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Analysis of Ca3Ru2O7 with STM

1 Abstract

Perovskites are known to have interesting physical properties. The systematic
investigation of different kinds of crystals help to understand the structures and
find new and possibly useful qualities of materials. In this work the perovskite
oxide Ca3Ru2O7(100) was investigated using Scanning Tunneling Microscopy
(STM).

2 Perovskites

The name perovskite has its origin in the mineral with the composition CaTiO3

which was named after the Russian mineralogist Lev Aleksevich von Perovski.
We now understand perovskites as materials with the generic chemical compo-
sition ABX3. The discovery of perovskites and the subsequent investigation of
their chemical and physical properties by V.M. Goldschmidt in 1924-1926 [1]
was a large step in the analysis of complex crystal structures.

Most ceramics only exist in specific phases defined by crystal structure and
composition (like quartz, mullite or calcium silicates) and have one or two special
properties or applications [2]. Perovskites stand out because although they all
share the same structure, the physical properties have a wide range. For example
there are insulating perovskites as well as metallic conducting or superconduct-
ing perovskites. Therefore, perovskites have a large variety of applications.

2.1 The perovskite crystal structure

The ideal structure is shown in Figure 1a), the perovskite compounds are cubic
with atom A in the center, the 8 corners are occupied by B atoms, and X is
found at the center of each face. This structure can be altered by physical
factors such as oxygen vacancies or Jahn-Teller distortions. In addition, the size
of the ionic radii influences the structure.

The cell axis follows the equation

a =
√

2(rA + rX) = 2(rB + rX) (1)

where rA, rB and rX represent the ionic radii. A related quantity is the Gold-
schmidt tolerance factor

t =
(rA + rX)√
2(rB + rX)

(2)

which gives an estimate of the degree of distortion. According to Goldschmidt’s
measurements, the tolerance factor resides between 0.8 and 1. It is always below
1 which can be explained by the fact that the distance between B and X atoms
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Figure 1: (models created with JMol [3]) a) Perfect perovskite ABX3 structure,
where A atom is white, B atoms are green and X atoms are red. b) Ruddlesden-
Popper perovskite structure of the form A3B2X7, where the A atoms are green,
B atoms are blue and X atoms are red.

is not exactly the sum of their ideal atomic radii but smaller due to forming
of BX3 radicals. Also the distance A-X in many perovskite-structures is higher
than the sum of their ideal ion-radii. A tolerance factor below 0.8 or above 1
results in a change from the perovskite structure.

2.2 The Ruddlesden-Popper Series

One special group of perovskites is the Ruddlesden-Popper series - named after
the first researchers S.N. Ruddlesden and P. Popper [4, 5]. These crystals consist
of rock salt type layers and perovskite-like layers [6]. This leads to the general
formula An−1A’2BnX3n+1, where A, A’ and B are cations, X is an anion and
n gives the number of layers of octahedra in the perovskite-like structure. The
Ca3Ru2O7 crystal analyzed in this work has the Ruddlesden-Popper structure
A3B2X7 shown in Figure 1b).

3 Spectroscopy Methods

Besides Scanning Tunneling Microscopy (STM), most apparatus are also capable
of other methods of physical investigation, like Auger Electron Spectroscopy
(AES), Ion Scattering Spectroscopy (ISS) and Low-Energy Electron Diffraction
(LEED). Here we give a short overview of these methods [7, 8].
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Figure 2: (Michael Schmid) Schematic view of an STM

3.1 Scanning Tunneling Microscopy

The principle of Scanning Tunneling Microscopes (STM), shown in Figure 2,
is to exploit the quantum mechanic tunneling effect. If a thin tip is moved
very close (a few Å) to a conducting sample and a small voltage is applied, the
electrons can tunnel through the potential barrier between tip and sample. That
leads to a tunneling-current, which is characteristic for the distance between tip
and sample. By moving the tip in lateral directions, it is possible to determine
the topographical structure of the surface of the sample. Usually STMs are
run in constant current mode, adjusting the distance via piezoelectric-elements
and monitoring the lateral movement and the change in height. Moving the
tip along a grid gives a direct image of the electric states of the atoms on the
surface. Although the principle of STM works in all surroundings, STMs are
usually run in ultra-high vacuum (UHV) to minimize interaction between the
samples and the surrounding and to guarantee clean surfaces. Typical voltages
vary from 0.1 V to 2 V and typical tunneling current is set between 0.2 nA and
5 nA.

