

ite compounds have a clear advantage for surface studies, since the crystals can be

cleaved parallel to the bilayers. This allows a clean surface to be prepared in UHV by

in situ cleave of a bulk single crystal sample. To date only one such STM study has

been reported [59]. In this paper La2-2xSr1+2xMn2O7 single crystal samples with x =

0.3 were studied using variable temperature STM and STS, and also bulk electrical

transport measurements.

The compound studied undergoes a transition at 90 K from a high temperature

paramagnetic insulator phase, to a low temperature antiferromagnetic metal phase.

As mentioned in section 1.6, this antiferromagnetic phase consists of ferromagnetic

bilayers with antiferromagnetic inter-bilayer coupling. In the paramagnetic phase,

below room temperature, the electrical resistance in the c direction ρc exhibits an

insulator type temperature dependence (dρ/dT < 0) while the ab direction resis-

tance ρab is metallic (dρ/dT > 0). However, this behaviour does not continue to

zero temperature: ρc drops sharply at the insulator-metal transition rather than

diverging. This is not as expected since the pseudogap for interplane hopping will

always be present, so the c-axis transport should always be thermally activated. A

model to explain this inconsistency has been developed [59], by assuming a parallel

conduction channel. The bilayer ferromagnetic domains will be of finite size, and

may not coincide from layer to layer: therefore there will be regions where the lo-

cal interlayer coupling is ferromagnetic and interlayer hopping is enhanced. Above

TC these crossover regions contribute only weakly to ρc since the spins are largely

disordered: with decreasing temperature however a large portion of the c-axis con-

duction will be shunted via these regions along the metallic bilayers. This is shown

schematically in figure 2.6a. By adding this parallel conduction channel to the ther-

mally activated c-axis resistance, a good fit can be obtained for ρc across the whole

temperature range (figure 2.6b).

In the STM study [59], it was found that an in situ cleave in UHV gave a clean

surface, with atomically flat micrometre sized terraces. However, atomic resolution

was not achieved across most of the surface: only in small (2-3 nm) regions could the
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Figure 2.6: (a) domain model for c axis transport in La1.4Sr1.6Mn2O7 (b) ρc and ρab
as a function of temperature, with fits for ρc assuming purely activated behaviour
(red) and a parallel in plane shunt resistance (dashed red) [59]

atomic lattice be seen. In these small islands though a cubic lattice of spacing 3.86

Å could be observed, in excellent agreement with the lattice spacing from diffraction

experiments [30]. These islands were observed at various temperatures above TC,

in the paramagnetic regime. Extensive STS data were acquired, on both atomically

resolved and non atomically resolved regions, at temperatures above and below Tc.

Representative spectra at 44 K and 283 K are shown in figure 2.7a and b: the

spectra measured are highly homogeneous. The zero-bias conductance as a function
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Figure 2.7: (a) STS of La1.4Sr1.6Mn2O7 at 44 K (b) at 283 K. White band is average
data from many spectra: points are data from individual spectra. (c) Temperature
dependence of zero bias tunnelling conductance: red points are averages from many
spectra taken at fixed temperatures: blue are from single spectra taken whilst slowly
warming [59]

of temperature is plotted in figure 2.7c.

It is obvious that the tunnelling spectra are gapped below TC, in the metallic state:

in fact the gap at 44 K is double that at room temperature, in apparent contradiction

to the bulk conductivity data. Fitting a thermally activated conductance to the data

(figure 2.7c) gives a gap of 196 ± 12 meV. This gap is consistent with the purely

thermally activated part of the bulk c-axis conductivity, found to be 188 meV.

The measured gap also corresponds to that measured by c-axis optical conductivity

[26]. Both these results are evidence that the STS data are representative of the

bulk sample and not some insulating surface state. The temperature dependence

of the STS conductance is at odds with the bulk conduction result: this can be

explained however since the parallel conduction channel cannot operate in an STS

measurement, as the STS signal is dominated by the tunnel junction between the tip

and the topmost bilayer. Only a bare electron can tunnel from sample to tip, so for

polaronic transport a pseudogap will always be observed, since an energy equivalent

to the polaron binding energy must always be supplied to extract an electron. This

result indicates that in this compound the charge carriers are polarons both above

and below the metal-insulator transition.

No spectroscopic difference between atomically resolved and non atomically resolved

regions was observed in this study. In addition, the conductance distribution (inset,
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figure 2.7c) has a single peak for each temperature studied, so there is no evidence

for phase separation in this material. The general inability to resolve atomic features

across much of the La1.4Sr1.6Mn2O7 surface is explained as being due to screening:

if transport within the bilayers is metallic then charge screening will reduce the

atomic contrast to below measurable levels [59]. The atomic resolution islands would

therefore represent regions where screening is locally relieved, perhaps due to some

lattice defect. Since the charge carriers in the bilayers are polarons, these islands

may be viewed as polarons trapped by lattice defects: indeed the size of the islands

is similar to the polaron size as measured by neutron and X-ray scattering [8, 51].
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2.3 Open Problems in Research on Manganite

Surfaces

This section will summarise the existing state of research in manganite surfaces,

with a particular emphasis on STM results.

• Phase separation. In principle STM and STS studies are ideal for investigat-

ing the nature of phase separation of metallic and semiconducting phases in

manganites, since they allow the local density of states to be probed with very

high spatial resolution. However, as noted in section 2.2.1 many of the STS

studies published showing phase separation [6,15,17] suffer from major flaws,

and have been disputed [45, 65, 85]. The most serious problems are the high

surface roughness of the materials studied, and the lack of a true bimodal dis-

tribution of gap or conductance values. The demonstration of such a bimodal

distribution, collected on a well-defined surface showing either atomic resolu-

tion or clear atomic terraces, would constitute reasonable evidence for phase

separation. To date the work by Rößler et al. [57] on Pr1-xPbxMnO3 comes

closest to satisfying these criteria. This may be regarded as a special case,

since phase separation in this compound was observed in the paramagnetic

metal phase between TMI and TC. Phase separation of charge-ordered and

disordered regions has also been observed in Bi1-xCaxMnO3 [54], but tracking

the development of phase separation through the metal-insulator transition by

STM and STS remains an outstanding challenge.

• Charge ordering. For La1−xCaxMnO3 with x ≥ 0.5 an incommensurate charge

ordering has been found [40], by electron diffraction. This suggests that charge

ordering may be regarded as charge density wave, with a much smaller differ-

ence in charge between Mn ion sites than in the traditional CE-type model,

involving spatial segregation of Mn3+ and Mn4+ charges [21,52]. However, for

Bi1-xCaxMnO3 with x = 0.76 [54], STM imaging showed a charge ordered state

similar to the CE-type model. Further high-resolution STM imaging on other

manganite compounds may reveal whether charge ordered states are commen-

surate or incommensurate with the atomic lattice. Possibly, some compounds

exhibit CE-type order, and some a charge density wave type order.
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• Surface electronic properties compared to bulk properties. In some cases the

surface of manganites may show different properties to the bulk: Freeland et

al. [20] demonstrated using X-ray and point contact data that the topmost

layer of a ferromagnetic, metallic bilayered manganite may behave like a non-

magnetic insulating layer. However these data were not obtained under UHV

conditions, and samples were cleaving in air, raising the possibility of surface

contamination. The result is contradicted by spin-polarized scanning electron

microscopy results which show that the top layer is ferromagnetic [31], and by

the close agreement of STS, bulk transport and optical data [59], indicating

that the surface layer has similar electronic properties to the bulk. Clean-

surface, UHV STM data on further manganite compounds, combined with

bulk probes, will demonstrate whether this is a typical result.

• Surface defects. Surface defects, for example oxygen vacancies, have a pro-

found effect on the electronic structure of oxide surfaces and have extensively

studied in other systems (for example, TiO2: for a comprehensive review

see [16]). In particular, defects may play a crucial role in pinning charge

carriers such as polarons [59]. To the best of the author’s knowledge vacancies

have not been studied on manganite surfaces using STM.

• Surface preparation. The reliable preparation of clean, atomically flat surfaces

in UHV is one of the major challenges for STM on manganites, and also for

the fabrication of devices based on manganites. Layered manganites ought

to provide a method for clean surface preparation, by cleaving single-crystal

samples in situ. However, few reports have been published on STM on such

materials [59,73]. This may be contrasted with the situation with the layered

cuprate superconductors, where a large body of atomic resolution STM data

exists. (For a review on STM on high-Tc superconductors see [19]). The

reason for this apparent difficultly in cleaving layered manganites, compared

to cuprates, is not apparent.

• Technological applications for manganites. Giant Magnetoresistance (GMR)

and Tunnelling Magnetoresistance (TMR) sensors in hard disk read-write

heads have been phenomenally successful (for a recent review on GMR see

[77]). Colossal magnetoresistance manganite materials are unlikely to replace

GMR devices in read-write heads in the foreseeable future, due to the high
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magnetic fields they require to operate. However they may find applications

in magnetic sensors and large area input devices, where the use of a homo-

geneous magnetoresistive material would be advantageous. Manganite-based

electroresisistive devices are currently being developed (see section 1.8) and

may be used as Resistive RAM elements [60], or memristors [70].
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3.1 STM Systems

Three scanning tunnelling microscopes were used for experiments on bilayer man-

ganites: all three are operated in an Ultra High Vacuum (UHV) of 10-10 mbar or

better: they can also all be operated at low temperature. The Oxford Instruments

UHV STM was initially a commercial instrument, but has been extensively mod-

ified. The LT-STM and the Cryogenic STM are commercial instruments built by

Omicron Nanotechnology1 and have been used without substantial modification.

The Cryogenic STM did however require lengthy commissioning and testing, which

is described here.

3.1.1 The Oxford Instruments UHV STM

The Oxford Instruments UHV STM was originally designed by Oxford Instruments2,

according to specifications provided by Prof. G. Aeppli3, and was first assembled

in 1998 at NEC labs in Princeton. The system has been substantially rebuilt by

Prof. C. Renner4: this STM has already been used for several studies of manganites

[54, 55, 59]. The STM stage consists of a piezo tube scanner and a single-axis piezo

slip-stick drive for coarse tip approach. The vacuum system consists of two main

chambers, one housing the STM: the other is a preparation chamber housing a

sample heater, allowing samples to be vacuum annealed, and an Argon ion sputter

gun for cleaning sample surfaces. A third chamber opening from the preparation

chamber is a fast-entry load-lock. Both tips and samples can be exchanged in

vacuum using a wobblestick: all three chambers (STM, preparation and load-lock)

have sample carousels allowing several samples and tips to be loaded and stocked in

UHV. The base pressure in the STM chamber is around 10-10 mbar: to achieve this

pressure the system is baked to 110◦ C for around 72 hours. The STM can be cooled

using a flow cryostat, which can be operated using liquid helium or liquid nitrogen.

Base temperature at the sample is around 5 K when using liquid helium. A heater is

mounted close to the helium bath, to allow the STM temperature to be controlled:

temperature control is provided by an Oxford Instruments ITC unit, and stable

1Omicron NanoTechnology GmbH, Limburger Strasse 75, D - 65232 Taunusstein, Germany
2Oxford Instruments plc, Tubney Woods, Abingdon, Oxfordshire OX13 5QX
3London Centre for Nanotechnology, London WC1H 0AH
4Department of Condensed Matter Physics, University of Geneva
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temperatures can be achieved anywhere between 5 K and 400 K by careful choice of

the cryogen flow rate and the control PID settings. A 100 L helium dewar will last

for around 3 days with the STM at 5 K, or around two weeks with the STM at 50

K. The STM sample stage and scanner are fully shielded by two concentric thermal

shields: the stage, scanner and inner shield are all held at the same temperature,

providing good temperature stability.

Upon initial installation in the Physics Department at UCL some problems were

identified with the UHV STM. The main problem was with excess low-frequency

vibrational noise being transmitted to the STM: this noise could be observed in

STM topographic scans and STS spectra. The primary frequency observed was

around 2 Hz. Two reason were identified for this problem: firstly the vibration

environment of the Physics building, and secondly resonances within the vibration

isolation system used on the STM. A vibration survey showed that the Physics

building generates substantial vibration noise in the 2 Hz range: this is common

in older buildings and is supposed to be due to the movement of large numbers of

people around the building, particularly up and down stairs. The vibration isolation

system initially installed on the Oxford UHV STM consisted of in-vacuum spring

suspension with eddy current damping for the STM stage, plus the entire vacuum

system was mounted on an air table, similar to an optical bench. Unfortunately

the resonant frequencies of the air legs and the in-vacuum spring suspension were

similar, and both close to 2 Hz. This caused the low frequency vibrational noise

at the floor to be amplified by the vibration isolation system. Running the STM

with either the spring suspension clamped or the air legs deflated was not desirable

since this resulted in an increase in high frequency noise: therefore it was decided

to replace the air table with a new active damping table.

Active damping is able to offer superior vibration isolation at low frequencies (1-

10 Hz) compared to passive damping (air legs or springs). An active damping

unit consists of springs which support the weight of the system, a piezoelectric

accelerometer and electromagnetic actuators. A control unit monitors the vibration

of the unit via the accelerometer: a feedback circuit supplies a signal to the actuators

in antiphase with the vibration, to cancel it out. Active damping units and a custom

welded frame for the Oxford UHV-STM were sourced from Halcyonics5: design work

5Halcyonics GmbH, Tuchmacherweg 12, D-37079 Goettingen, Germany: supplied by Stratton
Technologies, 45 London Road, Biggleswade, SG18 8ZN, UK
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on the active damping system was done by Dr. Charles Bird. The installation of

the active damping system coincided with the move into new laboratories in the

London Centre for Nanotechnology: these labs have been purpose built to provide a

low-vibration environment. The active damping table was installed in the new lab:

the STM was dismounted from the old air table, transported to the new lab and

reassembled on the new damping table. Vibration measurements were made in the

new lab using an accelerometer: figure 3.1 shows the results of this measurement.

Vibration along the vertical axis is shown, in velocity units (µm/s), measured on the

floor and on top of the table, with the active damping on and off. The noise spectrum

on the floor shows a broad peak around 6 Hz, rather than 2 Hz in the case of the old

Physics lab: this may be attributed to the improved vibration environment of the

new Nanotechnology building. The table with the active damping off can be seen to

amplify this vibration: in this case it is behaving like a simple damped resonator,

as it is a sprung table: presumably the resonant frequency of the table is close to

6 Hz. Turning on the active damping produces a dramatic decrease in transmitted

vibration in the range 2-100 Hz. The maximum reduction is seen at 7.5 Hz, where

the velocity drops by a factor of 200 upon activating the damping. Above 100 Hz

the damping is not effective: however in this range the spring suspension of the

STM should be able to efficiently damp vibrations. Thus the two vibration isolation

systems complement each other, being effective in different frequency ranges and

having no resonances between them.

The control electronics of the Oxford STM have also been upgraded. Initially the

system used the Oxford Instruments TOPSystem controller, with a proprietary

variable-gain preamplifier. The control unit was not found to be reliable, partic-

ularly when collecting STS maps: often the controller would crash during a scan.

In addition the preamplifier introduced excess electrical noise: the design consisted

of two amplifier stages, one close to the STM with a fixed gain of 107 Ohms and

another separated by 1 m of cable providing additional variable gain from zero to

103, plus filtering. This has the advantage of variable gain, but noise picked up be-

tween the two stages can be amplified at the second stage. It was therefore decided

to completely replace the control unit and the preamplifier. Largely for reasons of

compatibility with the other STM systems being purchased, an Omicron Nanotech-

nology MATRIX control unit was sourced to control the Oxford STM. A commercial

fixed-gain preamplifier was also purchased from Femto: this provides 2x109 Ohm
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Figure 3.1: Vibration about the vertical axis in the Nanotechnology Lab, plotted in
velocity units. Vibration levels were measured on the floor, on top of the vibration
isolation table with the active damping off, and on top of the table with the active
damping on.

gain. Integrating the Oxford STM with the MATRIX was largely a matter of en-

suring that the voltage range and polarity of the signals supplied by the MATRIX

to the piezos was suitable: this could be achieved by adjusting the hardware and

software settings of the MATRIX to match the old TOPSystem (see appendix A.3).

This was possible since the STMs produced by Omicron have a similar architecture

to the Oxford STM, with a piezo tube scanner and piezo slip-stick drives for coarse

positioning of the tip. The only major problem encountered was that the MATRIX

supplies separate X,Y and Z voltages to the tube scanner, whereas the Oxford STM

requires Y+Z and X+Z signals. This is because the Omicron STMs have a separate

Z electrode, along the centre of the scan tube: in the Oxford STM this electrode is

grounded. For testing purposes therefore an adapter circuit board was assembled:

this uses operational amplifiers to add the Z signal to the X and Y signals inside

the MATRIX. The function of this board is illustrated schematically in figure 3.2.

The circuit board sums the Z signal from the feedback controller and the X and Y

signals from the raster scan generator, before the signals are amplified: the amplifier

inverts the -X and -Y signals, so the required signals from the adapter circuit are
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(X/Y + Z) and (X/Y - Z).

 
Regulator Board 

Raster Scan 

Generator 

 

 

Adapter 

Circuit 

Z 

X 

Y 

MATRIX 

 

 

High Voltage 

Amplifier 

(X + Z) 

(Y + Z) 

(X - Z) 

(Y - Z) 

(X + Z) 

(Y + Z) 

(-X + Z) 

(-Y + Z) 

UHV 

Section 

through piezo 

scan tube 

-X 

+X 

+Y 

-Y 

Figure 3.2: Schematic showing function of adapter circuit for Oxford STM MATRIX
control unit. The arrangement of electrodes at the piezo scan tube is shown: on
Omicron STMs the Z signal is carried by the central electrode, which is earthed
here. Note that the high voltage amplifier inverts the (X-Z) and (Y-Z) signals

Once it was established that the MATRIX could be used with the Oxford STM, a

modified high voltage amplifier was supplied by Omicron which adds the Z signal

into the X and Y signals in the same way as the adapter board, so the board is no

longer required (for settings see appendix A.3). The MATRIX unit has subsequently

proved to be reliable: it also offers additional scan modes such as dual mode, where

different bias voltages are applied when scanning forward and backward, allowing

scans at two different biases to be interlaced.

In summary, the Oxford STM has been substantially upgraded, to reduce both

vibrational and electrical noise, and provide improved reliability. The MATRIX

control unit provides compatibility with the LT-STM and Cryogenic STM control

systems, and allows for scan modes such as dual mode.
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3.1.2 The Omicron Nanotechnology LT-STM

The Omicron Low Temperature STM (LT-STM) is a commercial UHV STM which

can be operated at cryogenic temperatures. The design shares many features with

the Oxford STM: there are separate STM, preparation and load-lock vacuum cham-

bers, the STM stage is vibrationally isolated using springs and eddy current damp-

ing, and the STM head is surrounded by concentric thermal shields so that the scan

tube, sample and innermost shield are held at the same temperature. The STM

scanner is a piezo tube design, and there are piezo slip-stick drives to prove coarse

positioning of the tip. Vacuum performance is better than the Oxford STM, with

the base pressure better than 5x10-11 mbar in the STM chamber. The vacuum sys-

tem is baked to 150◦C to achieve this pressure. The STM is cooled using a storage

cryostat rather than a flow cryostat: this can be operated using liquid nitrogen or

liquid helium. The cryostat consists of an inner tank which can be filled with ni-

trogen or helium, which cools the STM and innermost shield, and an outer jacket

which is filled with nitrogen: this cools the outer thermal shield and reduces thermal

load on the inner tank. The advantage of a storage cryostat is that it is simpler to

operate and easier to achieve a stable temperature, since active temperature control

is not necessarily needed: also no pumps are required, which may introduce vibra-

tional noise. The disadvantage is that the full temperature range is not accessible.

A heater is mounted on the STM stage for temperature control, but for example,

counter heating when cooling with liquid helium to achieve an STM temperature of

50 K will result in excessive helium consumption. Attainable temperature ranges

are 4.5 K to 50 K and 77 K to 200 K using liquid helium and nitrogen respectively:

the STM can also be operated at room temperature, but cannot be operated higher

than 300 K. When running at helium temperature the helium must be refilled every

24 hours, or more often if the sample is exchanged: nitrogen must be refilled every

18hrs. When running at nitrogen temperature the inner tank can hold for 3-4 days,

but the outer jacket will still boil off in 18 hrs.

The Omicron STM has some features which are particularly useful for the study

of layered manganites. Firstly, full X-Y-Z positioning of the tip is possible thanks

to orthogonal piezo slip-stick drives. An in-vacuum cleave of a layered manganite

may not yield a homogeneous surface: some areas of the surface may be rough and

unsuitable for STM. With the Oxford STM only approximate positioning in the X
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direction can be done, by shifting the sample on the STM stage using the wobble-

stick: often a well-cleaved part of the sample surface would remain inaccessible. The

X-Y tip positioning of the LT-STM means that if any part of the sample presents a

good surface, it can be accessed: this allows experiments can be done more reliably.

The second feature is a cold cleaving stage. In the Oxford STM, although samples

can be studied at low temperature, layered samples are always cleaved at room tem-

perature: in some cases a sample surface exposed in vacuum at room temperature

may not be stable, as it may undergo some sort of surface reconstruction. The

LT-STM features a cleaving stage which can be cooled with liquid helium using a

flow cryostat: samples can be cleaved at less than 20 K and rapidly transferred to

the STM stage using the wobblestick. It is possible to transfer the sample without

its temperature rising above 77 K, by clamping the wobblestick to the sample plate

whilst it is cooled: the STM temperature is observed to drop from 77 K when the

sample is loaded in this way, showing that the sample is cooler than the STM stage.

Sample preparation such as annealing can be carried out on the manipulator on

the LT-STM system, either in the STM chamber or the Prep chamber. Silicon

samples can be prepared by direct current heating: Si(111) or Si(100) provides a

useful test sample for calibration and tip preparation. The manipulator can also be

cooled using a liquid helium flow cryostat to around 20 K. A Low Energy Electron

Diffraction (LEED) screen is fitted to the preparation chamber, allowing surface

diffraction studies to be undertaken. As the manipulator can be cooled and heated,

LEED can be done at a range of temperatures.
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3.1.3 The Omicron Nanotechnology Cryogenic STM

The third STM in the London Centre for Nanotechnology laboratories is the Omi-

cron Nanotechnology Cryogenic STM. This is a specially commissioned instrument,

unlike the LT-STM which is essentially “off the shelf”. The Cryogenic STM features

a three-axis superconducting magnet: this can apply a field of 6 T perpendicular to

the sample surface (Z direction), or 1 T in either direction parallel to the surface

(X & Y directions). The maximum combined field which can be applied is 2 T in

the Z direction plus 1 T in each of the X and Y directions. A field of up to 1 T can

therefore be applied in any direction. The STM stage can be cooled to 2 K, and

is held in UHV at better than 5x10-11 mbar. In addition to the low-temperature

performance, the temperature of the STM can be varied continuously between 2 K

and 350 K: the magnetic field can still be applied with the STM head at any tem-

perature in this range. Thus the Cryogenic STM provides full access to the phase

space of temperature and magnetic field.

To achieve this temperature and magnetic field performance a complex cryogenic

system is required: an Oxford Instruments cryostat is used. The STM was integrated

with the cryostat by Matthias Fenner at Omicron Nanotechnology in Taunnstein:

the whole system was then shipped to the London Centre for Nanotechnology and

reassembled. A schematic of the cryogenic system is shown in figure 3.3. The

cryostat comprises a tank holding 135 litres of liquid helium, in which the magnets

are immersed. There are three magnet coils, one 6 T solenoid to provide the vertical

(Z axis) field and two 1 T split coils to provide the horizontal (X & Y) field. The

helium tank is surrounded by a liquid nitrogen jacket, to reduce the thermal load on

the helium, and a vacuum space (Outer Vacuum Can) for insulation. A UHV tube is

inserted through the bore of the cryostat: the STM is suspended inside this tube. A

UHV chamber (STM chamber) is located underneath the cryostat: to exchange tips

and samples, the STM is lowered out of the cryostat using a large Z-manipulator

(fig. 3.3, no. 11), into the STM chamber where there is a wobblestick. To reach

low temperature the STM is raised back into the cryostat: there are spring-loaded

thermal doors (12) which close behind the STM once it is raised, ensuring there is

no line of sight from the warm STM chamber into the cryostat. The STM is cooled

by a helium pot (4), which is fed with a capillary (3) from the main helium tank:

the flow of helium is controlled by a needle valve (1) controlled by a stepper motor
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Figure 3.3: Schematic of the Cryogenic system of the Omicron Cryogenic STM. The
areas coloured blue comprise the helium space, nitrogen space is green
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(9). To allow for the movement of the STM the capillary is coiled inside the UHV

tube. The STM helium pot is pumped via a KF flange on top of the Z-manipulator

(8). The Oxford Instruments cryostat allows for room-temperature bore operation:

the UHV tube is in fact a triple walled tube, which encloses two annular pumped

helium spaces within the walls of the tube. A second needle valve (2) admits helium

from the main tank into both annular spaces, which are joined at the bottom: the

helium spaces are pumped via two separate KF flanges at the top of the cryostat (5).

