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Characterisation of YBCO surfaces and STO/YBCO interfaces using DFT
ERIKA DANIELSSON
Department of Microtechnology and Nanoscience (MC2)
Chalmers University of Technology

Abstract
The focus of this project was to investigate the surface structure of the high temperature super-
conductor YBa2Cu3O7 (YBCO) as well as determining the interface structure when YBCO is
capped with a thin film of SrTiO3 (STO). The motivation for STO capping is to see if it can
protect YBCO from degradation losing its superconductivity. Here surface and interface termi-
nations were studied with a literature review as well as calculations based on density functional
theory (DFT). Together with this, a method of determining the surface energy contribution of a
slab structure was used which found the CuO2(Y) surface and the BaO(CuO) surface as most
probable surface terminations of YBCO. The change in electron density was also studied that
showed a rearrangement of charges at the interface in the STO/YBCO systems. The STO cap-
ping itself together with electronic redistribution at the interface made the top YBCO layers
become more bulk-like, and this can be a part of the explanation how STO can protect the
YBCO surface.

Keywords: Density functional theory, Yttrium barium copper oxide, Strontium titanium oxide,
Surface energy, Asymmetric slab, Electron density.
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List of Acronyms and Elements

Below is the list of acronyms that have been used throughout this thesis listed in alphabetical
order:

DFT Density functional theory
HTS High-temperature superconductor
PLD Pulsed laser deposition
PP Pseudopotential
SCF Self-consistent field
STO Strontium titanium oxide, SrTiO3

STO/YBCO Interface of STO onto YBCO with YBCO lattice constants
TEM Transmission electron microscopy
vdW-DF-cx van der Waals consistent exchange density functional
XPS X-ray photoelectron spectroscopy
YBCO Yttrium barium copper oxide, YBa2Cu3O7

YBCO/STO Interface of YBCO onto STO with STO lattice constants

Elements
The atomic colors that was used in the figures for this thesis are illustrated below:

Barium (Ba)

Copper (Cu)

Oxygen (O)

Strontium (Sr)

Titanium (Ti)

Yttrium (Y)
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1
Introduction

The discovery of superconducting materials in the early twentieth century, opened a new re-
search area, important for basic research and applications. Under a certain temperature, the
critical temperature, the resistivity of such material vanished resulting in a conducting material
without energy (or heat) losses. In the 80’s, the first superconducting materials with critical
temperatures above 80 K were found. These materials were crystal structures consisting of cop-
per oxides.

Yttrium barium copper oxide (YBCO) is one high-temperature cuprate superconductor. Much
effort has been put on choosing substrate on which YBCO can be grown to achieve high quality
films. Another aspect of YBCO as a functional material, is to protect it from degradation in
applications. One way is simply to grow a thin layer of another material onto YBCO to protect
the superconducting properties.

A complement, or replacement, for experiments is computing modelling and simulations. How
calculations can be used depend on the situation. Sometimes the studied system is too large and
complex to study experimentally, or if one part of a system needs to be developed or designed,
it can be easier to limit the system. The physical system can also have too much uncertainty
to trust results. To study material behaviour on atomic or electronic scale, computations are
helpful and sometimes necessary. One method to perform calculations on atomic systems is to
use the quantum mechanical based density functional theory (DFT).

Strontium titanium oxide (STO) is one material suggested to protect the superconductivity.
From this, the objective of this project is to gather insights of the interface between YBCO
and a thin film of STO. The work is based on computations, to be a complement to ongoing
research. A literature review on YBCO surfaces and interfaces of STO and YBCO is also pro-
vided. Atomic structures will be analysed by measuring distances between atomic planes in the
YBCO crystal and electronic properties by studying the change in electron densities for inter-
face structures. Also a method of calculating the surface energy of asymmetric slab will be used
to compare the stability of different YBCO surfaces.
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2
Theory

This chapter gives some background on the high-temperature superconducting material YBCO
and the degradation problematic, resulting in loss of superconductivity. Further, the semicon-
ducting material STO will be introduced, and the structural similarities with YBCO is studied.
A short introduction to the theory used for the calculations in this work is also given.

2.1 YBCO and high temperature superconductors
Cuprate superconductors are crystalline materials consisting of copper oxide layers and metallic
ions. The structure consists of three perovskite-like unit cells that are vertically stacked. In these
structures, the electrons in the CuO2-planes interact by moving between the Cu atoms. These
electrons between the Cu-O bonds in the crystal create the superconductivity of the material,
described in Ref. [1]. Yttrium barium copper oxide (YBCO) is one such material and is the
first known high temperature superconductor (HTS) with a critical temperature above 77 K [2],
the boiling point of nitrogen. The general formula is YBa2Cu2O7 – x depending on the oxygen
doping level, x ∈ [0, 1].

The chemical formula of the fully oxygen doped YBa2Cu3O7 – x is YBa2Cu3O7, with x = 0, and
is further referred to as YBCO. YBCO has an orthorhombic unit cell, with lattice parameters a ̸=
b ̸= c, shown in Figure 2.1a. The cell consists of 13 atoms in six atomic layers in the c direction,
also labeled in the figure. In the center of the unit cell an Y3+ ion is located, surrounded by two
CuO2 planes with net charge -2. The bulk structure is symmetric around the centered Y atom,
the next planes after the CuO2-Y-CuO2 structure are an uncharged BaO plane on each side, and
the outermost a plane of CuO chains, with net charge +1, in the b direction. In Figure 2.1b,
the unit cell is viewed in the ac and bc plane with all O atoms from neighbouring unit cells
included. The blue regions represent the Cu-O bonds in between where the superconducting
electrons are exchanged.