3.2 Auger Electron Spectroscopy

Auger Electron Spectroscopy (AES) is based on the Auger effect. An electron
beam is directed at the sample, ionizing the inner orbitals of the atoms and
leaving them in an excited state. Electrons from outer orbitals fall back to the
holes, bringing the atom back to its ground state. The extra energy can be emit-
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ted in two ways. One is by emitting photons with characteristic wavelengths.
The other way is by emitting other electrons. These electrons have character-
istic energies, for example E ≈ EK − EL1 − EL2,3 for a L1-electron which is
falling back to the K-state and transferring its energy to a L2, 3-electron. AES
measures these emitted electrons. These electron energies are characteristic for
each element, allowing the composition of the sample to be analyzed

3.3 Ion Scattering Spectroscopy

In Ion Scattering Spectroscopy (ISS, also known as LEIS - Low Energy Ion
Scattering) ions with energies ranging from 100 eV to 10 keV are directed at
the sample. Typically Helium, Neon or Sodium are used for the bombardment
and the method is basically the same as in sputtering (see Section 5.2). The
ions collide with the surface atoms. The scattering can be treated as a two-body
collision where the ion hits a resting surface particle. Analyzing the energy of
the backscattered atoms leads to information about the chemical composition
and the structure of the sample surface.

3.4 Low-Energy Electron Diffraction

In Low-Energy Electron Diffraction (LEED) the surface structure of crystals can
be analyzed by bombarding the material with an electron beam with energy from
20 to 500 eV. Because of the low energy, the electrons are scattered on the first
few layers of material. The de-Broglie-wavelength of the electrons (about 1 Åat
about 100 eV) is slightly smaller then the distance between the atoms, so the
elastically scattered electrons, which are observed as dots on the LEED-screen,
show a structure that depends on the surface structure. To be precise, it is the
reciprocal crystal lattice. With that knowledge, the real space lattice can be
reconstructed at least qualitatively.

4 STM Systems

The measurements for this project have been done with two different systems.
These two apparatus are described in the following section.

4.1 Room temperature STM

The room temperature STM (Figure 4a) consists of a main chamber for an-
alyzing samples, a preparation chamber for preparing samples and tips and a
load lock for inserting samples and tips. The vacuum is guaranteed by different
pumps and several instruments are connected to observe the chamber status.
The schematics of the apparatus are shown in Figure 3.
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Figure 3: (Michael Schmid) Schematics of the Room temperature STM system

Figure 4: a) Room temperature STM. b) Preparation Chamber of the room
temperature STM from the outside.
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Figure 5: a) Preparation Chamber of the room temperature STM through the
window. From below clamps can be connected to different copper-plates or coils
for heating or sputtering. b) Main chamber of the room temperature STM.
Through the port on the right side samples and tips can be moved between main
and preparation chambers. To the side of this port is the rack for sample and tip
storage. With the wobble stick the samples and tips can be transfered between
the different stations. The station for STM is on the bottom. The samples are
moved between the clamps facing down and the tip approaches form beneath.
The stations for AES and ISS are on the left side.

Items are inserted one at a time via the load lock which is connected to
the backside of the preparation chamber. Before inserting to the UHV in the
preparation chamber, the load lock is first pumped to about 3 · 10−3 mbar
with a rotary vane pump and then to about 3 · 10−6 mbar with a zeolite trap.
Evacuating with the zeolite trap takes about 3 hours while the cryostat for the
trap need to be permanently cooled with liquid nitrogen. From the load lock,
the sample is moved into the preparation chamber (left side of Figure 4b) with
a transfer arm and fixed with clamps to another transfer arm.

The preparation chamber is held below 10−10 mbar by a turbo molecular
pump and an ion pump. The chamber itself is used for sample and tip prepa-
ration. Contacts can be applied to the sample holder (Figure 5a) and it can be
heated via resistive or electron-beam heating. There is also a valve for argon
gas allowing the samples and tips to be sputtered.