The helium flow through the annular spaces is controlled manually via the needle

valve and by regulating the pumping pressure. The UHV tube can thus be cooled

to liquid helium temperature, separately of the STM head. This allows the STM

to be cooled to 2 K, as it is very well thermally shielded. It also allows the STM

to be run at higher temperatures under a magnetic field, without causing excessive

boil-off of liquid helium from the magnet tank, as the UHV tube shields the magnet

tank from the warm STM.

The cryogenic STM head itself is of a highly compact cylindrical design to fit inside

the UHV tube. The STM is suspended from the helium pot on springs to provide

vibration isolation: no eddy current damping system is fitted however, due to the

requirement that the head be non-magnetic. A heater is mounted on the STM

head to allow the temperature to be controlled. The STM scanner is a piezo tube

design, similar to the other two STMs: coarse motion is provided by two orthogonal

piezo slip-stick drives. These move the sample stage in the Z and X directions only:

full three-dimensional positioning as with the LT-STM is not possible. With the

STM lowered into the STM chamber, two clamps mounted on the chamber are used

to hold the STM head fast so that tips and samples can be exchanged, using the

wobblestick.

The cryogenic STM chamber is attached to a preparation chamber and load-lock in

a similar way to the LT-STM and Oxford STM. A manipulator with sample heating

capability is mounted on the preparation chamber to allow samples to be annealed

in vacuum. No cold cleaving stage or cooled manipulator is fitted however. To

achieve UHV conditions the whole UHV system must be baked to at least 110◦ C:

this presents unique challenges due to the cryogenic system. The UHV tube run-

ning through the cryostat must be baked, in addition to the STM and preparation

chambers, and the Z-manipulator on top of the cryostat. Baking the UHV tube is

achieved by blowing hot compressed air through the annular spaces. This is the
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reason for a triple walled UHV tube with two annular spaces: during bakeout the

needle valve (figure 3.3, no. 2) is closed and hot air at 195◦ C is pumped into one

of the pumping ports (5) and allowed to escape through the other. The rest of the

system is baked using electric heaters and removable insulation panels, plus integral

heaters mounted on the thermal shield at the base of the cryostat. The vacuum

chambers are baked to 145◦ and the cryostat thermal shield to 110◦. The STM

stage is heated by the UHV tube, and typically reaches 130-135◦: the STM heater

(normally used to control the STM temperature during cryogenic operation) can be

used additionally to boost the STM temperature to 145◦. Although the cryostat is

heated by its integral heaters and the UHV tube during bakeout, the superconduct-

ing magnets cannot be allowed to warm up much above room temperature, as this

could damage their electrical insulation. Therefore during bakeout the magnet tank

is filled with liquid nitrogen to keep the magnets cool: due to the hot environment

of the cryostat about 50 L of nitrogen boils off per day, so it must be kept topped

up during the bake.
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The Cryogenic STM has largely been used as supplied, with minimal modifications

so far. One alteration that has been made is to increase the capacity of the load-

lock. Originally there were no positions in the load-lock where samples or tips

could be stocked, meaning that only one tip or one sample could be loaded at a

time, leading to a very slow turnaround time for experiments. Therefore a simple

insert was constructed for the load-lock to allow two tips and one sample to be

stocked. This is illustrated in figure 3.4. The insert comprises a stainless steel arm

which can be inserted into the load-lock via a 51 mm travel UHV manipulator.

A tip stage machined from oxygen-free Copper and a sample stage are fixed to

the end of the arm. The load-lock wobblestick is used to load samples and tips

onto the positions provided: the insert can be moved out of the loadlock using

the manipulator, allowing samples and tips to be transferred to the preparation

chamber.

Figure 3.4: Load-lock insert fabricated for the Cryogenic STM
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3.1.4 Cryogenic STM Testing

A thorough series of test experiments were carried out on the Cryogenic STM, to

ensure that it was operating correctly. The objectives were to test that atomic

resolution could be achieved, that spectroscopy could be performed at high spatial

and energy resolution, and that the cryogenic system and superconducting magnets

were performing properly. It was decided to use 2H-NbSe2, a layered superconductor,

as a test sample. This compound is a type-II superconductor with Tc = 7.2 K: it also

shows a surface charge density wave (CDW) state below 33 K [24]. This CDW has

a periodicity ≈ 3a where a is the hexagonal lattice spacing of 3.45 Å. The NbSe2

samples were grown by Helmut Berger1. NbSe2 samples can be cleaved in UHV,

giving atomically flat terraces > 1 µm2. Atomic resolution can readily be achieved

at a wide range of temperatures from 1.3 K to 300 K [53].

A NbSe2 crystal was mounted onto a sample plate using conducting epoxy2: a

cleaving post, consisting of a cylinder of magnetic stainless steel (10 mm long x 2

mm diameter), was mounted onto the top of the sample. The sample was loaded into

the STM chamber of the Cryogenic STM: the wobblestick was then used to knock

the cleaving post off, cleaving the sample and exposing a fresh uncontaminated

surface. The sample was then loaded to the STM stage, which was then raised into

the cryostat to enable low-temperature operation. A W tunnelling tip was used:

this was prepared by AC electrochemical etching in KOH (see section 4.2.1).

Figure 3.5a shows a 7 x 7 nm constant current STM topographic image of NbSe2,

taken at a bias voltage of 50 mV and a tunnel current of 50 pA, at a temperature

of 2.33 K. Low-frequency noise is visible in the image as near-horizontal stripes.

Figure 3.5b shows the same image, after selective Fourier filtering has been used

to remove the noise signal. Atomic resolution can be observed, together with the

≈ 3a charge density wave. A lattice defect can also be seen in the image. As can

be seen from image 3.5a, the low frequency noise signal is substantial. The noise

signal is contained in the difference between the raw image and the Fourier filtered

image: by analysing this image, the noise can be measured. The primary frequency

is found to be 5.5 ± 0.3 Hz, and the amplitude is 17 pm peak-peak (6 pm RMS).

This is comparable to the measured atomic corrugation of 10 pm peak-peak, so

1EPFL, Lausanne, Switzerland
2Epo-Tek 4110 conducting silver epoxy
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the noise can “swamp” the atomic signal. The most likely source of this noise is

coupling-in of external vibrational noise, similar to that experienced on the Oxford

STM. As we have seen in section 3.1.1 the floor in the Nanotechnology labs is found

to supply vibrational noise in a wide band around 6 Hz. This frequency may not

be effectively damped by the Cryogenic STM’s air legs, nor by the integral spring

suspension, which as noted (section 3.1.3) does not include eddy current damping.

Fortunately the 5.5 Hz noise is found to be intermittent, indicating that it is driven

by some variable source of noise e.g. heavy traffic outside the laboratory. Also some

tunnelling tips seem particularly sensitive to the low-frequency noise, perhaps due

to lower rigidity. Finally, to some extent the effect of the 5.5 Hz noise on collected

data can be avoided by careful choice of imaging scan rate, or voltage ramp speed

for tunnelling spectroscopy. This approach has been adopted for data collected on

manganite samples.

Having verified that it is possible to achieve atomic resolution at low temperature,

despite low-frequency noise pickup, the next step was to test the operation of the

STM under magnetic field. Image 3.5c shows an unfiltered 12.4 x 12.4 nm STM

topographic image taken at 2.48 K and a magnetic field of 6 T in the z-axis: the

bias voltage is 20 mV and the tunnel current 100 pA. Atomic resolution here is very

clear, and there is no sign of low-frequency noise, so clearly the operation of the

STM is not impaired by operation in magnetic field. Three defects can be seen in

the image, but the CDW is not clearly visible: there may be a multiple tip effect, as

the defects show a similar, extended shape. After acquiring this image, the tip was

retracted, the magnetic field ramped down to zero, and tunnelling was re-established

at the same sample location. Image 3.5d shows the same area as 3.5c, at zero field.

Three effects are apparent: firstly very little drift has occurred in ramping the field

from 6T to zero, as the same defects are visible: cross-correlation analysis indicates

that the tip has moved by less than 0.5 nm relative to the sample. This indicates that

the the non-magnetic construction of the cryogenic STM head has been successful.

Secondly the zero-field image is much noisier: this includes low-frequency noise at

around 6.5 Hz. This implies that the application of magnetic field actually stabilises

the STM stage: this may be due to eddy currents being induced in the STM head.

The effect of the applied magnetic field on the tunnel current noise is examined in

more detail in appendix A.1.

As a final test, vortex imaging on NbSe2 was attempted using the Cryogenic STM.
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NbSe2 is a type-II superconductor, and as such has two critical magnetic field

strengths below Tc, Hc1 and Hc2. For H < Hc1 the material is superconducting:

for H > Hc2 is is in the normal, non-superconducting state. For Hc1 < H < Hc2

the type-II superconductor is in a mixed state: in this state the magnetic field can

penetrate the sample, forming an array of flux lines called a vortex lattice. This

is commonly a hexagonal lattice as this allows for the densest packing of vortices.

Each vortex carries one quantum of magnetic flux, φ0 = h/2e = 2.068-15 Wb: this

allows the vortex spacing to be easily calculated. If the vortices form a hexagonal

lattice with spacing aV, each vortex lattice unit cell has an area of
√

3/2 aV. The

vortex lattice is thus given as a function of magnetic field density H by:

aV =

(
2√
3

φ0

H

)1/2

= 48.86H−1/2 (3.1)

For aV in nm and H in Tesla. In the centre of each vortex (the vortex core) the

material is in the normal state: between vortices the material is superconducting.

The vortex lattice can be imaged using STM by using spatially resolved STS (STS

mapping): the local electron density of states, and hence the zero bias conductivity,

will be higher in the vortex core than between the vortices, as the superconducting

gap is suppressed in the vortex cores.

STS maps were collected on a NbSe2 sample at a temperature of 2.4 K, with magnetic

fields of 0.5 T and 1 T applied in the z-direction (perpendicular to the sample

surface). At this temperature, the upper critical field Hc2 is around 3 T [24]. Maps

consisting of arrays of 128 x 128 I(V) spectra were collected: the I(V) spectra were

subsequently individually numerically differentiated to produce dI/dV maps. Lock-

in modulation techniques, to produce dI/dV data directly, were also tried but it

was found that due to the limited bandwidth of the Cryogenic STM preamplifier

(≈ 800 Hz), it took too long to produce dI/dV spectra with a reasonable signal to

noise level. Also, rapid measurement of I(V) curves (≈ 0.1 s per curve) allowed low

frequency noise to be avoided, whereas the relatively slow voltage sweep required for

modulation techniques (several seconds per curve) introduced low frequency noise to

the spectra. Figure 3.5e shows a 183 x 100 nm zero-bias dI/dV map at 1 T, showing

the hexagonal flux lattice. The dI/dV map is obtained by numerical differentiation

of an I(V) map: each spectrum has been smoothed by averaging it with its eight
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neighbouring spectra: this reduces noise but also reduces spatial resolution. The

spectra are also smoothed during differentiation by convolution with a Gaussian

with FWHM of 0.9 mV. The resulting image is still noisy but a hexagonal lattice

can clearly be seen: brighter areas correspond to higher zero-bias density of states.

Figure 3.5g shows a cross section through 3.5e, with a sine wave fit. The measured

lattice spacing is 48.4 ± 1.5 nm. This is in good agreement with the calculated value

from equation 3.1 of 48.86 nm. A similar measurement at 0.5 T yielded a lattice

spacing of 69.0 ± 0.6 nm, in good agreement with the calculated value of 69.10 nm.

Figure 3.5f shows two example spectra from the dI/dV map shown in Figure 3.5e,

one in the centre of a vortex core and one between vortices. The voltage resolution

is insufficient to resolve the superconducting gap clearly: the superconducting gap

energy has previously been measured via STS as 1.11 ± 0.03 meV [24], whereas our

achieved resolution is worse than 1 meV. Nonetheless, a decrease in dI/dV is clearly

seen around zero bias. Due to the poor energy resolution a clear difference between

the vortex core and normal superconducting spectra is not seen: however the gap is

suppressed at the vortex core. Finer spectroscopic features of the superconducting

and vortex spectra such as the peaks either side of the superconducting gap, and

the zero bias peak in dI/dV seen at the vortex core [24] are not observed.

We can conclude that it is possible to achieve atomic resolution with the Cryogenic

STM at a range of temperatures and magnetic fields. For non-magnetic samples, the

field can be ramped and the same scan area retained. The vortex lattice experiment

demonstrates that samples can be studied in a superconducting state: it also shows

that the magnetic field density at the sample is correct. Many problems remain,

notably the low frequency vibration and the poor spectroscopic energy resolution.

Attempts to improve the vibration damping performance of the Cryogenic STM are

discussed in appendix A.1. The energy resolution may be improved by using a Au

or Pt/Ir tip instead of W. Tungsten tips may have a surface oxide layer, which can

affect the properties of the tunnel junction at low bias. Au tips have been found to

give the best resolution for STS measurements on superconductors [53].
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4.1 Introduction

STM experiments on bilayer manganites were carried out at the London Centre for

Nanotechnology. Single crystals of PrSr2Mn2O7 with x = 0.5 were studied: the

Omicron LT-STM, Omicron Cryogenic STM and the Oxford STM were used for

experiments on PrSr2Mn2O7. Thin films and single crystals of La2−2xSr1+2xMn2O7

were also studied, in the doping range 0.3 ≤ x ≤ 0.5. The Omicron Cryogenic STM

and the Oxford STM were used for experiments on La2−2xSr1+2xMn2O7. Sample

characterisation experiments were performed both by the sample growers, Y. Tokura,

T. Kimura and Y. Takamura, and at the London Centre for Nanotechnology: details

of these experiments are given in the sections for the specific samples.

4.2 Experimental Methods

Some experimental methods are common to all the STM experiments performed,

and are described in this section. These include the preparation of tunnelling tips,

the calibration of the piezo scanners and the preparation of single crystal samples.
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4.2.1 Preparing Tunnelling Tips

For STM experiments on manganites tunnelling tips made from tungsten (W) were

used. These were electrochemically etched in potassium hydroxide (KOH) to make

them sharp enough for STM experiments. Tungsten wire obtained from Goodfellow

at 99.9 % purity was used. Initially an AC voltage etch method was used. This

method uses a platinum ring electrode around 4 cm in diameter immersed in KOH

solution, prepared at a concentration of 1 mol/l. A length of W wire is cut and

lowered into the solution via a screw drive: the end of the wire is dipped about 1

mm into the KOH. The wire and the electrode are then connected to a 23 V, 50

Hz power supply: the current flowing through the wire is monitored using an RMS

ammeter. The current decreases as the end of the tungsten wire is etched away,

forming a sharp tip. Once the current reaches 0.18 mA the power is cut: the tip is

rapidly removed from the KOH and rinsed in distilled water to prevent the tungsten

being further etched. The tip is then cleaned by immersion in Isopropanol in an

ultrasound bath, taking care not to blunt the tip. This is to remove any organic

deposits which may occur during the etching process. The tip is inspected under an

optical microscope for any defects and then mounted onto the tip carrier and loaded

into the STM vacuum chamber.

Later a more reliable DC etch method was developed, largely by Dr Katsuya Iwaya at

the London Centre for Nanotechnology. This uses a smaller 1 cm diameter platinum

ring electrode held close to the surface of the KOH solution: the KOH is prepared at

3 mol/l. A piece of tungsten wire is lowered 1 mm into the KOH solution, into the

centre of the ring electrode: the wire and the electrode are both held by micrometer

heads giving accurate height control. A DC voltage of 4.5 V is applied between the

wire and the electrode, with positive voltage applied to the wire. A LabView-based

computer interface controls the voltage and monitors the current. The LabView

interface is programmed to cut the voltage when the current drops suddenly, below

a threshold of 6mA. This indicates that the end of the W wire has dropped off into

the solution, leaving a sharp tip. By using computer control to cut the power as

quickly as possible over-etching of the tip can be avoided and the most reproducible

results obtained. Once the tip has been etched it is rapidly removed from the KOH,

and rinsed and cleaned as for AC etched tips. The tip can then be mounted and

loaded into the STM chamber.
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4.2.2 Calibration of the STM Piezo Scanners

The STM piezo tube scanners require calibration to determine the piezo coefficients,

the ratios between voltage applied to the piezo scanner and distance moved by the

tip. The scanners are typically supplied with an approximate calibration, but for

studies of new materials precise calibration in the X, Y and Z directions is important

for measuring lattice parameters. The X and Y directions are defined as being in

the plane of the sample surface, and the Z direction as perpendicular to the surface.

The piezo scanner can be calibrated in the X and Y directions by making atomically

resolved topographic scans of a test sample which has a known lattice constant.

The apparent lattice parameters can be measured from the scans: the ratios of

the real to apparent lattice constants can be calculated. These ratios can be used

as correction factors for further measurements. Fourier analysis can be used to

measure the apparent lattice spacing accurately. In the Oxford STM Highly Oriented

Pyrolytic Graphite (HOPG) samples were used as test samples. A clean HOPG

surface can be readily prepared by cleaving the sample with adhesive tape in air. In

the Cryogenic STM the NbSe2 samples used for commissioning tests were used as

calibration samples.

Calibrating the piezo scanners of the Oxford and Cryogenic STMs in the Z direction

proved more problematic. The standard method for calibrating piezo scanners in

the Z direction is to measure the apparent terrace step height of a material with

well defined atomic terraces, with steps of known height. The apparent step height

can be measured accurately by plotting a histogram of the Z height of an image,

and measuring the spacing between peaks. HOPG is not ideal for Z calibration

as it does not always present well defined terrace edges. Terrace edges were not

observed on NbSe2 despite scan areas several hundred nm across. Ultimately scans

of PrSr2Mn2O7 yielded reliable step heights and hence Z-calibration information:

the step height of PrSr2Mn2O7 has been well determined from scans taken using the

LT-STM, which is accurately calibrated in Z (see below). However only a limited

number of images of PrSr2Mn2O7 showing step edges were collected using the Oxford

and Cryogenic STM, so the Z calibration is less accurate than for the LT-STM.

In the LT-STM, silicon surfaces can be prepared by annealing in UHV: the Si(100)

(2x1) surface was therefore used to calibrate the LT-STM piezo scanner. This surface
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is ideal for STM calibration, as in addition to the clear resolution of dimer rows which

can be achieved on Si terraces, allowing accurate X-Y calibration, clear terrace edges

can also be seen which can be used to calibrate the scanner in the Z-direction. Due

to the diamond structure of Si, the direction of the dimer rows changes direction

from one terrace to the next: this makes it possible to identify multiple steps. The

Z calibration for the LT-STM is therefore more accurate than that of the Cryogenic

STM or Oxford STM. Si(111) is also used to calibrate the scanner in the X and Y

directions, and to check the tip condition.

Piezo coefficients change with temperature: this must be taken into account when

using a low temperature STM in which the piezo scanner is also cooled. The re-

sponse of the piezo scanner to a fixed voltage may change by as much as a factor of

four between room temperature and 4 K. Ideally calibration scans should be taken

at every temperature studied, but this is not always possible. An approximate cor-

rection for the effect of changing temperature on the piezo constants is given by a

cubic dependence on temperature. The following relation has been sourced from the

Omicron LT-STM manual [49].

P (T )

P (293K)
= 0.18 + 2.21× 10−3 T − 1.63× 10−6 T 2 + 1.26× 10−8 T 3 (4.1)

P(293K) is the piezo coefficient at 293 K and P(T) is the coefficient at some temper-

ature T ≤ 293 K. Note that the piezo coefficient is much smaller at low temperature

than at room temperature, so for a given voltage the tip will move a much shorter

distance. This relation was used to generate variable temperature piezo calibrations

for the Cryogenic STM and Oxford STM, based on room-temperature calibration

data. For the Cryogenic STM X-Y calibration data were also available at ≈ 2K

from the test data on NbSe2. For the Oxford STM calibration data (from HOPG)

were available for 44 K, 75 K and 300 K. For the LT-STM a full cubic fit was made

based on data acquired from PrSr2Mn2O7: this is detailed in appendix A.2.

As mentioned above a standard method for measuring the lattice parameters of an

atomically resolved image is to use Fourier analysis. A Fast Fourier Transform (FFT)

can be taken of a topographic image: the lattice parameters can be determined

from the position of the peaks in the Fourier image. This method also allows us

to estimate the best accuracy of a measurement of lattice parameters from a single
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image. The size of pixels in the Fourier image, and hence the maximum accuracy

of a measurement of peak positions, is equal to 1/d where d is the image size. For

a lattice with spacing x the Fourier image peaks will be at 1/x. The fractional

accuracy in a measurement of x is thus x/d, and the absolute accuracy is x2/d.

The best accuracy can therefore be achieved by having the maximum number of

unit cells in an image. This is subject to the critical (Nyquist) sampling limit of

two pixels per unit cell. For example, calibration images of Si(111) taken using the

LT-STM are 50 nm x 50 nm. The atomic spacing x = 0.384 nm. The fractional

error is therefore 0.768 % and the absolute error in x is ± 0.003 nm. The total

error on an experimental measurement will be the combination of the calibration

and measurement errors.
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4.2.3 Cleaving Single Crystal Samples

Single crystal samples of layered manganites can be cleaved in Ultra High Vacuum,

exposing a clean surface for STM study. The method adopted for cleaving the

crystals was to mount the sample to a titanium or molybdenum sample plate using

non-conducting epoxy (Varian TorrSeal), and then apply conducting epoxy (EpoTek

4110) around the edge of the sample to provide electrical contact. A cleave post,

consisting of a magnetic stainless steel cylinder 10mm x 2mm diameter, was then

mounted onto the top of the crystal, again using TorrSeal. This arrangement is

illustrated in figure 4.1. The sample is loaded into the vacuum chamber and cleaved

by applying a lateral force to the top of the cleaving post using the wobblestick.

The reason for using TorrSeal is that it is stronger than the conducting epoxy and

provides a better bond to the manganite crystals: the crystals require some force

to cleave and EpoTek 4110 was not strong enough to cleave the crystals. A good

electrical contact is still provided since the EpoTek contacts the sides of the samples,

allowing current to flow along the a-b planes.
 

Cleave 

Post 

Sample Plate 

Magnetic Stainless Steel 

Manganite Crystal with 

Cleaving Plane 

Epotek Conducting Epoxy 

TorrSeal Epoxy 

Titanium or Molybdenum 

CLEAVING FORCE 

a/b 

c 
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Figure 4.1: Schematic of method used for in-situ cleave of single crystal manganite
samples. Crystal directions are shown: the crystals cleave parallel to the a/b planes
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5.1 Characterisation of PrSr2Mn2O7 Samples

Single crystal samples of the bilayer manganite Pr2-2xSr1+2xMn2O7 were studied by

STM. These samples were grown by Y. Tokura1,2,3,4,5 and Y. Tokunaga1,2. The

samples were grown by a floating zone method [79]. These samples have cation

doping x = 0.5: in the phase diagram shown in figure 1.12 this is the y = 0 compound.

Single crystal samples were characterised at the London Centre for Nanotechnology

using bulk electrical conductivity and magnetic susceptibility measurements. An

Oxford Instruments MagLab was used to make conductivity measurements, and a

Quantum Design MPMS based on a Superconducting Quantum Interference Device

(SQUID) was used to make susceptibility measurements. The SQUID measurements

were performed by Marc Warner.

Figure 5.1 shows results from an MPMS measurement of a PrSr2Mn2O7 single crys-

tal sample. The magnetic moment is shown as a function of temperature for various

magnetic field strengths: moment is given in units of the Bohr magneton µB, per Mn

ion. PrSr2Mn2O7 shows a monotonic increase of magnetic moment with decreasing

temperature, with a steeper slope below around 125 K corresponding to the antifer-

romagnetic state. No significant difference in this behaviour is seen between 0.025

T and 1 T.

Bulk conductivity measurements were made on PrSr2Mn2O7 single crystals, to ver-

ify the temperature dependence of the conductivity and hence TN: a peak should

be observed in the resistivity at TN [79]. This also appears to coincide with the

temperature at which the charge-stripe phase is most prevalent [79]. PrSr2Mn2O7

crystals were cleaved in air: gold contacts were then thermally evaporated into the

cleaved surface. Two-point resistivity measurements were made using the MagLab,

in a temperature range 20 K - 260 K: resistivity is recorded on both the upwards and

downwards temperature sweep. Figure 5.2 shows the results of these measurements.

In 5.2a resistivity in the ab plane (ρab) is plotted: the c-axis resistivity ρc is shown

1Multiferroics Project, ERATO, Japan Science and Technology Agency (JST), Bunkyo-ku,
Tokyo 113-8656, Japan

2Spin Superstructure Project, ERATO, JST, Tsukuba, Ibaraki 305-8562, Japan
3Correlated Electron Research Center (CERC), National Institute of Advanced Industrial Sci-

ence and Technology (AIST), Tsukuba, Ibaraki 305-8562, Japan
4Department of Applied Physics, University of Tokyo, Bunkyo-ku, Tokyo 113-8656, Japan
5Joint Research Centre for Atom Technology, Tsukuba, Ibaraki 305,Japan.
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Figure 5.1: Magnetic moment of x = 0.5 PrSr2Mn2O7 single crystal samples, mea-
sured as a function of temperature using the SQUID at the LCN, at fields of 0.025
T and 1 T

in figure 5.2b. It should be noted that these two measurements were not taken at

the same time: the c-axis measurement was taken some months after the ab-plane

measurement. A clear peak is not observed in ρab, but an inflection is observed

at around 140 K. There is an apparent hysteresis in the resistivity curve: this is

likely an artefact of the measurement however, as the actual sample temperature

lags slightly behind the temperature sensor. This amounts to an uncertainty in the

temperature measurement of ± 4 K. A similar inflection is seen in ρc, at a slightly

lower temperature of 120 ± 4 K. It is not clear if this apparent difference in the

critical temperature between ρab and ρc is genuine or a result of the sample age-

ing between the two sets of measurements. From these results, and the magnetic

moment measurements, we can conclude that TN is in the range 120 - 140 K.