Since the structure of YBCO, and other HTSs, is complex, there have been much research on
physical and electronic properties of the materials [3]. Also fabrication techniques as well as
applications are important for YBCO research. For superconducting applications HTSs are im-
portant due to operation temperature and cooling costs compared to low-temperature supercon-
ductors. Examples of applications are magnets and in Josephson junctions and superconducting
quantum interference devices (SQUIDs) [4].

2.2 STO
Strontium titanium oxide (STO) with chemical formula SrTiO3 is a perovskite structured indi-
rect bandgap semiconductor consisting of Sr2+, Ti4+ and O2 – ions. The primitive, cubic unit cell

3



2. Theory

Figure 2.1: Schematic unit cell of YBCO (a) and STO (c) including repeated atoms from neighbouring
unit cells. The atomic planes are labeled. The blue shaded areas in the 2D representations (b) show the
the Cu-O bonds for all the Cu atoms in the unit cell.

consists of five atoms of alternating and uncharged SrO and TiO2 layers, see Figure 2.1c. The
material is often used as substrate for microelectronic devices. The unit cell of STO is in many
ways similar to the one of YBCO since YBCO in principle consists of three vertically stacked
perovskite structures. STO is also usually used as substrate for YBCO due to the similar lattice
constants of the two materials [5].

2.3 Degradation of YBCO

To study and use YBCO for different applications high quality structures such as thin films
are needed [6]. It has been showed that YBCO is very sensitive to water and air, negatively
affecting the superconducting phase of YBCO. Conclusions from experiments in Ref. [7] show
that trivalent Cu ions of YBCO (in the CuO chains) are reduced in the presence of water, with
products such as BaCO3, CuO and Y2BaCuO5. Flux avalanche of superconducting films also
negatively affects the superconductivity. In general there are two ways of protecting supercon-
ductors from degradation according to Ref. [8]: To protect the surface with another material or
to dope the structure to reduce the reactivity with water and air. Metal coatings can, for instance,
reduce the flux avalanches of YBCO films, obtained in Ref. [9]. Also measurements with STO
as insulating layer have been made for YBCO in SQUID applications, see Ref. [10].

There is current research on YBCO films capped with a nm-thin STO layer, Ref. [11]. For the
experiments a 10 nm thick layer YBCO-film was grown using pulsed laser deposition (PLD)
onto a MgO substrate on which a thin film of STO is sputtered. From X-ray photoelectron
spectroscopy (XPS) it was shown that STO capping decreased the amount of both Cu and Y
in the signal. For Ba, there was another trend. Without capping, XPS indicated both Ba and
BaCO3, but with a thin layer of STO the Ba oxide signal was not present, and the Ba peak was
not suppressed. Since BaCO3 is one of the reported, Ref. [7], products from YBCO reaction
with water, the results show that STO can protect YBCO from degradation. How and why the
presence of STO changes the chemical composition is yet unclear and will be further studied in
this work, from a theoretical approach.
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2. Theory

2.4 Density functional theory
The calculations performed in this project are based on density functional theory (DFT). This
theory is based on quantum mechanics describing molecular and bulk systems. By solving the
Schrödinger equation the ground state energy and optimal atomic positions can be determined
for a specific system. One important step of the DFT is to use a charge density defined as the
probability of finding an electron in a volume element, instead of solving for the quantum wave
function of the system [12].

In general, it is hard to exactly solve for multi-body systems, since it would be very complex
and time consuming. Instead there are several approximations to simplify the DFT calculations.
One example is to use pseudopotentials (PP) which are effective potentials instead of the real
electron potentials. The PPs are designed from atomic calculations [12]. Different types of PPs
work differently well for different atomic systems and also the PP must work for each element
in that system. The choice of PP also results in different total energies for the system, because
the energy has different zero points. Still, the energy differences within the system remain
constant.

2.4.1 Calculation process
The princple of a DFT calculation is to find the total energy from an input atomic structure
with iterative self-consistent calculations [12]. This is illustrated in Figure 2.2 where also the
process of a relaxation calculation is presented. For a SCF calculation, the first step is to calcu-
late the electron density n0(r) from the atomic coordinates and other input parameters as PPs.
From that an effective potential is calculated, that further can be used to solve the independent
one-electron equations. Together with an approximation for the exchange-correlation potential,
a new electron density n(r) is calculated. When the guessed and the calculated electron den-
sity converge, the ground state energy E0 of the system is found and the SCF calculation is done.

For relaxation calculations where the atomic positions are also optimised, there is an addi-
tional iteration process to find the optimal geometry of the studied system. By knowing the

Figure 2.2: Simplified flowchart of the steps in a SCF and relaxation calculation based on DFT.