The preparation chamber is connected to the main chamber through a valve.
With the transfer arm samples and tips can be moved between the two chambers.
The main chamber is held at 3 to 5 · 10−11 mbar with an ion pump. Inside the
chamber (Figure 5b) there is a rack for sample storage and a place for one
spare tip. Samples and tips can be moved with the wobble stick. The room
temperature STM is capable of doing AES, ISS and STM. While doing STM, the
entire machine hangs on strong springs to suppress vibrations, parts touching
the outside are removed if possible, water cooling for the turbo molecular pump
is reduced, and the climate control is switched off.
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Figure 6: a) The Omega STM. The pipe on the bottom left leads to the turbo
molecular pump. In the center is the window for LEED. On the right side the
microscope is mounted. It is used for manual approaching the sample before
STM. b) The backside of the Omega STM. In the middle, there is the load
lock, which can be reached from the top. The hose beneath it leads to the turbo
molecular pump for evacuating the load lock. With the transfer arm on the
bottom right, the samples are transmitted to the main chamber.

4.2 Omega STM

The Omega STM (Figure 6a) is capable of room temperature STM and LEED
measuring. It consists of one UHV chamber and a load lock for inserting and
removing samples or STM tips. It sits on a table that is damped by rubber
foam. UHV is guaranteed by scroll pumps, turbo molecular pumps, and ion
pumps.

In the load lock (Figure 6b) there is space for up to eight samples, which
can be processed simultaneously. Since only three slots can be reached through
the opening and one of them is blocked by a wire which holds the mesh for
catching the stubs (see Section 5.1 and Figure 8), only two slots can be used for
transferring samples simultaneously. The remaining slots can still be used for
storing samples in UHV. The load lock is is pumped by a scroll pump and a turbo
molecular pump, ideally over night. Afterwards the items can be transmitted
to the main chamber by a transfer arm. The main chamber is held at about
5x10−11 mbar by a turbo molecular pump and an ion pump.

In the preparation area of the main chamber (Figure 7a) there is a manip-
ulator for bringing the samples (or tips) in position for LEED or sputtering.
Therefore a valve with an argon gas can is attached to the chamber). Addi-
tionally the samples can be heated. The preparation area is directly connected
to the STM area of the main chamber (Figure 7b). With a wobble stick, items
on the manipulator or the insertion rack can be accessed and transferred to the
carousel for storage or to the STM for measurement.

While scanning, the STM device in the chamber is lowered to a magnetic
floating position. With lights and a microscope fitted to the top of the chamber
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Figure 7: a) In this part of the main chamber, the samples are inserted from
the load lock. Also flashing, annealing, sputtering, and LEED happens here. b)
The STM part of the main chamber is directly connected to the preparation area.
With the wobble stick, samples and tips can be handled with the transfer arm
and transmitted to the carousel on the left for sample storage or to the STM
device in the center.

Figure 8: A look into the load lock. We used a mesh on the rack to catch the
stubs.
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Figure 9: The device for precise gluing. The sample holder is put into the
cavity. The sample is glued to the center of the sample holder with Epo-Tek
H21D conductive silver. The stub is put into the counterpart of the device.
With the grids, the stub can be glued exactly to the center of the sample holder,
using Epo-Tek H77 glue.

the tip can be manually approached to the sample. The final approach is done
with the software. Typical approach parameters are 1.5 V gap voltage and 0.3
nA feedback set. Before starting the automatic approach, the lights need to be
unplugged to prevent electronic noise.

The tip has a fixed position in height so the scanning area can only be varied
by coarse motion. This must be taken into account for sample preparation.

A more detailed description of the Omega STM is given by Sounya Balti-
Kmail in her Bachelor thesis “Analysis of Nickel (111) with Scanning Tunneling
Microscopy” [9].

5 Preparation

5.1 Sample Preparation

The preparation of the samples is a very tricky process. The crystals cannot
be prepared in the usual ways like annealing or sputtering in the preparation
chamber, because the surface is very reactive and destroyed quickly even in
UHV. Our approach to get a clean surface was to cleave the sample in UHV
and perform STM measurements immediately afterwards. To achieve this, we
designed special tools for cleaving as shown in Figure 10a). The sample was
glued between the sampleholder and a stub.
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Figure 10: a) A fully prepared sample. The sample itself is between sample
holder and stub and therefore cannot be seen in this picture. b) Catching device
used in room temperature STM for cleaving the crystal and catching the stub.