Two differences can be seen between this measurement and that done by Y.Tokunaga

[79]. Firstly although an inflection in ρ is seen at TN in our measurement, the

resistivity does not decrease below TN. Secondly the a-b plane resistivity we measure

is substantially higher: at 125 K we have measured ρab = 12 ± 1 Ω cm, whereas

the published value [79] is around 0.2 Ω cm. These differences might be due either

to a change in the sample properties, or to the experimental procedure. Manganite

crystal samples can change their properties over time, due largely to changes in

oxygen content, but this seems unlikely in this case since TN does not seem to have

shifted substantially. There may be some variation from crystal to crystal, and it is

possible that the crystal we have measured contains a higher than usual number of
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tivity ρc, and magnetoresistance ∆ρc/ρc at 6T. Magnetic field applied perpendicular
to the sample surface in both experiments. Exponential fits are shown for ∆ρ/ρ vs.
T. for both ab plane and c-axis magnetoresistance
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impurities or defects. One possibility is the presence of a significant volume fraction

of some impurity state: the presence of single layer (n = 1: (R,A)Mn2O4) or cubic

perovskite (n =∞: (R,A)MnO3) intergrowths can cause phase transitions to become

less sharp (see section 6.1.1). The presence of n = 1 or n = ∞ intergrowths will

be apparent in STM images, as these will result in different step heights at terrace

edges. The increased ab-plane resistance of the sample may be explained by the

experimental geometry: both contacts are on the top of the sample, and due to the

anisotropic resistivity of the crystal (ρc > ρab) the current will be shunted through

the top layers of the sample, reducing the effective thickness of the sample and

increasing its resistance.

Magnetoresistance measurements were also made on PrSr2Mn2O7 single crystals

using the Maglab. The magnetic field was swept to 6 T at a range of fixed temper-

atures, and the sample resistivity (ρc or ρab) plotted. The magnetic field is applied

perpendicular to the sample surface. Figure 5.2 shows the magnetoresistance, de-

fined as the fractional change in resistivity ∆ρ/ρ0 between zero field and 6 T, where

ρ0 is the resistance at zero field, plotted as a function of temperature for both ρab and

ρc. The c-axis magnetoresistance is larger than the ab plane value, with maximum

values at 20 K and 6 T of ∆ρc/ρc = 0.78 and ∆ρab/ρab = 0.34. Magnetoresistance is

observed to increase monotonically with decreasing temperature: this is in contrast

to the colossal magnetoresistance observed in La2-2xSr1+2xMn2O7, which peaks close

to the metal-insulator transition (see section 1.6). The temperature dependence of

∆ρ/ρ is roughly exponential in T for both ρab and ρc : figure 5.2a shows exponential

fits of the form exp(−T/τ) to the magnetoresistance data. For the ab plane mag-

netoresistance τ = 63 ± 12 K, for the c-axis τ = 46 ± 9 K: there does not seem to

be any significant difference in the temperature dependence of ∆ρ/ρ between the

ab plane and c-axis directions. Close to TN a slight excess in ∆ρ/ρ is observed over

the exponential fit. This might indicate that the magnetoresistance is enhanced by

proximity to TN . Alternatively this may simply reflect the increased resistivity near

TN , suggesting that that the magnetoresistance is dependent on resistivity rather

than temperature.
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5.2 STM Studies of PrSr2Mn2O7

A major limiting factor in the study of manganites by STM is the reliable preparation

of sample surfaces. Bilayer manganites do not always cleave well, leaving large,

atomically flat surfaces: sometimes only a small proportion of the cleaved sample

will present a flat surface, and often many cleaves will be necessary before a good

surface can be obtained. Typically surfaces do not remain pristine indefinitely, even

in UHV, but are observed to degrade, sometimes within hours. This limits the

scope of STM experiments. Therefore a major experimental objective is to find a

sample preparation method, and a specific manganite compound, that will reliably

yield surfaces suitable for STM experiments. The bilayer compound PrSr2Mn2O7

is observed upon cleaving in air to give large optically flat (mirror-smooth) surfaces

far more often than most of the La2-2xSr1+2xMn2O7 compounds: it was therefore

decided to study this compound using STM.

The initial objective of STM experiments on PrSr2Mn2O7 was to see if the sample

surface can be reliably prepared, to reproducibly yield atomically flat surfaces on

which atomic resolution can be achieved. Variable temperature STM topography

and STS were performed to search for signatures of the charge-stripe phase, observed

to be strongest at 125 K [79]. This might be observed directly in topographic imaging

as a stripe structure with spacing ≈ 4a, where a = 3.8535 nm is the ab plane lattice

spacing. We also carried out variable temperature LEED: any surface charge stripes

should appear as satellite spots in the LEED pattern.

5.2.1 The Surface of PrSr2Mn2O7

Single crystal PrSr2Mn2O7 samples were studied using the Omicron LT-STM, at

temperatures between 77 K and 195 K. The piezo scanner was calibrated in X, Y

and Z by recording topographic images of the (2x1) reconstructed Si(100) surface.

PrSr2Mn2O7 samples were cleaved in the STM chamber using the cold cleaving

stage, at a temperature of ≤ 20 K and a pressure of 5 x 10−11 mbar or better. The

PrSr2Mn2O7 samples were found to cleave more reliably than the La2−2xSr1+2xMn2O7

single crystals, with five out of the eight cleaves performed yielding good surfaces

with atomically flat terraces. Figure 5.3a shows a 560 x 610 nm topographic image
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of PrSr2Mn2O7 showing several terraces: the step height is measured as 1.01 ±
0.02 nm, in good agreement with the value from X-ray diffraction of c/2 = 0.9964

nm [79]. Figure 5.3b shows a 22 x 24 nm topographic image, recorded at +0.8 V

sample bias (empty states). Two general characteristics can be identified: firstly a

square atomic lattice can be observed across the whole image, with spacing a = 0.396

± 0.007 nm. This is in reasonable agreement with the value from X-ray diffraction

of a = b = 0.38535 nm [79]. Secondly a larger scale modulation is observed, with a

length scale of around 4 nm. By using Fourier analysis to separate the atomic lattice

from this larger modulation, the relative Z-corrugation of the two components can

be measured. The atomic lattice has a peak to peak corrugation of ≈ 4 pm, whilst

the larger modulation has a peak to peak corrugation of ≈ 20 pm. The atomic lat-

tice appears superposed upon the modulation, being visible across the whole image.

Figure 5.3c shows the atomic lattice and larger modulation in more detail, in a 10

x 11 nm topographic image collected at 78 K. The sample bias voltage is +0.5 V,

so empty states are being probed: figure 5.3d shows the same area imaged in filled

states at -0.5 V. These two images were collected simultaneously using “dual mode”

to interlace scans at two different biases: positive bias is applied as the tip sweeps

left to right, and negative bias as the tip travels from right to left. A delay time

is imposed between the left and right scans (typically 50-100 ms) to eliminate any

transient effects of the bias change. Most features remain the same between filled

and empty state images: some features are more prominent in filled states however.

Cross sections are shown of both 5.3c and d: since most features remain the same

between positive and negative bias, cross-correlation analysis can be used to align

the sections, correcting for the effect of piezo hysteresis between the left-to-right and

right-to-left scan. A depression visible in the filled state image (d) between 6 and 7

nm in the section is not visible in the empty state section (c).

Similar topographic features can be observed on the PrSr2Mn2O7 surface at 125 K.

Figure 5.3e shows a 4 x 4 nm area imaged at +0.5 V sample bias at 125 K: atomic

resolution can be clearly seen. The cross-section shows that the peak-peak corruga-

tion is ≈ 4 pm. Figure 5.3f shows a 16 x 18 nm image of the PrSr2Mn2O7 surface,

imaged at + 0.8 V sample bias (empty states) at 125 K. Figure 5.3g shows the same

area imaged simultaneously at -0.8 V (filled states). The atomic lattice and the

longer-scale modulation can both be seen in both images. Cross sections of 5.3f and

g are shown: cross correlation analysis has been used to align the section location.
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Figure 5.3: (a) 560 x 610 nm topographic image of PrSr2Mn2O7 taken at 78 K: step
height is 1 nm (b) 22 x 24 nm image taken at 78 K, sample bias + 0.8 V, tunnel
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As at 78 K some features can be seen to change contrast between positive and neg-

ative bias: two raised features are visible at around 3 and 5 nm in the filled state

image (g), which are not visible in the empty state image (f).

Step heights on the PrSr2Mn2O7 surface are always multiples of 1 nm: no other

atomic lattice is seen other than the a = 0.396 nm square lattice. This means that

we can be confident that we are studying a PrSr2Mn2O7 surface, and not that of some

inclusion or impurity phase, for example single layer (n = 1: (Pr,Sr)Mn2O4) or cubic

perovskite (n = ∞: (Pr,Sr)MnO3) intergrowths. As described by Loviat et al. [41]

for the La1.4Sr1.6Mn2O7 surface, the expected cleaving plane in bilayer manganites

is between (R,A)O layers in the rock-salt layer. This is the most energetically

advantageous crystal plane to cleave along: this argument is supported by x-ray

photoelectron spectroscopy data collected on the cleaved La1.4Sr1.6Mn2O7 surface

[41]. In addition, in this experiment and STM experiments on La1.4Sr1.6Mn2O7

[59] step heights of ≈ 1 nm are observed, together with atomically flat surfaces of

roughness ≤ 30 pm. Only two mirror planes are available to produce a step height of

1 nm, namely in between (R,A)O layers in the rock-salt layer, or along the (R,A)O

layer in the middle of the bilayer (see figure 5.4). Cleaving through the centre of a

bilayer will produce a surface with peak-peak roughness around 0.2 nm as the cleave

is along a (R,A)O layer, and by symmetry half of the ions in the layer must be left

on the surface. As this is not observed we can conclude that the surface exposed

upon cleaving PrSr2Mn2O7 represents the topmost (Pr,Sr)O layer of a bilayer.

The nature of the ≈ 4 nm modulation seen in STM topographic images of

PrSr2Mn2O7 has not yet been adequately determined. The modulation appears

irregular and is not commensurate with the atomic lattice, although some align-

ment of modulation features to the atomic lattice is visible in figures 5.3b,c and

d. We observe that there is some bias dependence in images of this modulation,

but only some features are observed to change between positive and negative bias.

Several possible sources of this modulation may be postulated. PrSr2Mn2O7 is a

mixed valence material and includes both Mn3+ and Mn4+ ions. The distribution of

these two ions below the surface might cause the observed modulation. This could

be a physical modulation due to the surface oxygen ions sitting closer to the Mn4+

sites, or an electronic effect caused by the additional eg electron of the Mn3+ ion. A

physical modulation would not seem sufficient to supply the observed 20 pm mod-

ulation as the difference in ionic radius between Mn3+ and Mn4+ (table 1.1) is only
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1. Cleave through (R,A)O layer in 

centre of bilayer 

2. Cleave between (R,A)O layers 

in rock-salt layer 

1 nm 

Figure 5.4: There are only two possible cleaving planes for R2-2xA1+2xMn2O7 which
will produce 1 nm step height, as observed in La1.4Sr1.6Mn2O7 [59] and PrSr2Mn2O7.
Cleaving plane 1 will produce a rougher surface than is observed, so PrSr2Mn2O7

and La1.4Sr1.6Mn2O7 must cleave along plane 2.

11.5 pm. As noted in section 2.2.2, Ma et al. [42] have identified Mn3+ and Mn4+

sites at the surface of La0.325Pr0.3Ca0.375MnO3. Mn4+ ions show a much larger con-

trast between positive and negative bias images than Mn3+ ions: this is attributed

to the additional eg electron of the Mn3+ ion. This effect could be responsible for

the bias dependent portion of the modulation. The second possible source is the

distribution of Pr3+ and Sr2+ ions in the surface layer. In this case the difference

in ionic radius is 19 pm so it is possible that ionic size effects alone could account

for the modulation. This could account for the non-bias dependent portion of the

modulation. As the 4 nm modulation shows some features that change with bias

and some that do not, it may be necessary to include the effects of both the Mn3+/

Mn4+ and the Pr3+/ Sr2+ distributions to fully explain the modulation.

Alternatively the observed ≈ 4 nm superstructure might be due to trapped polarons,

as postulated for the similar structures observed on the La1.36Sr1.64Mn2O7 surface

(see section 6.3). In STM studies of La1.4Sr1.6Mn2O7 [59] raised “islands” display-

ing atomic resolution were attributed to the trapping of polarons by point defects.

Electrical transport in PrSr2Mn2O7 is expected to be polaronic since there is a large

electron-phonon interaction via the Jahn-Teller effect. PrSr2Mn2O7 is much more

resistive than La1.4Sr1.6Mn2O7, so we might expect polarons to be trapped more

easily, resulting in a higher surface density of topographic features. However, at
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present it is unclear if such an explanation can account for the bias dependence of

the superstructure.

5.2.2 Bias Dependent Imaging of the PrSr2Mn2O7 Atomic

Lattice

Atomically resolved topographic images can be obtained on the PrSr2Mn2O7 surface

at both positive and negative sample bias. Figure 5.5 shows two 5 x 5 nm images

(a and b), collected simultaneously using dual bias mode, at 125 K and ± 0.5 V

sample bias. This is the same area as shown in figure 5.3e. Clear atomic resolution,

plus the larger modulation, can be seen: a square lattice with spacing a = 0.39 nm

is seen in both images. Cross-sections through both images are shown in 5.5c: the

atomic corrugation is similar in positive and negative bias at around 4 pm peak to

peak. To correct for the effect of piezo hysteresis the images shown in figures 5.5a

and b have been aligned in the horizontal direction, using the large scale modulation

as a reference. The alignment correction is calculated by measuring the position of

maximum correlation between images a and b, where the images have been filtered

so that the atomic lattice is no longer visible but the large scale modulation is visible.

The topmost atomic layer of cleaved PrSr2Mn2O7 (see section 5.2.1) consists of

Pr3+, Sr2+ and O2− ions, as shown in figure 5.5f. The observed a = 0.39 nm square

lattice can be reproduced if either the Pr/Sr sites, or the O sites, are represented by

topographic peaks. Although the same square lattice is seen in positive and negative

bias it is possible that different ion sites are imaged: for example if the positive bias

lattice represented the Pr or Sr ions, and the negative bias lattice the O ions, the

same lattice would be observed at positive as at negative bias, but offset by a/
√

2

along the unit cell diagonal. From figure 5.5c it is clear that there is some offset

between positive and negative bias images: cross-correlation analysis of the two

sections gives an offset of 0.12 nm or 0.31a. A more accurate measurement of the

offset can be obtained by performing a two-dimensional cross-correlation analysis

on the full images shown in 5.5a and b. This analysis gives the offset as 0.09 nm

or 0.24a, at 4◦ to the lattice direction. An identical analysis was performed on two

further images, shown in figure 5.5d and e. These images were collected at 78 K at

± 0.8 V sample bias. Atomic resolution is visible in both images, though less clearly
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Figure 5.5: (a) 5 x 5 nm STM topographic image of PrSr2Mn2O7 collected at 125
K and +0.5 V (b) same area imaged at -0.5 V. Cross sections through these images
are shown in (c), with vertical grid lines at the atomic lattice spacing (d) 8 x 8 nm
STM topographic image collected at 78 K and +0.8 V (e) same area imaged at -0.8
V (e) schematic of expected surface lattice of PrSr2Mn2O7: O sites are in red and
Pr/Sr in green

than in 5.5a and b. In this case a different approach has been used to correct for

piezo hysteresis. STM images were collected immediately before the images shown,

on the same area, without using dual mode, but with all other scan parameters

the same. The forward and backward non-dual bias images are identical except for

the effects of piezo hysteresis. This enables the horizontal offset to be extracted

via cross-correlation from the non-dual bias images, then applied to the dual bias

images. Cross correlation analysis on 5.5d and e gives the offset between the positive

and negative bias images as 0.15 nm or 0.39a, at 16◦ to the lattice direction.

Both results above are somewhat inconclusive since there is no clear alignment of

the positive and negative bias lattices, either to zero offset, or offset to the unit

cell body centre, 0.71a at 45◦ to the atomic lattice. In addition the two results

do not agree well, indicating that the accuracy of the method may be insufficient

to determine sub-atomic offsets. However in both cases the maximum correlation
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position is closer to zero offset than to the body centre. This indicates that the

same ion sites are imaged at positive and negative bias. At present it is not known

whether it is the Pr, Sr or O ions which are responsible for the observed lattice.

Clearly both pairs of images shown here suffer from the weakness of needing to

correct for piezo hysteresis. In future a more accurate measurement of the offset of

positive and negative bias images may be possible by interlacing scans collected with

the same scan direction, thus eliminating piezo hysteresis. This mode of imaging

has not so far been possible with the Omicron MATRIX control units. Alternatively

the scan axes could be aligned with the atomic lattice and the phase shift between

the lattice in the y (non-hysteretic) direction can be measured: the scan axes can

then by rotated 90◦ and the corresponding measurement made in the x-direction.
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5.2.3 Adatoms and Vacancies on the PrSr2Mn2O7 Surface

Some regions of the PrSr2Mn2O7 surface show a rougher surface, with a peak to peak

roughness of around 0.2 nm. Figure 5.6a shows a 55 x 60 nm topographic image of

such a region. The increased roughness can be seen to be due to a distribution of

features around 1 nm across and 0.1 nm high. Features this size are large enough

to be atoms adsorbed on the surface, so these features will henceforth be referred to

as “adatoms”. This rougher surface has been observed on the same sample as the

atomically flat surface, at different locations on the sample. The rougher surface

is in fact more common than the atomically flat surface, and has been observed

on most of the samples studied. Atomic resolution is difficult to achieve on this

rougher surface due to the high density of adatoms, however a Fourier transform

of Figure 5.6a shows peaks due to a square lattice of spacing a = 0.380 ± 0.005

nm, similar to the lattice which was observed on flatter areas. By performing an

inverse Fourier transform the atomic lattice can be extracted and its average peak to

peak corrugation measured: this is found to be around 1 pm. Atomic resolution can

sometimes be achieved in areas between adatoms: atomic rows can be seen in figure

5.6b, a 4 x 4 nm topographic image. The row spacing is 0.37 ± 0.02 nm and the peak

to peak corrugation is around 8 pm: the spots in the Fourier transform of image

5.6a may thus be due to many such areas of atomic resolution between adatoms.

In addition to adatoms, holes or vacancies are also observed in the PrSr2Mn2O7

surface. Figure 5.6b shows several adatoms, and also several vacancies: a cross

section through a vacancy is shown. Roughly the same number of vacancies as

adatoms are observed: vacancies are around 1 nm across and 60 pm deep.

The density of adatoms varies, but has a maximum density of around one adatom

every 66 unit cells. One possible source of this rougher adatom/vacancy surface

might be a cleave through the centre of a bilayer instead of between bilayers, i.e.

cleaving plane 1 rather than 2 in figure 5.4. However, by symmetry such a cleave

would produce a surface with a 50 % coverage of Pr, Sr and O ions, rather than the

1.5 % coverage of adatoms seen here. Thus we conclude that the adatom/vacancy

surface represents a cleave between bilayers (cleave plane 2 in figure 5.4), as with

the atomically flat surface.

Adatoms have been observed on the PrSr2Mn2O7 surface immediately after cleaving,

making it unlikely that the adatoms arise by deposition or contamination from the
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Figure 5.6: In some STM images of PrSr2Mn2O7 a rougher surface is observed.
This is due to a partial coverage of the surface with adatoms, and also vacancies in
the surface. (a) 55 x 60 nm topographic image showing adatoms: 78 K. A Fourier
transform of this image (inset) shows spots (arrowed) corresponding to a lattice
spacing of a = b = 0.39 nm. (b) 4 x 4 nm image showing adatoms, atomic rows and
vacancies at 78 K.

UHV chamber. Also, the density of adatoms on a given area is not observed to

increase significantly even over experiments lasting several weeks. Thus the adatoms

and vacancies are likely to be intrinsic to PrSr2Mn2O7: one possibility is that when

the crystal is cleaved, some of the atoms of the (Pr,Sr)O layer from the cleaved-

off part are left behind. By symmetry some atoms in the (Pr,Sr)O surface should

remain attached to the cleaved-off part: this would account for the observation of

vacancies as well as adatoms, as well as why the two are observed in roughly equal

numbers. The atoms which are left behind on the surface could therefore be either

Pr, Sr or O.
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5.2.4 Nature and Origin of Adatoms and Vacancies

It was decided to study the adatoms and vacancies apparent on the PrSr2Mn2O7

surface in more detail. The initial objective was to identify the chemical species

comprising the adatoms. Initially dual bias mode was used to record topographic

images of adatom and vacancy areas in both filled and empty states. Figure 5.7a

shows a negative bias (filled state) topographic image of PrSr2Mn2O7: 5.7b shows a

positive bias (empty state) image simultaneously acquired at the same location. The

images were collected at 78 K and ± 0.8 V, from the same region shown in figure

5.6a. The images have been aligned by cross-correlation to correct for the effect

of piezo hysteresis. Adatoms are clearly visible in both filled and empty states.

This indicates that the adatoms are physical entities rather than purely electronic

contrast features. This is in contrast with the observation of Mn4+ sites at the

surface of La0.325Pr0.3Ca0.375MnO3 by Ma et al. [42]. In this case the Mn4+ sites

were observed to stand ≈ 0.1 nm proud of the surface, but only in empty states:

in filled states the Mn4+ sites are visible as depressions in the topographic image.

Adatoms are more clearly resolved in filled states than in empty states: the cross

sections shown in figure 5.7 show that in filled states the adatoms have a height of

around 0.14 nm, whilst in empty states the height is around 0.11 nm. In addition

some adatoms visible in filled states are not visible in empty states: for example the

adatom at 6 nm in the cross section of figure 5.7a is not visible in 5.7b. Thus there

is an electronic component as well as a physical component to the imaging contrast.

In order to further investigate this bias dependence, STS I(V) maps were collected

on areas showing adatoms, at a range of temperatures. Maps of conductance G =

dI/dV were extracted from the STS data, either at zero or finite bias. Figure 5.8a

shows a 14 x 14 nm filled state (sample bias = -0.8 V) topographic image collected

at 140 K. The image is shown in a high contrast colour scale: adatoms appear blue

and vacancies dark red. An I(V) map was collected on the same area: figure 5.8b

shows a conductance map calculated from this I(V) map, plotted in filled states at

-0.77 V. The colour scale is shown in the histogram of this map in 5.8d. Substantial

variation in conductance is observed: also areas of high conductance (blue) can

be observed to correspond with the positions of adatoms in the topographic image.

Figure 5.8c shows typical spectra collected on adatoms and on the “normal” (neither

adatom nor vacancy) surface. Note that the current set point is defined at +0.8
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Figure 5.7: (a) Negative bias (filled state) topographic image of PrSr2Mn2O7 at 78
K, showing adatoms (b) simultaneously acquired positive bias (empty state) image.
Adatoms appear in both images, but are more prominent in the filled state image.
Bias voltage ± 0.8 V

V bias, so the current is “pinned” at this bias. Clearly spectra from adatoms have

substantially larger tunnel current and dI/dV in filled states, at negative bias. Since

the tunnel current is proportional to the integrated density of states (equation 2.1)

this indicates that the adatoms have a higher integrated density of states in filled

states than the general surface. This criterion could be fulfilled if the adatoms carry a

negative charge relative to the rest of the surface. This would explain the increased

image contrast seen in filled state topographic images compared to empty state

images (figure 5.7): when imaging filled states, the negatively charged adatoms will

produce an enhancement in the tunnel current, causing the tip to ride higher over

the adatoms to maintain the tunnel current. The physical and electronic contrast

mechanisms operate in the same sense, producing an enhanced contrast. When

imaging in empty states, the negatively charge adatoms will suppress the tunnel

current, leading to the tip moving closer to the adatom, and producing a reduced

contrast.
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-0.77 V (filled states) (c) typical spectra on cavities, adatoms and the normal surface
(d) histogram of conductance values from (b)

As discussed in the previous section it is unlikely that adatoms arise as a result of

contamination or deposition. Therefore they arise from the chemical species present

in PrSr2Mn2O7. The only one of these chemical species capable of holding a negative

charge is oxygen. Therefore we conclude that the adatoms observed on the surface

of PrSr2Mn2O7 are negatively charged oxygen ions. These may arise as a result of

an uneven cleave between bilayers, which produces oxygen adatoms (figure 5.9). By

symmetry the cleave must also produce oxygen vacancies.

