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1 Introduction
Since the discovery of superconductivity by Heike Kamerlingh Onnes [1] more than a
century ago, much has happened in this outstanding field of solid state physics. Although,
the superconducting transition temperature TC could be raised to temperatures above 130 K
over the years and, thus, making cooling possible with rather cheap liquid nitrogen, the
ultimate goal of finding a room temperature superconductor seems to be elusive.
Despite the limitations imposed by the low transition temperatures, novel superconductors
have become more and more important in our modern technological world. Beside medical
purposes in MRI machines with their ability to generate extremely high magnetic fields,
superconductors have found a huge variety of applications such as microwave frequency
filters for communication, measurement devices for nondestructive material analysis and
superconducting power generators. Future applications could be lossless electric transport,
levitation transport and so on. However, although the mechanism behind superconductivity
at low temperatures of conventional superconductors is already known [2], a comprehensive
universal theory which explains the superconducting mechanism in high TC unconventional
superconductors is still elusive.
For a long time of more than 20 years, cuprate high temperature superconductors found by
Bednorz and Müller [3] were the only superconductors reaching temperatures above 50 K.
And they still hold the record with a transition temperature of 164 K (under pressure) [4]. In
2008, a new compound with outstanding superconducting properties was found. Kamihara
et al. [5] reported, that fluorine doped LaFeAsO1−x Fx is superconducting at temperatures
below 26 K. Their announcement of this layered compound led to intense research activities
all over the world and soon the TC was raised to values as high as 56 K [6]. Beside this so
called ‘1111’-type iron-pnictides a wide variety of different compounds have been found,
among them but not limited to are the ‘122’-, ‘111’- and ‘11’-type structures.
The need of high quality samples for fundamental as well as technological applications
also lead to a strong development of suitable thin film deposition techniques for the growth
of films of this materials. Beside the conventional sputtering process, novel techniques like
Pulsed Laser Deposition (PLD) and Molecular Beam Epitaxy (MBE) are the methods of
choice in the field of thin film deposition. While each technique has its own advantages, for
this thesis the last mentioned reactive MBE technique was used. The specific advantage
of this technique is the flexibility in studying the composition or site substitution related
studies which by other techniques need the preparation of solid state samples which in
turn is tedious and time consuming. In addition, once the optimal parameters are found,
it is rather easy to substitute one element by another and, thus, it is in principle possible
to analyze different compounds in much less time. The disadvantage of MBE approach is,
however, the complexity of the whole process and the cost of instrumentation.
Goal of this work is to grow high quality epitaxial pnictide superconductor thin films.
The aim here is to substitute the noxious arsenic by another less toxic pnictogen. For that,
bismuth is the element of choice. After the optimal deposition parameters are established,
4

substitution on the rare earth site is the next step to characterize the superconducting
properties and maybe to find new compounds of this novel class of superconductors.
After this short introduction Chapter 2 gives a brief overview on superconductivity
followed by Chapter 3 which describes the most important aspects of the new class of iron
based pnictide superconductors. Chapter 4 is a short survey on the theory of thin film
deposition while Chapter 5 deals with the characterization methods used during this thesis.
Finally Chapters 6 and 7 are a detailed description of the thin film deposition process and
the search for the optimal growth parameters. The crystallographic and superconducting
properties are analyzed for their dependence of different growth parameters and finally a
substitution on different atomic sites is performed. To finalize this thesis, a short summary
with an outlook on future work based on the results described here is given in Chapter 8.
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2 Superconductivity
Superconductivity is an outstanding phenomenon in solid state physics. The two main
characteristics of superconductivity are the lossless transport of electrical current below
a specific temperature, called the transition temperature TC , and the perfect diamagnetic
behaviour, called the Meissner effect after its discoverer. Discovered in 1911 by Heike
Kammerlingh Onnes [1] in mercury, superconductivity was a pure low temperature phenomenon for almost 70 years. Only in 1986, Bednorz and Müller [3] discovered a novel
class of high temperature superconductors, namely the cuprates. Superconductivity now is
no longer limited to metals or metallic alloys but also observed in oxide ceramics. Soon
TC reached values above the level of liquid nitrogen temperature in YBa2 Cu3 O7−δ [7] and
maximum transition temperatures of 134 K were reported in Hg0.8 Tl0.2 Ba2 Ca2 Cu3 O8.33 [8].
The following chapter gives an overview about the basics of superconductors and theoretical
approaches to explain this phenomenon.
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Figure 2.1: Timetable of some important superconductors, their year of discovery and
their TC . The dashed line shows the liquid nitrogen temperature as above this
temperature cooling becomes rather easy and commercially available.
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2.1 Zero Resistance
The first observation which lead to the discovery of superconductivity was the vanishing
electrical resistance of mercury at the liquid helium temperature (∼4.2 K) (figure 2.2).

Figure 2.2: Resistance vs. Temperature measured by Heike Kammerlingh Onnes. At 4.2 K
the resistance suddenly drops to values below 10−5 Ω [1].
In principal it is not known if the resistivity becomes zero or is just immeasurable close
to zero. Onnes observed a decrease of electrical resistance down to values in the 10−5 Ω
range. Of course, with this result it can not be said that the resistivity becomes zero. So he
performed an experiment which gives much lower resistance values. He induced a current
in a superconducting lead ring by a permanent magnet and observed the displacement of a
magnetic needle. The displacement is caused by the magnetic field of the current inside
the ring. If there would be an electrical resistance the current would decay exponentially
following equation 2.1, where I(t) is the current at time t, I0 the starting current, R the
resistance and L the self-inductance.
R

I(t) = I0 e− L t

(2.1)

With this method Onnes gained resistance values below TC in the range of 10−13 Ω [9].
More modern measurements reveal a small resistivity in the superconducting state of
≈ 10−23 Ωcm [10]. The difference in the resistivities of metals and superconductors in
their superconducting state is as big as the difference of metals and insulators. This said,
one can consider the resistivity of a superconductor as zero. This only applies for type I
superconductors which will be addressed in a later section.
2.1 Zero Resistance
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2.2 Meissner-Ochsenfeld Effect and evidence for a phase transition
As already stated above one important characteristic of a superconductor is its ideal
diamagnetism. This effect is fundamental for superconductors and distinguishes between
them and ideal but normal conductors. This was first time observed and described by Walter
Meissner and Robert Ochsenfeld in 1933 [13]. They observed that a magnetic field applied
to a superconductor is expelled from the bulk superconductor by reaching temperatures
below TC . That is independent of the temperature where the magnetic field is applied to
the material. It is always B = 0 for T < TC .

Figure 2.3: Comparison of flux penetration in a normal ideal conductor and a superconductor. On the left hand side the magnetic flux is shown for an ideal conductor,
whereas the right hand side shows the case for a superconductor. It can be seen
that for an ideal conductor it matters, if it is field cooled or zero-field cooled.
Figure 2.3 shows a comparison of the behaviour of a superconductor and an ideal
conductor when exposed to an external magnetic field. It can be seen that for an ideal
conductor there exist two different states for T < TC in dependency on field cooled or
zero-field cooled scenario. For a zero-field cooled ideal conductor with R = 0, the magnetic
field gets expelled from the bulk as soon as B 6= 0, i.e. the magnetic flux inside the bulk
is zero. On the contrary, in the field cooled case the magnetic flux inside the bulk is
not zero for T < TC and R = 0. So the final state of an ideal conductor depends on the
history of the external magnetic field. The right hand side of figure 2.3 illustrates the
superconductor and its behaviour with external magnetic fields. Here the final state for
T < TC is always the same, no matter of the history of the magnetic field. This effect is
8
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called the Meissner-Ochsenfeld effect and is the reason why a superconductor is an ideal
diamagnet.

H

Normal state

HC

Superconducting state

TC

T

Figure 2.4: External magnetic field H vs. temperature T . The superconducting state can
be destroyed either by raising temperature above TC or by applying an external magnetic field above HC . The upper critical field HC is also a function of
temperature.
This can also be seen as the presence of surface currents which induce a magnetization
opposed to the external field. To keep the interior of a superconductor field free below TC
a small portion of energy is needed to create the surface currents. That means, with an
external field high enough it is energetically more favorable to return to the normal state
and let the external field penetrate the bulk material. This field is called upper critical field
HC and is a function of temperature (figure 2.4).
The difference in the behaviour of normal ideal conductor and superconductors exposed
to an external magnetic field gives the impression of a thermodynamic phase transition
at the boundary of normal conducting and superconducting state. An additional evidence
for this impression can be found in the behaviour of the specific heat of a superconductor
as a function of temperature. Figure 2.5 shows typical behaviour of a metals specific heat
Cm and a typical superconductors specific heat CS versus temperature. At TC , CS jumps to
2.2 Meissner-Ochsenfeld Effect and evidence for a phase transition

9

Figure 2.5: The variation of specific heat with temperature of a superconductor CS and a normal metal Cm . Whereas the metals specific heat shows a continuous behaviour
with temperature, the superconductor has a more exponential behaviour below
TC and a jump in specific heat at TC .
much higher values which indicates a phase transition of second order. CS can be described
with an exponential behaviour as in equation 2.2.
CS ∼ ex p(

−B
kB T

)

(2.2)

Equation 2.2 already indicates an energy gap for the superconducting state, which will
be described later in the BCS theory (section 2.6).

2.3 London equations
According to the Meissner-Ochsenfeld effect an external magnetic field is expelled completely from the interior of a superconductor. But there was experimental evidence that
magnetic fields penetrate superconducting thin films. The first who described the MeissnerOchsenfeld effect correctly were the London brothers [14]. For that they made the assumption that the electron move without friction through the material in the superconducting
10
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state. With that the Drude theory for electrons is reduced by the friction term mνD /τ
(equation 2.3).
mv̇ = −eE

(2.3)

With jS = −ens v the first London Equation can be derived (equation 2.4).
∂j
∂t

=

ns e 2
m

(2.4)

E

Using the Maxwell equation ∇× E = −Ḃ, the behaviour of an ideal conductor can be
described (equation 2.5).
∂
∂t



m
ns e 2

∇× js + B



=0

(2.5)

But still with this equation the Meissner-Ochsenfeld effect can not be described. For that
the constant of integration of equation 2.5 has to be zero. With that the second London
Equation is derived (equation 2.6).

∇× js = −

ns e2
m

(2.6)

B

The constant in the 1. and 2. London equation is now defined as λL =
London equation becomes

m
.
ns e2

So the

E = λL ˙js

(2.7a)

B = −λL ∇× js

(2.7b)

In addition to that the Maxwell equation (equation 2.8) can be applied.
∇× H = js ⇒ ∇× B = µ0 js

(2.8)

For that the curl operator is applied to the Maxwell equation and combined with equation 2.7b

∇× ∇× B = µ0 ∇× js = −
∇× ∇× js = −

2.3 London equations

1
λL

∇× B = −

µ0
λL
µ0
λL

B

(2.9a)

js

(2.9b)
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Since ∇× ∇× B = grad div B − ∆B (where ∆ is the Laplace operator), ∇× ∇× js =
grad div js − ∆ js , div B = 0 and div js = 0 equations 2.9a and 2.9b become

∆B −
∆ js = −

µ0
λL
µ0
λL

B=0

(2.10a)

js = 0

(2.10b)

Equation 2.10a is an explanation for the Meissner-Ochsenfeld effect. Since B(r) = B0 =
µ
const. is not a valid solution for equation 2.10a (∆B0 is always zero, λ0 B0 is never zero
L
except B0 = 0), there is no homogeneous magnetic field inside a superconductor. So in
the superconducting state the only solution for equation 2.10a is a field which decreases
exponentially inside the material.

B

B0
B(z)

ΛL

z

Figure 2.6: Exponential decay of an external magnetic field inside a superconducting material in its superconducting state. ΛL is the distance from the surface where the
field reaches a value of 1e .
This can be shown by considering an external magnetic field which is homogeneous and
only in x-direction. Furthermore, it only can expand in z-direction. Then
12

∂ 2 Bx
∂ z2

µ

− λ0 Bx = 0 is
L

2 Superconductivity

valid. Because of equation 2.8 is js (0, js,y , 0) and it is
equations are shown in equation 2.11.

Bx =

Bx0

0
js,y = js,y

 r

µ0

∂ 2 js,y


Bx0

∂ z2

µ

− λ0 js,y = 0. Solutions for these
L



z



exp −
=
λL,z
ΛL
 r



z
µ0
0
exp −
= js,y exp −
λL,z
ΛL
exp −

(2.11a)
(2.11b)

Æ
The factor ΛL = µ m
2 is the London penetration depth with m for electron mass and
0 ns e
ns for the density of the superconducting charge carriers. At this distance from the surface
the external magnetic field reaches a value of 1e (figure 2.6). Table 2.1 shows typical values
for ΛL in nm.
Table 2.1: Calculated London penetration depth values at absolute zero [15].
Metal ΛL in nm
Sn
Al
Pb
Cd
Nb

34
16
37
110
39

For a thin film with the thickness d much less than ΛL , the situation is a little bit different.
Because of the much bigger penetration depth compared to the materials thickness an
external magnetic field will not decay completely. Thus, the energy brought to the system
by the magnetic field is not enough to destroy superconductivity. That means, for thinner
films the critical magnetic field will be higher (figure 2.7).
Equation 2.11b shows that not only the magnetic field decreases from the surface but
also the current density.

2.4 Type I and Type II superconductors
With the considerations of the behaviour of a superconducting thin film in an external
magnetic field, it is possible to take a look at different types of superconductors. If it
can be assumed that a superconductor can be separated into thin alternating layers of
normal state and superconducting state, it can be concluded that a superconductor build
like that can stand higher critical fields. This assumption is found experimentally and split
superconductors into two different types: type I and type II superconductors.
For type I superconductors there is one specific critical field HC . Above HC superconductivity is destroyed (figure 2.8 on the left, dashed line). Mostly elemental and pure
materials show this type of superconductivity. These also called soft superconductors
usually have small values of HC . As a consequence they are not suitable for applications in
superconducting magnets.
2.4 Type I and Type II superconductors
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B

B0

B0
B(z)

0

z

d

Figure 2.7: External magnetic field inside a superconducting thin film. ΛL is much bigger
than the film thickness d so the magnetic field does not decay completely.
Type II superconductors show a different behavior. They have a lower critical field HC1
and an upper critical field HC2 (figure 2.8 on the left, solid line). Below HC1 the behavior
is similar to the type I superconductors. Above HC1 the magnetic flux starts to penetrate
the superconductor. A hybrid configuration arises where superconducting and normal
conducting areas exists side by side. In the so called Shubnikov-phase magnetic flux vortices
were formed. Inside these vortices the normal conducting state is present whereas outside,
the superconducting state is still stable (figure 2.8 on the right). The external magnetic
field has to reach HC2 to destroy superconductivity. Type II superconductors are also called
“hard superconductors” because of their very high HC2 (> 20 T)[15]. They are used for
coils in superconducting magnets, e.g. for magnetic resonance imaging. Most of the
superconducting compounds that show a type II behavior are alloys or impure materials.

2.5 Flux-Quantization
Already in 1950, Fritz London predicted a quantized magnetic flux passing through a
superconductor. Thus the magnetic flux in a superconducting ring is equal to a multiple
ħ
h
of one flux quantum Φ0 = 2e
. In 1961, Doll and Näbauer [16] observed this behavior in
one of their experiments (Figure 2.9). They used a small lead cylinder to generate the flux
quantums. For that, a magnetic field Be parallel to the cylinder axis was applied above TC
14

2 Superconductivity

M

Normal state
Type I

Type II

Superconducting
state

HC1

HC

HC2

H

Figure 2.8: Left: Internal magnetization of a superconductor versus an external magnetic
field. Shown are a superconductor type I (dashed line) and a superconductor
type II (solid line). It can be seen that the internal magnetization for a type I
superconductor is bigger but the upper critical field HC is smaller. In comparison
the type II superconductor has a lower magnetization but two different critical
fields. At HC1 the external magnetic field starts to penetrate the superconductor
but does not destroy superconductivity because areas with normal state and
superconducting states are built (so called vortices, see picture on the right).
Only fields above HC2 are capable of destroying superconductivity.
and then switched off after the superconducting state was reached. Thus a supercurrent
was generated inside the lead ring. Now a measuring field B M perpendicular to the ring
was generated. This results in a torque and the ring, which hangs at a quartz fiber, starts to
move. Doll and Näbauer used this movement to generate an oscillation. At its resonance
frequency the amplitudes are big enough to be detected. The detection was done with an
attached mirror and a laser. The resonance amplitude is proportional to the measuring
field. Figure 2.10 depicts the experimental results of Doll and Näbauer. This diagram shows
several steps for the resonance amplitude instead of a linear behavior, which proofs the flux
quantization.

2.6 The BCS-Theory
The phenomenon of the superconducting state and its fundamental difference to any normal
metallic state suggests a phase transition. A phase transition is always accompanied by
an instability of the normal state. Cooper was the first who suggested a weak attractive
interaction of two electrons as a reason for a collapse of the electron gas [17]. Fröhlich
already discussed a phonon mediated interaction of two electrons [18].
His explanation of an attractive interaction of two negative charges which should interact
repulsively was the effect of a moving electron through the positively charged crystal lattice
of a solid. The negative electron interacts with the positive ions of the lattice in such a way
that it moves the ions out of its position. Since the electron velocity on its path through
2.6 The BCS-Theory
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BM

Be

Figure 2.9: Experimental setup used by Doll and Näbauer. They used a superconducting
ring in two perpendicular magnetic fields and measured the response via a laser
and a mirror.
the lattice is much higher than the vibration frequency of the positive lattice ions and a
path of higher positive charge density forms. Another electron now is attracted by this high
density of positive charges and take for its movement through the lattice this exact path (in
opposite direction) without seeing the Coulomb force of the other electron. The distance of
these two electrons can be estimated by the Fermi velocity for the electrons v F ≈ 108 cm/s
2π
and the phonon periodic time τ ∼ ω
≈ 10−13 s. This is a distance of ≈ 1000 Å. This large
D
distance also explains the negligible Coulomb repulsion which is simply shielded.
The ground state of the non-interacting Fermi gas is defined as all electronic states with
E < EF are occupied whereas the states above EF are unoccupied. If now two electrons
would be added to this system and thus occupy states above EF they can interact through
phonons as stated above.
This phonon interaction is limited by two quantum mechanical boundary conditions. First
of all the conservation principle has to be obeyed (equation 2.12).
K = k1 + k2

(2.12)

Furthermore, the interaction is limited to an energy range ħ
hωD which ends up in an
energy shell of the thickness ∆k. These two boundary conditions combined lead to only a
few states at the overlap of the two spheres which are allowed to scatter into (figure 2.12).
For K = 0 the attractive interaction becomes strongest and thus k1 = −k2 is most important,
meaning electrons with opposite spin interact.
Since now the reason for the instability of the normal state is known, it is necessary to
determine the energy of this new phase. As discussed above the electron pairing only occurs
above the Fermi energy. That means, the kinetic energy of the system increases:
Ekin = 2

X

ω k ξk

(2.13)

k

16

2 Superconductivity

Figure 2.10: Experimental results discovered by Doll and Näbauer showing the flux quantization. It can be clearly seen that the results do not show a linear behaviour
but discrete jumps with factor 2 [16].
where ωk is the probability that a pair state is occupied and ξk is the energy of one
particle related to the Fermi energy and defined as
ξk =

ħ
h2 k2
2m

− EF

(2.14)

Beside the kinetic energy part of the system there is also a potential part which decreases
the systems energy and comes from the scattering of a cooper pair (k ↑, −k ↓)  (k0 ↑, −k0 ↓),
i.e. annihilation and simultaneous creation of a pair. A state k can either be occupied or
unoccupied:
|1〉k if (k ↑, −k ↓) occupied

(2.15a)

|0〉k if (k ↑, −k ↓) unoccupied

(2.15b)

That means in general the state can be described as
|Ψ〉 = uk |0〉k + v k |1〉k

(2.16)

Here is u2k = 1 − ωk (probability that a state is unoccupied) and v k2 = ωk (probability that
a state is occupied), uk , v k ∈ ℜ. With that the BCS state, which is the product of the states
of all pairs, can be written as
Y
|φBCS 〉 '
(uk |0〉k + v k |1〉k )

(2.17)

k
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e-

Figure 2.11: Schematic of an electron moving through a crystal lattice of a solid. The negatively charged electron leaves a path of higher density of positively charged
lattice ions. This higher density of positive charges can be “seen” by another
electron and will be used as a path in opposite direction of the first electron [11].
Here the assumption is that the pairs do not interact or rather their interaction can be
neglected. In two dimensions the occupied and unoccupied state can be described as
 
1
|1〉k =
0
 k
0
|0〉k =
1 k

(2.18a)
(2.18b)

or as Pauli matrix

σk+
σk−

=
=

1
2
1
2

(σk1

+ iσk2 )

(σk1

− iσk2 )

=
=




0
0
0
1


1
0

0
0

(2.19a)
(2.19b)

where σk+ and σk− describe the creation and the annihilation of the state (k ↑, −k ↓).
While the scattering process (k ↑, −k ↓) → (k0 ↑, −k0 ↓) the energy of the system is reduced
by Vkk0 . This is usually assumed as constant and will be called V0 . In the Pauli matrix this
process is represented by the operators σk+0 , σk− . The whole energy reduction is the sum of
all pair scatterings
V =−

V0 X
L3

kk0

σk+0 , σk−

(2.20)

where L 3 is the scaling volume of the crystal. Thus the reduction of the potential energy
is given by the eigenvalue of V in the state of |φBCS 〉

〈φBCS |V |φBCS 〉 = −
18

V0
L3

(

)
Y
X
Y
(u p 〈0| + v p 〈1|)
σk+ σk−0
(uq |0〉 + v q |1〉q )
p

kk0

(2.21)

q
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Δk

k1

-k2
K

Figure 2.12: Electron pair scattering with K = k1 + k2 = const. The shell of the Fermi sphere
has the thickness ∆k. The states which the electron pairs can scatter into are
marked.
In addition it is k 〈1|1〉k = 1, k 〈0|0〉k = 1, k 〈1|0〉k = 0 and thus
〈φBCS |V |φBCS 〉 = −

V0 X
L3

v k uk v k0 uk0

(2.22)

kk0

Combination of the kinetic energy and of the potential energy of the BCS system gives
the total energy of the Cooper pair system:
WBCS = 2

X
k

v k2 ξk

−

V0 X
L3

v k uk v k0 uk0

(2.23)

kk0

0
The BCS ground state at T = 0 K is given by a minimum WBCS
of WBCS . This can be
calculated because of the relation of v k and uk

p ) Æ
v k = ωk
p
⇒ 1 − v k2 = uk
uk = 1 − ωk

(2.24)

This is equal to
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¨
v k2

+ u2k

2

2

= 1 = cos θk + sin θk ⇒

v k = cos θk

uk = sin θk

(2.25)

Now, to get the minimum in equation 2.17, v k and uk are substituted with equation 2.25
and θk is minimized:
WBCS =

X

2ξk cos2 θk −

k

=

X

2

2ξk cos θk −

k

To get the minimum,

∂ WBCS
∂ θk

∂ WBCS
∂ θk

V0 X
L3

cos θk sin θk0 cos θk0 sin θk

kk0

V0 X 1
L3

kk0

4

(2.26)
sin 2θk sin 2θk0

has to be 0:

= 0 = −4ξk cos θk sin θk −

V0 X
L3

V0 X

ξk tan 2θk = −

2L 3

cos 2θk sin 2θk0

(2.27)

k0

sin 2θk0

(2.28)

sin θk0 cos θk0

(2.29)

k0

Now two factors are introduced, ∆ and Ek :
∆=

V0 X
L3

uk0 v k0 =

k0

Ek =

Æ

V0 X
L3

k0

ξ2k + ∆2

(2.30)

Because of trigonometric relations, it is valid:
sin 2θk
cos 2θk

= tan 2θk = −

2uk v k = sin 2θk =

v k2 − u2k = −

∆

(2.31)