In the room temperature STM, we put this configuration into the sample
storage rack with a free sample position underneath it. The counterpart of
the set of cleaving tools is a sample holder with an 1 mm attachment. The
construction, shown in Figure 10b), has a gap in the center to the front, which
is used to break the sample and catch the stub at the same time. By pushing
this tool in the position underneath the prepared sample holder, the sample
should break neatly, giving us a perfect surface for STM scanning. The original
idea was to take out the stub of the UHV, but it took too much time so we
dropped the stubs and removed them when the chamber was vented. In the
Omega STM, the sample was cleaved in the rack directly connected to the load
lock and the stubs were collected in a mesh (Figure 8).

We tried several methods to optimize sample preparation. Important quali-
ties for these methods were ensuring electrical conductivity between sample and
sample holder, optimal cleaving of the sample, and efficient preparation.

In the first attempt, we fixed the sample to the sample holder with Epo-
Tek H77 glue and cured it for about one hour at 150◦C. Since H77 is not
electrically conducting we put dots of Epo-Tek H21D silver glue on the sides
of the sample. This should ensure an electrical contact between the sample
and the sample holder. Unfortunately this process did not work. While curing
the conducting silver, either the H77 moves between the sample and H21D or
the H21D segregates into the silver glue and the epoxy phase which leads to a
breaking of the contact. Conductivity can be achieved after multiple cycles of
cutting the edges of the sample, connecting the sample with conducting silver
to the sample holder and curing it again.

The next approach was to roughen the surface of the sample holder with a
center punch. This should provide that the sample has direct contact with the
sample holder through the thin film of H77 glue. To avoid gas bubbles in the
glue-structure, we evacuated the sample for five minutes in medium vacuum of
approximately 10−2 mbar (Figure 12) before curing it at 150◦C for one hour.
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Figure 11: The concept drawings for the stub and the two parted cleaving and
catching tool.
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Figure 12: Vacuum chamber (left) and rotary vane pump (right). We used
this setup for avoiding bubbles in the H77 glue. The pump was also used for
evacuating gas lines (see section 5.3).

This method worked, but did not guarantee that the sample would be electrically
conducting after cleaving. Shifting or breaking the inner structure of the crystal
or glue leaking into scratches of the sample can cause it to be insulating.

The main problem with the methods above was insulation caused by the
H77 glue. To avoid this problem, we only used H21D glue in the next attempt
to test if its lower hardness is enough for cleaving the crystal. In one step we
glued the sample to the sample holder and the stub and cured it at 150◦C for
one hour. This approach worked, however at times the sample was not cleaved
perfectly on the top (stub) side of the sample. On some parts the sample broke
as intended, but on some parts the glue gave way. This was especially a problem
in the Omega STM, because we couldn’t directly look at the sample to see the
cleaved surface. Thus we switched back to using H77 glue between sample and
stub, which worked out fine even in one curing stage simultaneously with the
H21D between sample and sample holder.

With this method we were finally satisfied. A sample can be prepared within
two hours, cleaves neatly almost every time and is reliably conductive.
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Figure 13: (Michael Schmid) Schematics for tip preparation.

5.2 Tip preparation

The shape of the tip is crucial for getting good STM images. Our tips were
made from tungsten. The method for creating our tips is shown in Figure 13.
A tungsten wire is put on positive voltage through a small hole in a cathode
with which it is connected via a thin film of sodium hydroxide (NaOH). The
electrochemical process etches the tungsten wire until it is very thin. Gravity
pulls the wire down until the lower part falls with a perfectly shaped tip, which
can be used for STM imaging.

In UHV there are some methods to remove contamination from the atmo-
sphere or rough shape due to surface interaction on samples. One important
method is sputtering. The tip is bombarded with noble gas ions. In our case we
filled the chamber with argon gas at 10−6 mbar partial pressure. A hot cathode
emits electrons which ionize the argon particles which are then accelerated to
the tip on negative voltage. The impact of these particles remove some layers
of material on the tip surface which improves the cone like shape needed for
scanning.

While scanning the tip can be altered, for example by pulsing the tip to
10 V, forcing it to interact with the surface and hence changing its shape. In
addition I-V curves or scanning specific samples in advance (for example gold or
copper) can improve the tip. The physical processes in these methods are not
perfectly understood and show stochastic influence but with some experience,
they often lead to better images.
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Figure 14: a) Leak valve for attaching gas canisters. b) O2 canister attached to
a valve.