Oxygen vacancies would be expected to carry a positive charge compared to the

normal surface, and hence show an excess of tunnel current in empty states (posi-

tive bias). In the I(V) array results shown in figure 5.8 the spectra are effectively

normalised at +0.8 V by the tunnel current setpoint. This means that vacancies

would be expected to show a decreased tunnel current in empty states compared

to the normal surface: this is observed, and is shown in figure 5.8c. However the

conductance difference at -0.77 V between the vacancies and the normal surface is

much smaller than between the adatoms and the normal surface, so it is difficult to
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Figure 5.9: Schematic showing how an uneven cleave between bilayers in
PrSr2Mn2O7 may produce oxygen adatoms and vacancies on the surface. O is shown
in red, Pr/Sr in green and Mn in blue

see the effect in the conductance map or histogram. This reduced contrast arises be-

cause the current setpoint is set here at positive bias (empty states): this means the

STM tip is positioned closer to the negatively charged adatoms than the positively

charged vacancy positions. A better contrast in tunnel current or dI/dV for vacancy

positions can be achieved by applying the current setpoint at negative sample bias.

In fact the MATRIX control system allows the functions of dual mode imaging and

STS mapping to be combined, allowing two STS I(V) maps at different setpoints

to be collected simultaneously. This was carried out on a 10 x 10 nm area, at 78

K: a detail of this area is shown in figure 5.6b: adatoms and vacancies are visible.

Figure 5.10 shows the results of this dual mode STS study. Example spectra of

adatoms, vacancies and the normal surface are shown, collected with the setpoint

set at positive bias (5.10a) and at negative bias (5.10b). A section through a filled

state topographic image is shown in figure 5.10c : this shows one adatom and three

vacancies. A model of the proposed adatom and vacancy structure produced by

cleaving PrSr2Mn2O7 is also shown. Sections through the two I(V) maps are shown

along the same axis as the topographic section. The “filled state” section is derived

from the I(V) array collected with the current setpoint set at positive bias, as in the

spectra shown in 5.10a: the section shows the current at -0.8 V of every spectrum

along the section line. The “empty state” section is from the I(V) array collected

with the current setpoint set at negative bias, as in the spectra shown in 5.10b: the

current at +0.8 V is plotted along the same line. The sections are representative of

integrated density of states in filled and empty states respectively.
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section from an I(V) array, collected with the current setpoint set at negative bias,
as in the spectra shown in (b). The current at ± 0.8 V is shown.

It can clearly be seen that the position of the adatom corresponds to a large increase

in tunnel current in filled states, and a decrease in empty states. The vacancy

positions correspond to an increase in tunnel current in empty states and a slight

decrease in filled states. This is consistent with the model that the adatoms are

negatively charged oxygen ions, and the vacancies are positively charged oxygen

vacancies.

Clearly the normal surface spectra in figures 5.8 and 5.10 are asymmetric with

voltage, showing a much larger magnitude of the tunnel current at positive bias

than negative bias. The value of the asymmetry in the current is around 10:1 at ±
0.8 V. Similar spectra are obtained from the atomically flat surface. This indicates
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that the whole surface has an increased density of states in empty states, suggesting

that the surface carries a positive charge. This might be expected since the surface

layer exposed on cleaving is the (Pr,Sr)O layer. Each unit cell of this surface contains

one O2− ion and one Pr3+ or Sr2+: in total there are twice as many Sr2+ as Pr3+

ions. Assuming that the A-site cations are totally randomly distributed, this means

an average charge of +1/3 per surface unit cell. The adatoms and vacancies on the

PrSr2Mn2O7 surface have negative and positive charges respectively relative to the

surface.

5.2.5 Probability of Adatom Formation

If the adatoms observed in STM images are accepted to be oxygen ions derived

from the PrSr2Mn2O7 crystal, it is reasonable to ask why we observe the adatom

and vacancy coverage we do, and why there is such variation in coverage. If oxygen

ions can be separated from an atomic layer to form adatoms and vacancies, why

doesn’t this occur for all surface oxygen ions? A simple model can be constructed to

investigate this. Figure 5.11 shows the lattice environment of the suggested site for

adatom/vacancy formation, before and after cleaving. The adatom is placed at the

location it would occupy if it has not moved after the sample is cleaved. The nearest

neighbours of the oxygen ion which is removed to form a vacancy are four Pr/Sr

sites (referred to as A sites), four O sites and one Mn site. The nearest neighbours

of the adatom are four oxygen sites and one A site. There will be an energy cost

to removing the oxygen ion to form a vacancy, and an energy gain in creating an

adatom. The electrostatic energy gain in forming an adatom will be maximised if

the nearest A site to the O2− adatom is occupied by a Pr3+ ion rather than a Sr2+

ion: the energy cost in forming the corresponding vacancy will be minimised if all

four of the nearest A sites are occupied by Sr2+ ions rather than Pr3+. If the A sites

are randomly populated with Pr3+ and Sr2+ ions according to the stoichiometric

composition, then the probability of this configuration occurring is 0.0661. The

charge of the Mn ion adjacent to the oxygen vacancy site has not been considered

for this calculation, since PrSr2Mn2O7 is conductive, and it is the Mn eg electrons

which are the charge carriers (see section 1.3): the charge state of each Mn ion will

thus rapidly change between Mn3+ and Mn4+. Charge ordering is neglected. If we

1The stochiometric composition is 2:1 Sr:Pr. (2/3)4(1/3) = 0.066
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Figure 5.11: Detail of proposed adatom/vacancy formation before and after cleaving.
O ions are red, Pr/Sr green and Mn blue. The two types of A sites (green) are
differentiated as the 12-coordinate A2 site and the 9-coordinate A1 site

assume that the minimum energy configuration is required to form adatoms, this

would imply a surface adatom density of 1 per 15 unit cells.

This calculated coverage is higher than the observed maximum adatom density of

one per 66 unit cells. However, we have assumed that the probability of an A site

in the topmost layer being occupied by a Pr3+ ion is 1/3. This is not necessarily

the case: some X-ray diffraction studies of bilayer manganites [66,67] show that the

divalent ions preferentially occupy the 9-fold co-ordination A sites at the edge of the

bilayer and the trivalent ions have a tendency to occupy the 12-fold co-ordination A

sites in the centre of the bilayer. This is a form of partial A-site ordering. We will

denote the 9-fold co-ordination A site at the edge of the bilayer as A1, and the 12-fold
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co-ordination A sites in the centre of the bilayer as A2, as shown in figure 5.11. There

is a greater tendency to decreased trivalent-ion occupancy of A1 sites in compounds

with trivalent ions of smaller radius: for example in Pr1.2Sr1.8Mn2O7 the Pr ions

have a lower occupancy of the A1 sites than the La ions do in La1.2Sr1.8Mn2O7 [67].

Thus it is plausible that A-site ordering of this kind may occur in PrSr2Mn2O7:

this means the probability of finding a Pr ion in a random A1 site in the surface

layer could be less than 1/3. If we define this probability, equal to the mean Pr

occupancy of an A1 site, as x and adopt the model described above, the probability

of an adatom being formed in one surface unit cell is (1 − x)4 x. This is plotted

in figure 5.12. This represents an oxygen ion being removed from a site where its

nearest neighbours are four Sr2+ ions, and being deposited on a surface site above

a Pr3+ ion. Note that the changing density of Pr ions in the surface layer does not

change the average Mn valence as we have not changed the total number of Pr and

Sr ions. To achieve the observed density of one adatom per 66 unit cells the required

Pr occupancy is x = 0.016.
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Figure 5.12: Probability of adatom formation according to a simple model, as a
function of Pr3+ occupancy of A1 sites, x. The stoichiometric value of x = 1/3
would imply a much higher value for the surface adatom density than is observed.

If the Pr occupancy in the surface A1 sites x is reduced to zero then the probability

of adatom formation is also zero. This represents a fully ordered state where all the

A2 sites are occupied by Pr3+ and the A1 sites are occupied by Sr2+. If such an

ordered state exists this could produce the atomically flat surface observed by STM.

A completely ordered state may be unlikely however as some mixture of Pr and Sr

ions in the surface layer may be necessary to explain the modulation observed in
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atomically resolved STM images (see section 5.2.1) and the excess of empty state

density of states over filled states on the general surface (see section 5.2.4). One

might postulate a Pr surface A1 site occupancy high enough to produce the observed

modulation and density of states asymmetry, but not high enough to produce an

observable density of adatoms. There may be natural variation of the Pr3+ A1 site

occupancy x in a single sample, due to slight variations in growth conditions, for

example temperature. This may produce the different surfaces observed. Areas of

high x, which will produce an adatom-vacancy surface, may represent A-site disorder

frozen-in during growth, since the crystal growth temperature may provide enough

energy to move ions out of their ordered state positions. Theoretical investigations

into the role of A-site ordering in adatom formation are currently underway.
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5.2.6 Ordering of Oxygen Adatoms on the PrSr2Mn2O7

Surface

The analysis of the previous section indicates that adatoms are most likely to sit

above Pr3+ ions. If oxygen adatoms have a preferred binding site on the PrSr2Mn2O7

surface, then ordering of the adatom positions might be expected: adatoms should

occupy positions which are commensurate with the atomic lattice. Furthermore,

ordering of adatoms may reflect any charge ordering effect in the underlying surface.

Image analysis was carried out to identify any possible ordering. Igor Pro software

by Wavemetrics, and Scanning Probe Image Processing (SPIP) software by Image

Metrology were used. Initially the atomic lattice was extracted from STM images

showing adatoms: the adatom positions were compared with this lattice. This

analysis showed that the adatoms do not all occupy the same lattice sites: if the

atomic lattice were offset to align it with one adatom, then neighbouring adatoms

would not be aligned to the lattice. This indicates either that adatoms are not

ordered, that the ordering is partial, or that the ordering is incommensurate with

the atomic lattice.

Autocorrelation analysis was used to investigate adatom ordering further. An au-

tocorrelation image shows the correlation coefficient of an image mapped onto it-

self with every possible offset. The autocorrelation image of an STM image of

PrSr2Mn2O7 which shows adatoms should reveal if the adatoms have any tendency

to form self-similar patterns. Figure 5.13a shows a 36 x 37 nm STM topographic

image of PrSr2Mn2O7 featuring adatoms, collected at 78 K. This is the same area

shown in figures 5.6a and 5.7, but the image has been rotated in software after

the data were acquired, to align it to the lattice directions. Figure 5.13b shows an

autocorrelation image of 5.13a. Two peaks are visible in this image, which might

indicate tendency for adatoms to maintain the same spacing in one direction. How-

ever, we cannot be sure that these autocorrelation peaks are due to the adatoms

rather than some other feature of the PrSr2Mn2O7 image. Therefore we need a way

to isolate the adatom positions and analyse them separately from the rest of the

image. To do this the grain analysis tool in SPIP was used to assign coordinates

to every part of the image above a threshold level: these coordinates represent the

adatom positions. The coordinates can then be converted into a sparse matrix, i.e.

an image which is zero everywhere apart from at the adatom positions, with each
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adatom being represented by a 1. This image is then smoothed by convolution with

a 2D Gaussian to form a synthetic image of the adatoms suitable for image analysis.

Such an image is shown in figure 5.13c: the spots represent the adatom positions

in figure 5.13a. An autocorrelation image of this synthetic adatom image is shown

in figure 5.13d: the same peaks are visible as in 5.13b, demonstrating that they are

indeed due to a common adatom spacing in one direction. A section through these

peaks is shown in 5.13e: the position of the section is shown as a red section in figure

5.13d. The peaks indicate a spacing of 6.39 ± 0.11 nm at 44.3 ± 0.7◦ to the lattice

direction. This does not seem to correspond to any integer multiple of
√

2×a where

a is the PrSr2Mn2O7 lattice spacing of 0.385 nm. These peaks have a maximum

correlation coefficient of 0.12. There are some weaker peaks closer to the central

peak in the autocorrelation image, aligned to the lattice to ± 4◦. A section through

these peaks is shown in 5.13f: the position of the section is shown as a blue section

in figure 5.13d. These peaks show a spacing of 0.83 ± 0.11 nm, which corresponds

to 2a = 0.77 nm. The maximum correlation coefficient is only 0.064 however.

In this image at 78 K we have identified an incommensurate ordering of adatoms at

45◦ to the atomic lattice, and a weak tendency for adatoms to order with a spacing

of 2a in the lattice direction. However other images of the PrSr2Mn2O7 surface

do not show the same adatom ordering. Figure 5.14 shows another topographic

image of PrSr2Mn2O7 collected at 78 K, together with an autocorrelation image.

The topographic image has been aligned to the atomic lattice as for figure 5.13a.

The peaks in this autocorrelation image are clearly different from those in figure

5.13b. The strongest peaks are at 2.64 ± 0.12 nm at -8.6 ± 0.7 ◦ to the atomic

lattice: these are shown in section 5.14c and have a correlation coefficient of 0.34.

Further peaks are at 2.74 ± 0.12 nm at 61.0 ± 0.7 ◦ to the atomic lattice: these are

shown in the section 5.14d and have a correlation coefficient of 0.10. These peaks

are not orthogonal to each other and seem to be incommensurate with the atomic

lattice. Autocorrelation images have been derived from many further areas, and are

observed to produce yet more different peak positions. No common autocorrelation

peaks are observed. We may therefore conclude that, based on autocorrelation data,

there is no significant, consistent ordering of adatoms at 78 K. No signature of the

≈ 4a charge stripe order observed in X-ray diffraction data [79] is identified in the

autocorrelation data.

Images of adatoms on the PrSr2Mn2O7 surface were collected at a range of temper-
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Figure 5.13: (a) 36 x 37 nm STM topographic image at 78 K showing adatoms
in blue, vacancies in dark red. The image has been rotated to be aligned to the
atomic lattice: a Fourier transform is shown (inset) with the lattice spots indicated
(b) Autocorrelation image derived from the topographic image. (c) Synthetic im-
age showing adatom positions only. (d) Autocorrelation image derived from the
synthetic image. Section positions are indicated by colour coded lines. (e) Section
through (d), showing correlation peaks at 6.39 nm. (f) Section through (d) showing
weak peaks at 0.83 nm.
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Figure 5.14: (a) 38 x 38 nm STM topographic image at 78 K showing adatoms in
blue, vacancies in dark red. The image has been rotated to be aligned to the atomic
lattice. (b) Autocorrelation image derived from the topographic image. Section
positions are indicated by colour coded lines. (c) Section through (b), showing
correlation peaks at 2.64 nm. (d) Section through (b) showing peaks at 2.74 nm.

atures from 78 K to 195 K. Images 50 x 50 nm across were analysed, containing

around 300 adatoms each. All images show sharp peaks in the Fourier transform,

corresponding to the atomic lattice. Various autocorrelation peaks were observed,

but no consistent ordering of adatoms was observed from autocorrelation data at

any temperature.

Some further analysis methods were used to investigate any possible ordering of

adatoms. The analysis method described above to extract the adatom positions

produces x,y coordinates for each adatom: we can therefore calculate the nearest

neighbour spacing of adatoms. This analysis was carried out for the full range of

temperatures studied: for each image at each temperature the nearest neighbour
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distance of each adatom rA was measured. A histogram of rA can then be produced:

this should reveal if there is any tendency for adatoms to group at a specific distance

from each other, as this would be visible as a sharp peak in the histogram. Figure

5.15a shows example histograms of rA at 78 K and 195 K. The histograms do not

reveal any special value of rA, nor is this seen at any intermediate temperature.

Mean and median adatom nearest neighbour spacings can be measured for each data

set. Figure 5.15b shows these values plotted against temperature. Two results are

apparent: firstly, the spacing of adatoms increases with temperature, accompanying

a decrease in the number of adatoms per unit area. At 78 K this is equivalent to

one adatom per 66 unit cells: at 195 K, one adatom per 89 unit cells. This result

will be discussed in section 5.2.7. Secondly, at low temperatures the median value is

substantially less than the mean: at higher temperatures the two averages are closer

in value. This may be attributed to the fact that rA cannot be less than zero. At

low temperature where the mean value r̄A is smaller, this results in an asymmetric

distribution with the median smaller than the mean. This can be observed in 5.15a

where the histogram for 78 K is substantially more asymmetric about the median

than that for 195 K. This result does not therefore imply any significant change with

temperature in the ordering of adatoms.

We can perform a numerical test based on the mean nearest neighbour spacing r̄A

to determine if adatoms are randomly distributed, ordered or clustered. This test is

based on comparing the measured mean nearest neighbour spacing r̄A with a mean

spacing calculated from a random Poisson distribution of points, r̄E. The test is

discussed in detail by Clark and Evans [11]: we will state the main results here. If

the density of points per unit area is given by ρ, then:

r̄E =
1

2
√
ρ

(5.1)

We can then use the ratio R = r̄A/r̄E to quantify the degree of ordering of points. If

R = 1 then the distribution of points is indistinguishable from a random distribution.

If R < 1 the mean nearest neighbour distance is less than the random value, so the

points must be grouped into clusters. If R >1 the mean nearest neighbour distance

is larger than the random value, so there must be some ordering or anti-clustering

behaviour. For example, if the points are ordered into a regular square lattice, R
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Figure 5.15: (a) Example histograms of adatom nearest neighbour spacing rA at
78 K and 195 K (b) Mean adatom nearest neighbour spacing r̄A as a function of
temperature. The calculated spacing based on a random Poisson distribution, r̄E,
and the Median nearest neighbour spacing are also shown.

Temperature (K) r̄A (nm) r̄E (nm) R N ρ (nm−2) c
78 1.668 1.563 1.067 306 0.102 2.24
95 1.753 1.717 1.021 206 0.085 0.57
110 1.632 1.565 1.043 334 0.102 1.51
125 1.791 1.725 1.038 270 0.084 1.19
140 1.877 1.697 1.106 276 0.087 3.36
155 1.819 1.764 1.031 252 0.080 0.95
170 2.040 1.818 1.122 231 0.076 3.55
195 1.944 1.785 1.089 239 0.078 2.63

Table 5.1: Table showing variation in measured mean nearest-neighbour adatom
spacing r̄A with temperature. The calculated spacing based on a random Poisson
distribution of adatoms r̄E is also given, together with R = r̄A/r̄E. N is the number
of adatoms in each image, ρ is the number of adatoms per nm2. The statistical
significance of the deviation of R from 1, c is given in in standard deviations
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= 2. If the points are ordered into a hexagonal lattice, maximising mean nearest

neighbour spacing, R = 2.1491 [11]. Table 5.1 gives r̄A, r̄E and R = r̄A/r̄E for the full

range of temperatures studied. These data are derived from images approximately

50 x 50 nm in size: the total number of adatoms in each image N, and the areal

density of adatoms ρ are also given. For all temperatures R > 1, implying a degree

of order in the placement of adatoms. R ranges from 1.02 to 1.12: there does not

seem to be any clear dependence of R on temperature.

We can perform a statistical test to determine if the deviation of R from 1 is signifi-

cant in this case. This test is also discussed by Clark and Evans [11]. The standard

variate of the normal distribution c, measured in standard deviations, is given in

this case as:

c =
r̄A − r̄E
σr̄E

(5.2)

Where σr̄E is the standard error of the mean nearest neighbour distance in a ran-

domly distributed population, which is given by:

σr̄E =
0.26136√

Nρ
(5.3)

The derivation of r̄E and σr̄E is given by Clark and Evans [11]. The standard

variate c has been calculated for all temperatures studied: this is listed in table 5.1.

Considerable variation is observed in c, but since no clear temperature dependence

is seen in R or c, it is reasonable to average over all images. The mean value of c

is equal to 2.00, greater than the 95% confidence interval of c = 1.96. Therefore we

may conclude that when averaged over temperature there is a statistically significant

tendency for oxygen adatoms on the PrSr2Mn2O7 surface to adopt an anti-clustered

arrangement. The average value of R is only 1.06 however, so this must be regarded

as weak anti-clustering. This result does not necessarily imply that oxygen adatoms

are ordered, it may simply indicate that adatoms repel one another, as would be

expected if they all carry a negative charge.
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5.2.7 Oxygen Adatom Motion

STM topographic images of PrSr2Mn2O7 showing adatoms and vacancies were ob-

tained using the LT-STM at a range of temperatures, from 78 K to 195 K. It can

be observed that oxygen adatom positions do not all remain fixed, but change over

time. Figure 5.16a shows a time series of STM images collected at 170 K, covering

16 minutes: several adatoms can be observed to appear and disappear. From frame

to frame most adatoms remain in the same position: this allows the use of cross-

correlation to align the images and correct for the effects of drift. Such time series

were collected at a range of temperatures. Figure 5.16b shows how the hopping

rate, defined as the fraction of visible adatoms appearing or disappearing per frame

averaged over many frames, varies with temperature. All other parameters such

as image size, tunnel current and applied bias voltage were constant. The area for

study was randomly selected at each temperature: due to thermal effects it was not

possible to study the same area at all temperatures. One temperature point was

measured per day, in order of increasing temperature. The error bars represent one

standard error σ/
√
n, where σ is the standard deviation of the hopping rate and n

is the number of frames the measurement is averaged over. The mobility increases

from nearly zero at 78 K to around 4% of visible adatoms at 125 K. Further increase

in temperature does not seem to produce much increase in mobility: the reason

for this is not known, but may be related to the inflection in resistivity at TN ≈
130 K (section 5.1). The sample resistivity decreases sharply upon increasing the

temperature above 130 K, indicating a transition to a more insulating state in which

there may be a stronger interaction between the surface and adatoms. Clearly it is

not possible to accurately measure an activation energy from these data.

The observation of mobile adatoms in STM images does not represent a passive

measurement. The STM tip will exert a force on the surface adatoms, and the

motion of the tip may drag or push adatoms around on the surface. The tunnel

junction properties (bias voltage and tunnel current) will affect the force exerted

by the tip upon adatoms. Unfortunately attempts to study the bias and tunnel

current dependence of adatom mobility have largely been inconclusive due to the

small number of mobile adatoms and the substantial natural variation in mobility.

However, there is a clear dependence of mobility on sample bias polarity. The same

area of the PrSr2Mn2O7 surface was repeatedly scanned at a range of biases at 170 K,
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Figure 5.16: (a) A time series of filled state STM topographic images, 10 x 10 nm,
collected at 170 K. Total time covered is 16 minutes: adatoms which move from
one frame to the next are outlined (b) number of adatom “hops” (appearances or
disappearances) per frame as a function of temperature: dashed line is a guide to
the eye.

and the hopping rate measured for each bias. At positive sample bias the hopping

rate is minimal, less than 0.8 % and does not display any dependence on bias in the

range +0.5 V to +0.8 V. Once the sample bias is switched to -0.8 V the hopping

rate increases to 9 %. This dependence on bias polarity may be due to two factors.

Firstly at negative sample bias oxygen ions will be repelled from the PrSr2Mn2O7

surface and attracted to the tip, which may increase mobility. Secondly due to the

asymmetric density of states (see section 5.2.4) at negative sample bias the tip will

move closer to the surface to maintain the tunnel current setpoint. This will result

in a larger force being exerted on the adatoms by the tip. However, it is worth

noting that the mobility does not increase at lower positive bias. In I(V) spectra

a sample bias of +0.5 V results in a similar magnitude of tunnel current to -0.8

V, indicating that when scanning at +0.5 V the tip is a similar distance from the
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Figure 5.17: (a) 20 x 20 nm filled state topographic image. One of a time series of
18 images collected at 170 K: the images shown in figure 5.16 show a detail of this
time series (b) time series analysis. Black markers indicate an adatom present for
all 18 frames: red markers indicate an adatom position occupied only for a limited
number of frames. This occupancy number is indicated next to the marker.

surface as when scanning at -0.8 V. This would indicate that electrostatic effects are

important in determining oxygen adatom mobility. So far it has not been possible

to deliberately manipulate oxygen adatoms with the STM tip.

From time series such as figure 5.16a it is not clear if adatoms are hopping from

one site to an adjacent site, or randomly appearing and disappearing. One way to

distinguish these two possibilities is by studying the time series to see if there is

any correlation between the locations of sites where adatoms appear and disappear.

Some detailed analysis on a time series of images was therefore carried out. Figure

5.16a is a detail of a series of larger images: one of these 20 x 20 nm filled state

images is shown in figure 5.17a. The full time series consists of 18 frames, covering

a time interval of 36 minutes. The analysis was carried out as follows. Each frame

was reduced to a sparse matrix as detailed in section 5.2.6, zero everywhere apart

from at the adatom positions, with each adatom being represented by a 1. The

complete set of matrices is summed to produce the image shown in figure 5.17b.

Adatoms that do not move are represented by a pixel value, or occupation number,

of 18. Adatom positions that are only occupied for part of the time series have

an occupation number of less than 18. In figure 5.17b the pixels representing the

adatom positions have been enlarged to make them more visible: positions with an
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occupation number of less than 18 are marked red, and the number is indicated.

Positions with an occupation number of 18 are black. Several conclusions can be

made: firstly there is a clear correlation of the positions of partly-occupied sites

with one another: there is a cluster of mobile adatoms in the centre right of the

image. Secondly pairs and groups of sites can be identified which indicate a clear

hopping path for a single adatom. These can be identified as groups of sites which

show sequential occupation, i.e. where the total occupancy is 18 and no two sites

are simultaneously occupied. Two such groups are identified in figure 5.17b and are

labelled as X and Y. Thirdly adatom positions which are vacated are sometimes

reoccupied later. Group Z in figure 5.17b indicates an adatom which has hopped

from one site to its neighbour: the original site is then re-occupied by another

adatom. The total occupancy of the group is therefore 19.