5



2. Theory

charge density from the SCF calculation it is possible to calculate the forces on the atoms. In a
relaxation the forces are used to slightly move the atoms to more favorable positions. From the
new positions a new SCF iteration loop is made, resulting in another ground state energy. The
relaxation calculation is finished when the energy and geometry has converged.
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3
Methods

In this chapter, the methods of the computations are introduced, as well as the analysis meth-
ods of the calculations. The calculations of crystals structures were performed using Quantum
ESPRESSO [13, 14, 15], an open source DFT computer code. Quantum ESPRESSO can opti-
mise atomic and electronic structures of different materials using pseudopotentials (PP). After
the input parameters to Quantum ESPRESSO are presented, the bulk, surface, and interface
calculations are explained. The last part of this chapter derives how the surface energy of an
asymmetric slab can be calculated, and the principle of analysing differences in electron density.

3.1 Calculation details

In total three types of calculations were performed: For geometry optimisation of bulk ma-
terials a variable-cell relaxation was used, for surface slabs a relaxation of the atomic posi-
tions was used together with a dipole correction, and for already optimised structures only a
self-consistent field (SCF) calculation was made. The calculations were carried out at vacuum
and 0 K and the visualisations of both atomic structures and electron densities is performed in
XCrySDen [16], a visualisation program for crystalline and molecular materials. For the calcu-
lations, the van der Waals consistent exchange density functional (vdW-DF-cx) was used [17,
18]. Kinetic energy cutoff for wave functions were set to 60 Ry and cutoff for charge density to
480 Ry which is above the recommended minimum values for the used PPs.

The k points used were automatically generated on a uniform grid. For YBCO bulk, the number
of k points were set to 20×20×6, and for cubic STO 20×20×20 due to the tetragonal and cubic
structures of YBCO and STO, respectively. Higher number of k points increases the accuracy
of the calculations, but also the computation time. Due to the time limit of this project the k
points for relaxation and SCF calculations performed of surface and interface structures were
set to 6 × 6 × 1. Convergence threshold for electronic self-consistency was n · 10−8 (a.u.) and
convergence thresholds for forces and total energy for ionic minimisation were set to 1 · 10−4

(a.u.) and n · 10−6 (a.u.), respectively, where n is the number of atoms in the calculated system.

3.2 Pseudopotentials

The pseudopotentials (PP) used during the calculations was taken from the PSlibrary package
1.0.0 [19]. Initially PBEsol potentials were used, but there was problem with convergence of the
SCF calculations, especially for the slab optimisations where a dipole correction was necessary.
Which of the atoms the PBEsol potentials did not work for, could not be investigated due to
the time limit of the project. Instead, another type of PPs were used: PBE potentials, that
successfully converged the performed DFT calculations.

7



3. Methods

3.3 Bulk optimisation of YBCO and STO

The first calculations were to determine the bulk structures of YBCO and STO, separately. The
input structures were taken from Materials Project [5], a database of computed properties of
inorganic materials, for Ba2YCu3O7 (mp-20674) and SrTiO3 (mp-5229) from database version
v2023.11.1. YBCO has an orthorhombic, and STO a cubic structure, and the cell parameters
and atomic positions were optimised in Quantum ESPRESSO using a variable-cell relaxation
calculation.

3.4 Slab optimisation of YBCO and STO surfaces

To optimise surface structures of YBCO and YBCO covered with STO, slab calculations were
performed. A slab is an extended unit cell were vacuum is added above the crystal to keep the
periodically repeated slabs sufficiently apart (in the c direction), and to include surface effects
and enable surface relaxations. The vacuum thickness was set to 15 Å. As input to the YBCO
surface slab calculations, the optimised bulk structure of YBCO was used. In the c direction,
there are six possible surface terminations of YBCO, by the assumption that the bulk has no
reconstructions. Slabs of two unit cells, with thickness of 23 Å, or twelve atomic layers, were
constructed. The six bottom layers were fixed (i.e. forces on atoms were set to 0) to keep them
in the bulk structure while the six top layers were allowed to relax due to surface properties.

The calculations are periodically repeated, also in the c direction. Thus, a dipole correction
needs to be considered. In general, adjustment of the dipole is necessary for asymmetric sys-
tems, as slab unit cells. If not, the dipole in one slab will interact with neighbouring slabs above
and below throughout the calculation process, resulting in an artificial dipole. The position
where the dipole potential was adjusted was set in the center of the vacuum region, i.e., 7.5 Å
above the surface. The potential decreased back to 0 in a region of 0.005 · ccell Å, where ccell

is the total height of the slab, vacuum included. Figure 3.1 illustrates the principle of the per-
formed slab calculations.

Figure 3.1: Schematic illustration the YBCO unit slab used for the calculations including the period-
ically repeated slabs in the a, b and c directions. The principle of dipole correction in the c direction is
also visualised.
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3. Methods

Since the aim of this thesis is to find out more about the characteristics of STO capped YBCO,
the last step of the calculations is to study the interface structures. The geometry optimisation
of an interface structure is based on an optimised YBCO surface with added STO layers onto.
Initially, one unit cell of STO (five atoms in two layers) is added onto YBCO slightly strained to
fit the size of the a and b parameters of YBCO. This system is in this thesis labeled a STO/YBCO
interface. For one of the STO/YBCO interfaces, an additional layer of STO was added onto the
optimised interface, and finally a third layer, as if STO was grown onto the YBCO surface layer
by layer.

3.5 Analysis of surfaces and interfaces

Besides the optimisation of the YBCO surfaces and YBCO/STO interfaces, a comparison with
surface terminations obtained in the literature was done. The review was also used to choose
which interface structures to optimise and analyse further. The calculated YBCO surfaces were
also further studied by comparing atomic positions with bulk YBCO. The stability of the differ-
ent surface terminations was studied by calculating the surface energies, described below.