5.3 Attaching gas cans

We observed adsorbates in our STM images of the Ca3Ru2O7 surface. We
wanted to find out, which substrate sticks to the surface. To investigate the
influence of different adsorbates on the surface, we needed to expose the sample
to gases. Therefore, gas canisters needed to be attached to the chambers.

Several high precision leak valves are attached to the chambers. We at-
tached long thin tubes to them and gas canisters with a specially designed
valve. Through these valves the tubes are evacuated via the rotary vane pump
shown in Figure 12 before filling them with the desired gas. A special safety
switch guarantees that the valve is not opened accidentally, which would vent
gas and contaminate the tube. Figure 14 shows a leak valve and a bottle of O2

attached to the Omega STM.

Determining the influence of a given gas on the sample works in two steps.
First we scanned the freshly cleaved sample. Then we dosed the sample with
about 2 Langmuir (typically 20 seconds at 10−7 mbar partial pressure of the
gas), repeated the same experiments and compared the results between the clean
sample and the dosed sample. In this work we used CO2 and O2.
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Figure 15: a) STM picture (room temperature STM, 100×100nm2, immediately
after cleaving, Gap Voltage: −1.2 V Feedback Set: 0.1 nA) b) STM picture
(room temperature STM, 50 × 50 nm2, 2 h after cleaving, Gap Voltage: −0.85
V Feedback Set: 0.21 nA).

6 Results

In this section we will show results from Scanning Tunneling Microscopy and
Low-Energy Electron Diffraction measurements. A short interpretation is pro-
vided.

6.1 LEED and STM of Ca3Ru2O7

In addition to sample preparation, also the actual scanning of Ca3Ru2O7 was
very difficult. Even immediately after cleaving, the surface was very rough
resulting in unwanted tip-surface interactions that lead to tip changes and bad
lines in the images (see Figure 15a). It always took a lot of time and patience to
get an entire picture without many scratches and tip changes. We were unable
to image some samples. With tip treatment such as sputtering, scanning on
gold, pulsing, and I-V curves we obtained some wide area pictures and a few
images approaching atomic resolution. Optimum gap voltages ranged between
1 V and 2.2 V (positive or negative) with feedback sets between 0.2 nA and 0.4
nA. Large areas of 100 × 100nm2 were scanned for overviews and 20 × 20nm2

for atomic resolution.

On large area scans we observed very large terraces with almost no visible
step edges. As seen in Figure 15 the surface is covered with many cracks and
bright features. The cracks can easily be interpreted as missing atoms and
lattice defects, but the bright features are unidentified. The bright features are
distributed randomly over the surface. Many are rather small (i.e. a few atoms)
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Figure 16: (model created with CrystalMaker R©[10] with data from [11]) Model
of a cleaved surface of Ca3Ru2O7

whereas others form large clusters of some nanometers. This suggests they are
adsorbates. This should mean that the number of bright features should increase
over time since the sample is permanently exposed to the residual gas. From
our observations this does not seem to be the case. The bright features are
observed immediately after cleaving in roughly the same density after 24 hours.
This is matter of further investigation.

Taking close up images was even more difficult. The brigth features which
are at least ten times as high as the clean surface atoms caused the tip to be very
unstable. In the room temperature STM we frequently sputtered the tip and
approached the sample anew. At first we always started with large area scans,
chose a spot that looked nice and then approached further for close up scanning.
With this method we often ruined the tip, because we likely hit a bright feature
causing instability. That’s why we started to approach directly to a scanning
area of 20 × 20 nm2. In the Omega STM the tip stability was less a problem.
The reason for this could be that we used positive bias voltages in contrast to
our measurements in the room temperature STM where we used negative bias.
We observed immediate tip instability as we shortly switched to negative bias in
the Omega STM. To explain this behaviour, further investigation is necessary.

The few images with approaching atomic resolution show the typical bright
features and in between there is a lattice with many voids. In contrast to the
voids, which are located on the lattice and can be interpreted as missing atoms,
the bright features don’t follow a specific order. From the model (see Figure 16)
we would expect a square structure. Unlike LEED images (Figure 17) which
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Figure 17: LEED image of Ca3Ru2O7 (80 eV)

show a clear square lattice, we find a hexagonal atomic structure in STM images
(Figures 18, 19 and 20). Also there seems to be only one sort of atoms on the
surface. Regarding the model again we should see a mixture of bright spots
from the Ca atoms and dark spots from the O atoms, which usually can not be
seen directly in STM.