ξk

∆

(2.32)

Ek

ξk

(2.33)

Ek

With that it is possible to calculate the probability of an occupied state wk at T = 0 K:
wk = v k2 =
20

1
2


1−

ξk
Ek



=

1
2


1 − p

ξk
x ik2 + ∆2




(2.34)
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0
To get the energy of the superconducting BCS ground state WBCS
, the equations 2.31–2.34
have to be combined with equation 2.26:

0
WBCS

=

X



ξk 1 −

k

ξk



Ek

−L

3

∆2
V0

(2.35)

0
If now the energy of the BCS ground state WBCS
and the energy
P of the normal state, i.e.
0
the energy of the Fermi sea without attractive interaction Wn = |k|<kF 2ξk are compared, it
is possible to determine the condensation energy for the superconducting phase:
0
WBCS
− Wn0

L3

=−

1 X
L3

k



ξk 1 +

ξk
Ek


−

∆2

1
≈ − Z(EF )∆2 < 0
V0
2

(2.36)

Equation 2.36 can be interpreted as Z(EF )∆ electron pairs per volume condensate into
a state ∆ below EF . Through this one electron gains an average energy of ∆2 . This means
the formation of superconductivity reduces the ground state energy. Through similar
calculations as above it can be shown that the energy which is needed to break a cooper
pair and thus destroy the superconducting state is 2∆.
The BCS-theory by John Bardeen, Leon N. Cooper and John R. Schrieffer [2, 19] explains
the quantum mechanical effects of superconductivity very well and was awarded with
the Physics Nobel price in 1972. However, a universal theory for explaining the observed
unconventional superconductivity in cuprates and pnictides is still eluding.
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3 Iron-pnictides: A novel class of
superconductors
For more than 20 years cuprates were the only high temperature superconductors. This
changed when Kamihara et al. [5] published a report about a fluorine doped iron pnictide
with a TC as high as 26 K in 2008. This discovery led to high research activity all over the
world and soon many other compounds and structures with the maximum TC as high as
56 K were found [6]. In table 3.1 an overview about some important compounds and their
transition temperatures are given.
Table 3.1: Some transition temperatures for the most important compounds of the newly
discovered iron based superconductors.
Compound
LaFeAsO0.89 F0.11
CeFeAsO0.85
NdFeAsO1− y
SmFeAsO1−x F x
Gd0.8 Th0.2 FeAsO
Ba0.6 K0.4 Fe2 As2
Sr0.6 K0.4 Fe2 As2
KFe2 As2
LiFeAs
FeSe

TC (K)

References

26
46.5
54
55
56.3
38
35.6
3.8
18
8

[5]
[20]
[21]
[22]
[6]
[23]
[24, 25]
[24]
[26–28]
[29]

Another important factor of a superconductor beside its transition temperature is the
upper critical magnetic field H or for a type II superconductor it is Hc2 . It turned out that
pnictide superconductors are not only type II but also exhibit rather high Hc2 values  40 T.
Table 3.2 shows some values of the upper critical magnetic field of important pnictide
compounds.
As it can already be seen from the tables 3.1 and 3.2 there is a huge variety of different
structures and compositions which contain Fe and As (or chalcogenides like Se) and become
superconducting. Remarkable is the layered appearance of the structure which is remindful
of the layered cuprates. The structure consists of alternating FeAs and charge reservoir
layers along the c-axis. The ferromagnetic Fe in the structure should also be mentioned,
since it was thought that iron containing materials could not show such an extraordinary
high TC . So far, only transition temperatures below 10 K were observed in Fe containing
compounds, e.g. Lu2 Fe3 Si5 (TC = 6.1 K) [39] or U6 Fe (TC = 3.9 K) [40]. In fact, iron
itself can become superconducting under pressures of 20 GPa and below temperatures
of 1.8 K [41]. However, the discovery of Kamihara et al. was groundbreaking not only
because of the fact of iron inside the structure and the high TC but also for the wide range
22

Table 3.2: Some values for upper critical fields for some pnictide superconductors measured
parallel and perpendicular to the ab -plane at the specified temperature.
Compound
NdFeAsO0.7 F0.3
Ba0.55 K0.45 Fe2 As2
Ba0.6 K0.4 Fe2 As2
Ba(Fe0.92 Co0.08 )2 As2
Ba(Fe0.9 Co0.1 )2 As2
Sr(Fe0.9 Co0.1 )2 As2
LiFeAs
FeSe0.5 Te0.5

TC (K)
47
32
28.2
22.1
22
20
18
14.5

T (K) Hc2,c (T) Hc2,a b
35
14
10
1
10
1
1
10

9
57
56
50
41
46
72
32

54
68
57
53
25
46
83
31

Ref.
[30]
[31]
[32]
[33]
[34, 35]
[36]
[37]
[38]

of research activities all over the world which led to a drastic increase in TC by a factor of
two within six month time.
One of the important features of the iron pnictide superconductors is their semimetal
nature in the normal state revealed by band structure calculations and angle-resolved photoemission spectroscopy (ARPES) [42]. This directly influences the carrier concentrations
of undoped FeAs compounds which is roughly an order of magnitude smaller compared to
those of a conventional metal.
The following chapter gives a brief introduction to this new class of high TC superconductors. Because of the variety of different types and structures this chapter will concentrate
on the four most important compounds.

3.1 The ‘1111’ compounds
One of the most important structures in the field of iron based superconductors and at
the same time the first one to be discovered is the so called ‘1111’ structure, named
after its stoichiometry. The first discovery of superconductivity in this ZrCuSiAs-type
structure [44] was in 2006 by Kamihara et al. [45] in LaFeP1−x F x with a TC of 5 K. But only
the discovery of isostructural LaFeAsO1−x F x with TC up to 26 K for x ∼ 0.11 has started
intense research on that novel class of superconducting compounds [5]. Soon after the
discovery of the superconducting nature of LaFeAsO1−x Fx many more compounds were
found just by replacing the lanthanum by various rare earth elements. Figure 3.2 gives a
brief overview of the discoveries and the increase of TC within a few months. So far, the
record in TC was reported by Wang et al. [6] with a TC of 56.3 in Gd0.8 Th0.2 FeAsO.
Figure 3.1a shows the crystal structure of 1111-type REFeAsO compounds where RE
is a rare earth element, e.g. lanthanum. It has a tetragonal crystal system with space
group 129 (P4/nmm). As most of the pnictide superconductors this structure contains
FeAs layers. These layers alternate with REO layers which act as charge reservoir. Thus,
doping in this layer by oxygen vacancies (e.g. NdFeAsO1− y ) or doping on the oxygen
side (e.g. fluorine doping) lead to superconductivity. Later it was found, that doping by
oxygen vacancies was a doping by partial substitution of oxygen by hydrogen [46]. Of
course, it is also possible to dope on the rare earth side as in Gd0.8 Th0.2 FeAsO, which
holds the TC record in pnictide superconductors so far. There are also reports on doping
3.1 The ‘1111’ compounds
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Figure 3.1: Crystal structure of a) ‘1111’-type REFeAsO, b) ‘122’-type BaFe2 As2 , c) ‘111’-type
LiFeAs and d) ‘11’-type FeSe superconductor.
on the metal site in A(Fe1−x Co x )AsF (A = Ca or Sr) with maximum TC of 22 K and 4 K,
respectively [47, 48]. The undoped compounds are non-superconducting antiferromagnets
with a TN of ∼ 150 K and show poor metallic behaviour [49]. Notable is a structural
distortion from the tetragonal to an orthorhombic system which occurs below temperatures
of 140 K. The transition of the normal state system to the distorted system can also
be seen in resistivity versus temperature measurements and in magnetic susceptibility
measurements. The transition occurs as a kink in the measurement curves [50]. In the
case of the resistivity measurement the reason for the kink is a spin density wave (SDW)
affecting the electrical properties of the compound. The magnetic measurement reveals a
antiferromagnetic ordering of the system when the structural transition occurs. By doping
this transition is suppressed. Superconductivity only occurs in the tetragonal system which
can be achieved by doping. Figure 3.3 shows a schematic of the temperature versus doping
level phase diagram. As it can be seen, at low doping levels and above the structural
transition temperature TS the compound is in a paramagnetic state with tetragonal crystal
structure and poor metallic behaviour. Decreasing the temperature below TS results in the
mentioned structural transition from tetragonal to orthorhombic crystal system. A further
24
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60
1 LaFeAsO1-xFx
2 GdFeAsO1-y
3 CeFeAsO1-y
4 NdFeAsO1-y
5 SmFeAsO1-xFx
6 PrFeAsOy
7 Gd1-xThxFeAsO
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Figure 3.2: Timetable of the discovery of various ‘1111’-type superconductors and their TC ’s.
reduction below TN leads to the antiferromagnetic ordering. Only by doping the structural
transition and the antiferromagnetic ordering at lower temperatures can be suppressed and
superconductivity occurs. The dependence of superconductivity versus doping level has a
dome like shape as it is known from cuprate superconductors. Also notable about this new
class of superconductors is the presence of two different anions in one structure. In this
case it is arsenic which is in the -3 valence state and oxygen which is in the -2 valence state.
As it can be seen in figure 3.1a the iron and the arsenic form a FeAs4 tetrahedron. These
tetrahedra are regular (all faces are equilateral triangles) if the As-Fe-As bond angle is
109.47◦ . The angle can be determined by the unit cell size assuming a constant Fe-As
distance. Since the unit cell size is dependent of the rare earth element (for ‘1111’-type)
inside the structure with substitution of the rare earth side, the angle can be manipulated.
The rare earth substitution with Gd gives the “perfect” angle of 109.47◦ . This compound also
gives the highest TC . So the tetrahedron angle seems to be crucial for superconductivity [51].
This also influences the symmetry of the gap function [52]. Kuroki et al. [53] discussed
the nature of the gap symmetry, nodal versus fully gapped. They assume a function of the
height of the As above the iron plane, i.e a small height (e.g. in LaFePO) favours a nodal
behaviour whereas a large height (e.g. in LaFeAsO1−x F x ) is fully gapped.
Taking a look at the Fe-Fe spacing reveal a rather short distance of 2.85 Å for the ‘1111’type[54] which ensures the 3d Fe electrons take part in the band formation and dominate
the rather large density of states near the Fermi energy [55].
Another important question is the pairing of the Cooper pair orbital angular momentum.
NMR measurements revealed a spin singlet behaviour [56]. That means the Cooper pair
orbital angular momentum should correspond to either s-wave or d-wave pairing. Josephson
junction experiments suggest an s-wave pairing [57]. The pairing mechanism for the Cooper
pairs itself is still unclear. Comparable to the cuprate superconductors the conventional
BCS theory does not give a satisfying answer to the rather high TC .
3.1 The ‘1111’ compounds
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Figure 3.3: Schematic phase diagram of the ‘1111’-type iron based superconductors. It is
shown temperature T versus various doping contents x. The different states
of this compounds are clearly separated (AFM: antiferromagnetic metal, PMM:
paramagnetic metal, SC: superconductor). After [43].

3.2 The ‘122’ compounds
Shortly after the ‘1111’-type pnictide superconductors were discovered a second very similar
structure was found to be superconducting. The so called ‘122’-type superconductor is
probably the best studied compound. It is rather easy to grow single crystals of the structure
and thus makes it a perfect candidate for characterization of intrinsic physical properties.
Especially in the field of thin films the ‘122’-compounds play an important role. The first
compound of this type of material was BaFe2 As2 discovered by Rotter et al. [23].
Figure 3.1b shows the crystal structure of BaFe2 As2 , abbreviated as 122. This compound
crystallizes in the ThCr2 Si2 -type structure [23]. This type is also a tetragonal crystal system
with space group 139 (I4/mmm). Obviously, in this compound only one anion is present
(arsenic in its -3 valance state). Maximum TC in this type of iron based superconductors is
38 K in the K doped Ba122 compound. Obviously in this structure the (RE2 O2 )+2 layer is
replaced by a single ion. These compounds become superconducting by hole doping on the
(Sr, Ba)-site by potassium (38 K) [23] or caesium (37 K)[24] or by electron doping on the
iron site by cobalt (22 K)[35], nickel (19 K)[58] or rhodium (24 K) [59]. The undoped ‘122’type compositions show a similar antiferromagnetic behaviour as there ‘1111’-counterparts
and also have the structural distortion which can be suppressed by doping. So the partial
replacement of arsenic by isoelectronic phosphorous leads to a suppression of the structural
and antiferromagnetic transitions and induces superconductivity [60]. This behaviour
suggests an influence of the unit cell volume of the compound on the superconducting
behaviour since the smaller phosphorous leads to a shrinking of the unit cell. On the other
hand an isoelectronic doping of Ba by Sr (or vice versa) does not lead to superconductivity
although the volume of the unit cell decreases in a similar way [61]. Rotter et al. [62]
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Figure 3.4: Schematic phase diagram of the ‘122’-type iron based superconductors. It is
shown temperature T versus various doping contents x (AFM: antiferromagnetic
metal, PMM: paramagnetic metal, SC: superconductor). After [43].
revealed a connection of the heights of the pnictogen atoms from the iron layer to the
suppression of the SDW and the magnetic transition. The difference in height in the
phosphorous containing system and the arsenic system come from the large size mismatch
of these two elements. The doping behaviour of the ‘122’-type compounds is visualized
in figure 3.4. At zero and low doping levels the compound is a paramagnetic poor metal
in a tetragonal structure. With decreasing temperature a similar structural transition to a
orthorhombic crystal system occurs and the system starts to order antiferromagnetically.
Only at sufficient doping levels the structural transition and the antiferromagnetic ordering
is suppressed and superconductivity below TC can be observed. But there is a remarkable
difference between the ‘1111’-type compounds and the ‘122’-type superconductors. While in
the ‘1111’-types the antiferromagnetic order is suppressed when superconductivity emerges,
there is a coexistence of antiferromagnetic and superconducting phase indicated as yellow
area in the phase diagram in figure 3.4 [63–66].
Similar to the ‘1111’-type compounds the Fe-Fe spacing is rather short with a value of
2.77 Å [67] and is also responsible for the 3d Fe electrons taking part in the band formation.
Again, the density of states is rather large near the Fermi energy [55].
To reveal the Cooper pair angular momentum pairing of course also for this compound
some NMR and Josephson junction measurements were performed. These measurements
reveal, similar to the ‘1111’-compound, a spin singlet behaviour with an s-wave pairing [68].

3.3 The ‘111’ compounds
The third group of iron base superconductors with the FeAs layered structure was reported
first by Tapp et al. [26] and soon confirmed by Wang et al. [27] and Pitcher et al. [28]. The
LiFeAs compound has a TC as high as 18 K and belongs to the CeFeSi type crystal structure
3.3 The ‘111’ compounds
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(P4/nmm space group, see figure 3.1c). Later Parker et al. [69] found that substitution of
lithium by sodium lead to superconducting ‘111’-type compound NaFeAs with TC as high
as 18 K. The structure is almost identical to the ‘1111’-type compounds. Only the oxygen
is removed completely and the rare earth elements are substituted by lithium or sodium
ions. Because of the similarity, the tetrahedrally coordinated iron is also found for this type
of pnictide superconductors. Remarkable about this type of iron based superconductors
is the superconducting nature in the undoped parent compound [26]. Wang et al. [70]
showed, that the undoped parent compound is an electron overdoped superconductor.
Since the structure, especially of the FeAs layers, is almost identical to the ‘1111’-type and
‘122’-type compounds this behaviour was not expected. Borisenko et al. [71] suggested
that the reason for that is because of magnetic fluctuations. The behaviour revealed by
ARPES measurements is almost a ferromagnetic one and favours a more p-wave triplet
superconductivity than a singlet pairing state. Moreover, slight lithium deficiencies lead to a
destruction of the superconducting state [26, 27]. Wang et al. [70] revealed the reason for
this in a suppression of superconductivity because of an impurity scattering effect. A similar
behaviour of destruction of the superconducting transition was found by Pitcher et al. [72]
for electron doping by partially substituting iron by cobalt or nickel. The structural and
magnetic transitions which were observed for the other compounds are not present in the
‘111’-type superconductors.
However, although this compound is very interesting and exhibit completely different
physical properties compared to the other pnictide superconductors, this ‘111’-type compounds are much less studied than the other compounds. Reason for that is probably the
extreme instability in ambient atmosphere leading to direct decomposition when exposed
to air. Because of that, a phase diagram of LiFeAs or NaFeAs could not be produced since
there are not enough data [55].

3.4 The ‘11’ compounds
Last type in this series of novel superconducting compounds is the so called ‘11’-type
with a TC of ∼8 K [29]. Containing selenium instead of arsenic this compound is not
a pnictide but a chalcogenide. However, the FeSe superconductors belong to the iron
based superconducting class not only due to the iron but also because of a similar crystal
structure. This compound has a PbO structure and belongs to the P4/nmm space group
(figure 3.1d). The layered structure consists of FeSe4 layers. To induce superconductivity
the system has to be doped by either selenium deficiencies or by partial substitution of
selenium by tellurium [73–75]. Here it is remarkable, that the FeSe compound shows
a structural transition similar to the ‘1111’- and ‘122’-type compounds but no magnetic
transition, whereas the tellurium doped compound does show both transitions. Figure 3.5
shows a schematic phase diagram of Fe(Se x Te1−x ). Here the antiferromagnetic transition
for lower selenium contents is shown. The AFM ordering occurs together with the structural
distortion. Increasing the selenium content results in a short range spin glass state. Note
here, that for this type of compound no simultaneous long range magnetism and superconductivity is observed. With a further increase of selenium the spin glass state change to a
superconducting state. Other substitution studies were performed by Mizuguchi et al. [76].
While doping the selenium site with tellurium or sulfur enhances TC up to a doping level
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of ∼75% and ∼20%, respectively, doping on the iron site with cobalt or nickel leads to a
suppression of TC at a doping level of ∼10%.
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Figure 3.5: Schematic phase diagram of Fe(Se x Te1−x ) superconductors. It is shown temperature T versus various doping contents x. (AFM: antiferromagnetic metal, PMM:
paramagnetic metal, SC: superconductor). After [77].
Another way to enhance superconductivity in FeSe is to apply pressure. Margadonna et al.
[78] found that a pressure of only 2.6 GPa lead to an increase in TC to 27 K. The maximum
improvement is reached at 37 K for a pressure of 7 GPa. A further increase in pressure then
leads to a decrease in TC and at 14 GPa a TC of only 6 K can be observed. One explanation
for that could be the tetrahedral bonding angle described for the ‘1111’- type and ‘122’-type
structures (see sec. 3.1 and 3.2). One could think that under pressure the bonding angle
reaches its optimum value of 109.47◦ . But in fact that is not true for FeSe and the reason
for the enhanced TC under pressure is to find in the band structure which also changes
under pressure. However, the actual reason is not clarified yet.
Beside the ‘11’-type chalcogenide superconductors there is a second class of iron based
compounds exhibiting superconductivity and containing chalcogenides. This compound has
a stoichiometry of A0.8 Fe1.6 Se2 where A is potassium, rubidium, cesium or thallium and has
a reduced I4/m symmetry. The stoichiometry and the crystal structure is very close to the
‘122’ compounds which is why these type of superconductors are often called ’122*’-type
compounds. TC in these compounds is around 30 K [79]. These compounds are much less
studied and of less importance and because of that not described any further here.

3.5 Thin film growth of pnictide superconductors
Thin films are crucial in the field of superconductivity, not only for scientific reasons but also
for device fabrication. Many research on josephson junctions is done in superconducting
thin films and many microwave filters used in mobile communication today are made of
superconducting thin films. But one of the most important areas for thin film fabrication
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are superconducting tapes. So far, most commercially available tapes are made of cuprate
superconductors. But the large upper critical field of iron based superconductors of more
than 100 T makes these class of material highly appropriate for tape applications involving
high magnetic fields [80, 81]. For that reason soon after the discovery of the iron based
pnictide superconductors research in thin film growth of these compounds had started.
The following section gives a brief overview of results achieved in the field iron based
superconducting thin film deposition.

3.5.1 Thin films of ‘1111’ compounds
So far, only a few groups world wide were successful in growing ‘1111’-type pnictide
superconductor thin films. The deposition techniques used by these groups are Pulsed Laser
Deposition (PLD) and Molecular Beam Epitaxy (MBE).
First attempts to grow ‘1111’-type LaFeAsO films were done by PLD with the second
harmonic of a Nd:YAG laser and were published 2008 by Hiramatsu et al. [82]. They
succeeded in growing epitaxial LaFeAsO films on MgO(001) and (La,Sr)(Al,Ta)O3 ( (LSAT)
(001). However, the grown films exhibit impurities of a LaAs phase and a post deposition
treatment of annealing in vacuum or H2 atmosphere was necessary. A superconducting
transition was not observed down to 2 K and the resistivity behaviour was similar to that of
undoped bulk samples. It was important to use targets of high quality without any impurity
phases. Especially La2 O3 and LaOF impurities are likely to be incorporated in the film.
The first successful growth of superconducting LaFeAsO thin films was done by Backen
et al. [83] on MgO(001) and LaAlO3 (LAO) (001). They also used PLD but with a KrF
excimer laser. The deposition was done at room temperature and crystallization was
realized with a subsequent thermal treatment after film growth in an evacuated silica tube.
The films were highly textured and showed minor impurities of FeAs, LaOF and La2 O3 .
Although, superconductivity was confirmed by magnetic measurements, only a TC onset
was observed at 11 K without zero resistance down to 2 K. Reason for that is wrong fluorine
doping and showed that the transfer of fluorine from the target to the film is challenging
since the target had a fluorine concentration of 25 at.%.
The first report to overcome this issue was published by Kidszun et al. [84] and Haindl
et al. [85]. They achieved epitaxial LaFeAsO1−x Fx films on LAO by a PLD growth process
and additional thermal treatment after the deposition. With optimized growth parameters
and improved thermal annealing atmosphere it was possible to grow films with a superconducting transition onset of 28 K and a TC zero of 20 K. Only minor oxide impurities were
observed in the XRD scan. With similar procedure it was also possible to grow epitaxial
GdFeAsO1−x Fx thin films [86]. Although, a phase formation was confirmed by XRD scans,
only a TC onset at 41 K was obtained and no TC zero could be observed down to 2 K.
Similar issues as in the PLD grown films regarding the fluorine content in the structure
were found in thin film growth of ‘1111’-type compounds by MBE as growth technique.
Kawaguchi et al. [87] were the first to report the growth of NdFeAsO films on GaAs(001)
substrates by MBE. In their approach they used solid state sources of NdF3 , As, Fe and Fe2 O3 .
They found out, that the ratio of oxygen flux versus arsenic flux is of importance in growing
impurity free ‘1111’-type compounds. Too high or too low ratio resulted in NdAs and other
impurity phases. However, although they were successful in growing epitaxial impurity free
films in a small parameters windows, a superconducting transition was not observed down
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to 2 K. Again, the suggestion for that behaviour was a lack of incorporated fluorine into the
structure. Surprisingly, they found a correlation of deposition time and fluorine content.
While deposition times t d ≤ 4 h resulted in high quality epitaxial thin films of NdFeAsO
without impurity phases and no superconducting transition, increasing t d to or above 5 h
resulted in superconducting epitaxial thin films with TC zero as high as 42 K [88]. It was
also confirmed by Secondary Ion Mass Spectroscopy (SIMS) measurements that only in
films grown at t d ≥ 5 h fluorine is incorporated into the structure. The explanation for
this behaviour is the formation of a NdOF layer on top of the film surface preventing the
fluorine to escape from the structure and, thus, act as a dopant.
A similar approach was done by Ueda et al. [89]. They grew SmFeAsO ‘1111’-type films
on r-cut sapphire substrates. To dope the films with fluorine a top layer of SmF3 or NdF3
was grown. That layer acts as an fluorine reservoir and allows doping of the films. With that,
TC zero of 48.6 was obtained. However, the highest TC was observed for NdFeAsO1−x Fx thin
films grown by MBE on CaF2 substrates with a TC as high as 52 K [90]. Their suggestion for
the high TC is a substrate influence. The CaF2 substrate has a smaller lattice parameter as
the NdFeAsO1−x Fx films and, thus, induce a compressive lattice-strain effect which affects
TC in a positive way.
In conclusion it can be said, that the growth of superconducting ‘1111’-type pnictide thin
films is possible with PLD and MBE. MBE seems to be the more effective method, since the
independent control of each single source allows for a higher flexibility. Because of that, it
is easier to obtain the small parameters window in which the ‘1111’-type phase forms as a
thin film. Although, there were reports on the successful growth of REFeAsO thin films, the
focus in thin films research world wide was more in the field of the ‘122’-type compounds
which will be discussed in the next section.