3.5.1 Calculation of surface energies
One method of calculating the surface energies of asymmetric slabs was suggested by Ref. [20].
A slab has two surfaces, here denoted A and B. All atoms in the slab are assumed to contribute
to one of the both surfaces: The atoms in the upper half belong to surface A and the atoms in
the lower half belong to surface B. To extract the surface energy of a relaxed surface, four slab
energies Eslab are needed: One with both the surface layers A and bottom layers B fixed, one
with A relaxed and B fixed, one with A fixed and B relaxed, and one with both A and B atoms
relaxed. These slab energies are compared to the corresponding bulk value ηEbulk, where η is
the number of unit cells, and weighted by the surface area A:

εi = Eslab
i − ηEbulk

A
(3.1)

εi, i = 1, 2, 3, 4 denotes the four weighted slab energies. The slab energies can also be described
as the sum of the surface energy contribution E from the top surface atomic layers A and bottom
atomic layers B:


Ef

A + Ef
B = ε1

Er
A + Ef

B = ε2

Ef
A + Er

B = ε3

Er
A + Er

B = ε4

(3.2)

The indices f and r correspond to fixed or relaxed surface atoms during the optimisation calcu-
lations. The four equations in Eq. (3.2) can, with matrix representation, be written on the form
ÂE⃗ = ε⃗: 

1 1 0 0
0 1 1 0
1 0 0 1
0 0 1 1





Ef
A

Ef
B

Er
A

Er
B

 =



ε1

ε2

ε3

ε4

 (3.3)
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3. Methods

The solution vector E⃗ cannot be determined exactly, but a numerical solution can be found by
minimising the sum of the squared relative differences of each row i:

∑
i

(
ε⃗i − (Âx⃗)i

ε⃗i

)2
(3.4)

As initial guess for the solution is Ef
A = Ef

B = ε1/2 and Er
A = Er

B = ε4/2, physically meaning
surface layers A and B have equal influence of the frozen and fully relaxed slab, respectively.
This method is by Ref. [20] called the simultaneous equations method. For YBCO surfaces
with slabs of two unit cells with 12 atomic layers, and η = 2, the six top layers will be included
in surface A, and the six bottom layers in surface B.

3.5.2 Electron densities
For one of the interface structures, an analysis was carried out of how the charge density, or
more specific, the electron density, changed when STO was added onto YBCO compared to
when the materials are in separated systems. This was made for different capping thickness of
STO, but the number of charge analysis calculations with different of STO capping thickness
were restricted by the time restraint of this project.

The change in electron density ∆nAB(r) (in units of charge per unit volume) for an integrated
structure AB of two different materials compared to the materials separated, A and B, is de-
scribed as:

∆nAB(r) = nAB(r) − nA(r) − nB(r) (3.5)

Thus, three SCF calculations of the interface structures were made: One for the complete inter-
face nAB(r), one without the YBCO atoms nA(r) and the third without the STO atoms nB(r).
The atomic positions of the two last calculations were kept unchanged compared to the com-
plete interface structure. By post-processing the data of charges from the SCF calculation in
Quantum ESPRESSO, the difference of the electron densities could be analysed.

10



4
Results and discussion

In this chapter, the results of the calculations are presented and discussed. Included is also a
literature review of YBCO surfaces and interface structures of YBCO and STO. The first pre-
sented calculation part is the unit cell optimisation of YBCO and STO followed by an analysis
of the different YBCO surfaces comparing atomic distances and surface energies. Thereafter,
a discussion of possible STO/YBCO interfaces and calculations of some of the interfaces is
made. The chosen interfaces are also analysed further for different STO capping thicknesses by
studying the difference in electron density.

4.1 Bulk structures of YBCO and STO
The optimised bulk structures for YBCO and STO are shown in Figure 4.1. The calculated
lattice parameters for YBCO are a = 3.80 Å, b = 3.88 Å and c = 11.52 Å, and for STO is a =
3.90 Å. The input parameters from Materials Project [5] are slightly bigger with a = 3.84 Å, b =
3.93 Å, c = 11.82 Å for YBCO and a = 3.91 Å for STO. One difference between the Materials
Project results and the calculations presented here, is that dispersion is included in the calcula-
tions (in the vdW-DF-cx). For a layer structured material as YBCO, this gives a more realistic
and stronger binding between the layers, resulting in a smaller c parameter.

The calculated lattice parameter of STO is 0.6% and 2.7% larger than the a and b parameters
in YBCO, respectively. This means that the lattice parameters of YBCO and STO match each
other well. As a result, if STO is added onto a YBCO surface the STO unit cell is slightly
compressed in the a and b directions. The unit cell visualisation in Figure 4.1 indicates that

Figure 4.1: Visualisation of optimised bulk structures for YBCO and STO.
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4. Results and discussion

three vertically stacked STO unit cells also match the c parameter of YBCO. More specific,
three STO unit cells are only 1.6% larger than one YBCO unit cell.

4.2 Surface termination of YBCO

Both experiments and theoretical research have spend much time on studying the surface termi-
nation of YBCO. There are six possible ideal surface terminations of YBCO in the c direction
presented in Table 4.1, for slabs with twelve layers. The last three rows in Table 4.1 show which
surface termination is found in different references, and also YBCO interface termination for
interfaces between YBCO and STO. The interesting interface in this project is the STO/YBCO
interface where STO is added onto YBCO with lattice parameters of YBCO. However, also the
opposite case where YBCO is grown onto STO is included in Table 4.1. The interface structures
are further discussed in section 4.3.