There is clear evidence that adatoms hop from site to site rather than appearing and

disappearing at random. The appearance and disappearance of adatoms are clearly

correlated and cascades can be observed where adatoms appear to sequentially hop

from one site to another. Adatoms may diffuse over the surface, or they may hop

onto the STM tip and then off again at a different location: if adatoms hop onto

the apex of the tip however this would be expected to affect the imaging conditions,

which is not observed in these time series. It is worth noting that at 170 K only

22% of adatoms are mobile, with most remaining fixed.

The fact that vacated adatom sites are later reoccupied indicates that adatoms do

not sit at random sites on the surface, but have preferred positions. Based on

the evidence of the previous section however it would appear that adatoms do not

display any ordering which is commensurate with the atomic lattice. There are

therefore preferred adatom positions which do not bear a simple relationship to the

surface lattice. We may relate these preferred binding sites to the larger scale (≈
4 nm) modulation seen in atomically flat STM images of the PrSr2Mn2O7 surface

(see section 5.2.1). This modulation is not observed in images of PrSr2Mn2O7 which

show adatoms and vacancies, but it may simply be masked by the much larger z-

signal of the adatoms. Oxygen vacancies may preferentially occupy potential energy

minima created by the modulation. The ≈ 4 nm modulation is in turn likely related

to a disordered or partially ordered arrangement of Pr3+, Sr2+, Mn4+ and Mn3+

ions at or near to the PrSr2Mn2O7 surface (sections 5.2.1 and 5.2.5). Negatively

charged oxygen adatoms may find potential energy minima at sites above Pr3+ ions,
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above pairs or groups of Pr3+ ions, or sites defined by a more complex combination

of A-site cations and Mn ions.

5.2.8 Recombination of Oxygen Adatoms and Vacancies

Image analysis can be used to calculate the coverage of adatoms and vacancies on

the PrSr2Mn2O7 surface, and to determine if this coverage is constant with time

and temperature. Two methods can be used to determine the adatom or vacancy

coverage. Firstly the grain analysis method can be used as for the previous time

series and temperature dependence analyses. In this method a threshold level is set:

all areas higher than this are designated as adatoms: these areas are identified and

counted. The advantage of this method is that the coordinates of the adatoms are

determined, so statistics on their nearest-neighbour spacing can be collected. The

method requires that the images used are carefully calibrated in Z so that the same

threshold can be used for all images. The calibration used must take account of the

changing piezo constant with temperature.

This method has been used in section 5.2.6 to plot the coverage of adatoms only as a

function of temperature. Coverage is measured from single images at each tempera-

ture. The coverage of adatoms is observed to decrease with increasing temperature,

from one adatom per 66 unit cells at 78 K to one adatom per 89 unit cells at 195

K. The observed decrease in adatom coverage is a function both of temperature and

time: the temperature dependent data took a total of eight days to collect. One

temperature was measured per day, in order of increasing temperature. At a fixed

temperature of 78 K the coverage of adatoms has been observed to decrease over

time between images collected three days apart, but only by 3 %. In the tempera-

ture dependent experiment we see the coverage decrease by 35 % over seven days,

so there is a clear effect of elevated temperature.

The grain analysis threshold method works well for adatoms, but not for vacancies.

Vacancies often join into pairs or groups, leading to an underestimate of the vacancy

coverage by the threshold method. The method also relies on accurate Z-calibration

information being available. An alternate method is to analyse the height (Z) his-

togram of an image: this contains information on the coverage of the image by

adatoms and vacancies. An example Z histogram is shown in figure 5.18. The cen-
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tral portion of the histogram arises due to the “normal” surface, not adatoms or

vacancies: this can be fitted with a Gaussian function, shown as a dotted line in

the histogram in figure 5.18. The central portion is defined as the region within the

half maximum of the histogram. The Gaussian function then gives a reference for

analysing the rest of the histogram. In an image with a high density of adatoms, the

histogram will show an excess over the Gaussian fit at the positive end of the distri-

bution: a high vacancy density will result in an excess over the fit at the negative

side. The coverage of adatoms and vacancies can be measured by integrating the

area under the histogram at each end: this integrated area is equal to the area of the

image covered in adatoms and vacancies. The adatom and vacancy coverage is thus

determined by integrating the regions of the Z histogram at each end and expressing

this value as a fraction of the total integrated area under the histogram, which is

equal to the total area of the image. The end regions are defined as those areas

where the Gaussian fit is 5% or less of its peak value. Thus the adatom and vacancy

coverage are determined by analysing the shape of the image height histogram, so

the result is independent of the Z-calibration of the image. This method has been

applied to a time series of images, collected on the same area at a fixed temperature.

The same time series as used for figure 5.17 has been used: the series consists of

18 frames collected over 36 minutes at 170 K. Figure 5.18 shows that the coverage

of both adatoms and vacancies decreases during this time series. The coverage of

adatoms decreases from 5.59 % to 5.05 %, and the coverage of vacancies decreases

from 1.15 % to 0.76 %. The vacancy coverage as measured by this method is lower

than the adatom coverage since vacancies are shallower than adatoms are high, but

the same cut-off value of 5 % has been used for both.
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Figure 5.18: Analysis of adatom and vacancy coverage as a function of time within
a time series of STM images (frames). The height (Z) histogram of each image is
analysed to produce an areal coverage of adatoms and vacancies for each frame. The
coverage of both adatoms and vacancies is observed to decrease with time. The time
series covers 36 minutes.

Over a time series of images the density of both adatoms and of vacancies decreases.

It is logical to postulate that adatom-vacancy recombination may be taking place,

where adatoms fall into vacancies, producing a reduction in the coverage of both.

This process may also explain the decrease in coverage with increasing tempera-

ture. As the adatom mobility appears to be thermally activated, recombination

will occur more rapidly at higher temperatures, resulting in more rapid depletion

of adatom and vacancy densities at elevated temperature. The recombination of

adatom/vacancy pairs has been observed by STM. Figure 5.19 shows two successive

frames of a time series: in (a) an adatom and a vacancy are visible in close prox-

imity; in (b) both the adatom and the vacancy have vanished, suggesting that the

adatom has filled in the vacancy.
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Figure 5.19: (a) and (b): successive frames in a time series showing recombination
of an adatom/vacancy pair (c) line profiles through (a) and (b) showing that both
the adatom and the adjacent vacancy vanish
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5.2.9 Bistable Oxygen Adatoms

In addition to adatom hopping observed in a time series of images, bistable adatoms

are observed in single STM images and I(V) spectra. Such adatoms can switch be-

tween two adjacent positions several times during a single topographic scan, within

a time frame of a few minutes. Figure 5.20 shows an STM topographic image col-

lected at 125 K, showing a bistable adatom: the adatom appears streaky because it

moves between one scan line and the next. The STM tip takes around 10 s to scan

over the adatom. Also shown are I(V) spectra collected on the bistable adatom, a

stable adatom and the normal surface: spectrum positions are marked on the topo-

graphic image. Voltage was swept from positive to negative bias. A discontinuity

is observed in the I(V) curve because the adatom switches position during the I(V)

measurement. The measured spectrum switches between that typical of an oxygen

adatom and that of the underlying surface. This occurs faster than the time reso-

lution of the I(V) measurement of 1 ms. This discontinuity can be used to measure

the bias voltage needed to switch the adatom: switching of bistable atoms is not

observed at low bias, but only at bias voltages higher than 300 mV. It may not be

possible to discern switching at lower biases however since this is will be within the

gap of the I(V) spectrum, and tunnel current will be very low. Switching has been

observed at both positive and negative bias, and when sweeping the bias voltage in

either direction.

The mechanism behind the discontinuity observed in I(V) spectra is assumed to be

the motion of the oxygen ion under applied bias: as the bias between the sample and

the tip is increased, the adatom moves towards or away from the tip. So far attempts

to determine the preferred direction of switching have not been successful: no clear

dependence of the switching direction upon bias polarity or the direction that the

bias is swept in has been established. Bistable oxygen adatoms and discontinuous

I(V) spectra have been observed at 78 K, 125 K and 140 K, but so far there is

insufficient data to determine the temperature dependence of this phenomenon.

One problem with studying bistable adatoms with I(V) spectroscopy is that the bias

voltage needs to be re-applied after each I(V) measurement, in order to continue

imaging: this voltage may move the adatom again, introducing uncertainty into

the voltage and position history of the adatom. It would be advantageous to be

able to scan the PrSr2Mn2O7 surface at a low sample bias, < 300 mV, since this
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Figure 5.20: 5 x 5 nm STM topograph collected at 125 K, 100 pA, -0.8 V sample
bias. Position 1 shows a stable adatom, position 3 a bistable adatom. I(V) Spectra
from these positions are shown, together with a spectrum from the normal surface
(position 2). Spectrum 3 shows the characteristic discontinuity caused by motion
of the adatom: the spectrum can be seen to switch between that of an adatom and
that of the normal surface.

would reduce electrostatic forces exerted on adatoms: switching of bistable adatoms

has not been observed below this voltage. Performing STM at less than 300 mV

bias voltage may not be possible however, as due to the low tunnel current at this

bias the tip will likely crash. In future, it is planned to upgrade the LT-STM

at the London Centre for Nanotechnology to include Q-plus AFM capability. This

enables atomic resolution AFM to be carried out in the same low-temperature, UHV

environment as STM. In addition combined AFM-STM experiments can be carried

out, for example imaging may be performed using AFM mode, but tunnelling I(V)



Chapter 5. STM Experiments on PrSr2Mn2O7 126

spectra may be collected as well. AFM capability would allow images to be collected

at zero bias, to establish a “baseline” mobility: the voltage dependence of the adatom

mobility could then be studied in detail. In addition, it would be possible to measure

accurately the voltage required to move single adatoms on the PrSr2Mn2O7 surface.

Adatom positions could be determined using AFM mode: voltage pulses could then

be applied to the adatoms, and the voltage required to move the adatom determined

from the discontinuity in the tunnel current, without the uncertainty in the voltage

history of the adatom inherent in the STM measurement.

5.2.10 Effect of High Temperatures on the PrSr2Mn2O7

Surface

Imaging the PrSr2Mn2O7 surface using the LT-STM at temperatures above 195

K has proved problematic. Imaging was attempted at 220 K: terraces can still

be observed, with 1 nm high steps. The overall surface roughness is around 0.2

nm, consistent with the adatom/vacancy PrSr2Mn2O7 surface. Higher resolution

images were very noisy however, with many changes of contrast, likely due to some

instability of the STM tip. A few stable images were obtained at 220K: figure

5.21 shows a short time series of images, covering around 3 minutes. Adatoms can

clearly be seen in these images, and are around 150 pm high. Clearly the adatoms

are mobile: we can identify up to 8 appearances or disappearances of adatoms per

frame: the fraction of mobile adatoms is 69 ± 15 %, far higher than the mobility

observed at lower temperatures. The coverage of adatoms varies within the short

time series shown in figure 5.21 but is in the range 0.04 ≤ ρ ≤ 0.07 nm−2, or between

one per 100 and one per 165 surface unit cells2. This compares to one adatom per

86 unit cells at 195 K. Both the increased mobility and decreased coverage fit with

the temperature trends previously identified: there is clearly a dramatic increase in

mobility between 195 K and 220 K though. Figure 5.22 shows the fraction of mobile

adatoms as defined in section 5.2.7, including the hopping rate at 220 K. The same

guide to the eye as figure 5.16b has been shown for 78 K ≤ T ≤ 195 K in the inset to

figure 5.22. An activated fit of the form exp(−EA/kbT ) has been made for the full

temperature range. The activated fit is shown in figure 5.22: the activation energy

2The same counting method and height threshold has been used to evaluate the adatom density
at 220 K as for the lower temperature data in section 5.2.6
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EA = 140 meV. There is a poor fit to the lower temperature adatom mobility. Due to

this poor fit the measurement of the activation energy is not accurate: however the

likely range of the activation energy can be estimated by making several activated

fits. This method yields 100 ≤ EA ≤ 260 meV. The poor fit suggests that adatom

mobility is not a simple thermally activated process.

There is a decreased coverage of adatoms at 220 K, with between 11 % and 46 %

fewer adatoms than at 195 K. The PrSr2Mn2O7 surface was studied at 220 K as

part of the same experiment as the lower temperature studies: the 220 K data were

collected the day after the data for 195 K. For 78 K ≤ T ≤ 195 K the average

decrease of adatom coverage in a 25 K interval was around 5 %. This indicates that

loss of adatom coverage is indeed a function of temperature as well as time: the loss

of adatoms appears to accelerates in line with the increased adatom mobility. As

noted in section 5.2.8 an increased adatom mobility will lead to an accelerated loss

of adatoms, through recombination with vacancies. Adatoms may also be lost from

the surface to the vacuum, though this will obviously not lead to a corresponding

loss of vacancies.

The high mobility of oxygen adatoms at 220 K may explain the difficulty in imaging

the PrSr2Mn2O7 surface at this temperature: very mobile oxygen adatoms may be

picked up by the STM tip during scanning, changing the tunnel junction properties.

Adatoms picked up by the tip may become chemisorbed to it, making it very difficult

to remove them and restore normal imaging. In practice after a few hours of scanning

the PrSr2Mn2O7 surface at 220 K a stable scan could no longer be obtained, and

the STM tip had to be changed.

In order to change the STM tip in the LT-STM, the sample has to be removed from

the STM stage and placed on a carousel, which is at room temperature. Warm-

ing PrSr2Mn2O7 samples to room temperature is generally observed to disrupt the

surface: stable STM imaging has not been obtained on samples which have been

allowed to warm up. This may be due to the adsorption of water onto the sample

surface. Some residual water will remain in the vacuum chamber, and if the sample

is warmed to room temperature, water may escape from surfaces close to the sample

and coat the sample surface. Also, as the sample is cooled from room temperature

again for imaging, the sample surface will act as a getter for water molecules. Un-

fortunately this means that the PrSr2Mn2O7 sample which had been imaged at 220
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K could not be imaged again at a lower temperature as a control experiment, to see

if the adatom mobility decreases again on cooling.

In general the approach adopted in the PrSr2Mn2O7 experiments using the LT-

STM described here was to keep the sample below 200 K at all times to avoid

either the tip picking up adatoms, or the sample becoming contaminated with water.

This approach has been successful at producing stable, repeatable imaging. In the

future studies of adatom mobility could be carried out by deliberately warming a

PrSr2Mn2O7 sample, in a controlled way. For example, a PrSr2Mn2O7 sample could

be allowed to warm to around 220 K on the STM stage, without scanning, and the

stage could then be cooled down again. This ought to result in a stable surface

which is significantly depleted in adatoms.
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5.2.11 Surface Charge Ordering in PrSr2Mn2O7: LEED data

STM topographic images of PrSr2Mn2O7 do not provide any evidence for any type

of surface charge ordering, either CE-type or the stripe charge ordering observed

by Tokunaga et al. [79] in X-ray diffraction data (see section 1.7). No
√

2a x
√

2a

superlattice, or stripe-like structures with a periodicity of 4a, were seen in images

collected at any temperature in the studied range of 78 K to 195 K. An STM image

only samples a small region of the sample surface however, and it is always possible

that charge ordering is only stabilised across a fraction of the surface. Also, charge

ordering might be stabilised at the surface at a different temperature from the bulk,

and therefore outside the temperature range of 78 K - 220 K studied with STM. Low

Energy Electron Diffraction (LEED) measurements were therefore made to look for

the effect of charge ordering. LEED has been used to study charge ordering on

the surface of Fe3O4 [43]: surface charge ordering is apparent in the LEED pattern

as additional diffraction peaks. The stripe-like 4a charge ordering suggested for

PrSr2Mn2O7 would result in satellite peaks around the diffraction peaks. If the

charge ordering is only one-dimensional each spot will have two satellite peaks, at

1/4 the spacing of the primary peaks. If twinned domains of stripe-like charge order

are present four satellite peaks will be observed, at the same spacing.

The LT-STM at the London Centre for Nanotechnology has a LEED screen mounted

on the preparation chamber: samples can be transferred from the STM to the LEED

station inside UHV. The spot size of the LEED beam at the sample is around 2 mm.

The cryogenic manipulator can be used to cool samples, so LEED can be performed

at temperatures down to 20 K. A PrSr2Mn2O7 sample which had been previously

studied in the STM was loaded onto the manipulator and studied using LEED. Fig-

ure 5.23a shows a typical LEED pattern collected at room temperature, with an

electron beam energy of 174 eV, corresponding to an electron wavelength of 0.093

nm. Spots corresponding to a square lattice of spacing a = 0.43 ± 0.03 nm can be

observed, where the error is based on the diffraction peak width. This is in reason-

able agreement with the lattice spacing from X-ray diffraction of a = b = 0.38535

nm [79]. This result can also be compared to the lattice seen in STM data. The

sample used for the LEED study had been observed to show the adatom/vacancy

surface: an image from this sample is shown in figure 5.6a. The Fourier transform of

this image has been repeated in figure 5.23b for comparison with the LEED image:



Chapter 5. STM Experiments on PrSr2Mn2O7 131

 

a b 

Figure 5.23: (a) Typical LEED pattern obtained from PSMO showing square lattice,
at room temperature and 174V (b) FFT of 55 x 60 nm STM topograph from the
same sample at 78 K, with the same orientation. This image has been shown in
figure 5.6a.

a square lattice of spacing a = 0.380 ± 0.005 nm is seen in the Fourier transform.

The rotational orientation of the sample is preserved in the transfer from STM to

LEED station: it can be seen in figure 5.23 that the lattice seen in STM and in

LEED has the same orientation as well as the same spacing. This indicates that

the atomic lattice observed in STM topographic scans extends over much larger,

mm-sized areas.

The cryogenic manipulator was used with liquid helium to cool the PrSr2Mn2O7

sample at the LEED station down, so that LEED measurements could be performed

in the temperature range 20 K - 300 K. No satellite diffraction peaks were observed at

any temperature. The experiment was repeated with another PrSr2Mn2O7 sample,

and with different electron beam energies, with the same result. Thus we must

conclude that either charge ordering is not present at the surface of PrSr2Mn2O7,

or that it is too weak to be observed by either STM or LEED.
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5.2.12 Temperature and Magnetic Field Dependence of STS

Measurements of PrSr2Mn2O7

PrSr2Mn2O7 samples were studied in the Oxford and Cryogenic STMs as well as

the LT-STM. Samples were cleaved at room temperature at a pressure of around

5 x 10−10 mbar, around an order of magnitude higher than the pressure at which

samples can be cleaved in the LT-STM. Stable atomic resolution was not achieved

in either experiment, nor clear resolution of adatoms. However, atomic terraces

and clear step edges were observed in all three cleaves performed. Figure 5.24a

shows a 400 x 500 nm STM topograph collected at 300 K using the Oxford STM.

Steps 1.00 ± 0.03 nm high can be observed, which is in good agreement with the

previously measured value from LT-STM images of 1.01 ± 0.02, and the value from

X-ray diffraction of c/2 = 0.9964 nm [79]. Similar images were obtained from the

Cryogenic STM, giving a step height of 0.99 ± 0.03 nm. Figure 5.24a, and the

cross section shown in figure 5.24b, show that the terraces are not as flat as those

obtained in the LT-STM: numerous features up to 0.8 nm high can be observed. As

these features are not observed in the LT-STM scans it is likely that they are due to

surface contamination, possibly due to the higher vacuum chamber pressure. Most

areas on the PrSr2Mn2O7 surfaces studied show a roughness (apart from the features

noted above) of around 0.2 nm peak-peak, indicative of the adatom-vacancy surface,

but some areas show a flatter surface with roughness around 40 pm, indicative of

the atomically flat surface.

Figure 5.24c shows a time series of 5 x 5 nm STM topographic images collected

using the Oxford STM at 300 K. Each images takes around 50 seconds to acquire.

Some features are seen in image 1 which might be oxygen adatoms: they have about

the right height at ≈ 150 pm. These features are seen to move between images

1, 2 and 3, but the imaging quality degrades rapidly making it impossible to see

any features by image 4. If these features are oxygen adatoms their high mobility

would be consistent with the temperature dependence of adatom mobility identified

in sections 5.2.7 and 5.2.10. The rapid degradation of the image quality is likely

due to material picked up by the STM tip, either the oxygen adatoms themselves

or surface contaminants.

Difficulties in imaging PrSr2Mn2O7 at room temperature are expected due to the
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Figure 5.24: (a) 400 x 500 nm STM topographic image of PrSr2Mn2O7 taken at 300
K using the Oxford STM (b) section showing 1 nm steps and 0.8 nm high features
(c) time series of 5 x 5 nm STM topographic images taken at 300 K, covering around
200 seconds

high mobility of oxygen adatoms at 220 K and above (section 5.2.10). However

good resolution could not be achieved at low temperature in either the Oxford or

Cryogenic STM. This is likely due to the surface contamination. At present it is

not clear if it is sufficient to reduce the vacuum chamber pressure to the 10−11 mbar

range, as in the LT-STM, to avoid surface contamination, or if cold cleaving is also

necessary, since samples were always cleaved at around 20 K in the LT-STM. If the

sample is cleaved at room temperature and then cooled, the sample surface may act

as a getter for water molecules and other contaminants in the vacuum chamber. Cold

cleaving may help to reduce surface contamination as contaminants are efficiently

cryo-pumped by the cleaving stage cryostat, which will be close to and colder than

the sample. It may also be possible that a better cleave is obtained at 20 K than

at room temperature, due to the sample being more brittle at low temperature and

cleaving more cleanly. This would imply that some of the surface “contamination”

arises from an uneven cleave of the PrSr2Mn2O7 crystal.

Despite the poor imaging performance it ought be possible to derive information on

the temperature and field dependence of the tunnelling I(V) spectrum of PrSr2Mn2O7
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from Oxford and Cryogenic STM data. Arrays of I(V) spectra can be collected across

large areas at a range of temperatures and fields, and the average zero-bias conduc-

tance and energy gap parameter can be extracted. As these values will be averaged

across large areas the effect of the surface contamination should be minimised, as

only a small fraction of the surface is contaminated.

The Oxford STM was used to make STS measurements of PrSr2Mn2O7 in the tem-

perature range 75 K - 300 K. At each temperature at least 2500 I(V) spectra were

collected, typically across a 100 x 100 nm area. Figure 5.25a shows example spectra

from I(V) arrays collected at 126 K and 300 K. The setpoint is 200 pA, set at +0.8

V sample bias. For each temperature the gap parameter ∆ and the zero bias con-

ductance G0 were extracted, as follows. First a straight line fit is made to each I(V)

curve in the array, in the region close to zero volts (normally ± 100 mV): the slope

of this fit gives the zero bias conductance G0. The straight line fit is then subtracted

from the spectrum, and the gap is measured. The gap parameter is extracted from

each I(V) spectrum by measuring the positive and negative voltages at which the

tunnel current exceeds a threshold value. The threshold is arbitrary but is chosen

to be larger than the typical noise on the current signal, to minimise false measure-

ments: here a threshold of 6 pA was used. For this experiment the gap parameter

∆ is taken to be equal to the upper (positive bias) threshold. The full gap width

2∆, defined as the difference between the positive and negative threshold voltages,

was not used due to excess noise on the lower (negative bias) threshold. Histograms

of G0 and ∆ can be produced, and Gaussian fits can be made to both, to determine

G0 and ∆ for each temperature.

Figure 5.25b shows example histograms of the gap parameter ∆ at 126 K and 300

K, with Gaussian fits to both. Figure 5.25c shows the temperature dependence of

∆: the error bars represent one standard deviation as measured from the Gaussian

fit at each temperature. The gap parameter remains roughly constant up to 200

K and then sharply decreases at higher temperature. At all temperatures the gap

distribution is unimodal: no evidence for any phase coexistence is seen. Figure 5.25d

shows histograms of the zero bias conductance G0 at 175 K, 200 K and 300 K: figure

5.25e shows the temperature dependence of G0. The error bars again represent one

standard deviation in G0 as derived from the Gaussian fit. The temperature depen-

dence of G0 can be fitted with an activated curve of the form T 3/2 exp(−∆0/2kbT ),

where ∆0 is the zero temperature gap parameter. This fit is shown in figure 5.25e:
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Figure 5.25: (a) example spectra from PSMO at 126K and 300K (b) histograms of
gap parameter ∆ at 126 and 300 K (c) temperature dependence of ∆ with activated
fit with ∆0 = 299 meV (d) histograms of zero bias conductance G0 at 175 K, 200
K and 300 K (e) temperature dependence of G0 with activated fit with ∆0 = 299
meV (f) temperature dependence of standard deviation of G0 distribution
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the value of the gap parameter ∆0 from the fit is 299 ± 22 meV. This value is in

good agreement with the gap parameter ∆ measured directly from the I(V) spectra.

Figure 5.25c shows an activated fit to ∆ as a function of temperature: the fit has

the form ∆0 − AT 3/2 exp(−∆0/2kbT ), where A is a scaling factor. This gives a

reasonable fit to ∆ as a function of temperature.