3.5.2 Thin films of ‘122’ compounds
The second important group of the pnictide superconductors is the ‘122’-type of compounds.
With a bulk TC of ∼38 K for potassium doped , it is the second highest in this new class
of high TC superconductors. And the fact, that it contains no oxygen makes it a perfect
candidate for thin film growth since the presence of two anions (oxygen and arsenic in
‘1111’) is challenging. The first attempts to grow this class of material was done by PLD
(Nd:YAG laser) for a cobalt doped variant of SrFe2 As2 which has a bulk TC of 20 K [91, 92].
The advantage of the cobalt doping in this attempt is the much lower vapour pressure of
cobalt compared to fluorine which caused the issues in gaining superconductivity in the
‘1111’-type thin films. Similar issues were expected for potassium doping in the ‘122’-type
films. Although highly c-axis oriented SrFe1−x Cox As2 films with a TC onset of 20 K and a TC
zero of 14 K were obtained on LSAT (001) single crystal substrates, the films also exhibit
FeAs impurities and had FWHM of the rocking curve of 1◦ at optimal growth parameters.
However, the TC of 14 K which is similar to the reported bulk values and high HC2 of >9 T
at ≤9 K showed the advantage of the ‘122’ compound for film deposition compared to
the ‘1111’-type compounds. Further increase in TC zero in SrFe1−x Cox As2 thin films was
achieved by Choi et al. [93]. They also used PLD as growth technique but with a KrF
excimer laser. In their attempt they achieved a TC zero of 16.5 K and FWHM of the rocking
curve of 0.8◦ with films grown on LAO (100) but still FeAs impurities were observed in the
2θ − θ -scan. Interestingly, Hiramatsu et al. [94] found water induced superconductivity
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as high as 25 K (TC onset) in undoped SrFe2 As2 thin films. They found that exposing
undoped films (not superconducting) to ambient atmosphere for ∼6 h leads to an emerging
superconducting transition at 25 K and a TC zero of 21 K which is slightly higher than
the reported bulk value of 20 K. They found the reason for that to be water incorporated
into the structure from air. The same effect was not observed in dry nitrogen or oxygen
atmosphere, but in high humidity environments. This was the first time that water induced
superconductivity was observed in iron based superconductors. Later on, it was also
observed in bulk samples of ‘122’ compounds and even in ‘1111’ compounds [46, 95–100].
Potassium doped thin films of SrFe2 As2 grown by PLD were not reported. Instead, a recent
publication report on the growth of indirectly electron-doped SrFe2 As2 thin films with
lanthanum grown by PLD [101] with a TC as high as 20 K which is identical to the directly
electron-doped SrFe1−x Cox As2 compounds.
For the growth of SrFe2 As2 thin films by MBE only one report is found in literature.
Agatsuma et al. [102] reported on the growth of epitaxial undoped SrFe2 As2 on r-cut
sapphire as well as on the growth of potassium doped Sr1−x Kx Fe2 As2 thin films. They
achieved epitaxial c-axis oriented thin films of SrFe2 As2 and superconducting Sr1−x Kx Fe2 As2
thin films with a TC zero as high as 22.9 K (TC onset was reported at 30.3 K). FeAs impurities
were also reported in for these films. While the growth temperatures for the PLD grown
films were in the region of 600–800 ◦ C, the MBE grown films were deposited at substrate
temperatures of ∼400 ◦ C for the undoped compound and at ∼250 ◦ C for the potassium
doped ones to overcome the high vapour pressure of potassium.
Most research in thin film fabrication for the ‘122’ compounds was done for the barium
‘122’-system. Potassium doped BaFe2 As2 has a rather high TC of 38 K in bulk samples
and the thin films are more stable compared to the SrFe2 As2 compound thin films [103].
The first films were grown by Katase et al. [103] by PLD (Nd:YAG laser) on LSAT and
were cobalt doped. The epitaxial c-axis oriented films exhibit no impurity phases as it
was observed for the SrFe2 As2 thin films. Only a pure iron peak was found. FWHM of
the rocking curve was determined to be 0.6◦ which is an improvement compared to the
SrFe2 As2 thin films. TC was found to be 20 K.
While Lee et al. [105] fabricated high quality thin films of BaFe1−x Cox As2 on SrTiO3
(STO) bicrystals and discussed the grain boundary nature of BaFe1−x Cox As2 , Iida et al.
[104] investigated the effect of strain in the films on TC . For that, they grew BaFe1−x Cox As2
thin films on different substrates and found that STO exhibit the best superconducting
properties in thin films with a TC of 24.5 K [81]. Figure 3.6 shows the TC of the thin films
for various substrates. STO has the lowest misfit of only -1.32%. The conclusion was that
the deformation of the FeAs4 tetrahedra affect the superconducting properties and that
larger deformation lead to an decrease in TC . Remarkable in these experiments were the
observation of 45◦ rotated grains of BaFe1−x Cox As2 grown on YAO which was not found for
the other substrates.
To further improve the crystal quality of BaFe1−x Cox As2 thin films Lee et al. [106]
proposed buffer layers of STO or BaTiO3 (BTO) with a thickness of 50–100 unit cells
(∼0.2–0.4 nm). They claimed more effective bonds between ‘122’-type films and substrates
because of the STO or BTO buffer layers. But they could improve TC to a value of only
22.8 K which is lower than the values reported by Iida et al. [104] for BaFe1−x Cox As2 films
grown directly on STO substrates. Another buffer layer set up was reported by Iida et al.
[107, 108] who grew BaFe1−x Cox As2 thin films on various substrates with iron buffer layers.
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Figure 3.6: Variation of TC with various substrates. After [104] (YAO = YAlO3 ).

Although an improvement of TC was not observed they could improve the critical current
density JC with the iron buffered films. The optimum iron buffer thickness was determined
to be 15 nm. However, MBE grown BaFe1−x Cox As2 thin films were not reported.
Since, it is rather easy to fabricate cobalt doped BaFe2 As2 films compared to the deposition
of the ‘1111’-type compounds numerous studies on this topic were done. However, TC for the
cobalt doped ’Ba:112’ compounds is low compared to their potassium doped counterparts.
The first report on the growth of potassium doped BaFe2 As2 thin films was done by Lee
et al. [109]. They grew undoped BaFe2 As2 at room temperature and then annealed the
fabricated films at 700 ◦ C with potassium in evacuated quartz tubes. The obtained films
exhibit c-axis oriented growth on LAO (001) and Al2 O3 (0001) substrates and had a TC of
40 K which is even larger than reported for bulk Ba1−x Kx Fe2 As2 samples.
MBE grown films of Ba1−x Kx Fe2 As2 were reported by Takeda et al. [110] and Ueda et al.
[89]. Similar to the Sr1−x Kx Fe2 As2 films already mentioned above the Ba1−x Kx Fe2 As2 films
were fabricated in situ at reduced deposition temperatures of 250–300 ◦ C. The resulting
films exhibit high crystal quality and a TC of 38.3 K which is very close to the reported bulk
values.
To summarize this small section on the growth the ‘122’-type iron pnictide superconductors it can be said that it is much easier to grow high quality thin films of the ‘122’-type
compound than of ‘1111’-type compounds. Reason for that may be the oxygen free nature
of these compounds since oxygen content is always challenging to control. In addition,
the possibility to dope the ‘122’ compounds with a metal (cobalt) makes the growth much
easier since it is not as volatile as fluorine. However, although potassium has similar issues
as fluorine because of the high vapour pressure, there were also successful attempts to grow
Ba1−x Kx Fe2 As2 thin films by PLD and MBE.
3.5 Thin film growth of pnictide superconductors
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3.5.3 Thin films of ‘11’ compounds
The first reports on the deposition of ‘11’-type thin films was by Wu et al. [111]. They
grew FeSe1−x Tex films with the PLD technique (KrF laser) on MgO (100) substrates. The
films exhibit c-axis oriented growth and were free of impurities. Interestingly, this type of
pnictide based superconductors also grow with some domains 45◦ rotated with respect to
the substrate. They concluded that the large misfit of 10% is the reason for that rotation
of some domains. Later the same group could show that the rotation of the domains is
temperature dependent [112]. Films grown at lower temperatures of ∼320 ◦ C do not grow
rotated while films grown at higher substrate temperatures of ∼500 ◦ C grow 45◦ rotated
with respect to the substrate. A maximum TC was observed for the films grown at x = 1
with a transition at 13 K [111]. Reason for that could be a strain in the film resulting from
the large misfit. Undoped, pure FeSe films are not superconducting at all. In addition,
a clear dependence of film thickness and TC was observed. While films with a thickness
below 30 nm exhibit no TC zero, The highest TC of 12 K for FeSe1−x Tex with x = 0.5 was
observed for films with a thickness of 600 nm. The reason could be less strain influence in
the thicker films. The film’s characteristic becomes more bulk-like. The dependence of TC
of the film thickness is only true for the films grown at low temperature, while the films
grown at higher temperature do not show any TC dependence with substrate temperature.
Superconducting thin films of FeSe x (x = 0.8 − 0.92) were also reported by Han et al.
[113]. They grew the films on STO, LSAT and LAO substrate with a XeCl excimer laser. The
films were c-axis oriented but most of them did not show a TC zero but only a transition
onset, although the onset was observed at rather high temperatures of ∼11 K. Since then,
many ‘11’-type thin films have been grown but many did not show a real TC zero [81].
Interestingly, it is possible to grow undoped FeTe films which exhibit a superconducting
transition although the bulk samples of FeTe are not superconducting without doping.
Beside Wu et al. [111], which was described above, Han et al. [114] reported a study
on FeTe thin films and their superconducting properties. They showed, that it is possible
to grow FeTe films with a TC onset as high as 13 K. For that the films have to have a
thickness larger than ∼90 nm. Below, a TC was not observed. They also could show, that
superconductivity was only observed for “stretched” films and not for compressed ones.
The highest TC exhibit in thin films of the ‘11’-type compounds was reported by Bellingeri
et al. [115]. They grew 200 nm thick films of FeSe0.5 Te0.5 on LAO, STO and ZrO:Y (YSZ)
with a KrF excimer lase and exhibit a TC as high as 21 K which is ∼5 K higher than reported
for bulk samples. They observed a decrease in a-axis lattice parameter with increasing
thickness. A minimum in a-axis lattice parameter was reached for a thickness of 200 nm
where the maximum TC of 21 K was achieved.
Superconducting FeSe films grown by MBE were reported by Agatsuma et al. [102]. As
in the other pnictide superconducting compounds the parameters window for the growth
of the superconducting phase is rather small. The superconducting β-Fe x Se forms for
x = 1.010 − 1.025 which is very narrow. Even in this small window, TC varies between
8.5 K for x = 1.010 to 0 K for x = 1.025. The growth temperature has to be below
450 ◦ C to obtain the superconducting tetragonal phase. While it is possible to grow
superconducting thin films on LAO, the parameters window to grow superconducting FeSe
films with MBE could be expanded by choosing r-Al2 O3 ((1012)-surface) substrates. This is
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in agreement with the PLD grown films where substrate induced strain in the film lead to
better superconducting properties. In this case, LAO is almost perfectly lattice matching
while the r-cut sapphire has a strain effect on the film. Although a superconducting
transition onset was observed even for optimized parameters no TC zero could be achieved.
In conclusion it can be said, that the simple composition of the ‘11’-type superconductors
makes it rather easy to grow thin films. The necessity to dope with a volatile dopant like
fluorine or potassium is not there for the ‘11’-type family of iron based superconductors. The
most crucial factor in thin film growth for this compound seem to be a substrate induced
strain in the films. With that it is possible to induce superconductivity without changing
the composition or even induce superconductivity in compositions which are usually not
superconducting. As already observed in the other compounds, growth by MBE seems to be
more challenging than growth by PLD since the parameters window is rather narrow.
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4 Thin Films
Thin films can be defined as layer of material on top of a substrate ranging from a few
nanometer to the micrometer range in thickness. Usually, they show different characteristics
compared to analog bulk materials which come from different reasons like stress influence,
quasi–two dimensional properties or interactions with the substrate surface. Thin film
formation can be traced back to observations of Grove (1852) and Faraday (1957) [116].
Grove noticed, that metal, which was sputtered from the cathode of a glow discharge
plasma, had formed coatings after his experiments. Faraday experimented with exploding
fuselike metal wires in an inert atmosphere and, thus, evaporated thin films.
Today, thin films are important as coatings for optical applications like antireflection
coatings, mirrors or beam splitters or for mechanical purposes like improving wear resistance
or corrosion protection. Furthermore, in microelectronics thin films play a very important
role. Especially the field of semiconductors and sensors is unimaginable without thin film
technology.
In general, thin film deposition techniques could be divided into two main groups;
physical vapor deposition (PVD) and chemical vapor deposition (CVD) [117]. To the group
of chemical vapor deposition techniques belong methods like Metal Organic Chemical
Vapor Deposition (MOCVD) or Metal Organic Vapor Phase Epitaxy (MOVPE). To the second
main group of thin film preparation techniques belong methods like thermal evaporation,
sputtering, Pulsed Laser Deposition (PLD) and Molecular Beam Epitaxy (MBE). For the
experimental part of this thesis a PVD method used, namely the MBE technique. Beside the
former mentioned vapor techniques there are many more physical deposition techniques
such as solid phase deposition (SPD) and liquid phase deposition (LPD). These are beyond
the scope of this report and will not be described further in detail.
This chapter gives a short overview about thin film formation and describes the principles
of MBE. It also summarizes some aspects of substrate selection and preparation.

4.1 Thin Film Formation
For the formation of a thin film on top of a substrate a series of surface processes are
involved which are illustrated in figure 4.1. These processes can be summarized as follows
(as described in reference [118]):
1. adsorption of atoms or molecules reaching the surface
2. surface migration and dissociation of the adsorbed atoms or molecules
3. incorporation of adsorbed atoms into the crystal lattice of the substrate or the already
grown epilayer
4. thermal desorption of the species not incorporated into the crystal lattice
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Figure 4.1: Schematic illustration of the surface processes occurring during epilayer growth.
After [118].

Adsorption is divided into two types: physical adsorption and chemical adsorption. With
physical adsorption or physisorption there is no electron transfer between the adsorbate
and the adsorbent. Binding happens trough attractive van-der-Waals forces. The second
one, chemisorption, can be described as an electron transfer between the adsorbate and the
adsorbent. The process of electron tansfer results in forces similar to forces occurring in
chemical bonds. Thus, adsorption energies for physical adsorption happen to be smaller
than for chemical adsorption. This can be seen in the interaction potential for the two
adsorption types illustrated in Figure 4.2.
Film growth is influenced by many parameters like temperature and surface quality of
the substrate, interaction between the film material and the substrate material, ambient
pressure and residual gases and so on. Thus, different growth modes are observed for
the formation of thin films (figure 4.3). Island or Volmer-Weber growth occurs when
nucleated clusters grow in three dimensions and form separated islands. This growth mode
is observed for films where the bonding force is stronger between the atoms or molecules
of the film material to each other than between the substrate and the atoms or molecules
of the film. The opposite situation is observed for the growth mode the layer-by-layer or
Frank-Van-der-Merwe growth. Here, the film nucleus grows in two dimensions and, thus,
forms single layers. In this mode the atoms or molecules of the film material are more
strongly bond to the substrate. After the first layer is completed, the second layer is less
tightly bond. In every additional layer, the bonding energy is more decreased until the
bulk-crystal value is reached. The third growth mode can be described as a combination of
the island and the layer growth, the so called Stranski-Krastanov growth mechanism. In this
4.1 Thin Film Formation
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Figure 4.2: Interaction potential due to the surface as seen by an atom or molecule impinging perpendicular to the surface for chemisorption and physisorption. After [118].
growth mode one or more layers form until this type of film formation becomes unfavorable
and islands begin to grow. Depending on factors like lattice match or chemical compatibility
between substrate material and film material, films can form amorphous, polycrystalline or
single crystalline epitaxial phases. Epitaxial growth means a film formation with identical
lattice structure and orientation as the substrate. For this, it is very important that the
lattice parameters of the substrate and the film are roughly identical. There are two types
of epitaxy, homoepitaxy and heteroepitaxy. For homoepitaxy the film consists of the same
material as the substrate, whereas for heteroepitaxy substrate and film are of different
materials. This can lead to stress or strain in the film due to lattice misfits, different thermal
expansion coefficients etc. Thus, it is important to choose the substrate very carefully
according to the parameters of the deposited material.

4.1.1 Substrate Selection and Preparation
As mentioned in the former section, substrate selection is very important when depositing
thin films. There are a lot of parameters to consider in determining the suitability of a
substrate. A detailed discussion of substrate selection can be found in reference [119].
First and maybe most important is the chemical compatibility of substrate and film
material. Ideally there are no chemical reactions. In addition, high deposition temperatures
make substrate selection a critical point in thin film growth. If there is oxygen involved, it
gets even more complicated. Another important parameter connected to temperature is
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Figure 4.3: Basic growth modes for thin films. After [116].

the thermal-expansion coefficient. If the thermal expansion coefficients of the film material
and the substrate differ too much, a loss of adhesion or film cracking during thermal
cycling is the consequence. In particular for brittle materials a very small thermal-expansion
mismatch is crucial. The surface quality of a substrate also is not to underestimate. A
uniform surface is necessary to ensure a uniform, homogeneous film growth. Various
types of irregularities have to be considered like defects on the atomic scale (point defects,
dislocation lines etc.), submicron features (polishing scratches, pores etc.), the micron
scale (grinding scratches, crystalline boundaries etc.) and macrodefects (surface wrap,
cracks). Thus, an ideal substrate would have a flat, dense surface and be free of twins and
other structural inhomogeneities [119]. Needless to say that substrate cleanliness plays
a prominent role. All these mentioned parameters are valid in general for epitaxial and
non-epitaxial growth. For epitaxial growth additional requirements are necessary. The most
important property of a substrate is its lattice match with the film. Epitaxial growth will
not occur if the lattice mismatch is too big. Studies showed that a lattice mismatch of less
than 15 % is required for epitaxy [119]. In addition, to get even better results, coincidence
sites between the lattices of substrate and film materials are necessary. These are atomic
positions that coincide on either side of the interface, which would improve the chance of
epitaxy. Thus, it is desirable for the substrate and film to have the same or at least a similar
crystal structure.
Beside these two mentioned issues structural quality of the substrate and surface quality
play important roles for epitaxial growth. Especially surface quality is a matter of substrate
preparation and treatment. Moeckly et al. [120] studied the effect of substrate preparation
on YBCO films grown on MgO substrates. They found that according to the preparation of
the MgO substrate the YBCO films show different characteristics. E.g., TC is different for
chemical polished and mechanical polished substrates. An annealing step also can effect TC
because of the well-known hygroscopic nature of MgO. Thus, it is essential to handle the
substrates with care and use an adequate preparation procedure to ensure the substrate is
ready to be used for thin film growth.
4.1 Thin Film Formation
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4.2 Reactive Molecular Beam Epitaxy
A powerful technique to deposit high-quality epitaxial thin films based on the principle of
PVD is the Molecular Beam Epitaxy (MBE) technique. In this growth technique elemental
solid state sources are evaporated by heating, laser or electron beam. A beam of atoms or
molecules emerges and leads to thin epitaxial layers on a substrate surface via reactions
between the single beam atoms. The substrate is maintained at an elevated temperature.
The whole process takes place in an ultrahigh vacuum. The composition of the grown layer
can be adjusted by varying the deposition rates of the particular element. The deposition
rates can be regulated by the evaporation rates of the appropriate sources. Typical growth
rates are around 1-10 nm/s [118]. The rather low growth rate is necessary to ensure
surface migration of the impinging species. The surface migration process is also supported
by the heated substrate. In that way, a very smooth surface of the grown layer can be
obtained.
The main advantage of MBE is the ability of a very precise control of the atomic flux.
Hence, the composition of the grown film can be adjusted in nearly any order. Because of
vacuum deposition, MBE conditions are far from thermodynamic equilibrium. Thus, for film
formation only the kinetics, which occur during the deposition process, are important. Since,
MBE is realized in an ultrahigh vacuum environment, it is possible to use surface sensitive
characterization methods such as reflection high energy electron diffraction (RHEED) or
spectroscopic ellipsometry (SE). With these in situ methods it is possible to monitor the film
deposition process. In the present study only RHEED was used.

4.2.1 MBE unit used in the present study
A schematic drawing of the MBE unit used for the present study is shown in figure 4.4. The
MBE unit is based on a custom design and consists of two chambers: a transfer chamber
and a growth chamber. The transfer chamber is a small chamber which can be pumped
down rather quickly to load samples into the growth chamber. Connection to the main
chamber is provided by a gate valve. By this arrangement the main chamber can stay under
ultra high vacuum (UHV) of ∼10−9 mbar all the time.
A substrate holder is placed in the middle of the main chamber and can be rotated through
a manipulator to ensure a homogeneous film growth. The manipulator also contains a
custom designed pyrolytic graphite substrate heater with a temperature capability of up to
800 ◦ C. The maximum substrate size which can be used is up to 2". Substrate temperature
is controlled by a thermocouple which is attached to the substrate holder. In addition, an
external optical pyrometer is used to calibrate the substrate temperature. The UHV main
chamber is equipped with three electron beam evaporators which allow the evaporation of
three different metals simultaneously and independently. For source control and in situ rate
monitoring the MBE unit is equipped with four quartz crystal microbalances (QCM) and
a state-of-the-art four channel thin film deposition controller (Cygnus, Inficon). Three of
the QCM are mounted above the sources and are provided with collimators to ensure an
independent measurement for each single source. The fourth QCM is mounted in substrate
level and is used to calibrate the three source QCM. It can be moved out of the substrate
place. A shutter attached in front of the substrate provides control of the amount of
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Figure 4.4: Schematic representation of the RMBE unit used in the present study.
deposited material and, thus, of the film thickness. An additional attached radio frequency
(RF) activated oxygen source (HD25, Oxford Applied Research) provides radical oxygen
and the gas flow is controlled by a separate mass flow controller. For oxide materials the
oxidation conditions can be controlled by varying the RF power and/or the oxygen flow rate.
For in situ monitoring the deposition process a Reflection High Energy Electron Diffraction
(RHEED) setup is attached to the main chamber. It serves as a powerful tool to monitor the
film growth in real time and at the same time enables the necessary modifications during
film growth.

4.2.2 General growth procedure for the deposition of thin films of arsenic free
pnictide superconductors
To grow the pnictide compounds the substrate, in most cases MgO, was glued onto stainless
steel substrate holders using silver paste and then dried in air. As soon as the silver paste
was dry, the substrate holder was introduced into the growth chamber of the MBE system
through the load lock chamber. In the growth chamber, the substrate holder was heated to
the required deposition temperature. The temperature was held for at least five minutes for
temperature stabilization. After the growth temperature has stabilized the radical oxygen
was introduced into the growth chamber at specific oxygen flow rates. Once the oxygen
flow rate has stabilized the substrate shutter was closed before the elemental sources
were started. For a homogeneous film growth, the substrate was rotated at 50 rpm. After
the growth process was finished the substrate shutter was closed and elemental sources
and radical oxygen were stopped. Then the films were cooled down in vacuum below a
temperature of 150 ◦ C before the sample was taken out for further characterization.
4.2 Reactive Molecular Beam Epitaxy
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To study the growth of thin films a suitable characterization of the deposited samples is
essential. To do that, a variety of in situ and ex situ techniques were utilized. As in situ
techniques for analyzing the process of film formation RHEED and QCM already mentioned
in section 4.2.1 were utilized. For an observation of the film deposition process the RHEED
was used while rate control was done by the QCM.
After the deposition was finished and the film was taken out of the deposition chamber, ex situ methods like X-ray diffraction (XRD), magnetic susceptibility measurements
using a superconducting quantum interference device (SQUID) and electrical transport
measurements were performed. The following chapter gives an overview of the utilized
characterization methods used during the experimental part of this work.