From a surface stability perspective an initial hypothesis is that BaO would be a promising
YBCO surface since BaO is the only YBCO layer that is uncharged. As can be seen in Table 4.1,
there are no simple answers of what the YBCO surface looks like, which is also concluded in
Ref. [23]. The results depend on contamination from the environment, how the surface is pre-
pared and how the surface termination is measured. It also depends on the studied sample, if
the surface occurs from cleaving the YBCO crystal or as top layer of growing a thin film.

In a review of YBCO surfaces, Ref. [23], a discussion of all possible surface terminations
is made. From the view of bond strengths between the YBCO atomic layers and crystal cleav-
age, the CuO2(Y) and BaO(CuO) surface terminations are more probable than the BaO(CuO2)
and CuO(BaO) surfaces. The CuO2(Y) surface, for instance, means CuO2 is the surface layer of
YBCO, and Y as the first sublayer. The reason to the conclusions is that the Cu-O bond length

Table 4.1: Possible surface terminations of YBCO in the c direction with following sublayers for two
unit cell thick slabs. Included is also references discussing surface and interface terminations of YBCO
and STO.

Surface layer CuO BaO CuO2 Y CuO2 BaO

Sublayer 1 BaO CuO2 Y CuO2 BaO CuO

2 CuO2 Y CuO2 BaO CuO BaO

3 Y CuO2 BaO CuO BaO CuO2

4 CuO2 BaO CuO BaO CuO2 Y

5 BaO CuO BaO CuO2 Y CuO2
...

...
...

...
...

...
...

11 BaO CuO BaO CuO2 Y CuO2

References

Uncapped YBCO [3, 21] [3, 22] [23] [22] [22, 23]

YBCO/STO interface [6, 21, 24] [6] [24]

STO/YBCO interface [21]

12



4. Results and discussion

in the c direction is shorter, and thus stronger, between the CuO and BaO layers in the YBCO
crystal. This fact is valid also for the calculations in this thesis where the vertical Cu-O bonds
are 0.16 Å and 0.19 Å.

The two last possible cleavages of the YBCO crystal are between the Y and CuO2 planes.
From the discussions of Ref. [3] and Ref. [23] this will not be probable due to strong bonds and
a large electrostatic instability if the positive Y ion is not compensated by the CuO2 planes. This
is true for the Y(CuO2) surface, but also the CuO2(BaO) surface. However, the angle-resolved
photoemission spectroscopy (ARPES) study, Ref. [3], found the most probable cleavage be-
tween the YBCO layers (in the c direction) would appear between the CuO and BaO layers.
Their reasoning is that the CuO2-Y-CuO2 center of the unit cell, also attract the BaO layers.
Since the CuO layers are most distanced to the Y ion, the cleavage of the YBCO unit cell occur
between the CuO and BaO layers, resulting in the CuO(BaO) surface and BaO(CuO2) surface.

From an experimental perspective, the surface termination of YBCO surfaces not always can
be explained by the principles of bond strengths and YBCO crystal cleaving. If YBCO instead
is grown as a thin film, other surface terminations of YBCO also is found, depending on the
substrate, how the film is prepared and the environment. Transmission electron microscopy
(TEM) of PLD grown YBCO onto a STO substrate also concludes that the surface termination
of YBCO is a CuO layer [21]. The discussion is founded in the fact that the top STO substrate
layer is TiO2 and that the first STO layer consists of BaO, followed by a CuO2 layer. The YBCO
growth will continue until a complete number of unit cells is reached, resulting in a CuO surface
layer.

Another experiment of epitaxial grown YBCO films shows from XPS that the surface termi-
nation depends on the annealing temperature [22]. The BaO(CuO) surface dominated at a low
annealing temperature, increasing the temperature resulted in a CuO2(BaO) surface, and for
strong annealing the BaO(CuO2) was present. Other aspects to consider are that measurements
of YBCO surfaces also indicate other surface terminations than the ideal YBCO stacking se-
quence. A common case is loss of oxygen at the surface [23]. The XPS signals of the YBCO
films in Ref. [22] also found a BaCuO2 phase at the surface which origins from either a new
surface compound or a reconstructed surface atom composition of the ideal YBCO structure.

4.2.1 Atomic distances in the YBCO surface slabs

The difference between a slab and a bulk structure is that atoms close to the vacuum might
move compared to the bulk case. A comparison of the atomic distances (Å) in the optimised
YBCO slab structures is presented in Table 4.1. The measured distances, between the Y, Ba
and C atoms, are also indicated in the bulk unit cell in the Table 4.2. Since the slabs consist of
twelve layers with the six bottom layers fixed in the bulk structure, the last measured distance
given in Table 4.2 for each slab is the distance between the lowest relaxed layer and the top
fixed atomic layer. The percentage change of the two deepest measured distances from the slab
surface compared to bulk is below 0.5 % for all surface terminations. That mean six relaxed
atomic layers are enough to simulate a surface relaxation of YBCO.