The standard deviation σ of the zero bias conductance G0 is shown as a function

of temperature in figure 5.25f. We can compare this to the expected temperature

dependence of the thermally broadened width of G0. The thermal width distribution

of G0 is proportional to T×G0: this is plotted in figure 5.25f, scaled to give a similar

width to the measured value at high temperature. An activated fit to this calculated

width is shown. At 250 K and below the measured width is larger than the calculated

value, indicating that in this experiment there is a substantial additional source of

noise. This noise is likely due to the poor sample surface and imaging conditions.

Interestingly there is a peak in σ at 200 K: the width in the G0 distribution at

this temperature is around twice the value at 175 K. This difference can be seen in

the histograms of G0 shown in figure 5.25d. This is around the same temperature

that the oxygen adatom mobility was observed to dramatically increase (see section

5.2.10): the same effect may increase the noise in STS measurements.

Magnetic field dependent STS measurements of PrSr2Mn2O7 were made using the

Cryogenic STM, at 125 K. At this temperature the c-axis magnetoresistance at 6

T for a field applied perpendicular to the sample surface is ∆ρ/ρ = 20 %. Larger

magnetoresistance values can be obtained at lower temperatures, but below 78 K the

sample may be too resistive to allow STM to be performed. There also appears to

be some enhancement of the magnetoresistance ratio at around 125 K (see section

5.1). I(V) STS maps were collected on a 500 x 500 nm area of the PrSr2Mn2O7

surface at magnetic fields of 0, 1, 2, 3, 4, 5 and 6 T. The maps consist of 64 x 64

spectra: the field is applied perpendicular to the sample surface. Unlike the case of

the superconducting NbSe2 test sample (see section 3.1.4) the PrSr2Mn2O7 sample

was found to move a substantial distance relative to the tip upon application of

magnetic field, around 125 nm upon the initial application of a 1 T field. This is

likely due to the non-zero magnetic moment of the PrSr2Mn2O7 sample. However,

the area studied featured a step edge and a distinctive defect which allowed the

movement to be corrected for, and the same 500 x 500 nm area to be scanned at all

fields.
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Figure 5.26: (a) Histogram of zero bias conductance G0 at zero field at 125 K (b)
Histogram of gap parameter ∆ at zero field at 125 K (c) Field dependence of G0

and ∆ at 125 K. No significant dependence is seen up to 6 T

The gap parameter ∆ and zero-bias conductance G0 were extracted from the I(V)

arrays in the same way as for the Oxford STM data described above. A current

setpoint of 100 pA, set at +0.8 V was used: the current threshold for measuring the

gap width was 3 pA. Figure 5.26 shows the results of the magnetic field-dependent

study. Figures 5.26a and b show histograms of G0 and ∆ at zero field. The gap

parameter was measured as ∆ = 0.334 ± 0.021 V, where the error is one standard

deviation as measured from a Gaussian fit to the histogram of ∆. This is larger than

the gap measured using the Oxford STM at the same temperature, but the difference

is less than 3.5kBT = 0.038 V at 125 K. The zero-bias conductance was measured

as 2.9 ± 9.8 x 10−4 nA/V. The magnetic field dependence of G0 and ∆ is shown

in figure 5.26c. No field dependence is seen in G0: a slight increase in ∆ is seen

with increasing field, from 0.334 V at zero field to 0.341 V at 6 T. This difference

is however less than the error on ∆ and less than kBT so it cannot be regarded as

significant. Thus despite a 20 % reduction in bulk c-axis resistivity under an applied

field of 6 T, no change in the zero-bias conductivity or gap parameter measured via

STS is observed.

In the future a field-dependent experiment could be carried out on PrSr2Mn2O7 at

a lower temperature. This would give the advantages of less thermal noise and en-
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hanced magnetoresistance ratio. At around 40 K the magnetoresistance ratio ∆ρ/ρ

is larger than 50 % and kBT is 0.015 V. The sample resistivity will be considerable

at around 15 kΩ-cm. This is only 3 times the value at 78 K though, so it should

still be possible to scan the surface.

5.3 Summary of PrSr2Mn2O7 Results

STM experiments in the Omicron Nanotechnology LT-STM were successful in achiev-

ing atomic resolution on the PrSr2Mn2O7 surface. Samples were cleaved at 20 K

and studied at 78 K and above: it was found to be essential to prevent the sample

warming up above ≈ 200 K in order to maintain good imaging conditions (5.2.10).

The observed surface is believed to be the O - Pr/Sr layer (5.2.1). A square lattice

is observed which is consistent with published X-ray diffraction data (5.2.1) and

LEED data collected on the same samples (5.2.11). The lattice has a peak to peak

corrugation of 4 pm: a larger modulation with a corrugation of 20 pm and a length

scale of around 4 nm is also seen (5.2.1). The nature of this larger lattice is not

understood, but it may be related to the distribution of Mn3+/ Mn4+ and Pr3+/

Sr2+ ions at the surface of PrSr2Mn2O7. Stripe-like charge ordering, identified by

X-ray diffraction [79], is not observed in STM or LEED data (5.2.11).

In some regions of the PrSr2Mn2O7 sample a rougher surface is observed. This

increased roughness is observed to be due to a population of surface adatoms and

vacancies (5.2.3). The atomic lattice can still be observed and has the same spacing

and similar corrugation to the lattice seen on atomically flat areas. From STS

data, adatoms are found to carry a negative charge and vacancies a positive charge,

relative to the rest of the surface. The adatoms have been identified as oxygen ions

and the vacancies as oxygen vacancies (5.2.4). The coverage of adatoms has been

related to the density of Pr3+ ions at the surface (5.2.5).

Adatoms are not observed to form any ordered structures commensurate with the

atomic lattice. The arrangement of adatoms is almost random, although there

is statistically significant anti-clustering behaviour (5.2.6). However adatoms are

observed to be mobile, and show preferred positions at the surface (5.2.7). These

preferred positions may be potential energy minima determined by the locations
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of Pr3+ and Sr2+ ions in the surface layer and Mn3+ and Mn4+ ions below the

surface layer. The mobility of adatoms is observed to increase with temperature,

and appears to sharply increase between 195 K and 220 K (5.2.10). Based on

Arrhenius-type fits to the mobility the activation energy for adatom motion has

been estimated as being in the range 100 ≤ EA ≤ 260 meV.

The coverage of adatoms and vacancies is observed to decrease over time. In ad-

dition, elevated temperatures appear to cause an accelerated loss of adatoms and

vacancies (5.2.8). This is attributed to recombination of adatoms and vacancies.

Although it would not cause a decrease in vacancy coverage, loss of adatoms to the

vacuum cannot be ruled out.

I(V) spectra taken on adatoms sometimes show a characteristic discontinuity caused

by motion of the adatom during the I(V) measurement (5.2.9). Adatoms are not

observed to move at low bias, but only at voltages higher than 300 mV.

STM experiments in the Oxford STM and the Cryogenic STM were not success-

ful in achieving atomic resolution, perhaps due to the lack of cold cleaving or to

the higher pressure in the vacuum chamber (5.2.12). Cold cleaving may help pre-

vent contamination of the sample surface, by cryo-pumping contaminants out of

the STM chamber. Also, the PrSr2Mn2O7 samples may be more brittle and cleave

more cleanly at 20 K than at room temperature. Temperature dependent measure-

ments of the zero-bias conductance yield a measurement of the surface energy gap

parameter of ∆ = 299 ± 22 meV. Magnetic field-dependent measurements showed

no measurable effect of a field of up to 6 T on the I(V) spectra of PrSr2Mn2O7 at

125 K.
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6.1 Characterisation of La2−2xSr1+2xMn2O7

Samples

Single crystal and thin film samples of the bilayer manganite La2−2xSr1+2xMn2O7

were studied using STM, in the cation doping range 0.3 ≤ x ≤ 0.5. Bulk single

crystals of La2-2xSr1+2xMn2O7 were grown by Y. Tokura1,2,3,4,5 and T. Kimura4,5,6:

the samples were grown using the floating-zone technique. The crystals were grown

with cation doping x = 0.3, 0.32 and 0.5: the x = 0.3 compound should be identical

to that studied in colossal magneto-resistance studies [30] and by STM [59].

Thin films of La2-2xSr1+2xMn2O7 were grown by Y. Takamura7,8. The thin film

samples are unusual in that they are grown with the [110] crystal direction normal

to the sample surface. In this orientation the c axis is parallel to the surface, and

the a and b axes are at 45◦ to the surface.

Single crystal samples were characterised at the London Centre for Nanotechnology

using bulk electrical conductivity and magnetic susceptibility measurements. An

Oxford Instruments MagLab was used to make conductivity measurements, and a

Quantum Design MPMS based on a Superconducting Quantum Interference Device

(SQUID) was used to make susceptibility measurements. The SQUID measurements

were performed by Marc Warner.

MPMS measurements were performed on x = 0.3 and x = 0.32 La2-2xSr1+2xMn2O7

single crystal samples, to confirm the different low-temperature magnetic states of

these two compounds (see section 1.6). A magnetic field of 20 Oe (equivalent to 0.002

T) was applied. Figure 6.1 shows the magnetic moments of La2-2xSr1+2xMn2O7, x =

0.3 and x = 0.32 as a function of temperature. Magnetic moment is given in units

of the Bohr magneton µB, per Mn ion.

1Multiferroics Project, ERATO, Japan Science and Technology Agency (JST), Bunkyo-ku,
Tokyo 113-8656, Japan

2Spin Superstructure Project, ERATO, JST, Tsukuba, Ibaraki 305-8562, Japan
3Correlated Electron Research Center (CERC), National Institute of Advanced Industrial Sci-

ence and Technology (AIST), Tsukuba, Ibaraki 305-8562, Japan
4Department of Applied Physics, University of Tokyo, Bunkyo-ku, Tokyo 113-8656, Japan
5Joint Research Centre for Atom Technology, Tsukuba, Ibaraki 305,Japan.
6Bell Laboratories, LucentTechnologies, 600 Mountain Avenue, MurrayHill, New Jersey 07974
7Department of Materials Science and Engineering, University of California, Berkeley
8Lawrence Berkeley National Laboratory, Berkeley, California 94720
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Figure 6.1: Magnetic moment of x = 0.3 and x = 0.32 single crystal samples,
measured as a function of temperature using the SQUID at the LCN, at 0.002 T

The x = 0.3 compound shows a peak in magnetic moment at around 60K. A detailed

study of the temperature dependent magnetic structure of La1.4Sr1.6Mn2O7 has been

made using neutron diffraction by Argyriou et. al [2]. As noted in section 1.6,

La1.4Sr1.6Mn2O7 is antiferromagnetic: at low temperature Mn spins are aligned close

to the c-axis, but at TN = 100 K they are tilted towards the a-b planes. The a-b

plane component of the magnetic moment reaches its greatest intensity at around

80 K: below this temperature the intensity decreases as the spins rotate away from

the ab-plane direction. This is likely the peak we observe at 60 K. The reduced

temperature may be due to a slight variation in composition between the samples

studied by Argyriou et al. and those studied here. TN in these samples is around 80

K. The x = 0.32 compound is expected to be ferromagnetic. The magnetic moment

of this compound shows a steep rise at around 110 K: the moment remains close to

the peak value down to the lowest measured temperature, indicating a ferromagnetic

state with TC ≈ 110 K.

Figure 6.2 shows results from an MPMS measurement of a LaSr2Mn2O7 (x = 0.5)

single crystal sample. The magnetic moment is shown as a function of temperature

for magnetic field strengths of 0.002 T and 1 T: the moment is given in units of

the Bohr magneton µB, per Mn ion. The magnetic moment of LaSr2Mn2O7 shows a

complex behaviour due to the re-entrant charge ordered state. At room temperature

the sample is paramagnetic. As the temperature is decreased, the charge order state

is stabilised at around 225 K: this causes a drop in magnetic moment. Around 100 K

the charge ordered phase gives way to the antiferromagnetic state and the moment
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Figure 6.2: Magnetic moment of x = 0.5 LaSr2Mn2O7 single crystal samples, mea-
sured as a function of temperature using the SQUID at the LCN, at fields of 0.002
T and 1 T

increases again. As can be seen from figure 6.2 at a higher magnetic field the effect of

the charge ordered phase is suppressed, as the magnetic field stabilises the competing

antiferromagnetic phase.

6.1.1 Thin Film Samples

Thin film La2-2xSr1+2xMn2O7 samples with x = 0.4 were produced by Y. Takamura

by pulsed laser deposition. These films are unusual in that they are oriented in the

(110) direction, with the c axis in the plane of the sample surface, and the a and b

axes at 45◦ to the surface. The films are deposited onto a SrTiO3 (110) substrate

and have a range of thicknesses. The samples were characterised by Y. Takamura by

X-ray diffraction, TEM and bulk transport studies [74,75]. The films show a marked

tendency to be multiphase, that is to include intergrowths of n = 1 and n =∞ (cubic

perovskite) phases: this tendency is particularly notable in thinner films (200 nm

thick), so films 600 nm thick were studied using STM. A TEM micrograph of a 600

nm film is shown in figure 6.3a: the c-axis unit cell parameter of La1.2Sr1.8Mn2O7

is 20.14 Å, and the 10.07 Å spacing corresponding with the bilayer spacing can be

seen clearly. The thicker films are clearly still somewhat multiphase since a cell of

reduced height corresponding to the n = 1 layer thickness can be seen. Transport

data taken on a 300 nm thick film (figure 6.3b) show a highly anisotropic resistance,

with resistivity in the c direction ρc up to two orders of magnitude higher than that

in the ab plane ρab. The films show a large magnetoresistance in fields up to 5 T, with
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ρ(0)/ρ(5T ) ≈ 100. The temperature dependence of the zero field resistance shows

a monotonic rise with decreasing temperature, whereas for single crystal samples

(see sections 1.6, 1.6.2 and figure 1.8) a sharp drop in ρc and ρab is observed at the

metal-insulator transition at TMI ≈ 125 K. The absence of a clear transition in the

thin films has been attributed to the presence of n = 1 and n =∞ intergrowths [74].

 

a b 

Figure 6.3: (a) TEM image of a 600 nm La1.2Sr1.8Mn2O7 thin film, with c-axis
parallel to sample surface. The 10 Å bilayer spacing can be directly observed: an
inclusion of single layer manganite with c-axis spacing 6 Å is also seen. (b) B field
and temperature dependence of resistivity in a 300 nm La2-2xSr1+2xMn2O7 thin film.
The films have a highly anisotropic conductivity and exhibit a CMR effect. The
field is applied parallel to the ab planes [75].
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6.2 Spectroscopic Variation in LaSr2Mn2O7

Experiments on La2−2xSr1+2xMn2O7 single-crystal samples were carried out using

the Cryogenic STM. Due to the lack of any suitable cleaving stage in the Cryogenic

STM vacuum chamber, single crystal samples were cleaved in the loadlock. The

loadlock was pumped out overnight and then left open to the preparation chamber

for several hours, to achieve the best possible vacuum in the loadlock without bak-

ing. Samples were cleaved at a pressure of around 5 x 10−10 mbar. Initially the

x = 0.3 compound La1.4Sr1.6Mn2O7 was studied, in order to investigate the tun-

nelling magnetoresistance effect (see section 1.6.2) using STM and STS. One out of

four attempted cleaves was successful in producing atomically flat surfaces. STM

topographic images taken at room temperature showed micron sized terraces with a

peak-to-peak roughness of less than 0.1 nm, and ≈ 1 nm high step edges, as seen in

previous measurements in the Oxford STM (section 6.4) and by Rønnow et al. [59].

Tunnelling spectra similar to [59] were also recorded, but no atomic resolution was

observed, nor atomic resolution “islands”. Unfortunately this surface degraded too

rapidly for low-temperature or high magnetic field studies to be made, and subse-

quent cleaves of the x = 0.3 compound were not successful in producing a good

surface. Further work on La2−2xSr1+2xMn2O7 in the Cryogenic STM concentrated

on the x = 0.5 compound.

Single crystal samples of LaSr2Mn2O7 (x = 0.5) were studied in the Cryogenic STM.

CE-type charge order is known to be stabilised in this compound [1, 28, 34, 36]:

it was hoped that atomically resolved images of the surface in both normal and

charge ordered phases could be obtained. Even in the charge-ordered state the c-

axis resistivity of LaSr2Mn2O7 is still low enough, at around 20 Ω cm, to enable STM

study [28]. Several cleaves were successfully performed, with three out of the eight

attempted cleaves yielding reasonably flat surfaces and well resolved terraces. Figure

6.4 shows a 1 x 1 µm topographic scan showing numerous terraces. The terraces

are much smaller than observed for La1.4Sr1.6Mn2O7 at around 50 nm across. The

step height is 1.00 ± 0.06 nm: steps which are a multiple of this value are frequently

observed. Atomic resolution was unfortunately not achieved on this surface: the

terraces are rougher than observed on La1.4Sr1.6Mn2O7 [59], with 0.2 - 0.5 nm peak

to peak roughness.
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Figure 6.4: (a) 1 x 1 µm STM topographic image of LaSr2Mn2O7 taken using the
Cryogenic STM at 225 K. A large number of atomic terraces are seen: the step
height is 1.00 ± 0.06 nm. (b) and (c): example spectra from a single I(V) array
collected at 45 K, showing variation in gap width. Each spectrum is an average of
> 200 spectra, taken from the I(V) array shown in figure 6.5a

As atomic resolution could not be achieved on this surface, the charge ordered

phase could not be directly imaged. The charge ordered phase may however coexist

with the antiferromagnetic phase below 170 K [2]: the two phases should be dis-

tinguishable by tunnelling spectroscopy, as the charge-ordered phase should have a

larger energy gap. It was therefore decided to search for phase coexistence on the

LaSr2Mn2O7 surface by collecting STS I(V) arrays at a range of temperatures, using

the Cryogenic STM. Phase coexistence may be identified by a bimodal distribution

of energy gap. If phase coexistence is identified, it should be possible to control the

fraction of the charge-ordered phase by applying a magnetic field. A large negative

magnetoresistance effect is observed in LaSr2Mn2O7 between 100 K and 200 K [28]:

this effect is explained as the “melting” of the charge ordered state under applied

field. This may occur due to competition between the charge ordered state and the

A-type antiferromagnetic state: the antiferromagnetic state will be stabilised by a

an applied field, at the expense of the charge ordered state. A field in excess of 20

T is required to completely destroy the charge ordered state, but a 7 T field applied

at 175 K is sufficient to produce a suppression of resistivity ρ0/ρH ≈ 160 %, so the

maximum field of 6 T which can be applied in the Cryogenic STM ought to produce
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a measurable effect. This experiment would take advantage of the ability of the

Cryogenic STM to apply a field with the STM stage at an elevated temperature,

since the charge ordered state is observed between 100 K and 200 K.

6.2.1 Temperature and Spatial Variation of STS spectra

STS I(V) arrays were collected on the LaSr2Mn2O7 surface at a range of tempera-

tures from 225 K to 10 K, using the Cryogenic STM. The STM was cooled to 132 K

using liquid nitrogen only, by filling the STM helium pot with helium gas and the

magnet tank with liquid nitrogen. The STM head will cool slowly by conduction

and radiation in this configuration: to reach lower temperatures liquid helium was

used. Arrays of 64 x 64 I(V) spectra were collected on areas of up to 1 x 1 µm. As

seen in figure 6.4, due to the large number of terraces, the Z-range in the image is

large, almost 80 nm across a 1 x 1 µm area: before slope subtraction, the image

Z-range is 276 nm. At low temperature the Z-range of the piezo (around 300 nm at

4 K) becomes a limiting factor in the image size that can be studied. Therefore at

low temperatures several smaller areas were studied, and combined to form an STS

mosaic. At each temperature at least 4096 spectra were collected, either as one 64 x

64 array covering 1 x 1 µm, or where this was not possible as several smaller arrays

separated by up to 1 µm. Figures 6.4b and c show two averaged spectra from an

I(V) array collected at 45 K: a substantial variation in gap width is observed.

Each I(V) array was processed to produce a “gap map”, as follows. First a straight

line fit is made to each I(V) curve in the array, in the region close to zero volts

(normally ± 0.1 V). The straight line fit is then subtracted from the spectrum, and

the gap is measured. A gap is extracted from each I(V) spectrum by measuring

the positive and negative voltages at which the tunnel current exceeds a threshold

value. The threshold is arbitrary but is chosen to be larger than the typical noise

on the current signal, to minimise false measurements. The gap 2∆ is defined as

the difference between the positive and negative threshold voltages. This procedure

is illustrated in figures 6.4b and c, for a threshold current of 3 pA: the method is

similar to that previously used for measuring an energy gap from STS spectra [59].

The gap values are plotted on the same axes as the original array to produce a “gap

map” showing the spatial variation of 2∆.
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Figure 6.5: Spectroscopic variation observed in LaSr2Mn2O7 between 115 K and 45
K. For each temperature, first column: topographic image. Second column: gap
map on the same area as the image. Dark regions indicate a small gap and lighter
regions a larger gap. Third column: gap histogram, fitted with the sum of two
Gaussian distributions. The spectra shown in figure 6.4b and c have been extracted
from the map shown in (a).

As well as a gap map, a histogram of gap values can be produced. If the gap is single-

valued, the distribution of gap values will be close to a Gaussian: a Gaussian fit can

be made, which will give an accurate measurement of the gap. If two gap values are

present, the distribution will be the sum of two Gaussian distributions, and can be

fitted as such: if the two gaps are sufficiently different the gap distribution will be

bimodal, with two distinct peaks in 2∆.

On the LaSr2Mn2O7 surface, gap maps reveal the gap to be single-valued above 115

K, and at 10 K. Between these temperatures, at 45 K , 80 K and 115 K, spectral
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variation is observed. Figure 6.5 shows the observed variation: for each temperature

a topographic image is shown (first column), together with a gap map generated from

an I(V) array on the same area as the image (second column). The threshold current

used for the gap measurement is 3 pA. In the gap map, the dark regions indicate a

small gap and lighter regions a larger gap. Also shown is a gap histogram for each

temperature (third column), generated by combining the gap values generated from

several I(V) arrays collected at that temperature. Each gap histogram has been

fitted with the sum of two Gaussian distributions.

A bimodal distribution of the gap width 2∆ is clearly observed at 45 K, 80 K and

115 K (figure 6.5a, b and c). At 115 K the two gaps are present in roughly equal

weight: at 45 K the smaller gap is more prevalent. At 80 K (figure 6.5b) the larger

gap is dominant. By comparing the gap maps (second column) with the topographic

images (first column) a clear correlation between gap width and the topography can

be identified. At 45 K, the boundary between the large gap region and the small

gap region can be seen to be aligned to a terrace edge. A similar effect is seen at

80 K where the small gap region is aligned to a terrace edge. The small gap region

in the 115 K gap map also corresponds to a topographic feature, possibly a terrace

edge though in this case it is not well resolved.

Figure 6.6 shows the gap width 2∆ as measured from Gaussian fits to the gap

histograms, plotted as a function of temperature. The error bars represent plus

or minus one standard deviation, as measured from the Gaussian fit at each tem-

perature. At temperatures where two gaps are measured the values are plotted in

different colours. In general two distinct gaps are seen, a large gap of 2∆ = 0.72

± 0.07 V and a small gap of 2∆ = 0.52 ± 0.05 V. In figure 6.6 the temperature

dependence of the two gaps is indicated with dotted lines as a guide to the eye.

From 225 K to 140 K the gap is single valued: the gap increases with decreasing

temperature before reaching a maximum at around 140 K and decreasing again. Be-

tween 115 K and 45 K two gaps are present. With decreasing temperature the two

gaps diverge: the large gap increases upon cooling and the small gap decreases. In

this temperature range therefore the large gap regions behave like a semiconductor

with dρ/dT < 0, and the small gap regions behave like a metal with dρ/dT > 0. At

10 K the small gap vanishes and only the large gap is seen.
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Figure 6.6: Temperature dependence of the spectroscopic gap 2∆ on the
LaSr2Mn2O7 surface. The black series represents the second, smaller gap when
spectroscopic variation is observed. Dashed lines are straight line fits as guides
to the eye. The large and small gaps are associated with the charge ordered and
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6.2.2 Interpretation of STS Data

The charge ordered phase of LaSr2Mn2O7 has been determined by x-ray diffraction

and bulk conductivity measurements to form at around 210 K, and collapse with

decreasing temperature at 70-100 K [28, 34]. Magnetometry measurements on the

samples used for this experiment (see figure 6.2) indicate that the charge ordered

(CO) phase occurs in a similar temperature range to the published values. Thus

charge order is expected to be be active in this material up to the highest tem-

perature studied in the STM experiment. From X-ray diffraction data the charge

ordered state appears strongest at around 150 K [28]: this corresponds with the

peak in 2∆ observed at 140 K. At 115 K when the gap distribution is first observed

to be bimodal, charge ordering would be starting to disappear. Neutron scattering

data [1] indicate that the charge ordered and antiferromagnetic phases coexist below

170 K, with roughly equal proportions of each phase expected at 125K. The anti-

ferromagnetic phase will be more conductive than the CO phase, so it is reasonable

to assume that at 115 K the large gap represents the CO phase and the smaller gap
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the AF phase.