5.1 In situ techniques

5.1.1 Reflection High Energy Electron Diffraction (RHEED)
The Reflection High Energy Electron Diffraction technique is one of the standard methods
in surface science to monitor the structure and the status of surfaces during the growth
process. The high vacuum environment inside an MBE chamber makes RHEED a perfect
tool for in situ analysis of the surface quality of a growing film. The RHEED technique is
based on the diffraction of higher energy electrons at the surface of a sample. For that,
every RHEED setup consists of an electron gun, providing the electrons. To visualize the
diffracted electrons a phosphor screen for imaging is installed on the opposite site of the
electron gun. The electrons have high energies in the range of 5–50 keV. As a consequence
the Ewald-sphere is maximized and a sufficient area of reciprocal space can be observed
on the relatively small angle of the phosphor screen. To provide information only of the
sample surface and thus image only the first few layers of the growing film the incidence
angle of the electrons is chosen to be rather small (0.5◦ < θ < 4◦ ) [118].
In figure 5.1 the schematic principles of a RHEED setup is illustrated. In comparison to
other electron diffraction techniques like LEED (Low Energy Electron Diffraction) in big
advantage of RHEED is the mounting point of the electron gun. It is mounted far away
from the sample and thus does not block the molecular beam coming from the elemental
sources in an MBE. In addition, a lot more information can be extracted from RHEED
patterns like in-plane lattice parameter, roughness, crystallinity and phase purity. A further
detailed description of RHEED applications can be found in reference [121]. During the
experimental part of this work a Vieetech 052S set up was used. For image recording, a
CCD-camera was installed and for analysis the k-Space Associates kSA-400 analysis software
was utilized.
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Figure 5.1: Schematic drawing of RHEED principles. The incident electron beam and the
diffraction pattern on the RHEED screen can be seen.

5.1.2 Quartz Crystal Microbalance
For in situ rate control the MBE unit used during this work is equipped with a quartz crystal
microbalance (QCM) as already mentioned in section 4.2.1. The QCM is supplied by Inficon.
To perform the in situ rate control the QCM system is equipped with a piezo-electric quartz
crystal, electrodes, a monitor for rate and thickness measurement and a controller for
process automation [122]. The principle behind this technique is a change in resonance
frequency of the quartz crystals. To measure this change in resonance frequency the quartz
crystals are mounted between two electrodes. As soon as an AC-voltage is applied, the
quartz crystal starts to oscillate at its resonance frequency due to the piezo-electric effect.
The frequency is a function of the mass of the crystal. During film deposition the mass of the
crystal changes and thus its frequency. The deposited mass is approximately proportional
to the film thickness. Equation 5.1 allows a determination of the thickness.

Tf =

Nq · Dq
π · Dm · Fc cdot Z


· tan−1  Z · tan


 !
π · Fq − Fc

Fq

(5.1)

In equation 5.1 Nq is the AT-cut crystal constant with Nq = 1.668 · 1013 Hz/Å, Dq is the
density of the quartz with Dq = 2.648g/cm3 , Dm is the density of the monitored material,
Z is the Z-factor, Fq is the starting frequency and Fc is the ending frequency. The Z-factor is
the relation of the acoustic impedance of the deposited material Zm to that of the quartz Zq
with Zq = 8.83. For most common materials the Z-factors can be found in literature.
For every single elemental source a separate QCM is necessary. It is absolutely crucial
that one QCM only monitors only one source at a time. This is achieved by the installation
of collimators between the crystals and the sources. Because of that QCM systems are
not mounted in substrate level and thus the monitored thickness differs from the real
film thickness. This difference is corrected by a tooling factor which is determined by
a calibration crystal mounted in substrate level or by ex situ thickness measurements.
5.1 In situ techniques
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Deposited mass of a material in time corresponds to a specific deposition rate and thus a
QCM is a suitable control unit is capable of in situ rate control of the elemental sources.
With a QCM system it is possible to monitor the rate of a huge variety of materials.
Although, QCM is a powerful tool for rate monitoring it has certain drawbacks. The QCM
system lacks of materials selectivity and thus it is not possible to control more than one
source at a time. In addition, the frequency change is nonlinear with deposited mass on
the crystal which lead to an increasing error of the monitored rate. External parameters
like temperature, film stress or oxidation conditions also leads to errors in the frequency
measurements and even affect life time of the crystals. Spectroscopic methods like electron
impact emission spectroscopy (EIES) technique overcome these disadvantages but on the
other hand complicate the rate monitoring and control.

5.2 Ex situ techniques
5.2.1 X-ray diffraction
X-ray diffraction (XRD) is a powerful non-destructive analysis method for solid state matter.
It is based on the interaction of X-rays and the outer electron shells in solids. It provides
information about crystal structure and, thus, structure related parameters like lattice
constants etc. Detailed information on this analysis method are beyond the scope of this
thesis and can be found in reference [123].
During this work two different X-ray diffractometers were used; a Siemens D5000 which
later was exchanged by a Rigaku SmartLab Thin Film Diffractometer. The Siemens D5000
was equipped with a Cu-anode providing radiation with a wavelength of 1.5406Å (Cu-Kα ) in
combination with a secondary (111) graphite crystal monochromator. The D5000 operates
with a Bragg-Brentano geometry, a maximum acceleration voltage of 40 kV and a maximum
emission current of 50 mA.
The Rigaku SmartLab Thin Film Diffractometer is equipped with a 9 kW rotating anode.
The target is a copper target which provides X-rays with a wavelength of 1.5406 Å. A
voltage between 20-45 kV and a current between 2-200 mA can be applied. The Eulerian
Cradle can perform measurements with θs /θd coupled or independent of each other. In
addition, χ-scans between -5◦ – 95◦ with a step size of 0.001◦ and φ-scans between -180◦ –
180◦ with a step size of 0.002◦ are possible. The height of the sample table can be adjusted
between -4 to 1 mm with a 0.0005 mm step. For a perfect surface alignment the x/y-stage
can be tilted in x- and y-direction between -5◦ to 5◦ (0.002◦ step size). The detector is a
NaI scintillation counter coupled with a photomultiplier with preamplifier. The X-ray optics
like monochromators, collimators etc. can be selected according to the measurement needs.
For most of the measurements in this work a 2-bounce Ge (220) primary monochromator
was used. The measurements were performed in a parallel beam geometry.
The SmartLab software “SmartLab Guidance” was used to control the XRD-device and to
program the single measurements steps. Each sample was aligned for the sample surface
and usually for a strong substrate or film peak. For the φ-scans in addition the samples
were aligned for a correct in-plane alignment using the x/y-tilt of the stage using a substrate
peak. In rare cases an optical alignment had to be performed before the measurements.
This was only necessary when the optics were changed.
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For φ-scans the sample was glued to the x/y-table with a double-sided adhesive tape. The
SmartLab Guidance software has an integrated crystal simulation part. By introducing the
film/substrate details of the samples including atomic positions and lattice parameters the
software is able to calculate all reflections of the sample system. With that information it is
possible to choose appropriate reflections of the film and the substrate and the goniometer
automatically sets the correct positions for ω, 2θ and χ. First, a φ-scan of a specific
substrate reflection (hkl)s is performed followed by a φ-scan of a specific film peak (hkl) f
without altering any alignment.
The ω-scan which is often called “rocking curve” is done in a similar way as the 2θ − θ
measurement. But in this case the detector arm is fixed at a specific peak position while
only the source arm moves over a specified angle range. To determine the full width at
half maximum (FWHM) of the X-ray reflections the peaks were fit by either using Gauss
function or by using Lorentz function. The first and mostly used one is the Gauss function:
A
−1
g(x) = p e 2
σ 2π




x−µ 2
σ

+ y0

(5.2)

where σ represents the FWHM.
The second function is the Lorentz function:
l(x) =

2A
π

·

σ
+ y0
2
4 x − µ + σ2

(5.3)

Again σ corresponds to the FWHM.
To evaluate the measured X-ray diffraction patterns, they were compared to published
data of the same material. For this purpose the ICCD included in the software PDXL was
used.

The Nelson-Riley method for exact determination of lattice parameters [124]
One essential part for the analysis of thin films is the determination of lattice parameters
from X-ray measurements. In this thesis, especially the determination of the c-axis lattice
parameter from 2θ − θ -scans is of high importance. But there are several errors which
influence the determination of lattice parameters like absorption of the X-ray beam in
the sample. This systematic errors vanish for θ = 90◦ . Therefore, the standard way
to determine the lattice parameters was to plot the angle values of a taken diffraction
pattern versus a function of the Bragg angle. For the actual parameter determination an
extrapolation to a value corresponding to θ = 90◦ was done. However, for this method a
correct function which includes all the systematic errors was not found and thus the errors
could be neglected partially only.
Nelson and Riley were the first who investigated this issue systematically with Cu9 Al4
specimens. They prepared samples from the annealed alloy and measured them with X-rays.
The results were plotted against different functions. The functions were chosen in such a
way that most of the systematical errors were considered. A detailed description can be
found in [124]. The function where the best results were achieved is given in equation 5.4.
5.2 Ex situ techniques
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θ

For the determination of the lattice parameters the calculated lattice parameters for
each peak position of the X-ray measurements were plotted against equation 5.4 with
corresponding θ . This plot was fit linearly and the y-axis intercept was determined as the
lattice parameter.

5.2.2 Resistivity measurement
To determine the superconducting transition temperature the resistivity versus temperature
behaviour was measured using the four-probe technique. For that a constant current was
applied through two outer contacts of the measurement device. By measuring the voltage
between two contacts which are situated between the outer current contacts the resistivity
could be determined. For that the contacts of the measurement device are brought in contact
with silver pads which were evaporated through a mask onto the film. The silver pads have
the advantage of realizing a good electrical contact between sample and measurement pins
and at the same time ensuring a well defined distance between the inner contacts. The
last mentioned point is crucial for resistivity determination. The four probe measurement
has the advantage that an error due to contact resistance and/or lead resistance can be
eliminated. The measurement stick is shown in figure 5.2.

A

Inner Contacts
Sample

2 mm

V
(a)

Outer Contacts

(b)

Figure 5.2: a) Schematic illustration of the sample set up for resistivity measurements. b) Picture of the four-probe measurement dip stick used for the resistivity versus
temperature measurement. The sample is placed on a copper piece and fixed
by copper contacts. The measurement current is applied through the outer
contacts while the voltage is measured through the inner contacts.
As a current source a Keithley current source model 6221 was used. For the measurement of the voltage a Keithley nanovoltmeter model 2182 A was utilized and temperature
determination was done by a LakeShore calibrated silicon diode model DT-670D-SD. Temperature determination was done by measuring the voltage of the diode since its resistivity
is temperature dependent.
For the measurement, the dip stick including the sample was manually introduced into
a liquid helium dewar. Temperature of the sample was varied by changing the distance
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between liquid helium level and sample stage. For recording the measurement data like
current, voltage, temperature etc. a custom programmed LabView software was used. The
software uses a look up table to get the correct temperature value out of the silicon diode’s
voltage.
Measuring the temperature behaviour of the resistivity of the samples from room temperature down to 4.2 K was performed in the liquid helium dewar whereas for the measurement
ranging below 4.2 K, an Oxford cryostat was used. The cryostat is capable of a temperature
range between 300 K and 1.5 K. For the measurement inside the cryostat the same dip
stick was used. Beside the silicon diode mentioned above mounted on the sample stick the
temperature is also measured inside the sample chamber. While for temperature control in
this case another custom written LabView program was used, the same program mentioned
above was used for data recording.

5.2.3 Superconducting Quantum Interference Device
A transition in the temperature behaviour of the resistivity is only an indication for the
superconducting nature of a sample. To confirm superconductivity, the Meissner effect
(see section 2.2) has to be proven. For that the magnetic susceptibility versus temperature
was measured using a superconducting quantum interference device or short SQUID. In
principle a SQUID does not measure the magnetic susceptibility of a sample but the magnetic
response of the sample to an external applied magnetic field. A SQUID is a powerful tool to
detect very low magnetic moments down to 10−8 emu using two Josephson junctions (in
DC-SQUIDs) or one Josephson junction (in RF-SQUIDs). This high sensitivity is possible
due to measurements of the changes in magnetic fields associated with one flux quantum.
For the magnetic measurements in this work a Magnetic Property Measurement System
(MPMS) supplied by Quantum Design was used. The measurement in the MPMS are done
through the movement of the samples through a system of superconducting coils, the so
called “pickup coils”. The movement of the sample induces a voltage in the coils, which are
inductively coupled to the SQUID sensor (Figure 5.3).

SQUID

Figure 5.3: Schematic illustration of the SQUID.
5.2 Ex situ techniques
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This results in an output-signal, which is proportional to the current flowing in the input
coils. With this “current-to-voltage converter” it is possible to measure very low magnetic
moments of thin film samples. The superconducting magnets are installed inside a dewar
filled with liquid helium. The sample space consists of a small chamber which also can be
cooled by the helium. To reach temperatures below 4.2 K this small sample space is filled
completely with liquid helium and then pumped down. As a sample holder a commercially
available straw was used. The sample is placed in the middle of the straw, while the straw
is placed in the middle of the magnet system of the MPMS. For the measurement it is
crucial to determine the exact sample position inside the MPMS. For position detection,
the sample is moved trough the coils. The maximum of the response signal indicates the
sample position. The MPMS used in this study is equipped with a Reciprocating Sample
Option. This option enables measurements for magnetic moments down to 5 × 10−9 emu.
Further information can be found in reference [125].
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6 Growth of arsenic free thin films of
‘1111’-type pnictide superconductors
Part of this thesis is to grow superconducting thin films of arsenic free pnictide compounds.
It was already shown, that a substitution of arsenic by phosphorus is possible. So a
substitution of the toxic arsenic by elements from the same periodic group is the next step
in the search for arsenic free pnictide superconductors. Reports on a similar structure
containing antimony instead of arsenic were not made. Nevertheless, in 2012, Muir et al.
[126] tried to synthesize an antimony containing ‘1111’-structure without success. In
addition, they did ab-initio density functional theory (DFT) calculations for LaFeP nO where
P n is phosphorus, arsenic and antimony. The results suggest, that LaFePO and LaFeAsO
form stable compounds. But LaFeSbO seems to be a metastable compound according to
their calculations. To confirm the metastability of LaFeSbO they calculated the phonon
spectrum of the compound and found no imaginary phonon frequencies. This indicates
a lack of lattice instabilities which means a local minimum for the formation energy of
LaFeSbO can be found. In conclusion it can be said, that in principle a formation of LaFeSbO
is possible. But because of energetic reasons under normal conditions the formation of a
ThCr2 O2 type La2 Sb2 is more favourable than the formation of LaFeSbO.

Figure 6.1: Crystal structure of LaNiBiO. The tetragonal crystal structure shows the same
type of layers as it is observed in LaFeAsO with Fe replaced by Ni and As replaced
by Bi.
However, in 2008 Kozhevnikov et al. [127] reported the synthesis of a bismuth containing
LaNiBiO ‘1111’ type structure. It is reported, that with oxygen deficiency this compound
is superconducting below temperatures of ∼ 4 K. Although, this superconductor has a
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very low TC compared to the 56 K of present oxyarsenides, the identical crystal structure
(P4/nmm, figure 6.1) with similar lattice constants (a = 4.262 Å, b = 8.888 Å), a similar
ρ(T) behaviour and the absence of the noxious arsenic make LaNiBiO a perfect candidate
for investigating the growth parameters of a arsenic free ‘1111’-type superconductor.

6.1 Growth of LaNiBiO1−x thin films
First attempts to grow arsenic free films were made during my diploma thesis (November
2008 – May 2009, TU Darmstadt) [128]. Here, the main results will be described in a brief
summary.
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Figure 6.2: a) 2θ −θ measurement of a LaNiBiO1−x film grown with MBE. The measurement
was done with the Siemens D5000 b) Temperature behaviour of the resistivity of
a LaNiBiO1−x film grown with MBE.
The growth temperature was changed between 450 ◦ C and 700 ◦ C. All temperatures
resulted in polycrystalline films (revealed by in situ RHEED measurements and ex situ XRD
measurements). Best results were obtained at 450 ◦ C, although there is no clean phase
formation but only a small portion of the desired LaNiBiO1−x phase. Higher temperature
led to La2 O3 formation. Figure 6.2a shows an XRD pattern of a LaNiBiO1−x film grown at
450◦ C.
Mostly, the influence of the oxidation conditions and the growth temperature were studied.
The radical oxygen flow was varied in a range of 0.15 sccm to 1.0 sccm at a radical power
of 200 W. For that, the growth temperature were kept at 450 ◦ C. The films grown at radical
oxygen flow rates between 1.0 sccm and 0.4 sccm were insulating and transparent. No clear
peaks could be identified in XRD measurements. Below 0.4 sccm the films were conducting
and the room temperature resistivity decreased monotonically with decreasing flow rate.
For oxygen flow rates below 0.25 sccm the films showed a superconducting transition onset.
The highest temperature for the onset of ∼ 5.5 K were achieved for 0.17 sccm. Figure 6.2b
shows a typical ρ − T curve of the films grown at 450 ◦ C and 0.17 sccm.
The major challenge in growing this compound as a thin film by MBE is to set the right
parameters to get the correct stoichiometry and good crystallinity. Higher temperature
usually leads to better results regarding the crystal quality. But since the Bi sticking
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Figure 6.3: a) 2θ − θ measurement of the LaNiBiO1−x film grown at adjusted parameters
according to the ICP-OES measurement. b) Resistivity vs. temperature measurement of the LaNiBiO1−x film grown at corrected parameters. The behaviour is
clearly semiconducting with a room temperature resistivity of ∼ 4 mΩ cm. The
measurements were done on the Siemens D5000.
coefficient is very low, higher deposition temperatures lead to a huge Bi loss. In addition,
growing two different anions (O−2 and Bi−3 ) within the same structure is very challenging.
And the oxygen content is crucial for the superconducting properties of the samples. The
next section describes the attempts to optimize the growth parameters for the deposition of
LaNiBiO1−x thin films.

6.2 Optimization of deposition parameters for LaNiBiO1−x thin film growth
As mentioned before optimization of the growth parameters in MBE is a very challenging
task to perform since all the parameter influence each other. One important factor is the
correct ratio of the elemental rates. This assign mainly the composition of the grown films.
For that, the grown films are analyzed for their stoichiometric composition and the rates
are set accordingly. Since some starting parameters were already established from the
work done before in the diploma thesis and also an ICP-OES measurement for composition
study was done, it was tried to adjust the rates according to the values gained from the
measurement to set a stoichiometry of 1:1:1 for lanthanum, nickel and bismuth. Table 6.1
shows the values from ICP-OES measurement and the rates before and after the adjustment.
Since the lanthanum is very sensitive to oxygen and the overall stability of the lanthanum
source at higher rates is rather critical the lanthanum rate was reduced a little bit and the
other rates were changed accordingly. The other parameters like oxygen flow (0.17 sccm),
radical source power (200 W), substrate temperature (480 ◦ C) and duration of deposition
(10 min) were kept the same. Figure 6.3a shows the corresponding X-ray diffraction pattern
of the film grown with corrected rates on a MgO substrate. It can be seen, that the film is
polycrystalline in nature which was already known from the RHEED picture taken during
deposition. The (200) substrate peak at 42.93◦ can be clearly seen. The reflection at 21.45◦
corresponds to the λ/2 peak of the (200) MgO reflection. The reflections at 38.43◦ and
6.2 Optimization of deposition parameters for LaNiBiO1−x thin film growth
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Figure 6.4: 2θ − θ measurements of the LaNiBiO1−x films grown with higher bismuth rates
and substrate temperatures of a) 610 ◦ C and b) 640 ◦ C. The measurements were
done on the Siemens D5000.
41.20◦ are from Cu-Kβ and tungsten radiation, respectively. At 25.24◦ , 27.5◦ and 38.1◦
reflections of a La2 O3 phase are observed [129]. Only at 31.56◦ a very small peak could
be identified to be from the LaNiBiO1−x phase. This result is not very convincing. In
addition, the resistivity measurements show a clear semiconducting behaviour with a room
temperature resistivity of ∼ 4 mΩ cm (figure 6.3b).
Table 6.1: ICP-OES results of the superconducting LaNiBiO1−x films. The table shows the
rates before the adjustment, the composition ratio according to lanthanum and
the rates after the adjustment to get a stoichiometry of 1:1:1.
Element

rate (Å/s)

ratio

adjusted
rate (Å/s)

La
Ni
Bi

0.75
0.22
0.8

1
0.95
0.74

0.68
0.21
0.9

These results show the difficulty in finding the correct growth parameters. The challenge
is to suppress the formation of the La2 O3 phase and enhance the growth and crystallinity of
the LaNiBiO1−x phase. To do that some attempts at higher growth temperatures were done.
Here the bismuth content is a crucial point. Since the sticking coefficient of bismuth is rather
low it is challenging to control the bismuth content in the structure at elevated temperatures.
To perform the growth experiments at higher deposition temperatures (610◦ C) the bismuth
rates were increased by more than 25% to compensate the expected loss. For a growth
temperature of 640◦ C the bismuth rate was increased by 40%. In addition, since the last
results with reduced lanthanum rate were not that promising the lanthanum and nickel
rates were changed back to the former values (corrected according to the ICP-OES results).
Figure 6.4 shows the 2θ − θ measurements of the films grown at elevated temperatures
of 610 ◦ C and 640 ◦ C. The image on the left side shows the film grown at 610◦ C. It can
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Figure 6.5: 2θ − θ measurement of the LaNiBiO1−x film grown at a radical source power of
175 W. The measurements were done on the Siemens D5000.

be seen that, although it was grown at higher temperatures, the film is polycrystalline and
only La2 O3 has formed [129]. There is no evidence for the formation of the LaNiBiO1−x
phase. Same applies for the film grown at 640◦ C shown on the right side of figure 6.4.
Only the La2 O3 phase is more prominent. Consequently, the films were insulating directly
after deposition. That means, higher deposition temperatures do not favor the formation
of LaNiBiO1−x phase, but rather the formation of La2 O3 . In addition, it can be expected
that the bismuth content in the film is too low because of the high deposition temperatures
which was confirmed by an ICP-OES measurement. The ratio was estimated to be 1:1.4:0.19
for La:Ni:Bi. It can be seen that the bismuth content is very low compared to the other
components. This suggests the requirement of a much higher bismuth rate for obtaining
stoichiometric LaNiBiO1−x films. But a rate of 1.4 Å/s is already a very high rate and the
QCM life is considerably reduced which lead to failure of the crystal in a short time.
Adjusting growth temperature and growth rates according to the composition of the
films seems to be challenging. One important factor of the growth of oxygen containing
compounds are the oxidation conditions. Strong oxidation conditions can lead to the
formation of metal oxides instead of forming the desired phase. In the films grown so far
La2 O3 is the most prominent impurity phase indicating a too strong oxidation. Different
parameters were already tried during the experiments in the diploma thesis to vary the
oxygen flow rate at a radical power of 200 W. So first attempts to affect the oxidation of
the films was to reduce the power of the radical source. Too low radical powers lead to
an unstable plasma and so the power was decreased in small steps. For the first attempt.
the power was decreased to a value of 175 W at the best conditions where a transition
onset was observed (temperature of 450◦ C, 0.17 sccm flow rate and elemental source rates
according to the not adjusted rates in table 6.1). Below this value the plasma starts to
6.2 Optimization of deposition parameters for LaNiBiO1−x thin film growth
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Figure 6.6: 2θ − θ measurements of the LaNiBiO1−x films grown with molecular oxygen at
various flow rates with a) 0.17 sccm and b) 0.4 sccm. The measurements were
done on the Siemens D5000.
become unstable at these low flow rates. Figure 6.5 shows the XRD measurement of the
resulting film.
However, the La2 O3 is present in the X-ray diffractogram but not the desired LaNiBiO1−x
phase. In the MBE set up used in this work lower oxygen flow rates and lower radical
source powers are not possible. As already mentioned a lower radical power would lead
to an unstable plasma and the mass flow controller used in this set up is not capable of
controlling lower flow rates. But still, lower oxidation conditions for the deposition of
LaNiBiO1−x films would be interesting. To achieve lower oxidation conditions molecular
oxygen was used instead of the radical oxygen. Two attempts have been done, one with
same oxygen flow rate of 0.17 sccm molecular oxygen and one at higher flow rates of
0.4 sccm molecular oxygen. The results are shown in figure 6.6.
The film grown at lower flow rates of molecular oxygen shows no phase formation at all.
Only the substrate peaks of MgO can be observed (figure 6.6a). The XRD measurement
shown in figure 6.6b shows the results of the film grown at 0.4 sccm molecular oxygen.
Beside the substrate peaks only a small peak of the La2 O3 phase can be seen. In conclusion,
the formation of the lanthanum oxide seems to be more favored than the formation of
LaNiBiO1−x . In addition, the molecular oxygen seems to be too weak to support the
formation of the LaNiBiO1−x structure. Since the best results were made with radical
oxygen, one last attempt was tried to grow a superconducting film of the LaNiBiO1−x
structure. For that the lowest possible oxidation conditions for the MBE set up were set and
the rates of the so far best results were used. The X-ray measurements were performed on
a new Rigaku machine with high power so more details in the film can be seen. The results
are shown in figure 6.7.
It is obvious that with the present set up of the MBE machine it is not possible to decrease
the oxidation conditions any further. That means to grow the oxygen containing ‘1111’-type
iron pnictide superconductors with this MBE set up some modifications are necessary like
a new mass flow controller for lower flow rates. Kawaguchi et al. [87] noticed that a
film formation with excess oxygen does not happen for the ‘1111’-type superconductors.
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Figure 6.7: 2θ − θ measurement of a LaNiBiO1−x film grown at the so far best conditions.
The film consists of a mixed phase of LaNiBiO1−x and La2 O3 .
They tried to grow a fluorine doped samarium compound of the ‘1111’-type pnictide
superconductors with MBE. Instead of molecular or radical oxygen, iron oxide was used
as an oxygen source. The iron oxide was evaporated by effusion cells. With an additional
pure iron source they could adjust the oxygen content to their need and even achieve very
low oxygen contents. At that time the MBE set up used in this work was not equipped with
effusion cells. The evaporation of oxides using electron gun evaporators is not possible.
The work shown here was published in [130].