For the optimised surfaces, the largest change in distance occurs between the top layers where
the outermost YBCO layer is compressed, except for the case of the CuO2(BaO) terminated sur-
face. There, the distance between the two top layers is stretched out compared to bulk YBCO.
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Simultaneously, as the distance between the outermost layers decreases, the second distance
from the surface of the slab increases, in practice meaning that the first sublayer moves closer
to the surface. This is illustrated in Figure 4.2 for the BaO(CuO2) surface where side view
images of the optimised surface and bulk structures are placed onto each other. The movement
of atoms compared to bulk structure is showed as blur. The explanation is that the sublayer
compensates the lack of shared electrons for the surface layer.

Figure 4.2: Side view of the optimised BaO(CuO2) surface structure. The blurring illustrates changes
compared to the YBCO bulk, for this surface, the largest change appears for the CuO2 plane that is closer
to the top BaO plane compared to the same distance in the bulk.

4.2.2 Surface energies
The optimised YBCO surface slabs consist of two YBCO unit cells. Since the surface and bot-
tom layers are different in each slab, the calculated relaxed energies cannot directly be compared
because both the surface energy of the top and the fixed bottom layers affect the energy value.
Again, looking in Table 4.1, it can be seen that three of the slabs are mirrored for slabs with
multiples of six atomic layers: The mirrored surface slabs are the CuO(BaO) and BaO(CuO2),
the CuO2(Y) and BaO(CuO), and the Y(CuO2) and CuO2(BaO) terminated surfaces. Using the
method from Ref. [20] described in subsection 3.5.1 of the Methods chapter, the surface energy
contribution of each relaxed surface, Er, can be calculated from the relative slab energies εi,

and is presented in Table 4.3. The value of the minimised sum
∑

i

(
ε⃗i−(ÂE⃗)i

ε⃗i

)2
, denoted residual,

is also present in the table as reference.

Table 4.3: Weighted slab energies ε and calculated surface energies Er for the six ideal surface termi-
nations of YBCO with corresponding residual.

Surface termination Slab energy Surface energy Residual

(J/m2) (J/m2) ∑
i

(
ε⃗i−(ÂE⃗)i

ε⃗i

)2

A B ε1 ε2 ε3 ε4 Er
A Er

B

CuO(BaO) BaO(CuO2) 2.83 2.74 2.79 2.70 1.33 1.37 5.01 · 10−10

CuO2(Y) BaO(CuO) 2.07 1.97 1.88 1.79 0.90 0.89 6.98 · 10−9

Y(CuO2) CuO2(BaO) 8.11 7.14 7.59 6.62 3.64 3.59 1.64 · 10−9
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4. Results and discussion

It can be concluded from Table 4.3 that the weighted slab energies ε2,3 follow the same trend
as the surface energies Er, i.e. that the highest slab energy and surface energy is for the last
surface pairs, with the Y(CuO2) surface as the most unstable. The surface energy for each pair
is similar to eachother where the surfaces with the highest energies, and thus less probable,
are the two surfaces where the CuO2-Y structure is broken. The results of surface energies in
Table 4.3 are in agreement with the arguments of crystal cleavage of the YBCO crystal [23]:
The most stable, and probable, surfaces are the mirrored surfaces terminated by CuO2(Y) and
BaO(CuO).

4.3 Interface structure for STO and YBCO systems

Literature on interface terminations of STO and YBCO mainly focuses on YBCO grown onto
STO - substrates used for YBCO growth often consists of STO - where YBCO is slightly
stretched out to fit the STO unit cell dimensions, here called the YBCO/STO interface. To
find literature on interface terminations for the opposite case where STO is grown onto YBCO
(STO/YBCO interface), that is of interest in this work, is more difficult to find. Therefor, litera-
ture on both the YBCO/STO and the STO/YBCO interface is included in the discussions below,
and is summarised in Table 4.1 with the YBCO surface terminations.

4.3.1 YBCO/STO interfaces
A theoretical study of adhesion energies by Ref. [6] of different YBCO/STO interfaces and with
different stacking geometry found two main interfaces. From the SrO surface a CuO2(BaO)
stacking is expected and a BaO(CuO2) stacking for the TiO2 terminated STO surface. The
CuO2(BaO) stacking means the first grown layer is CuO2 and the second is BaO. This growth
is also reported in Ref. [21]. In both cases, the interface stacking will initially continue the
perovskite stacking of STO: The alternating TiO2 and SrO layers will be replaced with CuO2

and BaO when YBCO starts to grow onto STO, and from the third layer, YBCO follow its own
layer structure.

An important aspect to consider regarding interfaces between two materials is that they tend
to be heterostructures, where the atomic layers are mixed close to the interface or that some of
the layers have a different composition. This is reported by Ref. [24] where the atomic struc-
ture of the YBCO/STO interface was observed with high-angle annular dark field (HAADF) and
Negative Cs imaging (NCSI) techniques. With TiO2 as the top layer of STO, they found two
types of YBCO growth sequences starting with BaO: The BaO(CuO2) and BaO(CuO) growths,
also illustrated in Figure 4.3a.