If we adopt the same interpretation at lower temperatures, this would indicate that

charge ordering is still active below 115 K. At 80 K the large gap is still seen to

dominate: this is on the lower bound of the expected temperature range of charge

ordering. The large gap is also observed at 45 K: if this represents charge ordering

this is an apparent contradiction of X-ray and neutron diffraction results [1,28], and

of magnetisation measurements (section 6.1), which indicate that the charge ordered

state collapses below 70 K. However, from the gap histogram at 45 K (figure 6.5a)

it seems that the smaller gap is dominant, implying that charge ordering may be

present but only as a minority phase. It is possible that this phase is only stable at

the surface at this temperature, explaining why it is not observed by bulk probes.

From figure 6.5 it appears that the distribution of the large gap phase on the surface

is influenced by surface features such as step edges: this indicates that the charge

ordered phase is stabilised by some surface features, potentially explaining why the

phase appears at the surface at temperatures at which it does not appear in the

bulk.

At 10 K the large gap is still in evidence: the gap is single valued at this temperature

on all areas studied, with 2∆ = 0.76 V. Again, if this is taken to be a signature

of the charge ordered state this would be in apparent contradiction to bulk probe

data. It is possible that the charge ordered state is stable to zero temperature, as

observed by Gray et al. [36], but our samples show the increase in magnetisation

below 100 K associated with the disappearance of the CO state. It is also possible

that the charge ordered state might collapse at around 80 K and reappear at lower

temperature - a phenomenon known as multiple re-entrance. The re-appearance

of charge ordering at low temperature has been observed by X-ray diffraction [72]:

superlattice peaks associated with the charge ordered phase are observed to reappear

below 50 K. However the low-temperature charge ordering is much weaker than that

observed above 100 K, with the intensity of the superlattice peaks at 9 K lower by a

factor of about 100 compared to that at 175 K. Again, it is possible that this weaker

charge ordered state is stabilised at the surface of LaSr2Mn2O7 at 10 K, explaining

the dominance of the large gap in the STS spectra.

To summarise, if we interpret the large spectroscopic energy gap observed in STS

data as being due to the charge ordered phase, these data indicate that charge order
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is stable at the surface of LaSr2Mn2O7 in the whole temperature range 10 K ≤ T ≤
225 K. Between 10 K and 125 K the large gap phase is suppressed, and is observed to

coexist with a phase with a smaller energy gap, interpreted as the antiferromagnetic

phase. Charge order may be stabilised at the surface of LaSr2Mn2O7, so will not be

apparent to bulk probes such as diffraction and magnetometry in the temperature

range where it is suppressed. The large gap phase is most heavily suppressed at 45

K, and exists as a minority phase: at 10 K the surface dominated by the large gap

phase.

Since atomic resolution cannot be achieved on this surface at present, it is not

possible to conclusively demonstrate that the large spectroscopic gap is due to charge

ordering. Also these data are only based on a single variable temperature run,

which would need to be repeated to draw firm conclusions. Therefore this remains

a preliminary result. In the future if atomic resolution can be demonstrated, it may

be possible to unambiguously link charge ordering to a larger spectroscopic gap, as

was done in the STM study of Bi1-xCaxMnO3 [54]. Until such a time the existence of

spectroscopic variation is open to other interpretations: variation might be ascribed

to areas of surface contamination or damage, or to different types of surface exposed

upon cleaving.

6.2.3 Magnetic Field Dependence of STS spectra

The effect of magnetic field on the spatial distribution of the large and small energy

gap on the surface of LaSr2Mn2O7 was investigated using the Cryogenic STM. STS

mapping was carried out at 115 K: an area of the surface was identified where the

energy gap showed a clear bimodal distribution, similar to that shown in figure

6.5b. A magnetic field of 6 T was applied perpendicular to the surface, and the

STS map was repeated with the tip in the same position. Initial results from gap

measurements on the high-field STS map seemed to indicate a substantial change in

the gap distribution: however it was apparent from the topographic images that the

area scanned at 6 T was not the same as the zero-field scan area. Thus the observed

change might be due to spatial variation of gap width rather than any variation

under applied field. Despite the test result (see section 3.1.4) that a magnetic field

of up to 6 T can be applied to the Cryogenic STM head without moving the sample
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relative to the tip more that 1 nm, in this experiment the sample was observed to

move more than 200 nm in the X-Y plane relative to the tip, upon application of a

6 T field. Presumably, the substantial magnetic moment of the manganite sample

means that sufficient force is exerted on the sample stage to move it relative to

the tip: the test sample was non-magnetic NbSe2. The experiment was therefore

repeated and the X-Y offset corrected for. Upon repetition no change was seen in

the energy gap width 2∆ or its spatial distribution under a magnetic field of 6 T at

115 K, to an accuracy of ± 10 mV in the gap width. At 115 K ∆E = 3.5 kT =

35 mV (see section 2.1.1) so this variation is not significant. The field dependence

of the energy gap was also investigated at 140 K and 170 K, and no significant

change was identified. In bulk electrical transport measurements of LaSr2Mn2O7 a

significant negative magnetoresistive effect has been identified: this is observed in

the temperature range in which charge order is active, and has been identified with

the suppression of the charge-ordered state by the magnetic field [28, 72]. Figure

1.10 shows the published dependence of the ab-plane resistivity on temperature and

magnetic field, at fields of up to 7 T [28]. Suryanarayanan et al. [72] report a

magnetoresistance ratio of ∆R/R0 = 0.78 (∆R/RH = 3.5) at 150 K and 8 T. The

non-observation of significant change in the surface energy gap at fields of up to 6 T

could be attributed to one of two factors: either the magnetoresistive effect does not

result in a measurable change in the bulk band gap at the temperatures studied, or

the gap measured by STM is not representative of the bulk band gap. The former

is possible: for example from figure 1.10 applying a 7 T field at 115 K produces

a reduction in resistivity similar to that produced by reducing the temperature to

80-90 K. From figure 6.6 it is not clear that an equivalent change in the energy gap

would be measurable. It is also possible that the bulk gap does change significantly

as a result of magnetic field suppression of the charge-ordered state, but that, as

noted above, the charge ordered state is stabilised at the surface, so that the surface

charge ordered state is not measurably suppressed.
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6.3 Polaronic Behaviour in La1.36Sr1.64Mn2O7

Single crystal La1.36Sr1.64Mn2O7 (x = 0.32) samples were studied using the Oxford

UHV STM, with the intention of comparing data collected on this sample with that

collected on the x = 0.3 compound, La1.4Sr1.6Mn2O7. In particular it was desired to

study the effect of polaronic transport in the x = 0.32 compound. In La1.4Sr1.6Mn2O7

a polaron psuedogap has been observed in STS both above and below the metal-

insulator transition: atomic resolution islands, identified as trapped polarons (see

section 2.2.3), were observed on the surface. Atomic resolution was not observed

on the rest of the La1.4Sr1.6Mn2O7 surface: this was attributed to metallic charge

screening [59]. Similar phenomena might be observed in the x = 0.32 compound.

In this region of the La2−2xSr1+2xMn2O7 phase diagram, samples with higher cation

doping x are more resistive, as shown in figure 6.7. We may expect that the ab

planes will be less metallic and more disordered, and that screening will be less

effective, in La1.36Sr1.64Mn2O7 compared to La1.4Sr1.6Mn2O7.

The La1.36Sr1.64Mn2O7 samples were cleaved in situ in the STM chamber at 1x10−10

mbar, at room temperature. W tunnelling tips were used, prepared by AC electro-

chemical etching in KOH. The samples were studied at room and low temperature.

This compound proved easier to cleave than the x = 0.3 crystals (sections 6.2 and

6.4), although only one out of the three cleaves performed yielded some atomically

flat surfaces. Terraces larger than micron size were observed. Many areas of the

surface were found to be rougher, with peak-peak roughness of 2-3 nm. This might

be due to an uneven cleave, or to surface contamination. Figure 6.9a shows a 50 x

50 nm topographic image on an atomically flat area, together with a cross section

through this image: numerous round features 3-4 nm in diameter and approximately

0.1 nm in height are observed. Figure 6.9b shows a 20 x 20 nm image of a similar

area, showing the same kind of topographic features: a cross section is indicated,

showing that the features are around 0.1 nm in height. Dual bias imaging has been

performed to acquire images at positive and negative bias simultaneously: no signif-

icant change in the image is observed with bias polarity. The inset shows a 4 x 4 nm

enlargement of the area indicated by the dashed square, centred on one of the round

features. The inset has been low-pass Fourier filtered to increase the contrast. An

atomic-scale lattice is visible within the round feature: the atomic contrast seems

to be limited to the feature, comprising around 25 unit cells. The spacing of this
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Figure 6.7: Bulk transport data for La2−2xSr1+2xMn2O7, x = 0.3 and x = 0.35. At
room temperature the x = 0.3 compound has 10 times the conductivity of the x =
0.35 compound. Courtesy of T. Kimura and Y. Tokura

lattice is 0.42 ± 0.04 nm: the large uncertainty is due to the small number of unit

cells available for measurement. The peak to peak corrugation of the atomic lattice

is ≈ 30 pm. The step height as measured at terrace edges is 0.88 ± 0.09 nm. These

measurements are in reasonable agreement with the values of a = 0.388 and c/2 =

1.007 nm, from X-ray diffraction [46].

Several spectroscopic maps were collected from the La1.36Sr1.64Mn2O7 sample, at

room temperature and at 45 K. No spectroscopic variation was observed within

the maps. Figure 6.8c shows average spectra recorded at 297 K and 45 K. Clearly

the spectra are gapped at low temperature, well below the metal-insulator tran-

sition: the gap parameter ∆ at room temperature is approximately 200 mV: at

45 K it is 400 mV. The observation of a gap above and below the metal insula-

tor transition, and the larger gap at low temperature, is similar to the result for

La1.4Sr1.6Mn2O7 [59]. This indicates that polarons are the charge carriers in the low

temperature ferromagnetic metallic state of the x = 0.32 compound, as well as in

the antiferromagnetic metal ground state of the x = 0.3 compound: the observed

gap is the polaron pseudogap, which is a measure of the polaron binding energy.

The gap measured on the La1.36Sr1.64Mn2O7 surface is around twice as large as that

observed on the La1.4Sr1.6Mn2O7 surface [59]: around 400 meV against 200 meV at

around 45 K. This indicates that polarons in the x = 0.32 compound are much more
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Figure 6.8: (a) 50 x 50 nm topographic image of La1.36Sr1.64Mn2O7 (x = 0.32), with
a cross section along the line shown (b) 20 x 20 topographic image, with a cross
section. The inset shows a 4 x 4 nm detail of the area delineated by the dashed
square. The inset has been low-pass Fourier filtered: the lattice has a spacing of
0.42 ± 0.04 nm (c) average tunnelling spectra collected at 297 K and 45 K

tightly bound than at x = 0.3. If this is the case this would mean that the polaron

binding energy is very strongly dependent on the cation doping level.

As can be seen from the cross section in figure 6.9a, the height of the round features

is around 0.1 nm: the features are 3-4 nm in diameter. The size and height of

these features is similar to the atomic resolution islands seen by Rønnow et al. [59]

on the La1.4Sr1.6Mn2O7 compound. These islands were explained as trapped po-

larons: atomic resolution was not observed across most of the surface, due to charge
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screening. Atomic resolution can be achieved locally on the round features on the

La1.36Sr1.64Mn2O7 surface, as seen in figure 6.8b. This suggests that these features

may represent trapped polarons, as for La1.4Sr1.6Mn2O7. The round features seen on

the La1.4Sr1.6Mn2O7 surface are well separated though, whilst the features in figure

6.8a and b are almost coalescing. Since La1.36Sr1.64Mn2O7 is less conductive than

La1.4Sr1.6Mn2O7, charge carriers will be scattered more frequently, and screening will

be less effective. We would therefore expect a higher density of trapped polarons. It

is possible that this is what is being observed in figure 6.8: the round features may

represent a dense conglomeration of trapped polarons.

An alternative explanation for the structures seen on the La1.36Sr1.64Mn2O7 surface

is related to the mixed-valence nature of the compound. La3+, Sr2+, Mn3+ and

Mn4+ ions are all present at or near the surface. The difference in ionic radius

between these ions is insufficient to account for the observed corrugation of ≈ 0.1

nm: however electronic effects due to the differing charge states on these ions might

allow for this corrugation. Ma et. al [42] observed a 0.1 nm difference in height

between Mn3+ and Mn4+ sites on the La0.325Pr0.3Ca0.375MnO3 surface. The features

observed on the La1.36Sr1.64Mn2O7 surface might represent clusters of Mn4+ ions

at or near the surface. However, if the observed corrugation were due to contrast

between Mn3+ and Mn4+ ions the corrugation would be expected to be bias polarity

dependent, as observed by Ma et. al [42]: so far no bias polarity dependence has been

observed in STM images of La1.36Sr1.64Mn2O7. A second alternative interpretation of

the La1.36Sr1.64Mn2O7 surface features might be as oxygen adatoms and vacancies,

as seen on the PrSr2Mn2O7 surface (see section 5.2.3). The features seen on the

La1.36Sr1.64Mn2O7 surface seem too large to be individual adatoms though, at 3-

4 nm in diameter. In addition, oxygen adatoms show a clear bias dependance in

STM imaging (section 5.2.4). As bias dependent imaging is not observed on the

La1.36Sr1.64Mn2O7 surface this interpretation can be ruled out.
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6.4 A Minority Phase Inclusion in La1.4Sr1.6Mn2O7

Single crystal La1.4Sr1.6Mn2O7 samples (x = 0.3) were studied with a view to repli-

cating the work of Rønnow et al. [59], in observing well defined atomic resolution

islands. The samples used are cut from the same floating zone rod as used by Rønnow

et al. STM experiments were carried out on La1.4Sr1.6Mn2O7 single crystal samples

using the Oxford UHV STM. The samples were cleaved in situ in the STM chamber

at 1x10−10 mbar, at room temperature. W tunnelling tips were used, prepared by

AC electrochemical etching in KOH.

The La1.4Sr1.6Mn2O7 samples have proved difficult to cleave, either not cleaving at

all or producing very rough surfaces. So far only one cleave of this sample has been

successful in the Oxford STM. Figure 6.9a shows a 100 x 100 nm topographic scan

obtained at room temperature (300 K), showing clear terrace edges. The terrace

size is less than 50 nm, in contrast to the previous study [59], where atomically flat

terraces of micron size were observed. The terrace step height observed here is 0.95

± 0.09 nm, which is consistent with the terrace height of 0.94 ± 0.02 nm observed by

Rønnow et al. [59], and the value from X-ray diffraction of 1.007 nm [46]. The error

on the step height is mostly due to uncertainty in the z-calibration. With smaller

scan areas regular atomic scale features could be resolved: good two dimensional

atomic resolution was not achieved, but one dimensional atomic rows were observed,

with a spacing measured by Fourier analysis to be 0.393 ± 0.007, very close to the

Mn-Mn spacing of 0.388 nm [46]. Figure 6.9b shows a 25 x 25 nm topographic image:

a step is visible, together with atomic rows. Figures 6.9c and Figure 6.9d show a 7 x

7 nm image on a different area, and a low-pass Fourier-filtered version of this image.

Atomic rows are clearly visible, together with some lattice defects. The row direction

is observed to rotate by 90◦ between 6.9b and 6.9c, indicating that the actual atomic

lattice is square, and that the one dimensionality is an imaging artefact, caused

perhaps by an asymmetrically shaped tip. The peak to peak corrugation of the

atomic lattice is approximately 50 pm = 0.5 Å. This is comparable to the corrugation

observed on atomically resolved islands [59] of around 40 pm. From images such as

figure 6.9b it is clear that atomic scale rows can be resolved across wide areas, rather

than being restricted to small islands, again in sharp contrast with the properties

of the x = 0.3 surface seen by Rønnow et al. [59]. Figure 6.9e shows a typical I(V)

spectrum collected on this area of the surface. The energy gap is around ∆ = 200
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Figure 6.9: STM topographic images of La1.4Sr1.6Mn2O7 at 300 K (a) 100 x 100
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mV, around twice that recorded by Rønnow et al. [59] at the same temperature.

Taking all the discrepancies between these La1.4Sr1.6Mn2O7 data and those published

by Rønnow et al. [59], it seems clear that a fundamentally different surface is ob-

served. One possibility is that this is an area with a local cation doping significantly

different from that of the bulk, due to spatial variations in La, Sr and O content

within the crystal: such an area could have different properties from the rest of the

sample. The larger energy gap indicates a more insulating surface, which in turn

would suggest a local doping higher than x = 0.3, as the general trend in this part

of the phase diagram is for lower conductivity at higher x (see section 1.6, and also

figure 6.7). The gap is similar to that measured on the x = 0.32 La1.36Sr1.64Mn2O7

surface (see section 6.3). This might explain the extensive atomic resolution, as

screening will be less effective, and electrons more localised, on this less metallic

surface. Spatial variation in cation doping has been suggested as an explanation for

ferromagnetic inclusions seen in La1.4Sr1.6Mn2O7 [2, 31]: the inclusions are thought

to have cation doping in the range 0.3 ≤ x ≤ 0.32. Alternatively the surface might

represent a cubic perovskite (La1−xSrxMnO3) inclusion. The observed atomic spac-

ing is consistent with the La1−xSrxMnO3 Mn-Mn spacing of 0.386 nm: the observed

steps might be double steps of 2 x 0.386 = 0.772 nm. Whilst the bilayer spacing

of ≈ 1 nm is a better fit to the measured step height of 0.95 ± 0.09 nm, a cubic

perovskite inclusion cannot be ruled out. This interpretation could also explain the

extensive atomic resolution, which can clearly be achieved on some perovskite man-

ganite surfaces [42,54]. The existence of multiphase inclusions (of single layer n = 1

and perovskite n =∞) in n = 2 bilayer thin films has been clearly evidenced [74,75]:

it is reasonable to assume that although intergrowths will be rarer in bulk single

crystals, they will occur in some finite volume of the sample.

Whether the observed surface represents a portion of the bilayer crystal with a

different cation doping, or a perovskite inclusion, the question remains why this

effect was not observed by Rønnow et al. It should be stressed that this is a single

measurement and has not so far been repeated: it is therefore possible that there is

a low probability both of cleaving into a layer including an area of locally increased

doping or a perovskite intergrowth, and happening to land on this area with the

tunnelling tip, and that this is simply the first such occurrence. In addition these

crystals are now several years old: manganite crystals do age, largely as a result of

changes in oxygen content. If the oxygen content changes the effective cation doping
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will change [36]: this can result in a change in the overall properties of the crystal. As

TN does not seem to have changed significantly in these samples (see section 6.1) a

substantial change in the overall doping of the crystal seems unlikely: however local

changes in oxygen content, resulting in local variations in effective cation doping

could occur, which might not greatly affect the bulk sample properties.
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6.5 STM Study of a-b Plane Oriented

La1.2Sr1.8Mn2O7

Thin film samples of La1.2Sr1.8Mn2O7 (x = 0.4) grown in the [110] direction were

studied using the Oxford UHV STM. The initial aim was to characterise the surface

to determine if it is suitable for STM investigation, since it is likely to be rougher

than a [001] oriented film or single crystal. Additional aims were to image the bilayer

spacing if possible, and to perform position-dependent spectroscopy to see if there is

any spectroscopic difference between the perovskite bilayers and the rock-salt layers

that separate them. The rock-salt layers are insulating, so modulation of the STS

spectra may be observed along the c-axis, with the rock-salt layers having a larger

gap than the perovskite bilayers.

The La1.2Sr1.8Mn2O7 films were studied at room and low temperature: W tunnelling

tips were used, prepared by AC electrochemical etching in KOH. 600 nm thick films

were studied, as these had been found (see section 6.1.1) to have fewer inclusions of

n = 1 and n = ∞ phases. The samples were studied as-grown, without any in-situ

cleaning or processing. Initially scans were performed on micron sized areas, to

characterise the roughness of the films. A sample 700 x 700 nm scan recorded at

room temperature is shown in figure 6.10a: the peak to peak roughness is around 5

nm. The ab plane orientation can be clearly seen in figure 6.10a by the linear growth

regions, which measure approximately 400 nm in the a/b plane [110] direction and

30 nm in the c-axis [001] direction.

The surface of the [110] oriented films is considerably rougher than the atomically

flat terraces observed on [001] oriented single crystal samples [59]. By taking a

scan area smaller than the growth regions however, regions which are sufficiently

flat for high resolution imaging can be found. Figure 6.10b shows a 10 x 10 nm

topographic scan: the peak to peak roughness in this image is ≈ 0.2 nm. Linear

features aligned with the a/b plane direction can be observed. A Fourier transform

of this image is shown: peaks corresponding to a stripe spacing of 1.00 ± 0.05 nm

are seen. Figure 6.10c shows the same image as 6.10b, selectively Fourier filtered to

enhance the stripe structure. A section through the image in the c-axis direction is

shown: the 1 nm spacing can clearly be observed. We interpret these stripes as an

observation of the bilayer spacing: the unit cell of La1.2Sr1.8Mn2O7 measures 2.014
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Figure 6.10: (a) 700 x 700 nm STM topographic image of a [110] oriented thin film
of La1.2Sr1.8Mn2O7 (x = 0.4), collected at room temperature. The c axis and a/b
plane directions are indicated: the growth direction of the film is clearly observed
(b) 10 x 10 nm detail with the same orientation, also at room temperature. Linear
structures in the a/b plane direction can be observed: an FFT of this image is also
shown. The periodicity is 1.00 ± 0.05 nm. (c) The same image, Fourier filtered: a
cross section is shown, indicating the 1 nm periodicity
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nm in the c-axis [74], so the bilayer spacing is 1.007 nm. Troughs in the topographic

image probably correspond to the rock-salt layers: these are less conducting than the

bilayers, which will cause the tip to drop when passing over them: this is illustrated

in figure 6.11a.

Tunnelling spectra were collected on well-resolved areas of the [110] La1.2Sr1.8Mn2O7

surface, at room temperature and at 44 K: example spectra are shown in figure 6.11b.

Gapped spectra are observed at room temperature: the gap is around 300 mV. Bulk

La1.2Sr1.8Mn2O7 (x = 0.4) undergoes a insulator to metal transition at TMI ≈ 125 K

(see sections 1.6 and 1.6.2). Gapped spectra are also observed at 44 K. Spectroscopic

arrays were recorded with spatial resolution of 0.1 nm, at room temperature and

at 44 K. No spectroscopic variation was observed in the STS maps: the rock-salt

insulating layers could not be distinguished spectroscopically from the perovskite

bilayers.

Some experimental problems were encountered in collecting variable temperature

STS data for this sample. As noted in section 6.1.1, although bulk La1.2Sr1.8Mn2O7

(x = 0.4) undergoes an insulator to metal transition at TMI ≈ 125 K, leading to a

low resistivity state at low temperature, the resistivity of the thin films used in this

experiment increases monotonically with decreasing temperature. This means that

the low temperature resistivity is high: the c-axis resistivity is around 105 ohm-cm

at 44 K. This is on the limit of what can be studied with STM, and leads to spectra

whose gap is strongly dependent on the tunnel current used. This is because the

sample resistance is so high that at higher tunnel current the tip is moving into the

contact regime, so the tunnel signal is partially shunted by an ohmic term. At the

lowest current accessible with the new preamplifier, the spectra at 44 K are certainly

gapped, but the magnitude of this gap is impossible to gauge accurately.

Gapped spectra are observed on the [110] La1.2Sr1.8Mn2O7 surface both above and

below TMI: this is a similar result to that seen in STS experiments on [001] oriented

single crystal La1.4Sr1.6Mn2O7 samples [59]. This was interpreted as an effect of po-

laronic transport: the charge carriers are bound states of an electron and a phonon,

but as only a bare electron can tunnel from the sample to the tip, STS data always

show a pseudogap equivalent to the polaron binding energy (see section 2.2.3). The

same effect could be at work in this experiment: whether tunnelling perpendicular

to the [001] or [110] surface, the psuedogap should always be observed.
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Figure 6.12: (a) 1.88 x 1.85 nm topographic image of a hexagonal inclusion in [110] -
oriented La1.2Sr1.8Mn2O7, collected at room temperature. Raw image and low-pass
Fourier-filtered images shown. (b) Possible explanation for hexagonal phase: a (111)
cleave through a cubic perovskite La1−xSrxMnO3 inclusion
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In some locations on the LSMO-327 [110] surface atomic resolution could be achieved,

at room temperature: a hexagonal rather than square lattice is observed. A high-

resolution image showing this hexagonal lattice is shown in figure 6.12a: the lattice

spacing is 0.29 ± 0.02 nm. This lattice was observed repeatedly, in small areas con-

taining approximately 200 unit cells. This represented a very small fraction of the

sample surface studied at high resolution. This lattice is clearly inconsistent with

the expected structure and orientation of the sample, so to explain this observation

we infer an inclusion of some other phase. An investigation performed by Silvia

de Santis1 identified a possible surface which could give rise to this lattice: a cubic

perovskite (n = ∞: La1−xSrxMnO3) manganite cleaved along the (111) plane can

produce a hexagonal lattice with spacing 0.276 nm, if the cleave is along the (La,

Sr) O layer and La, Sr and O are all visible. A schematic of the possible lattice is

shown in figure 6.12b. The existence of impurity phases in the thin films samples is

not surprising, since it has already been established [74, 75] that these samples are

likely to contain inclusions of n = 1 and n = ∞ phases: interestingly here there is a

mismatch in orientation between the majority bilayer phase and the cubic inclusion.