6.2 Optimization of deposition parameters for LaNiBiO1−x thin film growth

55

7 Growth of oxygen free pnictide
superconductors
As it was shown in the last section it is challenging to grow oxygen containing thin films
with the molecular beam epitaxy. In addition it is special in this compound that there are
two anions: oxygen and bismuth. To bring bismuth, naturally a cation, in a negatively
charged state while oxygen is present is not that easy. For the bulk samples it is done
through a precursor of LaBi. In that compound Bi takes the part of 3- charged cation. From
that precursor the ‘1111’-type superconductors are prepared.
For the film growth in this study the oxidation conditions were too strong. With the MBE
set up, used it is not possible to decrease the oxidation any further. Luckily, as shown in
chapter 3, there are also pnictide superconductors which do not contain any oxygen. Since
the oxygen makes the most trouble for the film growth of pnictide superconductors using
MBE, the oxygen free variants are a good starting point to study the general behaviour of
such a layered structure containing a pnictide, a rare earth and a transition metal.
For that, the results of the last section give a hint for the choice of parameters to start
growing oxygen free ‘122’-type superconductors, namely LaNi2 Bi2 . But one have to keep
in mind that the ‘122’-type compounds do not contain a rare earth but an alkaline earth
metal (barium or strontium) which is doped with an alkali metal. This partial substitution
results in a hole doping in the structure which leads to superconductivity with TC as high
as 38 K. The idea now is to use lanthanum as a rare earth to grow an electron doped and
lanthanum deficient novel class of ‘122’-type superconductors. The attempts to do this and
the results what structure was grown eventually is described in the following sections.

7.1 Growth of “Lax Ni2 Bi2 ” thin films and the process of parameter optimization
The results of the last section about growing LaNiBiO1−x thin films showed the difficulty in
handling structures which contain oxygen. And although the results were not the desired
one, they gave a more or less good starting point for growing oxygen free compounds. From
the ICP-OES measurements (see section 6.2) the ratio of lanthanum to nickel to bismuth is
known. For a starting, it was tried to take these values and decrease the lanthanum rate
by half to fulfill the requirement of a ratio of 1:2:2 for La:Ni:Bi (table 7.1). But as already
mentioned in the introduction to this section, a full 1:2:2 ratio is not possible due to the
+3 state of lanthanum. Since, the goal is to grow a lanthanum deficient compound, the
lanthanum rate was reduced more than by half and the other rates of bismuth and nickel
were slightly increased.
The growth temperature was not changed from the LaNiBiO1−x films to this composition
and was set to a value of 480◦ C (pyrometer measurement on the stainless steel holder
near the substrate). The RHEED pattern during the run shows that the film is mostly
polycrystalline with a weak indication of a single crystalline phase. Figure 7.1 shows the
results of this film. The reflections at ∼ 21.5◦ , at ∼38.7◦ and at ∼ 43◦ of the 2θ − θ
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Table 7.1: Starting rates of lanthanum, nickel and bismuth for the growth of Lax Ni2 Bi2
Element

rate (Å/s)

La
Ni
Bi

0.3
0.24
0.95

measurement are from the MgO substrate. The two additional reflections at ∼ 25.8◦ and
∼ 27.3◦ can not be identified. They do not belong to a ‘122’-type structure or to any
possible structure of a LaNi, LaBi or NiBi/NiBi3 composition. With the metallic composition
of the film one would expect a metallic behaviour of the resistivity versus temperature.
Figure 7.1b shows this behaviour at least down to 100 K with a room temperature resistivity
of ∼ 1 mΩcm. Below 100 K the resistivity starts to increase and the behaviour becomes
a more semiconducting one. Reason for that could be the polycrystalline nature of the
film and mixture of different phases. In addition it was observed that the film starts to
decompose rather quickly when stored in air. This behaviour was discovered in X-ray
measurements where no reflections were observed anymore after one day of exposure of
the film to air. In addition the temperature behaviour of the resistivity changed. The room
temperature resistivity changed from ∼ 1 to ∼ 10 mΩcm and the overall behaviour changed
to a total semiconducting one with increasing resistivity with decreasing temperature (see
the inset of figure 7.1b).
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Figure 7.1: a) 2θ − θ measurement of the first attempt to grow a Lax Ni2 Bi2 film. The
measurement was done with the Siemens D5000. b) Resistivity versus temperature measurement of the Lax Ni2 Bi2 film. The inset shows the resistivity versus
temperature measurement of the film after one day of exposure to ambient
atmosphere.
The weak reflections of the X-ray measurement suggest a substrate temperature increase
to improve the crystal quality of the film and to support a proper phase formation. For
that the substrate temperature is increased by 120 ◦ C from 480 ◦ C to 600 ◦ C. To overcome
the bismuth loss because of the higher temperature, the bismuth rate was increased by
7.1 Growth of “Lax Ni2 Bi2 ” thin films and the process of parameter optimization
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Figure 7.2: a) X-ray measurement of the Lax Ni2 Bi2 film grown at a substrate temperature of
600 ◦ C. b) shows the temperature behaviour of the resistivity of the Lax Ni2 Bi2
film.

∼10 % to 1.05 Å/s. The other parameters were kept the same. The RHEED pattern of the
film observed at the end of the deposition process reveals a polycrystalline nature of the
film. Figure 7.2 shows the characterization results of the film. The X-ray measurement
shown in figure 7.2a confirms the polycrystalline phase of the Lax Ni2 Bi2 film. Beside the
substrate peak an unknown phase at ∼ 22.5◦ is observed which seems to be polycrystalline.
In addition the (200) peak of F m3m crystallized nickel can be seen at ∼ 51.75◦ [131].
The resistivity vs. temperature measurement shown in figure 7.2b reveals an increasing
resistivity with decreasing temperature. Down to a temperature of ∼ 50 K the resistivity
increases in a linear manner. Below 50 K the increase is more than proportional. The
absolute resistivity value is also rather high and varies in a range from ∼ 95 mΩ cm at
300 K to almost 120 mΩ cm at 4.2 K. The RHEED observation of the Lax Ni2 Bi2 compound
shows streaky nature at the beginning of the growth. As the film growth proceeds, the
streaky RHEED pattern changes to a faint ringlike pattern and continues like that till the
end of the film growth. One possible scenario is that initially the ‘122’ phase tries to
grow epitaxially on the substrate and as the growth proceeds further, off composition or
unfavorable growth conditions lead to the formation of a polycrystalline film. The nickel
observed in the X-ray measurement is not seen in the RHEED pattern. It is likely that it
precipitates on top of the film as small islands. The resistivity of the film is not affected by
the nickel since the resistivity for pure nickel is 69.3 µΩ cm [132] which is much lower
than the measured 100 mΩ cm for the Lax Ni2 Bi2 films. The higher temperature used for
film growth leads to a bismuth loss which could not be compensated by the higher bismuth
rate. As already mentioned earlier an even higher bismuth rate leads to crystal failure of the
QCM system rather quickly. It is known from the fabrication of MgB2 films by MBE that a
high growth temperature is not possible because of the high vapor pressure of Mg. Above a
temperature of 300 ◦ C there is a significant loss of magnesium observed inside the structure.
To overcome the Mg loss the films are prepared at lower growth temperatures in a range
of 260–280 ◦ C [133]. The knowledge about this fact lead to the idea to lower the growth
temperature to compensate the bismuth loss of the films. Since it was already seen that a
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Figure 7.3: a) X-ray measurement of the Lax Ni2 Bi2 film grown at 420 ◦ C. Beside a polycrystalline NiBi3 phase another at this point unknown phase is observed. It is
interesting to see that the unknown phase seems to grow epitaxially. b) temperature behaviour of the resistivity. Over the whole temperature range a metallic
behaviour can be observed until it flattens below 10 K.
temperature of 480 ◦ C also does not lead to a phase formation the deposition temperature
was lowered further by another 60 ◦ C to a value of 420 ◦ C. The other parameters including
the bismuth rate were kept the same.
Figure 7.3a shows the results of the lower growth temperature attempts. This time there
are more reflections in the diffractogram. Again there is the unknown phase already seen in
the last film grown at 600 ◦ C. But this time there are much more reflections which appears
at positions of 18.2◦ , 27.4◦ and 36.6◦ . The periodical repetition of the reflections suggest a
c-axis oriented growth of a compound with c-axis lattice parameter of 9.8 Å, which mean
the observed reflections correspond to (002), (003) and (004) reflections. This does not
correspond to a c-axis of the ‘122’ pnictide phase. The ‘122’ pnictides crystallize in the
body-centered-tetragonal ThCr2 Si2 -type structure (space group I4/mmm) in which the odd
reflections are forbidden. The information gained from the X-ray measurement are not
enough to determine the correct crystal structure. So at this point it is not clear, what
compound is growing here.
Beside the unknown epitaxial phase, a polycrystalline NiBi3 phase is observed. This is an
indication that the Bi loss could be compensated by the reduction of the growth temperature.
The additional nickel which lead to the metallic Ni peak at higher temperature now forms
the NiBi3 [134, 135]. Figure 7.3b shows the temperature behaviour of the resistivity.
Between 300 K and 10 K the resistivity shows a metallic behaviour with a room temperature
resistivity of ∼ 0.14 mΩ cm and a resistivity of 0.106 mΩ cm at 10 K. Below 10 K the curve
flattens and no superconducting transition onset could be observed down to 4.2 K.
Although the formation of the unknown phase is not expected and the desired ‘122’
phase is not achieved the results are promising to grow a novel compound with a high
quality. To grow the new phase and study the physical properties could be interesting.
So in the next paragraphs it is described how the growth parameters were varied to find
optimal growth conditions for the unknown phase and to identify the compound. Since
7.1 Growth of “Lax Ni2 Bi2 ” thin films and the process of parameter optimization
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Figure 7.4: 2θ − θ measurements of a series of Lax Ni2 Bi2 films grown at different bismuth
rates. The insets of each image represents a RHEED picture taken directly after
the film growth. The average thickness of the films is ∼30 nm.

the deposition temperature of 420 ◦ C seems to be sufficient for the growth of the unknown
phase, the bismuth rate was decreased systematically in steps of 15% beginning with
0.89 Å/s. Figure 7.4 shows the results of these attempts. As it can be seen, that the
phase forms at all these bismuth rates, but the quality of the films increase with decreasing
bismuth rate. As a measure for the film’s quality the FWHM of the (003) reflection of the
2θ − θ was determined by a Gaussian fit of the peak.
Figure 7.4a shows the XRD measurement of the film grown at 0.89 Å/s and the inset
shows the RHEED image taken directly after growth. The RHEED azimuth was along
<100> of the MgO substrate and indicates a smooth and epitaxial growth of the film.
The X-ray measurement does not show any impurity phase in the scanned range between
15◦ to 40◦ . Only three reflections at 18.1◦ , 27.4◦ and 36.7◦ are observed which could be
indexed as (002), (003) and (004) reflections for a film with a c-axis lattice parameter of
9.8 Å confirmed by the Nelson-Riley Method of the reflections. The intensity of the (003)
reflection is around 1000 counts/s and the FWHM of the (003) reflection determined from
the Gaussian fit is around 0.61◦ .
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With decreasing bismuth rate the quality of the RHEED patterns improves. While the
RHEED image of the film grown at a bismuth rate of 0.76 Å/s shown in the inset of
figure 7.4b is very similar to the one of the film grown at 0.89 Å/s and no improvement can
be seen, the RHEED pattern of the film grown at 0.64 Å/s shows a brighter appearance.
The best results are obtained with the film grown at a bismuth rate of 0.55 Å/s. The RHEED
pattern of this film is shown in the inset of figure 7.4d and shows bright and thin streaks
indicating a very smooth and epitaxial film growth. So, according to the RHEED pattern
of a Lax Ni2 Bi2 film deposition at lower bismuth rates seems to be more promising for the
growth of high quality films.
The better deposition conditions for the Lax Ni2 Bi2 films at lower bismuth rates are also
confirmed by the intensity of the (003) reflection of the 2θ − θ -scan. While the X-ray
intensity of the (003) peak for the films grown at a bismuth rate of 0.76 Å/s and 0.64 Å/s
is similar to the one for the film grown at 0.89Å/s, the intensity increases significantly for
the films grown at 0.55 Å/s (figure 7.4d). The (003) reflection of the 2θ − θ -scan of this
film has an intensity of roughly 50.000 counts/s, which differs by a factor of 50 to the
films grown at the higher bismuth rates. This measurement also shows a unique feature
in this series of films. It can be seen that the reflections have Laue oscillations which is
an indication for a good coherence between film and substrate. The Laue oscillations are
asymmetric on both sides of the reflections indicating a variation of composition along
the film thickness. From the Laue oscillations it is possible to roughly estimate the film
thickness. It was estimated to be 25.6 ± 0.1 nm.
To gain a rough idea about the films quality the FWHM of the (003) reflections of the
various films was compared. Of course, one has to be careful about the conclusion which
can be made out of the FWHM of the 2θ − θ measurement. This value does not reflect the
crystal quality of the films directly. For that one should rely on the FWHM of the rocking
curve (omega scan) of a specific reflection. The FWHM of the 2θ − θ measurement is a
measure for the crystallite size. It only can give a rough indication for the films quality
and to compare different films within a series with each other. From the film grown at the
highest bismuth rate in this series (0.89 Å/s) with a FWHM of the (003) peak of 0.61◦ to
one grown at the lowest rate of 0.55 Å/s the FWHM decreases constantly. The lowest value
is reached for the last mentioned film with a FWHM of 0.33◦ . This is less than half of the
value determined for the film grown at the highest bismuth rate and indicates the better
crystallinity of the film. The c-axis lattice parameter of the Lax Ni2 Bi2 films does not vary
much in this series of bismuth rates. The value determined by the Nelson-Riley method is
in the range between 9.78 Å and 9.79 Å. With an estimated error of 0.1 Å, it can be said
that the c-axis lattice parameter is constant for the whole series and is independent of the
bismuth content.
To get an idea about the crystal quality the rocking curve of the best film was measured
and is shown in figure 7.5. The curve is fitted with a Gaussian function to determine the
FWHM. From the fit, a FWHM of 0.07◦ was estimated. This value confirms the good crystal
quality of the film which was already indicated by the RHEED pattern, the Laue Oscillation
and the FWHM of the 2θ − θ scan and the higher intensity of the X-ray peaks. However, it
should be noticed that the background of the curve is rather high which is an indication for
a high density of defects in the interface of substrate and film. Another property of the film
was observed after one day while the film was exposed to ambient atmosphere. The film
starts to decompose within one day and no X-ray reflections can be observed anymore.
7.1 Growth of “Lax Ni2 Bi2 ” thin films and the process of parameter optimization
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Figure 7.5: Omega scan of the LaNi2 Bi2 film grown with a bismuth rate of 0.55 Å/s.
Parameters of 0.3 Å/s for the lanthanum rate, 0.24 Å/s for the nickel rate, 0.55 Å/s
for the bismuth rate and a growth temperature of 420 ◦ C result in quite good RHEED
and X-ray patterns. Based on these results another attempt to grow a LaNi2 Bi2 film was
done. The results for this attempt are shown in figure 7.6a. Only (00l) reflections are
observed. The reflections up to the (006) peak show Laue oscillations. From the NelsonRiley method, a c-axis lattice parameter of 9.77 Å ± 0.01 Å is determined. Although
the phase formation was successful and only (00l) reflections are observed, there is an
additional impurity reflection at 51.8◦ which can be identified as nickel as already described
before. The temperature behaviour of the resistivity of the film is purely metallic with a
room temperature resistivity of 100 µΩ cm and a resistivity of ∼ 77 µΩ cm at 2 K. No
superconducting transition was observed for this film down to 2 K. Similar to the films
before, this film also decomposes very fast after exposure to air. The combination of an
additional nickel peak which indicates an excess of nickel and the forbidden odd reflections
for the desired LaNi2 Bi2 I4/mmm structure suggests a different compound. From the
epitaxial nature of film it is not possible to determine the crystal structure from out-of-plane
measurements since only (00l) reflections are present. For that, in-plane measurements
are necessary. Because of the instability of the films it was not possible to perform these
scans at that time. There was a report on a superconducting pnictide containing nickel
and bismuth with a superconducting transition at ∼ 4.0 K [136]. The compound has a
‘112’-type stoichiometry (RENiBi2 , RE = La, Ce, Nd ...) and a similar crystal structure
as the ‘1111’-type pnictides with a P4/mmn space group (for further information on this
compound see section 7.2). In this space group all the observed reflections in figure 7.6 can
be indexed. So to further optimize the growth parameters the nickel rate was decreased by
50% whereas all the other parameters were kept the same.
The results of this attempt are shown in figure 7.7. The 2θ − θ measurement shown on
the left side (a) is without any impurity reflections. No nickel or NiBi/NiBi3 compound
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Figure 7.6: a) X-ray measurement of the LaNi2 Bi2 film grown at the optimized parameters.
b) resistivity versus temperature measurement.
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Figure 7.7: a) X-ray measurement of the film grown at decreased nickel rate. b) resistivity
versus temperature.
impurities are observed. Only (00l) reflections are present in the X-ray pattern and the
reflections from the (002) to the (004) show Laue oscillations. This is the first time, that
a pnictide superconductor was grown as a thin film without impurity phases. All films
grown so far and reported in literature had impurities of FeAs or similar compounds (see
section 3.5. The temperature-resistivity behaviour shown on the right side (b) shows
a clean metallic behaviour. The room temperature resistivity is ∼ 310 µΩ cm and the
resistivity at 2 K is ∼ 258 µΩ cm. Still a superconducting transition is not observed.
To determine the stoichiometry of the film ICP-OES measurements were done and the
composition was determined to be 1:0.94:1.86 for La:Ni:Bi. The results reveal an almost
perfect ‘112’ stoichiometry. Nickel as a deficiency of 6% and for bismuth a deficiency of 14%
is determined. Since bismuth and nickel deficiency leads to different doping conditions
(bismuth deficiency leads to electron doping while nickel deficiency leads to hole doping)
the grown film is an almost non doped composition. It is known from Mizoguchi et al.
[136] that doping on the nickel site leads to superconductivity. The group also revealed
7.1 Growth of “Lax Ni2 Bi2 ” thin films and the process of parameter optimization
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a very interesting feature of this compound. The bismuth present in the structure exhibit
two different valence states and provide two different charge carriers: one light one and
one heavy one. This features make this compound interesting to study. One challenge in
characterizing the samples of RENiBi2 is the instability when exposed to air. Mizoguchi et al.
[136] state that the sample decompose as soon as they get in contact with air. Although
the films grown in this thesis also show a similar behaviour of decomposing in air, they are
far more stable compared to the bulk samples reported in literature since they stay at least
for one to two days. The stability issue will be handled by a short section. The next sections
deal with the growth of LaNix Bi2 and CeNix Bi2 and the dependence of the superconducting
transition temperature to the growth parameters. After that a short section will show some
first attempts on substituting the nickel and the bismuth site and will give an outlook on
possible future work.

7.2 The ‘112’ compounds – an arsenic free pnictide superconductor with peculiar
properties
The results obtained in the last section suggest the film growth of a novel class of pnictide superconductors. So far, there are only a few reports on this new superconducting compound.
Shortly before the stoichiometry of the grown films were found during this work, Mizoguchi
et al. [136] reported on a novel and mostly unknown compound of an arsenic free pnictide
superconductor, RENiBi2 with RE = La, Ce, Nd and other rare earths. In contrast to the
compounds described in chapter 3, in this structure nickel sits on the iron site. Instead of
arsenic, the much heavier bismuth occupies the pnictide site. The ‘112’-type compound
crystallizes in the ZrCuSiAs structure like it is found for the ‘1111’-type compounds. The
crystal structure is shown in figure 7.8. The similarity of the both structures (‘1111’ and
‘112’) is obvious. Structure relevant parameters for some of the RENiBi2 compounds are
shown in table 7.2.