The two YBCO growths were separated by antiphase domains, and Ref. [24] also found two
types of defects of the YBCO growth further away from the interface. In the fist case, two
additional layers of CuO and BaO were added before the CuO2 layer as shown in Figure 4.3b.
In the second case, one CuO layer and one BaO layer disappeared compared to the ideal YBCO
structure, resulting in the remaining BaO layer being surrounded by two CuO2 planes, see
Figure 4.3c. The changed stacking is a consequence for the antiphase domains and misfit dis-
locations from the two different YBCO growths. When the layer of YBCO is thick enough,
YBCO is no longer affected by the STO substrate, and above the additional or missing CuO and
BaO layers, there is a uniform YBCO growth without antiphase domains.
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4. Results and discussion

Figure 4.3: Schematic visualisation of the YBCO stacking described in Ref. [24]. Ideal stacking (a)
and antiphase domains between BaO(CuO2) and BaO(CuO) stacking compensated in YBCO bulk with
(b) two additional CuO and BaO layers and (c) disappearance of two CuO and BaO layers.

4.3.2 STO/YBCO interfaces
However, the system of interest in this work is a thin film of STO put onto a thick layer of
YBCO. Therefore, the STO layers will be compressed in the a and b directions compared to the
YBCO unit cell. One previous work, Ref. [21], has from a TEM image of a STO/YBCO/STO
interface observed a similar stacking as Ref. [6]: A TiO2 terminated STO surface with BaO as
the first YBCO layer. At the top of the thick YBCO layer there is also a BaO layer and the first
grown STO layer is TiO2. Interesting to add to the discussion is that Ref. [21] claimed that the
surface termination of YBCO is CuO(BaO) which does not agree with the their result with a
TiO2/BaO(CuO2) interface. The phenomena is explained with desorption of the top CuO chain
when STO is deposited onto the YBCO surface.

4.3.3 Optimised STO/YBCO interfaces
From the discussion above about both surface terminations of YBCO and and interface struc-
tures of YBCO and STO there is no direct link: The YBCO surface do not necessary correspond
to the top YBCO layer in a STO/YBCO interface. The lack of literature on STO/YBCO inter-
faces also makes it hard to make a qualified choice of which interfaces to proceed with for the
calculations. This is why the literature review of the opposite YBCO/STO interfaces are in-
cluded in the results.

Going back to Table 4.1 where the surface and interface terminations are summarised, the
BaO(CuO2) surface would be a promising YBCO surface for a YBCO/STO interface. This
YBCO surface is also the only studied for a STO/YBCO interface according the literature re-
view above. The BaO(CuO2) terminated YBCO surface is thus optimised with both TiO2 and
SrO as the first STO layer. The STO thickness is one unit cell. The interface structures are
shown in side view in Figure 4.4. A third interface symbolising that the YBCO surface CuO
layer not is destroyed, in contrast to the analysis of the results in Ref. [21], is included in Fig-
ure 4.4c with SrO as the first STO layer onto the CuO(BaO) surface. Still with two unit cells of
YBCO and one unit cell of STO.
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4. Results and discussion

Figure 4.4: Interface geometry viewed in the ac plane of different YBCO surfaces covered with one
unit cell of STO: (a) The TiO2/BaO(CuO2) interface, (b) the SrO/BaO(CuO2) interface and (c) the
SrO/CuO(BaO) interface.

4.3.4 Atomic distances in the STO/YBCO interface slabs
Similar to the YBCO surfaces, the atomic distances of YBCO in the interface structures are mea-
sured to compare the atomic positions with bulk structure. This is presented in Table 4.4. The
values for uncapped YBCO are repeated from Table 4.2. First, looking at the TiO2/BaO(CuO2)
interface, the atomic positions of the two upper YBCO layers are more bulk-like compared to
the uncapped surface (3.35 Å and 3.24 Å for capped versus 3.29 Å and 3.25 Å for uncapped
BaO(CuO2) surface). If the first STO layer is SrO instead of TiO2, there is a larger distance
between YBCO and STO, 3.27 Å which is 2.4 % smaller than the bulk distance. The second
surface, CuO(BaO) with SrO as first STO layer has YBCO atomic positions very close to bulk,
a relative difference of less than 0.5 %, even for the outermost layers which not is the case for
the uncapped CuO(BaO) surface.

Table 4.4: Atomic distance (Å) and relative change compared to corresponding bulk value between
neighboring YBCO atoms for the three studied interfaces. Values for the corresponding uncapped YBCO
surfaces from Table 4.2 is also included.

Uncapped surface Surface capped with one unit cell STO

Atomic distance
CuO BaO TiO2 SrO SrO

(BaO) (CuO2) BaO(CuO2) BaO(CuO2) CuO(BaO)

Cu-Ba 3.35 (-2.3%) 3.43 (+0.2%)

Ba-Cu 3.37 (+0.5%) 3.29 (-2.0%) 3.35 (+0.0%) 3.27 (-2.4%) 3.36 (+0.1%)

Cu-Y 3.20 (-0.2%) 3.25 (+1.6%) 3.24 (+1.1%) 3.26 (+1.9%) 3.19 (-0.3%)

Y-Cu 3.20 (+0.0%) 3.20 (+0.1%) 3.22 (+0.6%) 3.21 (+0.4%) 3.20 (+0.0%)

Cu-Ba 3.36 (+0.1%) 3.36 (+0.1%) 3.35 (-0.1%) 3.36 (+0.1%) 3.36 (+0.2%)

Ba-Cu 3.43 (+0.1%) 3.43 (+0.1%) 3.43 (+0.2%) 3.43 (+0.1%) 3.43 (+0.1%)

Cu-Ba 3.43 (+0.0%) 3.43 (+0.0%) 3.43 (+0.0%)
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4.4 Difference in electron density
The TiO2/BaO interface is further investigated to analyse how the thickness of the STO capping
layer affects the electron density. Onto the YBCO surface, STO of 1, 1.5, 2.5 and 3.5 unit cells
are added. The difference in electron density ∆n(r) , defined in Eq. (3.5) of the Methods chap-
ter, is shown in Figure 4.5 for the center plane and outer plane of the interface slabs. Atoms in
respective cross section are also present. Atomic YBCO layers below the Y plane of YBCO did
not show any charge redistribution and is therefore excluded in Figure 4.5. The color scheme
of ∆n(r) represents electrons moving from blue to red regions, for the total system compared
to the separated. Stronger colors represent larger differences.