It is obvious that we don’t directly see the Ca3Ru2O7 surface but observe
an adsorbate. Given the fact that we used high-purity samples and we cleave
them in UHV it can only be particles that are present in the residual gas of the
vacuum or particles outgassing from the glue. Two possible candidates were
investigated in the following section.
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Figure 18: STM image (room temperature STM, 20×20 nm2, 6 h after cleaving,
Gap Voltage: -1.2 V Feedback Set: 0.35 nA). The periodicity of the dots is 0.55
nm and 0.58 nm with an angle of about 115◦ in between.
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Figure 19: STM image (Omega STM, 20 × 20 nm2, 24 h after cleaving, Gap
Voltage: +1.5 V Feedback Set: 0.49 nA). The periodicity of the dots is hard to
determine, somewhere between 0.6 and 0.8nm, the angle is about 120◦.
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Figure 20: a) STM image (room temperature STM, 20 × 20 nm2, 24 h after
cleaving, Gap Voltage: -2.6 V Feedback Set: 0.4 nA). The periodicity of the line
is 0.58 nm shown in the picture below. The periodicity in the other direction is
0.66 nm and the angle is 120◦.
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Figure 21: These panels show a comparison of LEED images at 100 eV. Panel
a) was taken before and panel b) was taken after dosing with CO2. The lower
panels show LEED images at 90 eV before (c) and after (d) dosing O2.

6.2 Influence of CO2 and O2 on Ca3Ru2O7

To investigate the influence of adsorbates on the surface we compared the results
of LEED and STM before and after dosing a small amount of specific gases. We
used CO2 and O2, which are both candidates for bonding to the surface atoms of
the crystal. The measuring sequence started with cleaving the sample followed
by taking STM images. Then we performed LEED measurements at a variety
of voltages followed by dosing the sample with 2 Langmuir of gas and checking
LEED again. Finally we put it back to STM position and took images of the
dosed sample.
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The LEED images shown in Figure 21 show the results for both CO2 and O2

dosing. No effect on the surface structure can be seen. Also, the STM images
shown in Figures 22 and 23 indicate no difference. For LEED the result is quite
clear, which can not be said with certainty for STM. It was generally difficult to
take two pictures of different locations, which can be compared to each other.
It always took patience and luck to even get one good image of a sample. Hence
our results are not good enough to prove or disprove any influence on the sample
surface. At least there is no obvious effect, although scanning seems to be easier
after dosing CO2.

7 Closing Comments and Perspectives

Looking at the results it is obvious that there is still a lot to do with the
Ca3Ru2O7 sample. We are quite sure that we observe adsorbents on the surface
and that their structure differs from what we would expect from the model. So
we need to find out, what kind of atoms stick to the surface and how they are
bound to the sample. Further we probably will try cleaving and scanning in low
temperature, which is said to improve the results.
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Figure 22: These STM images show some 100 × 100 nm2 scans taken with the
Omega STM. a) 5 h after cleaving, Gap Voltage: +2.15 V Feedback Set: 0.28
nA; b) 10 h after cleaving, dosed with O2, Gap Voltage: +2.22 V Feedback Set:
0.34 nA; c) 8 h after cleaving, dosed with CO2, Gap Voltage: +2.26 V Feedback
Set: 0.28 nA; d) 22 h after cleaving, dosed with CO2, Gap Voltage: +2.5 V
Feedback Set: 0.36 nA
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Figure 23: These STM images show some 20 × 20 nm2 scans taken with the
Omega STM. a) 2 h after cleaving, Gap Voltage: +1.85 V Feedback Set: 0.37
nA; b) 8 h after cleaving, dosed with O2, Gap Voltage: +1.75 V Feedback Set:
0.35 nA; c) 8 h after cleaving, dosed with CO2, Gap Voltage: +2.24 V Feedback
Set: 0.4 nA; d) 8 h after cleaving, dosed with CO2, Gap Voltage: +1.34 V
Feedback Set: 0.4 nA
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