Ni1+
La3+
Bi3Bi1Figure 7.8: Crystal structure of RENiBi2 .
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Table 7.2: Some parameters of the superconducting RENiBi2 compounds.
RE

TC (K)

HC1 (Oe)

La
Ce
Nd
Y

4.0
4.2
4.1
4.1

90
65
55
67

a (Å)

c (Å)

4.560 9.754
4.544 9.641
4.519 9.532
4.483 9.300

But there is one peculiar feature in this structure. While in the ‘1111’-type compounds
two different anions occur (oxygen/fluorine and arsenic) in the ‘112’ compounds only
bismuth acts as an anion but in two different valence states. The Bi(1)3− forms with Ni1+
the NiBi counterpart to the FeAs layers in the iron-based superconductors. But the most
outstanding feature of these compounds is the existence of a two dimensional Bi(2)1−
square net layer. This layer if formed due to the Coulomb attraction driven relaxation of the
Ce3+ ions. This relaxation is towards the NiBi(1) layer. As a result a conducting CeNi x Bi(1)
layer forms and the aforementioned square-net Bi(2) layer.
It was found in these compounds that there are two different types of electrons, which
is a key difference to the “conventional” fluorine doped ‘1111’ pnictide superconductors.
The CeNi x Bi(1) layer contain heavy electrons what was observed in conductivity, magnetic
susceptibility and heat capacity measurements [136, 137]. These heavy electrons are
responsible for the magnetic properties of the compound. In contrast to that the Bi(2)
square-net layer contains light electrons which are responsible for the superconducting
properties of the compound. In addition, Kodama et al. [137] found that the magnetic
structure of the Ce3+ is antiferromagnetic with a Néel temperature TN ≈ 5 K. The antiferromagnetic order coexists with superconductivity which is observed for temperatures below
4 K. That means the magnetic fluctuations are not coupled to the superconductivity in the
compound. These properties suggest the possibility of even higher TC for compounds where
antiferromagnetic interactions with much higher TN could be incorporated.
The peculiar bismuth square net is also found in SrMnBi2 where anisotropic Dirac fermions
and quantum oscillations were observed [138]. The above mentioned antiferromagnetic
interaction with much higher TN due to the Mn2+ ions could induce much higher superconducting transition temperatures than reported for the CeNix Bi2 compound since the
Ni1+ is almost nonmagnetic [137, 139]. Of course, an optimal doping must be provided for
superconductivity.
Beside the ‘112’ compounds with the iron-pnictide layer there were also reports of
bulk superconductivity in intermetallic ‘112’ compounds with same structure such as
HfCuGe2 [140]. But TC was reported to be rather low with a value of 0.6 K. Another
superconducting ‘112’ compound reported is LaNiC2 with a TC of 2.7 K, but different crystal
structure: Amm2 instead of the P4/nmm space group [141]. Other P4/nmm compounds
containing rare earth elements were studied by Zelinska and Mar [142]. They synthesized
zinc deficient REZn1−x Sb2 (RE = La, Ce, Pr, Nd, Sm, Gd, Tb). TC were not found in these
compounds down to 2 K.
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7.3 Growth of superconducting “LaNix Bi2 ” thin films.2
As described in the last section LaNiBi2 films were successfully grown using the molecular
beam epitaxy method. The ICP-OES measurements shown at the end of the section
revealed an almost perfect ‘112’ stoichiometry. The goal in this section is to optimize the
growth parameters and to determine the dependence of the superconducting transition
temperature of different growth parameters like growth temperature, nickel rate and
bismuth rate. Furthermore the section describes the crystal quality of the grown films and
the epitaxial relation between substrate and film.

7.3.1 Influence of growth temperature
In the field of thin film growth, the deposition temperature of the substrate is one of the
most important parameters to investigate. In MBE, not only the phase formation of a
specific compound depends on the growth temperature, but also the way how a film grow
on the substrate can be temperature dependent. E.g. for YBa2 Cu3 O7−δ thin film growth,
the growth temperature determines whether a c-axis or an a-axis oriented growth mode
dominates. In the case of MgB2 , the temperature must not be too high because of the
volatile magnesium. A similar case was found here in the bismuth containing compounds. If
the growth temperature is too high, the phase does not form. Because of that, it is important
to study the dependence of growth temperature to determine the window in which it is
possible to grow the best quality films. The following paragraphs describes the results on
the variation of the deposition temperature. The temperature was varied between 380 ◦ C
and 460 ◦ C. The average thickness of the films was ∼ 30 nm. The individual growth rates
of the elemental sources are 0.2 Å/s for lanthanum, 0.054 Å/s for nickel and 0.55 Å/s for
bismuth. One may wonder about the reduction of the lanthanum and the nickel rate. The
reduction of the rates was done due to a better stability of the sources. In addition, the idea
was to grow nickel deficient films so that the nickel rate was decreased a bit more.
On a first view, it is obvious that the upper and lower limit of the growth temperature
where a phase formation is not possible is rather sharp (figure 7.9). The lower limit for
the substrate temperature is 390 ◦ C. Only ten degree lower at 380 ◦ C no phase reflections
can be observed in the 2θ − θ measurement (figure 7.9a). The same applies for the upper
temperature limit. Already at 460 ◦ C a phase formation is not observed and no reflections
are visible in the X-ray measurement. But one has to notice that the top layers of the grown
film seem to be fine as suggested by the RHEED image taken directly after deposition (inset
of figure 7.9f). The RHEED image clearly shows streaks which is an indication for a smooth
and epitaxial growth of the film. The upper limit where a growth of the films is still possible
is at 450 ◦ C (figure 7.9e). A phase formation still can be observed although the reflections
are already lower in X-ray intensity compared to the measurements performed for the films
grown between 410 ◦ C and 430 ◦ C. In that small temperature window the best results were
obtained. A possible reason for the observed lack of a phase formation in the X-ray scan at
higher growth temperatures could be a massive loss of bismuth. Because of the low sticking
coefficient of bismuth the structure is deficient in bismuth at higher growth temperature.
This leads to defects which cause a fast decomposition of the films when exposed to ambient
2
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The results shown here are published in [143]
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Figure 7.9: X-ray measurements of LaNix Bi2 films grown at various temperatures.
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atmosphere. This would explain the RHEED streaks observed after growth, but no X-ray
peaks. The heavy bismuth loss leads to a unstable system. In the temperature range of
410 ◦ C to 430 ◦ C the bismuth loss can be compensated and the structure is much more
stable, although these films also decompose after some time when exposed to air.
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Figure 7.10: a) Variation of c-axis lattice parameter versus growth temperature of and b)
FWHM of the 2θ − θ measurement versus growth temperature of LaNix Bi2
films grown with rates of 0.2 Å/s for lanthanum, 0.054 Å/s for nickel and
0.55 Å/s for bismuth.
The c-axis lattice parameter determined by the Nelson-Riley method varies between
9.786 Å and 9.799 Å (figure 7.10a). That means there is not much variation in the lattice
parameter connected to a change in growth temperature. Figure 7.9b shows the FWHM
of the (003) reflection from the 2θ − θ measurement versus the growth temperature. It
can be seen that the film grown at 390 ◦ C exhibit the highest FWHM at a value of 0.11◦ .
With higher temperature the FWHM decreases down to a value of 0.093◦ . Between 430 ◦ C
and 450 ◦ C the FWHM stays constant. As already stated before the FWHM of the 2θ − θ
measurement is not a real measure for the film crystallinity but gives a good impression of
the film quality.
The before described temperature dependence is valid for in situ growth of the LaNix Bi2
phase. However, it is possible to grow the film at much lower temperatures and then
anneal it at the usual growth temperature of 430 ◦ C. The results for this experiments are
shown in figure 7.11. The figure shows a RHEED image which is taken directly after the
growth process. The growth temperature was as high as 230 ◦ C. As it can be seen in the
image, the films seem to be polycrystalline in nature. The RHEED image is dark with no
clean features. After this image was taken the substrate temperature was raised to the
usual growth temperature of 430 ◦ C and held there for ten minutes. The results of this
annealing process in vacuum are shown in the right RHEED image of figure 7.11. The rings
disappeared and instead a streaky RHEED image can bee seen now indicating a smoothing
of the surface and a formation of single crystal thin films. The X-ray measurement performed
after the annealing process confirmed the formation of the LaNix Bi2 phase. The diffraction
pattern shown in the bottom image of figure 7.11 exhibit only (00l) reflections. The c-axis
lattice parameter is determined to be 9.807Åand thus is in the range of the the c-axis
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Figure 7.11: Top: RHEED images of the film grown at 230 ◦ C after deposition (left) and after
ten minutes of annealing at 430 ◦ C (right). Bottom: 2θ − θ measurement of
the annealed film.

lattice parameter determined for the LaNix Bi2 films grown for the temperature scan. Laue
oscillations can not be observed and the 2θ − θ FWHM of the (003) reflection is with 0.37◦
significantly larger than the FWHM of the films grown directly in the temperature range of
430 ◦ C. One explanation for this is a polycrystalline phase formation of the LaNix Bi2 phase
at lower temperatures. With the annealing procedure singe crystals start to grow and the
films surface also smoothens.
To summarize, it can be said that a phase formation could only be achieved in a small
window of 60 ◦ C in the range of 390 ◦ C and 450 ◦ C. Substrate temperatures above or below
do not lead to either an in situ phase formation or to an unstable phase. The optimal growth
temperature is between 410 ◦ C and 430 ◦ C. However, it is possible to grow single crystal
films at lower temperatures like 230 ◦ C and form the phase “ex situ” through an annealing
step at the optimal growth temperature of 430 ◦ C after the actual growth procedure.
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7.3.2 Influence of the bismuth rate

One of the most crucial factors for the growth of the LaNix Bi2 films is the bismuth rate
used during deposition. As often seen before, the control of the bismuth content of the film
is challenging because of its high volatileness. It is already known from section 7.1 that
higher bismuth rates lead to a formation of the LaNix Bi2 phase with poor crystal quality
and unstable phase but also can lead to the formation of NiBi3 impurity phase. For that
reason the bismuth rate was decreased and varied in a rather small window. The results
described in the last section suggest an optimal growth temperature of 430 ◦ C to grow the
LaNix Bi2 phase on MgO single crystal substrates and for nickel and lanthanum rates of
0.054 Å/s and 0.2 Å/s, respectively. The typical film thickness was ∼ 30 nm. As a measure
for the film quality again the 2θ − θ measurements and the temperature behaviour of
the resistivity were taken. Figure 7.12 shows the results of the measurements. It can be
seen that all the chosen bismuth rates 0.55 Å/s, 0.515 Å/s and 0.49 Å/s lead to a phase
formation of the desired LaNix Bi2 phase. In the 2θ − θ measurements, only the (00l)
reflections can be observed. The highest X-ray intensity is determined for the film grown at
0.49 Å/s (figure 7.13a). With increasing bismuth rate the intensity decreases. The c-axis
lattice parameter for the three films is almost identical and varies only in the third digit. It
is determined to be between 9.798 Å and 9.801 Å. With a tolerance of 0.005 Å it can be
said that the lattice parameter is the same for the bismuth rates and thus is independent of
the bismuth content in the structure.
A real difference can be seen in the ρ-T measurements (figure 7.12b, d and f). With
a room temperature resistivity of 750 µΩ cm the film grown at 0.55 Å/s bismuth rate
is more than three times as high as the room temperature resistivity of the other two
films, which are close to each other at 190 µΩ cm for 0.515 Å/s and 210 µΩ cm for
0.49 Å/s (figure 7.13b). The last mentioned films exhibit a metallic behaviour with an
almost linear decrease in resistivity with temperature. The film grown at 0.55 Å/s has
an almost constant resistivity with decreasing temperature. At low temperatures around
50 K the resistivity starts to increase slightly. For all of the grown films the ratio of room
temperature resistivity and the resistivity at 10 K ρ300 K /ρ10 K was determined. The ratio
is in all cases close to one which indicates a poor metallic behaviour. All the films show
an onset of a superconducting transition, but no TC zero down to 1.8 K. This indicates a
wrong doping and structural reasons for the superconducting compound. Nevertheless
the superconducting onset temperature can be determined. The lowest TC onset with a
temperature of 3.5 K is determined for the film grown at 0.55 Å/s.The films grown at
0.515 Å/s and 0.49 Å/s exhibit a TC onset of 3.9 K and 4.1 K respectively. Figure 7.13d
visualizes the trend of the TC onset with bismuth rate. The trend of lower bismuth rates
giving a higher TC onset indicates an excess bismuth content inside the structure. Since a
TC zero could not be obtained, the TC onset is the measure of choice to determine the best
parameters for the film growth of the LaNix Bi2 phase. Because of that a bismuth rate of
0.49 Å/s is most promising in the process of the optimization for thin film deposition of
superconducting LaNix Bi2 .
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Figure 7.12: X-ray measurements and the temperature behaviour of the resistivity of
LaNix Bi2 films grown at various bismuth rates.
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d) Superconducting transition onset temperature versus bismuth rate of the
LaNix Bi2 films.

7.3.3 Influence of the nickel rate
After the optimization of the growth temperature and the bismuth rate which are crucial
parameters for the formation of the LaNix Bi2 phase, it is necessary to have a deeper look
on the influence on the electrical transport properties. Theoretically, it is possible to dope
through bismuth deficiencies. Another way of doping in this compound is through nickel
deficiencies. Because of the temperature dependence of bismuth inside the structure, doping
through nickel deficiencies is a more controllable way of inducing superconductivity in this
compound. Beside the temperature dependence of bismuth another reason why the nickel
site is more controllable is the structural feature of the LaNix Bi2 phase. Since the bismuth
is present in two different valance states in the structure, it is not sure that a variation in
the bismuth rate leads to a doping suitable for superconductivity. Theoretically, bismuth
deficiencies can be induced in the Bi−1 or in the Bi−3 site. The following section deals with
the effect of a nickel rate variation on the film growth and the superconducting properties.
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Figure 7.14: 2θ − θ measurements of LaNix Bi2 films grown at various nickel rates.
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The parameters for the growth temperature and the bismuth rate were set to the optimal
values as described in the last sections (0.2 Å/s for the lanthanum rate, 0.49 Å/s for the
bismuth rate and 430 ◦ C as growth temperature). The nickel rates were varied in steps of
10% starting from the rate which was used for the bismuth variation (0.054 Å/s). The rates
were varied in both directions, down to a minimal rate of 0.04 Å/s and up to a maximum
nickel rate of 0.065 Å/s. The typical film thickness again was ∼ 30 nm.
The results of the 2θ − θ measurements of the grown films are shown in figure 7.14. For
all nickel rates a phase formation of LaNix Bi2 on MgO as a substrate was possible, but the
quality varies with the nickel content. Figure 7.14a shows the X-ray measurement of the
film grown at the lowest rate of this series of 0.04 Å/s. Although the diffraction pattern
is free from impurity reflections and only (00l) peaks are, observable the intensity of the
peaks is very weak. The lowest intensity reflections (001) and (007) are not observable
in this measurement. The c-axis lattice parameter was determined to be 9.783 Å which
is in the same range as the films grown at different bismuth rates. With increasing nickel
rate a change in the c-axis lattice parameter can be observed (figure 7.15). For the film
grown at 0.045 Å/s nickel rate the c-axis lattice parameter was determined to be 9.769 Å.
Further increase in the nickel rate leads to an increasing c-axis lattice parameter. The
films grown at 0.05 Å/s and 0.054 Å/s nickel rate exhibit a c-axis lattice parameter of
9.785 Å and 9.802 Å respectively. Going higher in nickel rate, a further increase in the
c-axis lattice parameter can not be observed and the c-value is determined to be in the
range of 9.8 Å. The shrinking c-axis lattice parameter at lower nickel rates can directly be
derived from the crystal structure. The nickel deficiencies occur in the interlayer of the
structure and thus lead to a shorter c-axis. Although, for all nickel rates a phase formation
can be observed, a second phase appears as evident from the 2θ − θ -scan for the films
grown at nickel rates above 0.054 Å/s. In these films grown at nickel rates of 0.059 Å/s
and 0.065 Å/s impurity peaks are detected which can be identified as NiBi reflections
(figure 7.14e and f). The intensity of the NiBi phase peaks increases with increasing nickel
rate. This indicates a stronger formation of this phase. Since the reflection intensity for
the LaNix Bi2 phase decreases it seems to be that at these growth conditions with higher
nickel rate the formation of NiBi is more favoured. The NiBi impurity phase seem to grow
textured and could be the reason for the constant c-axis lattice parameter at higher nickel
rates. The excess nickel now incorporates in the NiBi structure and, thus, can not influence
the LaNix Bi2 compound. However, for all of the films within this series Laue oscillations can
be observed. In the films grown with nickel rates in the range of 0.045 Å/s to 0.059 Å/s
the Laue oscillations are most prominent and are seen for reflections from (001) to (006)
indicating a good coherence between film and substrate.
The main reason for the study by varying the nickel rate was to determine the influence of
nickel deficiencies inside the structure on the superconducting properties of LaNix Bi2 . For
that the ρ − T curves of each film were measured (figure 7.16). Since the NiBi impurities
for the films grown at 0.059 Å/s and 0.065 Å/s are also reported to be superconducting, the
temperature-resistivity-curves are not shown here. It can not be distinguished whether the
superconducting transition is originated from the NiBi phase or the LaNix Bi2 phase. Except
for the film grown at 0.054 Å/s all the films exhibit a TC zero.
The film grown at 0.04 Å/s has a relatively high room temperature resistivity of ∼3 mΩ cm
and stays almost constant over the whole measurement range from 300 K down to 1.8 K.
At 3.78 K the resistivity starts to drop and a superconducting onset is observed. TC zero is
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Figure 7.15: Variation of c-axis lattice parameter of the LaNix Bi2 films grown at various
nickel rates.

reached at 3.04 K which leads to a ∆T of 0.59 K. ∆T is the transition width and is defined
as the change from 90% to 10% of the resistivity above the transition. The best results
are obtained for the film grown at 0.045 Å/s. The room temperature resistivity is much
lower compared to the film grown at 0.04 Å/s and has a value of ∼500 µΩ cm. The general
behaviour of the resistivity of the LaNix Bi2 film is metallic and decreases with decreasing
temperature. At 3.95 K the resistivity starts to drop and TC zero is reached at 3.75 K. With
a ∆T of 0.15 K, the transition is rather sharp. The measurement for the film grown at
0.05 Å/s shows some peculiar features which could be results of contact issues between the
electrical contacts of the measurement stick and the sample. The resistivity increases with
decreasing temperature. The room temperature resistivity is with 330 µΩ cm lower than
the before mentioned film. Nevertheless, a superconducting transition is observed at 3.5 K
and a TC zero of 2.62 K (∆T of 0.68 K). The last film grown at a nickel rate of 0.054 Å/s
shows a strong metallic behaviour with a room temperature resistivity of 210 µΩ cm. The
transition onset is determined to be 3.2 K but a TC zero is not observed.
To determine the actual nickel content in the structure, EDX measurements of the LaNix Bi2
films were performed. A visualization of the correlation of TC onset and TC zero versus
the nickel content is shown in figure 7.17. It can be seen that the best results are received
for the film grown at 0.045 Å/s which corresponds to a nickel content of 0.72. This value
is slightly larger compared to the x which Mizoguchi et al. [136] determined for there
optimal doping in LaNix Bi2 which is at 0.65. But one has to keep in mind, that the bulk
samples were reported to be very unstable in air which makes measurements very difficult.
In addition, a volume fraction of only 1% was reported for the samples.
While the TC onset does not change that much with the nickel content on both sides of
the optimum at 0.72 the TC zero shows an influence of the nickel variation. This behaviour
is similar to the ‘1111’ compounds [144] and indicates that the nickel deficiencies induce
superconductivity in the ‘112’ structure like oxygen deficiencies do in the ‘1111’ compounds.
The nickel deficiencies necessary to induce superconductivity in the structure could also
7.3 Growth of superconducting “LaNix Bi2 ” thin films.
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Figure 7.16: ρ − T measurements of LaNix Bi2 films grown at various nickel rates.
be a reason for the higher resistivity observed for the films with higher TC . The nickel
deficiencies would act as a defect scattering zone for the electrons.
The results obtained here are from films with a thickness of only ∼30 nm. Especially
electrical transport properties can vary with film thickness and, thus, based on these results
a thicker film with ∼100 nm thickness was grown. The results are shown in figure 7.18.
The X-ray measurement is shown in figure 7.18a. Only (00l) reflections are observed. The
c-axis lattice parameter is determined to be 9.770 Å which is in good agreement with the
value gained for the thin film grown at the optimum conditions. The inset in figure 7.18a
shows a RHEED image of the film taken directly after the deposition. The image shows
bright streaks indicating the smooth nature of the film surface and an epitaxial growth. The
good crystal quality of the film is shown in the ω scan (figure 7.18b). The low FWHM of only
0.06◦ indicates a high crystallinity and shows an improvement in the thicker film. As already
expected the electrical properties improved for the thicker film. The room temperature
resistivity increased slightly to 580 µΩ cm. The thicker LaNix Bi2 film gave a TC onset of
4.05 K and a TC zero of 3.95 K. The superconducting transition is quite narrow with a ∆T of
0.1 K. The inset of figure 7.18c shows an enlarged portion of the superconducting transition
and figure 7.18d is the diamagnetic response of the film measured in a superconducting
quantum interference device. It confirms the superconducting nature of the LaNix Bi2 films.
76

7 Growth of oxygen free pnictide superconductors

4.5
4
3.5

T (K)

3
2.5
2
1.5
1
0.5

TC onset
TC zero

0
0.64

0.72

0.8

0.86

x

(a)
3

1.2

1.1
2

ρ300 K/ρ10 K

ρ300 K (mΩ cm)

2.5

1.5
1

1

0.9

0.5
0.8
0
0.64

0.72

0.8

0.86

0.64

0.72

x

(b)

0.8

0.86

x

(c)

Figure 7.17: a) TC onset and TC zero versus x in LaNix Bi2 .b) Variation of room temperature
resistivity versus nickel rate. c) Variation of ratio of room temperature resistivity
and resistivity at 10 K versus nickel rate.

7.3.4 Epitaxial relation to the substrate
In the last sections it was shown how to grow high quality superconducting LaNix Bi2 films
and the dependence of the crucial deposition parameters (growth temperature, bismuth
rate and nickel rate). The films grown at optimum growth conditions show good crystal
quality and good physical properties. But the epitaxial relation of the LaNix Bi2 film to the
MgO substrate needs to be clarified.
A first suggestion of the epitaxial relation of the film to the substrate came from the in
situ RHEED images which were taken during the deposition. Figure 7.19 shows a series of
such RHEED images. Figure 7.19a shows the bare MgO surface before the deposition had
started along the <100> azimuth. The clean and smooth surface with Kikuchi lines can be
seen. Figure 7.19b shows the RHEED image of the film during the deposition roughly 30 s
after the phase formation has started (roughly corresponds to ∼15Å). The electron beam
azimuth is still <100> along the MgO surface. It can be seen that the streaks corresponding
7.3 Growth of superconducting “LaNix Bi2 ” thin films.
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Figure 7.18: X-ray measurement, RHEED image and ω scan of the ∼100 nm thick LaNix Bi2
film (top) and ρ − T behaviour and the diamagnetic response measured in a
superconducting quantum interference device (bottom)
to the LaNix Bi2 film appearing in between in that of the MgO substrate. Figure 7.19c shows
the RHEED image of the film after deposition. That means the film does not grow directly
“cube-on-cube” on the substrate but rotated. Since the film streaks are directly in between
in that of the substrate streaks one would suggest a 45◦ rotated growth of the LaNix Bi2
phase on top of the MgO. The rotation of the substrate by 45◦ brings the RHEED pattern
with streak spacing close to the one for MgO along <100>. This suggests a 45◦ rotated
growth of LaNix Bi2 thin films on MgO.
To further confirm the RHEED indicated 45◦ rotation of the film with respect to the
substrate, a φ scan of the thicker LaNi0.72 Bi2 film (∼100 nm) was carried out. For the
film, the (112) plane was chosen since it has the strongest intensity of all the LaNix Bi2
peaks. For MgO the (111) plane was chosen. The results are shown in figure 7.20, where
a) shows the φ scan of the LaNi0.72 Bi2 film. The four fold symmetry can be clearly seen
by the four reflections with a distance to each other of 90◦ . From the 2θ position of the
(112) reflection, the a-axis lattice parameter of LaNix Bi2 can be determined. For the grown
LaNi0.72 Bi2 film, an a-axis lattice parameter of 4.57 Å was found. This is in very good
agreement with values reported in literature [136]. Figure 7.20b shows the φ scan of the
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Figure 7.19: Series of RHEED images taken during the deposition of LaNix Bi2 . a) shows
the bare MgO substrate before deposition, b) shows the film 30 s after the
deposition had started and c) shows the film at the end after the growth
process has stopped. The RHEED beam azimuth was along <100> direction of
MgO.