Figure 4.5: Difference in electron density ∆n(r) for the TiO2/BaO(CuO2) interface with 1, 1.5, 2.5
and 3.5 STO unit cells. Cross section of the center plane (left) and outer plane (right) through the unit
slab in side view. The dashed line represents the interface.

A clear shift of charge distribution is seen at the interface (dashed line in Figure 4.5) where
electrons that were at the surfaces for the separated systems move to the closest atoms for the
STO/YBCO interface, independent of the STO thickness. The change is most noticeable around
the O atoms, both in the top BaO layer and the first STO atomic layer, TiO2. This conclusion is
in agreement with the interface structure of YBCO/STO studied in Ref. [6]. Even if the lattice
parameters are slightly different, the electron density differences are comparable.

The plot of differences in electron density tells something about how STO capping can pro-
tect YBCO surfaces. Ref. [6] reports that the charge distribution between the outermost Ti and
O from the BaO layer, is very similar to Ti-O in STO bulk and that O atoms at the interface
tend to belong to the TiO2 layer of the interface. Figure 4.5 also indicates, independent of the
STO capping thickness, that the TiO2/BaO interface shows same redistribution of charge. That
means, adding STO on YBCO extends the YBCO film with a buffer layer where YBCO even
at the interface becomes bulk-like and no longer has the surface properties and the risk to react
with the environment and thus loose the superconducting properties.

Comparing the interfaces ending with TiO2, it can be seen that the interface capped with 1.5
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unit cell of STO shows a larger movement of electron density compared to thicker capping.
This indicates that charge is transported between both STO surfaces for a thin capping. As the
thickness of the STO film increases, STO becomes more bulk-like, and ∆n(r) between the STO
surfaces do not affect each other to an equal extent. For instance, the second STO atomic layer,
SrO, shows same ∆n(r) behaviour for 2.5 and 3.5 STO unit cells, and the main difference be-
tween these capping thicknesses is nothing but the capping thickness. This should be compared
with 1.5 STO capping, where there is a large charge transport around Sr in the SrO layer. Still,
the top STO layer shows a charge redistribution, meaning the capping is not thick enough for
STO to be completely bulk-like at its surface, as YBCO is below the third, Y ion layer.

Corresponding analysis of interfaces with the SrO surfaces was not made, due to the time limit
of this project. However, for the TiO2/BaO interface, it would be interesting to analyse the
∆n(r) plot of 2 and 3 STO unit cells as well, to get a comprehensive analysis of the electron
density STO capping dependence for the TiO2/BaO(CuO2) interface. Despite that, the analysis
of ∆n(r) shows that the similar lattice structure of STO capping has an effect on the charge
distribution of YBCO.
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The results in this project determined the YBa2Cu3O7 (YBCO) surfaces terminated by CuO2(Y)
and BaO(CuO) as the most stable, in agreement with bond strength between the layers in
YBCO. The method of determining the surface energy of a slab consequently work well for
YBCO slabs of twelve atomic layers. However, the literature review shows that experimentally
determined YBCO surfaces show a larger variation, also with different surface termination for
same sample.

Interface structures on the other hand cannot be directly related to uncapped YBCO surfaces.
Other top YBCO layers at the interfaces with SrTiO3 (STO) and YBCO are found than clean
YBCO surfaces, because of surface reactions of YBCO. Studying the optimised interface struc-
tures, it can be seen that, depending on how STO is grown, it is possible to make the YBCO
atomic positions more similar to bulk, than without capping, which is a promising effect of
STO capping. The analysis of difference in electron density shows that charges are redistributed
around the STO/YBCO interface. Possibly, this can indicate that even a atomic thin film of STO
can conserve the superconducting properties of YBCO. Even if the scope of this thesis is too
small to draw definite conclusions, this hints to interesting future work.

The accuracy of the density functional theory (DFT) calculations in this project is limited by
convergence thresholds, number of k points and other input data. Despite that, the results of the
calculations still are valuable, even if a further improvement would be to increase the threshold
values, with longer computation time. Early in the project, it was also seen that the choice of
pseudopotentials affected whether the calculated system converged and it would be interesting
to further investigate the PBEsol-potentials for YBCO and STO systems.

This work is limited to calculations, but the calculations were made to resemble the dimensions
of the STO/YBCO systems presented by Ref. [11]. To better understand the physical system
from a theoretical perspective, even non-ideal structures have to be considered throughout the
calculations. More important than to improve the results, is to proceed the analysis of differ-
ence in electron densities for STO/YBCO systems, since only one interface was analysed in that
way. Calculations on more interfaces as well as experimental research on STO/YBCO interface
terminations are also keys to knowing more about how STO capping affects the properties of
YBCO surfaces.
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