1Department of Physics, University of Rome “La Sapienza”
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7.1 Manganite Surfaces

In the experiments described in this thesis several different bilayer manganite sur-

faces have been studied. The quantity and quality of the data varies from compound

to compound, but some general observations can be made.

Atomic resolution has been achieved in STM images of La1.36Sr1.64Mn2O7 and

PrSr2Mn2O7 (see sections 6.3 and 5.2.1). Atomic rows have been observed in

La1.4Sr1.6Mn2O7, although this surface is not thought to be representative of the

general surface, and may be due to an inclusion with higher cation doping (see sec-

tion 6.4). The peak to peak atomic corrugation observed on the La1.4Sr1.6Mn2O7

surface is ≈ 50 pm, that observed on La1.36Sr1.64Mn2O7 is ≈ 30 pm. These both

compare well with the corrugation previously observed on atomically resolved is-

lands on La1.4Sr1.6Mn2O7 [59] of around 40 pm. By contrast, atomically resolved

images of PrSr2Mn2O7 show a much smaller corrugation of around 4 pm. This is

contrary to what we would expect based on the relative resistivity of the compounds

involved. PrSr2Mn2O7 is more resistive than either of the La-containing compounds

(compare figures 6.7 and 1.13), so we would expect weaker charge screening at the

surface and increased atomic corrugation. However, it is worth noting that in the

published study of the La1.4Sr1.6Mn2O7 surface [59] atomic resolution was not ob-

served over most of the surface. This was attributed to effective charge screening:

it was calculated that this would reduce the atomic corrugation to less than 2 pm.

Only localised reduction of screening, attributed to trapping of charge carriers (po-

larons) by point defects, allows large atomic corrugation. A similar mechanism may

be at work in La1.36Sr1.64Mn2O7 although a much higher density of trapped polarons

is hypothesised (see section 6.3). So the corrugation of 4 pm seen in PrSr2Mn2O7

is in fact larger than the general corrugation in La1.4Sr1.6Mn2O7 of < 2 pm, which

is as expected based on the higher resistivity of PrSr2Mn2O7. The low corrugation

observed on PrSr2Mn2O7 suggests that polaron trapping is not a significant fea-

ture of this surface, since this would be expected to yield local atomic corrugations

larger than 40 pm. This does not imply that the charge carriers in PrSr2Mn2O7 are

not polarons however: there should still be a strong electron-phonon interaction in

PrSr2Mn2O7 due to the Jahn-Teller effect, which will result in polaron formation.

The lack of trapped polarons at the surface may be due to other factors such as

lower defect density.
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7.1.1 Surface Superstructures

Atomic resolution has been achieved on PrSr2Mn2O7 and La1.36Sr1.64Mn2O7: in

both cases a superstructure is observed, which appears irregular but has features

with a length scale of around 4 nm. At present it is not clear if these are due to

the same phenomenon: there are some crucial differences between the two. In the

case of PrSr2Mn2O7 the corrugation amplitude is around 20 pm, and atomic resolu-

tion can be seen across the whole image area, superposed upon the superstructure.

Some features of the superstructure are observed to change between positive and

negative bias. In La1.36Sr1.64Mn2O7 the corrugation amplitude is around 100 pm.

Atomic resolution appears to be confined to the superstructures seen, although this

is not clear as the imaging quality is not as good as in the case of PrSr2Mn2O7.

The superstructure features do not appear to change with bias. Two models have

been advanced to explain these superstructures. One involves the mixture of differ-

ent ionic species present at or near the surface and has been advanced to explain

the superstructure seen on PrSr2Mn2O7 (see section 5.2.1). The bias dependence

seen in images of the PrSr2Mn2O7 superstructure would seem to support this the-

ory, as it is established that Mn3+ and Mn4+ sites on manganite surfaces can yield

markedly different contrast in filled and empty state STM images [42]. The other

model is applied by analogy to the “trapped polaron” features seen in STM im-

ages of La1.4Sr1.6Mn2O7 [59]. This was advanced to explain the superstructure of

La1.36Sr1.64Mn2O7 (section 6.3) and assumes a much higher density of trapping sites

than was proposed for La1.4Sr1.6Mn2O7, creating a dense array of trapped polarons

which are visible as raised structures in STM images. The lack of bias dependence

in the case of La1.36Sr1.64Mn2O7 might be indicative of an array of trapped polarons,

since these are expected to be non-dispersive [59]. Polaronic transport is clearly

indicated in La1.36Sr1.64Mn2O7 since the material undergoes an insulator to metal

transition at low temperature, but tunnelling spectra remain gapped above and be-

low the transition temperature (see section 6.3). In principle either model might

be applied to either compound: however the trapped polaron model seems unlikely

for PrSr2Mn2O7 since it should result in an atomic corrugation of order 40 pm, as

observed for atomically resolved islands on La1.4Sr1.6Mn2O7 [59], rather than the

observed corrugation of around 4 pm.



Chapter 7. Conclusions 170

7.1.2 Preparing Manganite Surfaces for STM

The best-resolved images and most reproducible results were obtained from the

PrSr2Mn2O7 compound in experiments using the LT-STM. Whilst cold cleaving and

improved vacuum conditions undoubtedly helped in producing good surfaces, the

PrSr2Mn2O7 compound clearly cleaves more reliably than any of the

La2−2xSr1+2xMn2O7 compounds. Even when cleaved at room temperature and rel-

atively poor vacuum, large, flat atomic terraces can be reliably observed (section

5.2.12). This better cleaving performance may be related to the A-site order postu-

lated in section 5.2.5. If the A2 sites in the centre of the bilayers are entirely occupied

by trivalent ions, the electrostatic force opposing cleaving through the rock salt lay-

ers will be reduced, since the A1 sites in these layers will be populated solely by

divalent ions.

A-site ordering is observed to be more prevalent in compounds with smaller trivalent

cations, for example Pr3+ and Nd3+ [67]. A family of Pr-containing bilayer man-

ganite compounds with x = 0.5 exists as Pr(Sr1−yCay)2Mn2O7 (see section 1.7). At

high y these exhibit CE-type charge order: these compounds may cleave more easily

and reliably than La2−2xSr1+2xMn2O7 and may be suitable for STM investigations.

Nd-containing compounds such as Nd2−2xSr1+2xMn2O7 may also cleave well and be

good materials to study using STM. Theoretical investigations into A-site ordering

are currently underway, and may provide insight into which compounds will cleave

easily.

Cleaving layered manganite samples at low temperature, and preventing them from

warming up to room temperature, appears effective in producing and maintain-

ing a clean surface suitable for STM study. So far only PrSr2Mn2O7 has been

treated in this way. In future it may be worthwhile repeating the experiments on

La2−2xSr1+2xMn2O7 using cold cleaving, to see if the surface can be prepared more

reliably in this way.



Chapter 7. Conclusions 171

7.2 Research Summary

This section summarises the progress made in manganite surface research in the

course of this work, in the context of the “open problems” raised in section 2.3.

• Phase separation. A clear bimodal distribution of spectroscopic energy gap

values was observed for several temperatures in the LaSr2Mn2O7 compound

(section 6.2). The surface is well defined, having clear atomic terraces, al-

though atomic resolution was not achieved. This is a clear indication of phase

separation in this compound: it is suggested in section 6.2.2 that two types

of spectra present may represent the charge ordered and antiferromagnetic

phases. However, as this experiment has not yet been repeated this must be

regarded as a preliminary result. In particular, atomic resolution imaging will

be needed in order for a positive identification of the large gap phase as the

charge ordered phase to be made. No evidence for phase separation was seen

in the PrSr2Mn2O7 compound in the temperature range 75 K ≤ T ≤ 300 K

(section 5.2.12).

• Charge ordering. As noted above, charge ordering has been suggested as an

explanation for spectroscopic variation in LaSr2Mn2O7 but without atomic

resolution data this remains speculative. In PrSr2Mn2O7, neither CE-type, nor

the stripe-type charge order identified by X-ray diffraction [79] was observed,

either by atomic resolution STM or LEED (5.2.11). This indicates that either

this type of charge order is too weak to be observed by STM or LEED, or that

it does not occur at the surface. Ordering of A-site cations may be related

to the formation of oxygen vacancies observed at the surface of PrSr2Mn2O7

(section 5.2.5).

• Surface electronic properties compared to bulk properties. The electronic prop-

erties of PrSr2Mn2O7 surfaces and interfaces will be strongly modified by the

presence of oxygen vacancies and adatoms, which can be present at high den-

sities (section 5.2.3). This has been observed via STS: a large change in the

local density of states is recorded at vacancy and adatom locations (see fig-

ure 5.10). In LaSr2Mn2O7, charge ordering may be present at the surface at

temperatures where it is not present in the bulk (section 6.2.2).
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• Surface defects. Adatoms and vacancies have been identified at the surface of

PrSr2Mn2O7 (section 5.2.3). These have been identified as oxygen adatoms and

vacancies (5.2.4) based on STS data and the crystal structure of PrSr2Mn2O7.

The coverage of adatoms has been related to the density of Pr3+ ions at the

surface (5.2.5). Adatoms are observed to be mobile, and show preferred po-

sitions at the surface (5.2.7), although they do not form ordered structures

(5.2.6). Recombination of adatoms and vacancies has been observed (5.2.8).

To the best of the author’s knowledge this is the first STM/STS study of de-

fects or vacancies on a manganite surface. In future it may be possible to make

a combined AFM/STM study to accurately determine the voltage required to

move single oxygen adatoms at the PrSr2Mn2O7 surface (5.2.9).

• Surface preparation. It was found that PrSr2Mn2O7 surfaces could be reliably

prepared for STM study by cleaving in UHV at low temperature. This has

allowed atomic resolution to be repeatedly achieved on this surface (section

5.2.1). The technique of low temperature cleaving could be used on other lay-

ered compounds, and may provide an improved surface preparation technique.

Clearly some compounds cleave more easily than others: it is suggested that

ease of cleaving may be related to A-site cation ordering, and that manganite

compounds containing Pr3+ or Nd3+ ions may therefore be particularly well

suited to surface studies (section 7.1.2).

• Technological applications for manganites. Devices based on manganite ma-

terials have previously been found to exhibit resistance switching behaviour

(section 1.8). Several studies have indicated that oxygen content and motion

of oxygen ions play key roles in resistance switching [3,47,60,61,69]. One pro-

posed mechanism [69] for resistance switching in manganite-based devices is

oxidation or reduction of an oxide layer, driven by the electrochemical migra-

tion of oxygen ions under applied bias. We have observed oxygen migration at

the surface of PrSr2Mn2O7: the migration rate is dependent on the polarity of

the applied bias as well as temperature (see section 5.2.7). Also, single oxygen

adatoms have been observed by STS to be bistable (section 5.2.9), switching

between two positions on the PrSr2Mn2O7 surface during a voltage sweep.

If manganite compounds are to be developed for use as resistance switching

devices, a detailed understanding of oxygen vacancies and adatoms and their

behaviour at interfaces will be crucial. Accurate information, obtained from
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STM data, on the motion of single oxygen adatoms under applied bias will be

invaluable in modelling the resistance switching behaviour of devices based on

manganites, which in turn may lead to improved resistance switching device

design.



Appendix A

Supplementary Information

A.1 Improving the Cryogenic STM damping

performance

As noted in section 3.1.4, low frequency noise has been found to be a particular prob-

lem with measurements on the Cryogenic STM. In particular, frequencies around 6

Hz are prevalent in STM imaging and STS spectroscopy. This section will discuss

methods tried so far to improve the damping performance of the Cryogenic STM

system.

Initially the air leg vibration damping system was adjusted to ensure optimum

performance: cables trailing from the STM system frame to the ground were removed

where possible. Where this was not possible the cables were ballasted by sandwiching

them in dense foam and placing a heavy mass on top. Of particular concern were

the vacuum pumping lines which run from the STM system to pumps which sit on

the floor. There are two of these, one to pump on the STM helium pot, and one to

back the system turbo pump.

Figure A.1a shows the vertical vibration spectrum measured on top of the Cryogenic

STM frame, with the air legs inflated. The spectrum was acquired using a Wilcoxon

Research accelerometer and is plotted in velocity units. Vibration measurements

were made by Benjamin Bryant and Philipp Studer. The air legs were optimised

174
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and trailing cables removed or ballasted. The red curve in A.1a shows the vibration

spectrum with both pumping lines connected: a good damping curve is seen, with a

broad peak at 2-3 Hz and a rapid drop at higher frequency: a sharp peak is observed

at 6.1 Hz however, with an amplitude of around 0.9 µm/s. Removing both pumping

lines results in a drop in amplitude of this peak to around 0.5 µm/s. The optimum

suppression of the 6 Hz noise is achieved by leaving the helium pot pumping line

connected, and disconnecting the turbo backing line. This is shown in the blue curve

in A.1a: the noise at 6 Hz is reduced to 0.3 µm/s. The reason for this improvement

is not clear, however the helium pot pumping line is heavily ballasted, which will

reduce the transmission of 6 Hz noise, and may in fact provide some additional

damping for the whole vibration table. This means that good vibration isolation

can be achieved with the cryogenic pumping line still connected, so low temperature,

low mechanical noise operation should be possible.

We attempted to improve the performance of the air leg vibration damping by adding

additional mass to the system. The existing mass of the entire Cryogenic STM

system is around 1800 kg. Figure A.1b shows the effect on the vertical vibration

spectrum, measured as above, of adding an additional 640 kg of lead weights on

top of the system frame. A modest decrease in vibration amplitude is observed

below 20 Hz: the peak frequency has been shifted down to slightly less than 2 Hz.

The 6 Hz noise is still present after the weight is added, though its amplitude has

been slightly decreased from 0.54 to 0.46 µm/s. Adding further mass may further

increase the damping performance of the air legs. Figure A.1c shows the horizontal

vibration spectrum, measured in the same way as the vertical spectra. Plots for no

added weight and 640 kg of added weight are shown. In this case the added weight

seems to slightly increase vibration amplitudes at most frequencies. It is worth

noting though that the 6 Hz peak is not visible in the horizontal vibration spectra,

suggesting that this frequency is transmitted mostly in the vertical direction only. A

sharp peak at 8 Hz is visible in the horizontal vibration spectrum. Figure A.1d shows

the vibrational spectrum of the floor, in the vertical direction, for comparison: noise

is highest in the range 2 - 20 Hz, with a sharp peak close to 6 Hz. The amplitude of

this peak varies from 3 to 8 µm/s from one measurement to another. By comparison

with figures A.1a and b, we can conclude that the 6 Hz noise observed in the vertical

direction originates from the floor: it is attenuated by around a factor of 10 by the

air legs.
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Figure A.1: (a) Vibrational noise measured on the Cryogenic STM system frame in
the vertical direction, with different configurations of the pumping lines (b) Vibra-
tional noise measured on the system frame in the vertical direction, for no added
mass and 640 kg added mass (c) Vibrational noise measured on the system frame in
the horizontal direction, for no added mass and 640 kg added mass (d) Vibrational
spectrum of the floor in the vertical direction
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Figure A.2: (a) Frequency spectra derived from STM tunnel current, 300 pA set-
point, for no added mass and 640 kg added mass (b) Frequency spectra derived
from STM tunnel current, 300 pA setpoint, for different applied fields in the Z and
Y-directions, with 640 kg added mass (c) Tunnel current noise at 6 ± 0.5 Hz as a
function of applied field, in the Z and Y-directions. The drop off of 6 Hz noise with
field seems roughly linear for the Y-field, but saturates at high field for the Z-field:
a linear guide to the eye is shown for the Y-field, and an exponential guide to the
eye for the Z-field
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Measurements of the vibrational spectrum of the STM system frame only provide

information on how well the air damping legs are performing: the STM head also

has in-vacuum spring suspension. This should provide additional vibration damping,

but will also have its own resonant frequency. It is important therefore to measure

the noise spectrum of the tunnel current, to determine which frequencies are being

transmitted to the STM head, and whether various measures to improve the vibra-

tion performance are effective. To do this, first stable tunnelling conditions were

established: usually a silicon sample surface was used. Arrays of 100 I(V) measure-

ments were made, with the voltage set to a constant value in each I(V) spectrum.

This gives a large set of data on tunnel current at fixed voltage, collected with the

feedback loop off. A Fourier transform of each spectrum was made: an average was

then taken of all 100 Fourier transforms to give a spectrum of tunnel current as

a function of frequency. Dr. Steven Schofield wrote Igor macros to facilitate this

analysis. Figure A.2a shows spectra of tunnel current as a function of frequency, for

a current setpoint of 300 pA. Clear peaks are observed at 4.5 Hz and 5.5 - 6 Hz. The

red curves show spectra with no weight added to the system: the black curves show

spectra after 640 kg of mass was added. There is some variation but the added mass

seems to significantly improve vibration performance at all frequencies below 100

Hz. Noise at 6 Hz is reduced from 34 to 26 pA. This is a relatively small decrease

but indicates that further addition of mass may be beneficial. No peak is observed

at 8 Hz in figure A.2a, as was seen in the vibration spectrum measured on the sys-

tem frame in the horizontal direction, using the accelerometer (figure A.1c): this

suggests that vibrations of the STM system in the vertical direction are transmitted

more easily to the head than those in the horizontal direction.

As noted in section 3.1.4, applying a magnetic field to the STM head results in a

marked decrease in low-frequency noise pickup in the tunnel current. It was decided

to quantify this suppression by producing spectra of tunnel current vs. frequency

for various applied fields. Figure A.2b shows tunnel current spectra, for a current

setpoint of 300 pA, collected at zero field, 1 T applied in the Y-direction and 6 T

applied in the Z-direction. 640 kg of mass have been added to the system. For zero

applied field, the noise at 5.5 Hz has an amplitude of 26 pA: with 1 T Y-direction

field applied this is reduced to 4 pA: with 6 T applied in the Z-direction this is

further reduced to 2 pA. Figure A.2c shows the tunnel current noise amplitude close

to 6 Hz plotted as a function of field, for Z and Y-direction fields. Although the
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maximum Z-field provides twice the suppression of the 6 Hz noise as the maximum

Y-field, the drop off of 6 Hz noise with field is faster for the Y-field. The 6 Hz noise is

suppressed by around 50 % at 1 T Z-field, to 8 pA amplitude. This is fortuitous since

it means that a 1 T field can be applied in a different directions, and a useful level

of damping maintained. This means that low-noise experiments can be performed,

in which the direction, but not the strength, of the applied magnetic field is varied.

In conclusion, it appears that adding mass to the Cryogenic STM system has a

beneficial effect on the vibration damping performance: it may be possible to add

further mass and obtain still better performance. The noise at ≈ 6 Hz observed

in the tunnel current seems to originate from the floor, in the vertical axis: this

is attenuated by a factor of ten by the existing airlegs, but this is apparently not

sufficient to prevent pickup of this frequency in the tunnel current. If the addition

of further mass to the existing air table is not found to provide sufficient improve-

ment, replacing the air legs with an alternate damping system, as with the Oxford

STM, may have to be considered. Active damping may be suitable as this provides

improved damping performance in the 2 - 20 Hz range. Applying magnetic fields

of order 1 T to the STM head results in dramatically improved vibration damping

performance. This is likely due to eddy currents induced in the STM head by the

applied magnetic field and vibrational motion of the head. This suggests a way to

improve the vibration damping of the STM: a copper mass could be added to the

head, and the magnet used at a low field to produce some eddy currents in the

copper mass.
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A.2 Variable Temperature Piezo Scanner Calibra-

tion for the LT-STM

For the Omicron LT-STM, extensive data for the calibration of the piezo scanners

as a function of temperature was available. Si (111) was studied at 78 K and 155

K, giving absolute x, y and z calibrations at these temperatures. PrSr2Mn2O7 was

studied at a range of temperatures from 78 K to 195 K with atomic resolution, giving

a good data set to determine the temperature dependence of the piezo coefficients.

The spacing of the PrSr2Mn2O7 atomic lattice was measured at every tempera-

ture studied, using Fourier analysis. Correction factors were calculated assuming

a temperature-invariant lattice spacing of 0.38535 nm [79]. The correction factor

is calculated as P (78K)/P (T ) where P (78K) is the piezo coefficient at 78 K and

P (T ) is the coefficient at some arbitrary temperature. 78 K was used as the baseline

as this is the most common operating temperature for the LT-STM, so the most

calibration data is available at this temperature. The following third-order polyno-

mial fit was made to the correction factors. This allows the piezo coefficient to be

calculated for any temperature.

P (78K)

P (T )
= 2.1362− 0.0223302T + 1.1723× 10−4 T 2 − 2.3088× 10−7 T 3 (A.1)

This temperature dependence is valid for the x, y and z directions since the LT-STM

uses a single tube scanner for all three directions. The maximum deviation of the fit

from the data is 1.4%, the average deviation is 0.8%. Since the thermal expansion

coefficient of PrSr2Mn2O7 is not known, the calculated values were checked against

the ratio of P (155K)/P (78K) derived from scans of Si(111) and found to agree to

within 0.3% 1. This validates the assumption that the lattice spacing of PrSr2Mn2O7

does not change appreciably in the temperature range studied. This fit is valid for

the temperature range 78 K ≤ T ≤ 195 K. For STM studies substantially outside

this temperature range additional calibration data should be collected.

1In reality the lattice spacing of Si changes with temperature: however the thermal expansion
coefficient is low, 6.9 x 10−7 K−1at 160 K, so this can be neglected.
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Table A.1 gives the piezo coefficient as a ratio of the coefficient at 78 K. Both

measured values and those calculated from the polynomial fit are given. Both

P (78K)/P (T ) and P (T )/P (78K) are given for convenience. The measured val-

ues and polynomial fit for P (78K)/P (T ) are plotted in figure A.3. No data were

collected for 220 K since atomic resolution was not achieved at this temperature:

the polynomial fit has been extrapolated to this temperature.
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        From PSMO data                   From Fit

T P(78K)/P(T) P(T)/P(78K) P(78K)/P(T) P(T)/P(78K)

78 1.0000 1.0000 0.9981 1.0019

95 0.8778 1.1392 0.8749 1.1430

110 0.8008 1.2487 0.7911 1.2641

125 0.7208 1.3874 0.7257 1.3780

140 0.6776 1.4757 0.6741 1.4834

155 0.6407 1.5609 0.6317 1.5830

170 0.5975 1.6735 0.5937 1.6844

195 0.5329 1.8766 0.5275 1.8956

220                   No data 0.4391 2.2775

Table A.1: Piezo coefficients P (78K)/P (T ) and P (T )/P (78K) as a function of
temperature for the LT-STM, both measured and derived from the polynomial fit
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Figure A.3: Piezo coefficients P (78K)/P (T ) as a function of temperature for the
LT-STM, plotted with the polynomial fit
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A.3 Settings for the Oxford STM MATRIX

Controller

The Oxford UHV STM was originally operated using a proprietary Oxford Instru-

ments STM controller known as TOPSystem. This controller was replaced with an

Omicron MATRIX SPM controller, for reasons of enhanced functionality, stability

and compatibility, as noted in section 3.1.1. The MATRIX controller used with the

Oxford STM requires some unique components and settings, which are documented

here.

In order to supply the required signals to the Oxford piezo scanner, the piezo driver

board (high voltage amplifier) in the MATRIX for the Oxford STM (PDC6) has been

replaced with a modified board (PDC6 special). The output signals are modified as

shown in table A.2. A jumper on the PDC special board must be changed from the

default value to apply the correct polarity of Z signal. This is the polarity jumper

and must be set to “−”. With the polarity jumper set correctly the Z output

(measured from any of the four piezo outputs) should be as follows.

• − 140 V for the tip fully forward

• + 140 V for the tip fully back.

The coarse approach motor on the Oxford STM is also wired in the opposite sense to

the default value: the settings in the MATRIX remote box allow this to be corrected

for. The z-direction on the remote box must be set to “+” for the coarse motor to

move in the correct direction.

PDC6 PDC6 special
+ X Z + X
− X Z − X
+ Y Z + Y
− Y Z − Y
+ Z not used

Table A.2: Outputs of standard piezo driver board PDC6 and modified PDC6 spe-
cial, as fitted to the Oxford STM MATRIX controller
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The MATRIX is designed to be used with Omicron’s own preamplifier design: this

features variable gain, and also houses the feedthrough for the bias voltage. If the

bias voltage desired is less than 1 V, a signal 10 times the desired bias is sent to the

preamplifier: this voltage is reduced again by a factor of 10 by a divider circuit at

the preamplifier. This reduces noise pickup on the bias line between the controller

and the STM for low bias voltages: the divider circuit is switched off automatically

if a bias greater than 1 V is desired. For the Oxford STM we used a simple fixed

gain Femto preamplifier, so for bias < 1 V a potential divider needs to be put in

the bias line to achieve the correct voltage. For higher biases this divider needs to

be manually removed.

Finally, in order to obtain the correct bias voltage and tunnelling current, the MA-

TRIX software calibration settings must be changed. The Femto preamplifier has

a gain of 2x109 Ω, which differs from the default Omicron preamplifier. Omicron

STMs normally apply an inverted bias voltage to the tip, to obtain an effective

sample bias, however the Oxford STM applies the bias voltage to the sample. The

MATRIX software therefore needs to be set to not invert the bias voltage to obtain

the correct polarity for the Oxford STM.
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