MgO substrate. Here also the cubic four fold symmetry can be seen. It is obvious that
the film indeed grow 45◦ rotated with respect to the substrate. However, there are some
small reflections in between the film peaks with a distance of 90◦ from each other, which
correspond to the MgO substrate. That means there are some domains which do not grow
rotated but grow directly “cube-on-cube” on top of the MgO substrate. From that results
the epitaxial relation between substrate and film can be derived as LaNix Bi2 [100] k MgO
[110] and LaNix Bi2 (001) k MgO (001). A similar behaviour was observed for the growth
of Fe-Te-Se epitaxial films on MgO. There the films also grow 45◦ rotated with respect to
the MgO substrate [145]. It is clear that the epitaxial relation can not be driven by the
lattice mismatch since this is only 8%. A reason could be the crystal field of the ions at
the interface. The large negative ions oxygen and bismuth, favour a reorientation of the
atomic arrangement directly at the interface. Figure 7.21 suggests how it could look like on
an atomic scale. The figure shows the (001) Bi layer of the LaNix Bi2 phase (transparent)
7.3 Growth of superconducting “LaNix Bi2 ” thin films.
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Figure 7.20: a) φ-scan of the LaNi0.72 Bi2 film and b) of the MgO substrate.
rotated by 45◦ on top of an MgO (001) layer. With this arrangement the negatively charged
bismuth and oxygen almost do not touch each other.

7.3.5 Stability of the films
One issue in analyzing the grown LaNix Bi2 films was the instability of the phase as soon
as the samples were exposed to ambient atmosphere. A similar behaviour was reported
for bulk samples of RENiBi2 by Mizoguchi et al. [136]. The LaNix Bi2 films stored in air
used to undergo decomposition typically around 2–3 days as evident from the 2θ − θ scans.
After that time no reflections could be observed anymore. This behaviour was observed for
samples which were exposed to ambient atmosphere only for the time of characterization.
In between the characterization procedures, the samples were stored in vacuum or dried air
with a humidity of ∼10–20%. A difference in stability could not be observed for the films
stored in dried air or in vacuum. Although the samples decompose in relatively short time,
it was possible to perform different characterization techniques even in under ambient
conditions. In the report of Mizoguchi et al. [136] the characterization had to be done in
vacuum or inert atmosphere. Other than that, no characterization was possible since the
samples decompose directly after the exposure to air. This means, the high crystal quality
obtained in the thin films grown during this work are more stable than the polycrystalline
bulk samples which were prepared in a conventional solid state route. It is worthwhile to
mention that the films after growth and cooled down to room temperature and remained in
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Figure 7.21: LaNix Bi2 (001) layer on top of an MgO (001) layer.
the growth chamber for over six hours did not show any decomposition as there was no
variation in the RHEED pattern of the films. At the same time, the films exposed to the
ambient atmosphere for a short time and then reintroduced into the growth chamber did
not show any RHEED pattern indicating the decomposition of the surface.
However, there is a huge difference for films exposed to humid air. Figure 7.22 shows
two 2θ − θ measurements of one sample with a thickness of ∼90 nm. The 2θ − θ -scan
shown in figure 7.22a was done directly after growth. The X-ray diffraction pattern only
exhibit (00l) reflections of the LaNix Bi2 phase and does not show any impurity peaks. The
same film was measured again in the same set up after it was stored over night in an air
conditioned environment with a humidity of 60%. The measurement performed after this
kind of storage is shown in figure 7.22b and it is clear that the films decompose when
exposed to humid air. The whole film decomposed in that short time period of around
14 h. Only the (003) reflection could still be observed but much less in intensity. The other
reflections which where seen before are not present in the diffraction pattern anymore (they
7.3 Growth of superconducting “LaNix Bi2 ” thin films.
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Figure 7.22: 2θ − θ scan of a LaNix Bi2 film directly after growth and after 14 h exposed to
ambient atmosphere with a humidity of 60%.
are still indicated by the Miller indices to show their actual positions). This result suggests a
high dependence of the film’s stability to humidity. To perform studies like reciprocal space
mapping (RSM) it is necessary to use a vacuum chamber or at least inert gas atmosphere.
In the optimal case, the sample does not get exposed to atmosphere after growth at all.
During this work a vacuum chamber for that purposes was not present.

7.3.6 X-ray reflectivity measurement of LaNix Bi2
Since the epitaxial relation and other crystal information is known about the LaNix Bi2
films it is also interesting to gain information about the layer set up of the film itself. The
asymmetry of the Laue oscillations observed in the 2θ − θ -scans indicate a density gradient
perpendicular to the substrate plane. To confirm that, an X-ray reflectivity measurement of
the film grown at optimal parameters was carried out. The results can be seen in figure 7.23.
The fit was done with the software GXRR3 of the Rigaku Corporation. The XRR results
show oscillations up to an angle of 3◦ . The total reflection angle is determined to be ∼0.1◦ .
The model for the fit is shown in table 7.3 and in the inset of figure 7.23. It can be seen
that the film seem to consist of a multilayer structure. The bottom layer between substrate
and LaNix Bi2 film is a ca. 3 nm thick Ni layer. On top of the film there seems so be a Bi
layer, again with a thickness of ca. 3 nm. The LaNix Bi2 layer is in between these two layers
and has a thickness of roughly 22 nm.
The fit for the LaNix Bi2 layer was done with a linear variation of density over the
layer thickness. While the density of the film at substrate surface was determined to be
10.21 g/cm3 , the density decreases to a value of 7.49 g/cm3 . This density variation was
already suggested by the asymmetry of the Laue oscillations of the 2θ − θ -scan. The
theoretical density of LaNix Bi2 is 9.75 g/cm3 . That means, that the density at the bottom of
the layer is ∼4 % higher than the theoretical density. Reason for that could be the mismatch
in lattice parameters of MgO (or Ni) and the LaNix Bi2 . The lattice parameter of LaNix Bi2
has to shrink to fit and thus increases the density. The density on top of the layer is almost
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Figure 7.23: X-ray reflectivity measurement and the results of a fit of the LaNix Bi2 film
grown at optimum parameters. The inset shows the model of the layer set up
for the fit.

Table 7.3: Fitting results for the X-ray reflectivity measurement of the LaNix Bi2 film.
g

Layer

Thickness (nm)

Density ( cm3 )

Roughness (nm)

3 (Bi)
2 (LaNix Bi2 )
1 (Ni)
Sub (MgO)

3.164
22.83
3.2
—

7.738
10.21/7.49
8.88
3.585

1.261
1.774
1.307
0.376

25 % below the calculated value of 9.75 g/cm3 . Here a loss in bismuth could be a reason
for the low density of the LaNix Bi2 layer. For the theoretical density the unit cell mass was
calculated considering the nickel deficiency and divided by the unit cell volume determined
from the lattice parameters.
The reason for this density variation over the film thickness is not clear at this point. One
possible reason could be a decomposition of the film starting from the surface and going
through the whole film to the substrate. Experiments performed on CeNix Bi2 films indicate
a start of the decomposition directly after the film is exposed to air (see section 7.4.4).
Another possible reason could be a stoichiometry variation along the c-direction which
could be a result of unstable sources or even a temperature gradient during the run. To
clarify this further experiments have to be done.
7.3 Growth of superconducting “LaNix Bi2 ” thin films.
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7.4 Growth of superconducting “CeNix Bi2 ” thin films.4
One of the big advantages of the molecular beam technique in comparison with conventional bulk synthesis is the relative easy possibility of substitution. As soon as the growth
parameters for a specific compound are established it is relatively easy to exchange one
element by another. Since Mizoguchi et al. [136] reported the best superconducting properties for the ‘112’-type pnictides in CeNix Bi2 and the growth parameters for LaNix Bi2 were
established the lanthanum was substituted by cerium. The deposition conditions were
optimized to grow high quality thin films of CeNix Bi2 . The following section deals with the
optimization process to find the parameters for the growth of CeNix Bi2 and the influence of
the bismuth and nickel rate on the crystal and electrical properties of the film.

7.4.1 Substitution of lanthanum by cerium and the influence of the bismuth rate
The obvious starting point for a substitution is to take the already established parameters
for a compound. The parameters for the first attempt were 0.2 Å/s for cerium, 0.054 Å/s
for nickel, 0.55 Å/s for bismuth and 430 ◦ C as growth temperature. The goal was to get as
close as possible to a stoichiometric CeNix Bi2 phase with x = 1. For that reason the nickel
rate as well as the bismuth rate were increased compared to the optimal parameters for
the superconducting LaNix Bi2 films. The idea is the chemical similarity of the rare earth
elements. So a change from lanthanum to cerium should not change the growth conditions
that much and parameter’s optimization for the cerium rate is not an issue. Crucial for
the growth of high quality thin film superconductors is the correct stoichiometry of the
films [147].
Figure 7.24 shows the 2θ − θ measurements of the first attempts to grow CeNix Bi2 films.
In the first deposition run shown in figure 7.24a the starting parameters mentioned above
were set. A phase formation could not be observed at all. Neither the RHEED image (not
shown here) nor the X-ray measurement shows any formation of the desired phase. Only
at 27.7◦ and at 32.4◦ two weak peaks could be identified. The peak at 27.7◦ could belong
to the ‘112’ phase but without any other hint, this is too speculative. The second peak
observed at 32.4◦ can not be identified. The next step in growing the CeNix Bi2 phase was
to increase the bismuth rate from 0.55 Å/s to 0.8 Å/s and set the growth temperature to a
value of 560 ◦ C. To overcome the bismuth loss because of the higher substrate temperature
the bismuth rate was also increased. The results of the X-ray measurement is shown in
figure 7.24b and the inset is a RHEED pattern taken after deposition. The RHEED image
shows rings indicating a polycrystalline phase formation. The bright spots suggest the
presence of a single crystalline phase growing in an island growth mode. In the 2θ − θ -scan
a phase formation of the desired CeNix Bi2 phase is not observed. But at 32.4◦ the unknown
phase appeared again, this time stronger in intensity. The island growing phase seen in
the RHEED pattern probably has its origin here. The origin of this reflection could not be
clarified and was not of interest in this work.
As already mentioned earlier, a higher growth temperature could result in Bi poor films.
For that reason the temperature was decreased to a value of 520 ◦ C while the bismuth
rate was increased by 10% to a value of 0.88 Å/s. The RHEED image did not show an
4
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Figure 7.24: X-ray measurements and RHEED images of CeNix Bi2 films grown at various
bismuth rates and temperatures.
improvement in phase formation (inset of figure 7.24c) and the results of the X-ray scan is
shown in figure 7.24c. There is still no phase formation of the desired CeNix Bi2 compound.
However, the peak of the unknown phase is weaker in intensity. The reason for that could be
the decreased deposition temperature. A higher temperature seems to favour the formation
of the unknown phase. Since this is not the desired CeNix Bi2 phase, the growth temperature
is again decreased to 490 ◦ C while the bismuth rate stays the same at 0.88 Å/s. This
procedure lead to a further suppression of the unknown phase (see figure 7.24d), although
no hint for a formation of CeNix Bi2 is there. One has to notice that the bismuth rate now
has reached almost twice the rate which was necessary for the growth of LaNix Bi2 .
Because of the promising results of the higher bismuth rate it was increased further to a
value of 0.968 Å/s and the temperature was decreased to the initial value of 430 ◦ C. Nickel
and cerium rates were kept the same. The results of the X-ray measurements are shown
in figure 7.25a. It can bee seen, that a CeNix Bi2 phase has formed with a highly textured
growth. Only (00l) reflections are present and the (002) to (004) reflections exhibit Laue
oscillations. The pattern looks very similar to the one obtained for the LaNix Bi2 films. The
Laue oscillations are asymmetric which indicates a composition gradient through the film in
c-direction. The film thickness is determined to be ∼32 nm and the c-axis lattice parameter
7.4 Growth of superconducting “CeNix Bi2 ” thin films.
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Figure 7.25: 2θ − θ measurements of CeNix Bi2 films grown at various bismuth rates. The
insets show the corresponding ω-scans of the (003) reflection of the CeNix Bi2
phase.
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Figure 7.26: Trends of c-axis lattice parameter and FWHM of the ω-scans versus bismuth
rate of the CeNix Bi2 films.
is 9.64 Ådetermined from the Nelson-Riley method. The inset of figure 7.25a shows the
rocking curve of the grown CeNix Bi2 film. The FWHM determined through a fit of a Lorentz
function is 0.13◦ which indicates a good crystal quality. The asymmetric nature of the
ω-scan reflection indicates a strain in the film which is expected since the asymmetric Laue
oscillations also indicate that [148]. Figure 7.25b–f show the 2θ − θ -scans of the films
grown with bismuth rates varying from 1.05 Å/s to 1.5 Å/s. The change in bismuth rate
only had a minor effect on the c-axis lattice parameter. Figure 7.26a visualizes the variation
of the c-axis lattice parameter with increasing bismuth rate. It can be seen that the c-axis
value is in the range of 9.64 Å and 9.661 Å. A trend can not be derived from this data
indicating an independent c-axis lattice parameter of the bismuth content. This was also
the case for the LaNix Bi2 phase. For the c-axis lattice parameter of the CeNix Bi2 films an
average value of 9.648 Å can be determined. This is in good agreement with the literature
value of 9.641 Å reported by Kodama et al. [137].
But an increasing bismuth rate has an effect on the crystal quality of the CeNix Bi2 films.
From the ω-scans of the (003) reflection of the CeNix Bi2 films shown in the insets if
figure 7.25a–f the FWHM were determined. The results are summarized in figure 7.26b. It
can be seen that the FWHM increases with increasing bismuth rate up to a maximum of
0.16◦ for the films grown at a bismuth rate of 1.15 Å/s. The reason for the low value at a
bismuth rate of 1.05 is not clear at this point. Interestingly, a further increase in bismuth
rate leads to a decrease in the FWHM and, thus, indicating a higher crystal quality for higher
bismuth rates. One possible explanation for that could be excess bismuth which forms a
liquid phase on top of the surface of the film and acts as a flux. The flux supports the crystal
growth because of higher mobility of the atoms. The best crystallinity was achieved for the
film grown at 1.5 Å/s with a FWHM of 0.092◦ .
Although, the film’s quality is of importance in general, the scope of this thesis is on the
superconducting properties of the grown films. Of course, the crystal quality of the films
directly influences the superconducting properties. An important factor for superconductivity is the superconducting transition temperature TC . For that reason attention, has to
be turned to the influence of the bismuth rate on the transition temperature. For that the
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Figure 7.27: ρ-T measurements of CeNix Bi2 films grown at various bismuth rates. The insets
show an enlarged portion of the superconducting transition.
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resistivity was measured in a temperature range of 300 K down to 1.5 K. The results are
shown in figure 7.27. All the measured films reveal a superconducting transition onset, but
only two of them exhibit a TC zero.
The CeNix Bi2 film grown at a bismuth rate of 0.968 Å/s has the lowest room temperature
resistivity of all the films in this series of various bismuth rates with a value of 232 µΩ cm.
At the beginning of the temperature range, the resistivity shows a metallic behaviour. At
∼60 K, the slope changes and become steeper. At ∼20 K the resistivity reaches a minimum
of 204 µΩ cm. At a temperature of 3.6 K, the TC onset can be observed. The resistivity
drops by 20% to a minimum of 169 µΩ cm at 1.5 K.
An increase in bismuth rate to a value of 1.05 Å/s leads to a different behaviour of the
resistivity with decreasing temperature. First of all the room temperature resistivity is
more than twice as high as for the film grown at 0.968 Å/s with a value of 527 µΩ cm.
The resistivity stays almost constant over the whole temperature range with a slight trend
down. At 3.65 K the resistivity reaches a value of 497 µΩ cm, only 5.7% below the room
temperature value. At 3.65 K the resistivity drops until at 3 K TC zero is observed. The ∆T
could be determined to be 0.54 K.
The best results according to the superconducting properties have been achieved with the
film grown at a bismuth rate of 1.15 Å/s. With a value of 418 µΩ cm the room temperature
resistivity of this film is in the same range as the former film. The resistivity decreases
over the whole range of measured temperature although the behaviour is not linear. The
minimum resistivity of the normal state is reached at 4.1 K with a value of 340 µΩ cm. The
superconducting transition can be observed at 4.13 K and with a ∆T of 0.31 K TC zero is
reached at 3.7 K. This is the highest measured value in this series of CeNix Bi2 films grown at
various bismuth rates. Mizoguchi et al. [136] reported a TC zero of 4 K for CeNix Bi2 which
is still higher than the value measured for the film. But it has to be noticed that this series
only concentrates on the bismuth content in the structure. The nickel is not optimized so far
and one has to take other film specific properties like strain and the low film thickness itself
into account. A further increase in bismuth rate leads to a room temperature resistivity of a
value of 268 µΩ cm. The room temperature resistivity again reached values in the range of
the film grown at 0.968 Å/s. A TC onset can be observed at 3.74 K and a drop in resistivity
by 76% occurs. A TC zero is not detected.
The resistivity behaviour of the films grown at bismuth rates of 1.375 Å/s and 1.5 Å/s is
similar to the other films. The room temperature resistivity is 250 µΩ cm for the film grown
at 1.375 Å/s and 257 µΩ cm for the film grown at 1.5 Å/s. The minimum for both films is
at ∼ 12% of the room temperature resistivity (221 µΩ cm for 1.375 Å/s and 225 µΩ cm for
1.5 Å/s). A TC onset can be observed for both of the films. The film grown at 1.375 Å/s
shows an onset at 3.67 K and a drop in resistivity of 69% while the film grown at 1.5 Å/s
has an onset at 3.73 K and a drop in resistivity of 42%.
A summary of the results is visualized in figure 7.28. It is interesting to see that the
films which exhibit a TC zero have higher room temperature resistivities, while all the other
films without TC zero are in the same range around 230 µΩ cm. A similar picture can
be observed for the TC onset (figure 7.28b). Almost all the films have TC onsets close to
each other. Only the film which seems to have the optimal bismuth content exhibit a much
higher onset and shows the highest TC zero of 3.7 K. The gray area in figure 7.28b indicates
the optimum bismuth rate for the growth of superconducting CeNix Bi2 films and was used
to optimize the nickel content of the structure. In comparison to reported bulk data in
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Figure 7.28: a) Variation of room temperature resistivity and b) and variation of TC onset of
the CeNix Bi2 films grown at various bismuth rates.
literature, the CeNix Bi2 films grown here exhibit a much higher quality than it was achieved
for the bulk samples. Kodama et al. [137] report about the synthesis of CeNix Bi2 . They
deal with high level of impurities of Ni, NiBi and NiBi3 . While the NiBi impurities are only
observed for films grown at higher bismuth rates, the other mentioned do not appear in the
CeNix Bi2 films grown by RMBE. Since for characterizing the superconducting properties it
is necessary to have high quality samples, the approach of sample preparation via MBE as a
thin film technique is superior over the bulk preparation. And for a study of the influence
of nickel deficiencies on the physical properties of the CeNix Bi2 compound MBE is a much
more flexible tool because of the relative easy way of producing samples with different
compositions. This is described in the next section.

7.4.2 Influence of the nickel rate
Similar to the LaNix Bi2 compound not only the bismuth content plays a role for the
superconducting properties of the thin films but also the nickel content is of importance.
From ICP-OES measurements it is known that a nickel rate of 0.054 Å/s lead to an almost
stoichiometric compound. For this reason only a series of decreasing nickel rates was done
and the attention was turned on the resistivity measurements since the superconducting
properties of the films are of major interest. For the bismuth rate the best result for
superconductivity was chosen and thus a bismuth rate of 1.15 Å/s was used for film
deposition. The results of the resistivity measurements are shown in figure 7.29. All films
grown within this series of various nickel rates show a metallic temperature behaviour of
the resistivity and exhibit a superconducting transition with a TC zero. The CeNix Bi2 film
grown at 0.054 Å/s nickel rate has a room temperature resistivity of 418 µΩ cm. With
decreasing temperature the resistivity decreases constantly. The ratio ρ300 K /ρ10 K is ∼1.2
indicating a poor metallic behaviour. At 4.1 K the superconducting transition occurs and a
drop in resistivity down to zero can be observed. TC zero is determined to be 3.7 K with a
∆T of 0.31 K.
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The best results in this series of CeNix Bi2 films grown at various nickel rates were obtained
with a nickel rate of 0.05 Å/s. The room temperature resistivity is very close to the one
of the former film with a value of 426 µΩ cm. In this film the ratio of ρ300 K /ρ10 K has a
value of ∼1.5. This is still a bad metal but more metallic than the films grown at 0.054 Å/s
and 0.045 Å/s of nickel rate. A visualization of the variation of ρ300 K /ρ10 K with nickel
rates is shown in figure 7.29f. At 4.15 K the superconducting transition occurs and with
a ∆T of 0.08 K TC zero is determined to be 4.05 K. This value is in very good agreement
with reported values by Mizoguchi et al. [136] and Kodama et al. [137]. In a temperature
range of 6 to about 20 K a highly metallic behaviour can be observed for the resistivity. The
dependence follows a quadratic ρ(T ) = ρ0 + AT 2 function with A ≈ 50 nΩcm/K2 . This
value is 2 to 5 times higher than reported values for SrMnBi2 or pure bismuth [138, 149].
In figure 7.29d the diamagnetic response measured with a SQUID magnetometer is shown
and confirms the superconducting nature of the CeNix Bi2 film.
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Beside the fact that the film grown at 0.05 Å/s shows a TC comparable to values reported
in literature a second indication for optimum nickel content at this nickel rate is a decreasing
TC with further decrease in nickel rate. Figure 7.29c shows the resistivity measurement
of the film grown at 0.045 Å/s. The room temperature resistivity is significantly higher
compared to the films grown at higher nickel rates with a value of 626 µΩ cm. Although
this film also shows a decreasing resistivity with decreasing temperature the decrease is not
as strong as for the optimal doped film and the ratio of ρ300 K /ρ10 K is with a value of ∼1.1
in the same range of the CeNix Bi2 film grown at 0.054 Å/s nickel rate. This also indicates
the poor metal nature of the CeNix Bi2 films. The TC onset is observed at 4.0 K and TC zero
is measured at 3.87 K with a ∆T of 1 K.
The film grown at a nickel rate of 0.05 Å/s which shows the best superconducting
properties has a thickness of ∼100 nm. 2θ − θ measurement and ω-scan are shown in
figure 7.30b and c. The inset of figure 7.30b shows the RHEED image of the CeNix Bi2 film
after the growth process. The streaky pattern indicates the smooth and epitaxial growth of
the film. The 2θ − θ measurement presented in figure 7.30b exhibit only (00l) reflections
of the desired CeNix Bi2 compound and no impurity phase can be observed. All the (00l)
reflections from (001) to (008) are present. Because of the thickness of 100 nm Laue
oscillations can not be seen in this 2θ − θ -scan of the film. The c-axis lattice parameter is
determined to be 9.651 Å from the Nelson-Riley method which is in good agreement with
literature values for CeNix Bi2 [136, 137]. The ω-scan for this film is shown in figure 7.30c.
Also this film exhibit the already observed asymmetry of the ω-scan indicating strain in
the film. The FWHM is rather high with a value of 0.14◦ compared to the LaNix Bi2 films
and corresponds to the FWHM determined for the best CeNix Bi2 film grown in the bismuth
series (section 7.4.1). The FWHM of 0.14◦ is not as good as for other thin films grown of the
CeNix Bi2 compound but still indicates a good crystal quality. To determine the stoichiometry
of the CeNix Bi2 films ICP-OES measurements of the superconducting films were carried out
and the x in CeNix Bi2 could be determined to be 0.86 for the film grown at a nickel rate
of 0.05 Å/s. This results in a compound of CeNi0.86 Bi2 and is in good agreement with the
reports of Mizoguchi et al. [136] who reported their best TC for an x = 0.8.
However, to be sure that doping only happens on the nickel site and not on the bismuth
site, a set of films with various nickel content were deposited at a higher bismuth rate
of 1.5 Å/s. The high bismuth rate makes sure that the bismuth site in CeNix Bi2 is fully
occupied. The results of the resistivity measurements are shown in figure 7.31. In this set
of measurements only the films grown between nickel rates of 0.045 Å/s and 0.062 Å/s are
shown. Films grown above a nickel rate of 0.062 Å/s exhibit strong impurity peaks of the
NiBi compound (see figure 7.32a) and thus the resistivity measurements are not reliable
any more because it can not be distinguished whether a observed TC is from the CeNix Bi2
phase or the NiBi phase. All films grown in this series of various nickel rates exhibit a TC
onset but no TC zero. All the TC onsets are close to 4 K (see figure 7.31f). The TC onset of
the film grown at 0.066 Å/s is significantly higher compared to the other TC onsets and is
probably a results of the NiBi impurities which were observed in the X-ray measurements
(figure 7.32).
Figure 7.32a and b show the 2θ −θ measurements of the CeNix Bi2 films grown at a nickel
rate of 0.062 Å/s and 0.066 Å/s with a bismuth rate of 1.5 Å/s. As it can be seen already at
a nickel rate of 0.062 Å/s the NiBi impurity phase starts to form, although it is not very
prominent at this stage. As described above this film still had a TC onset comparable to the
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c) Variation of c-axis lattice parameter with Ni rate.
films which do not exhibit the NiBi impurity phase in the 2θ −θ measurement. On the other
hand, the c-axis lattice parameter is already different compared to the other films within
this study grown at lower nickel rates. Figure 7.32c visualizes the variation of c-axis lattice
parameter with various nickel rates. It can be seen that the c-axis lattice parameter increases
with increasing nickel rate. This is valid for nickel rates between 0.045 Å/s an 0.058 Å/s.
At 0.062 Å/s, where the first evidence of the NiBi impurity phase was observed, the c-axis
lattice parameter exhibit a drop to lower values which stay constant with further increase
in the nickel rate at a value of ∼9.668Å. This indicates that excess nickel incorporates in
the NiBi structure and not in the CeNix Bi2 structure.
The results suggest, that the optimum bismuth rate for the thin film deposition of CeNix Bi2
is 1.15 Å/s. In addition, the optimum nickel rate was found to be 0.05 Å/s. The optimal
source rates were found to be 0.2 Å/s for cerium, 0.05 Å/s for nickel and 1.15 Å/s for
bismuth. The optimum growth temperature was found to be 430 ◦ C. With these parameters
it is possible to grow high quality superconducting CeNi0.86 Bi2 thin films with reactive
molecular beam epitaxy. The films grown with these parameters have a TC zero as high as
4.05 K which is in very good agreement with reported values in literature [136]. Although
7.4 Growth of superconducting “CeNix Bi2 ” thin films.
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the films grown at the optimal parameters exhibit good superconducting qualities the best
films in terms of crystallinity were grown at higher bismuth rates of 1.5 Å/s and nickel
rates slightly above the optimum at 0.054 Å/s. With these parameters rocking curves with
a FWHM of 0.092◦ were observed while the optimum rates exhibit a rocking curve FWHM
of 0.14◦ . Nevertheless, the stability is similar to the on of the LaNix Bi2 films described in
section 7.3.5. Samples stored in dried air at ∼10–20% humidity decomposed after roughly
2–3 days while samples exposed to humid air of 60% humidity decomposed within a few
hours.

7.4.3 Epitaxial relation to the substrate
After the optimal parameters for good crystal quality and good superconducting properties
have been found, the epitaxial relation of the CeNix Bi2 film to the substrate had to be
clarified. In the case of LaNix Bi2 the phase grows 45◦ rotated with respect to the substrate.
For that a φ-scan of the (112) reflection of CeNix Bi2 and the (111) reflection of the
MgO substrate was done. The results are shown in figure 7.33. As it can be seen, the
growth feature is similar to the one of the LaNix Bi2 phase. The CeNix Bi2 phase also grows
45◦ rotated with respect to the MgO substrate. But in this case of the CeNix Bi2 phase the
domains which grow “cube-on-cube” on the substrate are more prominent (see arrows in
figure 7.33a). However, the φ-scan clearly reveal that the major part of the domains of
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the CeNix Bi2 films and the MgO peaks exhibit a offset of 45◦ . This lead to an epitaxial
relation of CeNix Bi2 [100] k MgO [110] and CeNix Bi2 [001] k MgO [001]. Also from the
φ-scan the a-axis lattice parameter can be determined to be 4.565 Å which is in good
agreement with reported literature values [136]. As in the case of the LaNix Bi2 compound,
also here the rotation of 45◦ can not be due to a mismatch of the lattice parameters between
substrate and film since that is only 8%. The most likely reason for the rotation is due to
the atomic rearrangement which was already suggested for the LaNix Bi2 films (figure 7.21
in section 7.3.4). However, the energy difference between rotated and not rotated films
seems to be small since a considerable number of domains are aligned CeNix Bi2 [100] k
MgO [100]. Reason for that could be small differences in interfacial atomic composition
of the CeNix Bi2 film and the substrate. If the reason is an energetic one, various growth
temperatures should lead to single domains with either non-rotated or 45◦ rotated grains.
Because of the small temperature window for the formation of the CeNix Bi2 phase this is a
challenging task which was not attempted.

7.4.4 X-ray reflectivity measurement of CeNix Bi2
The picture for the CeNix Bi2 films is similar to the LaNix Bi2 phase. Again already the
asymmetry in the Laue oscillations suggested a density difference over the film thickness.
To study the difference of the density, an X-ray reflectivity measurement of a CeNix Bi2 film
grown at the optimal parameters was done. The results of the scan are shown in figure 7.34.
In the scan oscillations up to an angle of 3◦ are observed. The angle of total reflection is
determined to be ∼0.1◦ . This data also was fitted with the analysis software GXRR3 from
Rigaku Corporation. The results of the fit are shown in table 7.4.
Table 7.4: Fitting results for the X-ray reflectivity measurement of the CeNix Bi2 film.
g

Layer

Thickness (nm)

Density ( cm3 )

Roughness (nm)

3 (Bi)
2 (CeNix Bi2 )
1 (Ni)
Sub (MgO)

2.247
23.456
4.042
—

7.55
10.71/8.86
8.88
3.585

1.06
1.38
1.307
0.406

Best fit results were obtained with a multilayer structure as it is shown in table 7.4 and in
the inset of figure 7.34. The model is very similar to the one used for the LaNix Bi2 films
(section 7.3.6. Again a Ni "‘buffer-layer"’ and a Bi top layer is found with thicknesses of
∼4 nm and ∼2.2 nm, respectively. The CeNix Bi2 layer is determined to be roughly 23.5 nm
thick. The density was fitted with a linear variation along the layer in c-direction. The
density at the bottom is determined to be 10.71 g/cm3 . This ∼7 % above the density of
CeNix Bi2 which is determined to be 10.04 g/cm3 . The top density is determined to be
8.86 g/cm3 and thus ∼12 % below the theoretical density of CeNix Bi2 .
As already stated in the chapter about LaNix Bi2 the reason for that behaviour is not
clear. The density variation can be a result of stoichiometry variations perpendicular to
the film surface or may even be a result of film decomposition starting from the top of the
film. A decomposition starting from the top is suggested by an experiment were a film is
7.4 Growth of superconducting “CeNix Bi2 ” thin films.
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taken out of the chamber, exposed to air for a few seconds and directly locked back into
the chamber again. RHEED images taken before and after this process showed a major
difference. While the film before the take out did show clear and bright streaks, the RHEED
picture after the exposure to atmosphere did not show a diffraction pattern anymore. This
behaviour indicates a fast decomposition directly after the exposure to air starting from the
film surface.

7.5 Substitution
One big advantage of the MBE technique is the possibility of substitute one element by
another if the growth parameters are known. Since the optimum growth parameters for
LaNix Bi2 and CeNix Bi2 were found substituting different elements in these compounds
is the next step. The substitution of lanthanum by cerium did work quite well. The
logical choice for a substitution is the transition metal site. One appropriate candidate
for substituting nickel is iron, cobalt or copper. Iron and cobalt are already known in the
field of pnictide superconductors and iron containing compounds exhibit superconducting
transition temperatures of up to 56 K. However, the first choice in this thesis for a nickel
substitute was copper. The main reason for that is described in section 7.2. The idea
is to substitute the relative nonmagnetic nickel ions by the more magnetic copper ions
since it is known from the undoped cuprate superconductors that the copper ions order
antiferromagnetically.
For the bismuth site in principle the elements of the whole pnictide group starting with
nitrogen down to antimony would be good candidates. For a starting, antimony was tried
for a substitute since it is already known that LaNix Sb2 grows on MgO substrates using MBE.
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The case for nitrogen is much more challenging and although there were a few attempts to
grow nitrogen containing films the results are not conclusive and much more work need to
be done on nitrogen compounds. Because of that the nitrogen films will not be discussed in
this thesis.
Because of a lack of time these compounds were not studied as deep as it was done for
LaNix Bi2 and CeNix Bi2 . The next sections should be seen as a starting point for future
research on these compounds and only give a short introduction into the potential of a
successful thin film deposition using MBE.

7.5.1 CeCux Bi2
The first attempt to substitute the nickel by copper was done in the CeNix Bi2 compound.
Reason for that is first of all the existing reports on copper containing ‘112’-compounds
with cerium and bismuth [150]. A second reason is the higher TC zero observed in CeNix Bi2
compared to the LaNix Bi2 phase. As a starting point, the optimal rates for the growth of
CeNi0.86 Bi2 were set which are 0.2 Å/s for cerium rate, 0.054 Å/s for copper rate, 1.15 Å/s
for bismuth rate and 430 ◦ C as growth temperature. To overcome the differences in density
of copper and nickel the copper rate was adjusted accordingly.
Already the first attempt to grow the copper containing ‘112’-type compound was successful (figure 7.35a). Only (00l) reflections of the CeCux Bi2 phase are observed. The X-ray
data was compared to data reported by Ye et al. [151] to confirm the formation of CeCux Bi2 .
There are no impurity reflections present in the 2θ − θ scan. The pattern is similar to the
X-ray scans done for the LaNix Bi2 and CeNix Bi2 compounds. Only the (007) peak is not
present in this X-ray scan and the (003) reflection exhibit a small shoulder on the right side
which can not be identified. The c-axis lattice parameter can be determined to be 9.77 Å
which is in agreement with values reported in literature [150, 151].
For the next attempt of the deposition of CeCux Bi2 , the substrate temperature was lowered
to 405 ◦ C. This step was done because the RHEED picture during the deposition process
suggested a lower growth temperature to be better for the formation of the CeCux Bi2
phase. Figure 7.35b shows the X-ray result of the film grown with these parameters. The
shoulder observed for the (003) reflection disappeared in this 2θ − θ scan and the (007)
peak appeared in the diffraction pattern. At 89.5◦ another peak can be identified which
corresponds to the (009) reflection of the CeCux Bi2 structure. The c-axis lattice parameter
is in the same range and was determined to be 9.808 Å. A further reduction in deposition
temperature to 390 ◦ C did not show any further improvement in the XRD results. However,
the (007) peak disappeared again in the 2θ − θ scan while the (009) reflection still can be
observed. The c-axis lattice parameter is determined to be 9.852 Å.
However, the aim of this section is to give a short overview of the possibility to substitute
different sites and to find novel superconducting compounds which exhibit higher TC
values. Since the last results show that a phase formation of CeCux Bi2 is possible and the
X-ray measurements confirm a phase-pure and textured growth the attention was turned
more on the electrical transport properties of the thin films and to see if there is a TC
in copper deficient samples. For this purpose, a copper rate scan was carried out and a
series of CeCux Bi2 samples was grown at various copper rates. The results of the resistivity
measurements for these films are shown in figure 7.36.
7.5 Substitution

99

(200) MgO
20

30

40

50

(008)

(005)

(006)

(004)

(002)

(001)

(003)

intensity (arb. units)

10

60

70

80

90

2θ (deg)

20

40

60

70

80

90

2θ (deg)

(b) 2θ − θ measurement of film grown at 405 ◦ C

(200) MgO
20

40

(008)

(005)
30

50

60

70

80

(009)

(004)

(006)

(003)
10

(002)

(001)

(007)
50

(009)

(008)

(006)
(005)

30

intensity (arb. units)

(200) MgO
(004)

(003)
10

(002)

(001)

intensity (arb. units)

(a) 2θ − θ measurement of film grown at 430 ◦ C

90

2θ (deg)

(c) 2θ − θ measurement of film grown at 390 ◦ C

Figure 7.35: a) 2θ −θ measurement of the CeCux Bi2 film grown at a deposition temperature
of 430 ◦ C, b) 415 ◦ C and c) 400 ◦ C. The X-ray data for CeCux Bi2 were compared
to reference [151].

The CeCux Bi2 films exhibit a totally different temperature behaviour of the resistivity
as the LaNix Bi2 and the CeNix Bi2 films. While the nickel ‘112’-type films mostly show a
metallic behaviour in the copper ‘112’ films grown above 0.04 Å/s an increasing resistivity
with decreasing temperature is observed. The film grown at 0.054 Å/s copper rate had a
room temperature resistivity of 564 µΩ cm and increases to a maximum value of 720 µΩ cm
at a temperature of 12 K. With further decreasing temperature the resistivity also starts to
decrease until the minimum measurement temperature of 4.2 K is reached. Down to 4.2 K
a TC onset could not be observed.
The CeCuBi2 film grown at a copper rate of 0.05 Å/s exhibit a similar resistivity behaviour.
The resistivity also increases with decreasing temperature from a room temperature resistivity of 738 µΩ cm. Below 11.5 K the resistivity decreases again and a drop like feature
can be observed. The inset of figure 7.36b shows an enlarged portion of this drop like
feature. At this point further measurements are necessary to explain the nature of this drop.
Either magnetization measurements or resistivity measurements at temperatures below
4.2 K could clarify this. Unfortunately the CeCux Bi2 films show a much more unstable
behaviour in air than it was observed for LaNix Bi2 or CeNix Bi2 films.
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Figure 7.36: Resistivity measurements of the CeCux Bi2 films grown at various copper rates.

Further reduction in copper rate lead to a totally different behaviour (figure 7.36c). The
film grown at 0.04 Å/s has a room temperature resistivity of 135 µΩ cm which is much
lower compared to the CeCux Bi2 films grown at copper rates of 0.05 Å/s and 0.054 Å/s. The
resistivity first increases slightly down to a temperature of 285 K. Below that the resistivity
become a more metallic characteristic and decreases slightly until a temperature of 160 K is
reached. At this temperature the resistivity curve has a minimum with a value of 133 µΩ cm.
A further decrease in temperature lead to an increase in resistivity down to a temperature
of ∼59 K. Here a resistivity value of 134 µΩ cm can be measured. This means overall the
resistivity stays more or less constant over the whole temperature range down to ∼60 K.
Below 60 K the resistivity starts to drop down to a value of 97 µΩ cm at 4.2 K (drop of
28%). Only a magnetization measurement could clarify this. This was not possible due
to the instability of the film in air. Another possible reason for the resistivity behaviour
observed in this film could be contact problems during the measurement. However, it was
shown that the growth of CeCux Bi2 films is also possible with MBE. The data presented
here is only a starting point for further investigation and parameter optimization. But it
could be shown, that MBE is a powerful tool for doing that.
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Figure 7.37: 2θ − θ measurements of the CeNix Sb2 films grown at various antimony rates
and growth temperatures.

7.5.2 CeNix Sb2
For a substitute on the pnictide site in the ‘112’ bismuth compounds antimony is one
possibility. The advantage of antimony over e.g. nitrogen is the possibility to evaporate
it from solid sources. This makes the procedure more straight forward. In addition, the
growth parameters are already known for LaNix Sb2 . The parameters for the first attempt
were 0.09 Å/s for cerium rate, 0.021 Å/s for nickel rate, 0.2 Å/s for the antimony rate and
a growth temperature of 445 ◦ C. One has to notice, that the evaporation characteristics
for bismuth and antimony are totally different. While bismuth melts at ∼200 ◦ C and
evaporates at ∼500◦ C, antimony sublimes from its solid state. One big challenge in
evaporating antimony is the stability of the source. To overcome the issues here and to
have more control over the deposition process, the elemental rates where set rather low
compared to the deposition of LaNix Bi2 , CeNix Bi2 and CeCux Bi2 .
Already the first attempt to grow a CeNix Sb2 film succeeded and phase formation was
observed. Figure 7.37a shows the 2θ − θ measurement of the grown CeNix Sb2 film. The
most intense peak belongs to a NiSb phase [152]. In addition the (003) reflection of the
desired CeNix Sb2 phase could be detected [153]. To support phase formation the growth
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Figure 7.38: Resistivity measurements of the CeNix Sb2 films grown at various antimony rates
and growth temperatures.
temperature was increased to a value of 480 ◦ C and the result of the 2θ − θ -scan is shown
in figure 7.37b and one could identify NiSb impurities. Beside that, the formation of the
CeNix Sb2 phase improved and additional peaks like the (002) and the (004) reflection
can be detected. Further improvement in phase formation was achieved by increasing
the growth temperature to a value of 525 ◦ C (figure 7.37d). At this temperature, the
NiSb impurity phase disappeared. Instead many reflections which can be indexed as (00l)
reflections of the CeNix Sb2 phase are observed. An increase in antimony rate did not have
an effect on phase formation (figure 7.37c).
This result shows that also the growth of an antimony ‘112’-type compound containing
cerium is possible and the resistivity behaviour is of interest. Figure 7.38 shows the results
of the resistivity measurements. There is no metallic behaviour observed for all of the
CeNix Sb2 films. Instead the resistivity increases with decreasing temperature. For none of
the films a TC onset can be observed. This is in agreement with reports on bulk samples
by Muro et al. [153]. They found LaNiSb2 to be superconducting at temperatures below
1 K. For CeNix Sb2 a similar resistivity behavior of an increasing resistivity with decreasing
temperature was found. The CeNix Sb2 films grown at a substrate temperature of 525 ◦ C
and an increased antimony rate of 0.24 Å/s exhibits a room temperature resistivity of
7.5 Substitution
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∼363 µΩ cm and a resistivity of ∼418 µΩ cm at 1.6 K. These values are in good agreement
with the resistivity values reported by Muro et al. [153]. For further investigation optimized
growth parameters are necessary and further improvement in the crystal quality has to be
done. The results presented here are a starting point for future work. Especially the growth
temperature and the influence of the nickel rate on structural and electrical properties have
to be studied in detail.
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8 Summary and Outlook
The last section of this thesis gives a brief summary of the work done during this study and
the results. Finally, a short outlook about possible future experiments is given.
The discovery of the iron based superconductors with at TC as high as 56 K led to
intense research activities all over the world. This was partly due to the reason of a different
compound to that of cuprates which shows superconductivity with relatively high TC , raising
hope of sheding light on the mechanism of superconductivity in high TC superconductors. At
the same time, this new class of superconductors contain the toxic element arsenic. The goal
of the present study discussed in this thesis is the search for new arsenic free compounds,
which could be superconducting. As it was well established from the study of cuprate
superconductors, substitution of various atomic sites in the new class of superconductors
would lead to new compounds with better properties. In the present study, a thin film
synthesis technique, namely RMBE, was chosen.
First of all the deposition of a ‘1111’-type LaNiBiO1−x compound was tried. Starting from
results gained during a previous study, the focus of parameter optimization was put towards
the oxidation conditions. However, even with the lowest oxidation conditions possible in the
current MBE set up at Darmstadt University of Technology (0.17 sccm molecular oxygen)
only polycrystalline films of low quality with considerable amount of La2 O3 impurities could
be fabricated. The films exhibit a TC onset of 5 K which is higher than reported in bulk
values [127], but no TC zero was observed down to 4.2 K.
Since the oxidation conditions could not be lowered any further in the MBE set up and
handling two different anions in one compound (O2− and Bi3− ) is challenging, the focus was
shifted to the thin film development of oxygen free compounds. The idea was to establish
the growth conditions for the growth of arsenic free pnictide superconductors without have
to handle two anions. Beside the ‘1111’-type compounds, there are mainly three different
types of oxygen free compounds. The most important one is the ‘122’-type and the idea was
to grow a lanthanum deficient ‘122’-type compound. As a starting point the results gained
for the growth of the ‘1111’-type compound were used. Although it was possible to grow an
epitaxial compound without any impurities after some optimization, it was clear that the
compound which was synthesized was not the intended ‘122’ compound as the XRD pattern
showed forbidden reflections. ICP-OES measurements revealed a stoichiometry of ‘112’.
The new LaNiBi2 compound was published shortly after the discovery during this work
by Mizoguchi et al. [136]. The report was about a very unstable compound in ambient
atmosphere with impurity phases and a TC zero of 3.9 K. The crystal structure is the same
P4/nmm structure as for the ‘1111’ compounds. Peculiar in this novel compound is the
presence of two different bismuth ions: Bi3− in the NiBi plane and Bi1− in a bismuth square
net structure in the (001) layer of the unit cell.
During this work it was possible to optimize the deposition parameters to grow impurity
free superconducting high quality thin films of LaNix Bi2 on MgO single crystal substrates.
To best of our knowledge, this was the first report of high quality pnictide thin films without
any impurity phases. For the optimization, temperature scans as well as composition tuning
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were performed. Phase formation only was observed in a small growth temperature window
between 390 ◦ C and 450 ◦ C. Above and below no phase formation was detected in 2θ − θ
scans. At the optimum parameters a TC zero of 3.95 K was observed. With varying the
nickel rate TC decreases on both sides of the optimum rate. The films exhibit poor metallic
electrical behaviour. With a FWHM of the rocking curve of 0.06◦ the best films exhibit
an excellent crystal quality. Laue oscillations observed in the 2θ − θ scans confirmed the
good film quality. However, it was found that the films grow 45◦ rotated with respect to
the MgO substrate. The reason for that is not yet clear and needs further investigation.
One possible reason could be an atomic rearrangement so that the negatively charged ions
of the film compound (bismuth) and the substrate (oxygen) avoid each other. Although
the crystal quality of the films is very good, the films used to decompose when stored in
ambient atmosphere within 1—2 days. When kept in humidity of around 60% the films
decompose within a few hours. This is in contrast to the reported case of bulk synthesis
by Mizoguchi et al. [136], where the samples directly decompose when exposed to the
ambient atmosphere.
After the optimum parameters were found the power of the MBE technique could be
demonstrated by substituting lanthanum by cerium. The CeNix Bi2 films exhibit a slightly
higher TC zero of 4.05 K. Besides that, the films are very similar to the LaNix Bi2 films in
growth behaviour, crystal quality and stability in ambient atmosphere. Only the bismuth
rate to grow the CeNix Bi2 films is more than twice as high as the rate needed for the
LaNix Bi2 compound. Other than that the compounds are almost the same, even the 45◦
rotated growth on MgO was observed for these films.
After the optimum growth parameters for LaNix Bi2 and CeNix Bi2 compounds were found,
other substitution experiments were performed. It could be shown that it is possible to
substitute bismuth by antimony and nickel by copper. Here only first attempts were done
and a phase formation was observed. Further optimization is necessary to study these
compounds, as well.
This would be a good starting point for future experiments. While for the established
compounds LaNix Bi2 and CeNix Bi2 the question of film rotation has to be clarified, for
the other mentioned compounds the whole parameter optimization has to be done. For
the future, one could also think about a substitution of bismuth by nitrogen and nickel by
other transition metals such as iron, cobalt, palladium and so on. In addition, it would be
interesting to measure important values such as HC and JC for the ‘112’-compounds. The
mechanism of superconductivity is also not clear. It was reported that superconductivity,
other than in the iron based superconductors, occurs in the bismuth square net and not in
the NiBi layer [136]. High quality thin films could help to clarify this issue.
Recent publications report on superconductivity at 43 k in Ca1−x REx FeAs2 (RE = La to
Gd) [154, 155]. Only Ce does not show a superconducting transition. All of these ‘112’
compounds have the P4/nmm crystal structure. Thus, it is possible to grow high quality
thin films of this newly discovered compounds with rather high TC using the parameters
optimized and presented in this thesis.
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