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Introduction

In 1983, De Groot et al. [1] predicted the existence of a new kind of materials. The
band structure calculations performed by De Groot et al. for the Heusler alloy
NiMnSb showed a new and interesting feature. In the density of states for this
compound, a gap at Ep for the minority electrons is observed. NiMnSb behaves
as a metal for one spin direction while for the other it is a semiconductor. This
new kind of materials received the name half metals.

This discovery triggered a major research effort in order to understand the
properties of the half metals and confirm the theoretical predictions experimen-
tally. Later on, half metallic character was predicted for a large number of sys-
tems such as many other Heusler compounds as for instance Co,CrAl [56, 58]
or CosMnSi [53], some oxides like CrOs [2] and some double Perovskites like
SroFeMoOg [3].

As a direct consequence of the electronic structure at the Fermi level, a current
flowing in a half metallic material is fully spin polarised. This property is of
enormous interest in the fast developing field of spintronics®. In spintronic devices
such as spin valves, widely used nowadays as read heads for hard disks or in
general as magnetic sensors, the size of the magnetoresistive effect increases with
the spin polarisation of the current.

An alternative kind of spintronic devices are magnetic tunneling junctions
(MTJ’s). A MTJ consists basically in two ferromagnetic films acting as electrodes
separated by a thin insulating barrier layer with typical thicknesses of a few
nanometers. The barrier material is typically an oxide. A tunnel current can
flow through the device resulting in a huge magnetoresistive effect depending
on the relative orientation of the magnetization of the ferromagnetic electrodes.
This effect, called tunneling magnetoresistance (TMR), increases with the spin

polarisation of the tunneling current as well. In the simple model of Julliere,

' Also called spinelectronics or magnetoelectronics.
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the magnitude of the TMR effect is directly related to the spin polarisation of
the ferromagnetic electrodes. Though the pioneering experiments of Julliere were
already reported in the 1970’s, the lack of reliability and reproducibility in the
preparation of MTJ’s stacks with conventional ferromagnetic electrodes like CoFe
slowed the development in this field until the 1990’s. New deposition techniques
evolved allowing the until today constant increase of the TMR ratios with the
time.

Nowadays, the size of the magnetoresistive effect in MTJ’s is one or two
orders of magnitude larger than for spin valves. For this reason, TMR elements
have been postulated as a successor of spin valves. However, the larger resistance
values for MTJ’s stacks compared to spin valves has limited its introduction in the
field of hard disk read heads due to incompatibilities with the current technology.
Nevertheless, the recent introduction of the first TMR-based read heads indicate
that these problems have been solved [29, 30].

Notwithstanding with the previous considerations, an alternative and even
more promising application possibility for MTJ’s is feasible. Systems consisting
of arrays of TMR elements can be used as recording media. These systems
form non-volatile magnetic RAM memories (MRAM). With write/read speeds
comparable (or better) to some of the currently used RAM memories and with
lower power consumption ans non-volatility, this technology is very promising
and created great research and development efforts in industry.

For all these potential applications to become true, a large TMR ratio is re-
quired for a single MTJ elements. Therefore, the scientific and industrial interest
in materials with high spin polarisation and specifically in half-metals is justified.

This work is focused on the study of the properties of thin films of the theoret-
ically predicted half metal Co,CrggFeg4Al and their implementation in tunneling
junctions. Amorphous Al;O3 is used as a barrier material of all the junctions in
this thesis. Recently, higher TMR ratios with ordered MgO barrier have been
achieved in MTJ’s with conventional [11, 12, 13, 14] and half metallic electrodes
[15, 16]. However, due to the presence of coherent tunneling effects in ordered
barriers, the TMR values can not be correlated to the spin polarisation of the elec-
trodes. Therefore, MgO barriers can not be used to prove high spin polarisation
of the electrodes.

The effect of the different substrates and metallic buffer layers on the crys-
talline and magnetic properties of the films is discussed. The influence of different

deposition parameters such as substrate, annealing conditions, barrier thickness
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and oxidation time are discussed as well.

Tunneling is very sensitive to the interfaces electrode/barrier. Therefore the
surface crystalline quality of the films and its morphology play a crucial role
for the measured TMR. In consequence, the surface crystalline properties were
studied with Reflection High Energy Electron Diffraction (RHEED) and Low
Energy Diffraction (LEED) systems and the surface topology was measured with
in-situ scanning tunneling microscopy (STM). Correlations between the surface
properties and TMR ratios are discussed.

Chapter 1 gives a theoretical introduction in the various phenomena presented
in tunneling junctions with emphasis on the differences between ordered and
amorphous barriers and the role of the interfaces. Potential applications of MTJ’s
are discussed as well.

Chapter 2 is a short introduction to the physical origin of the half metal-
lic gap in Heusler alloys. The effect of the different kinds of atomic disorder
in CoyCrggFeg4Al on the spin polarisation are considered. A discussion about
possible influences of the surface on the half metallic character is conducted.

Chapter 3 describes the deposition system and techniques as well as patterning
of tunnel structures (MESAs).

Chapter 4 shows the results concerning the crystalline, magnetic and transport
properties of the CoyCrg gFeg 4Al films with a section corresponding to the surface
properties.

In Chapter 5 the results concerning TMR ratios of MTJ’s are presented and
correlations between surface properties and TMR are discussed.

Chapter 6 present the spectroscopic measurements performed on the junctions

of this work and their interpretation.
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Chapter 1

Theoretical background of the

tunneling magnetoresistance

A magnetic tunneling junction (MTJ) consists in two ferromagnetic thin films
separated by a thin (~1-3 nm) insulating barrier, typically an oxide. Due to
the tunnel effect, a current can flow from one ferromagnet (FM) to the other if
a voltage is applied. The measured resistance of the junction depends on the
relative orientation of the magnetization of the electrodes as first observed by
Julliere [4]. The change of the resistance depends on the spin polarisation (SP)
of the tunneling current. In this chapter, the relation between the SP of the

tunneling current and the SP of the ferromagnetic electrodes is discussed.

1.1 Interfaces and barrier influence

1.1.1 Diffusive and coherent regime

In order to describe the behavior of a MTJ, the crystalline order of the barrier is
of major importance. Nowadays, Al,O3 and MgO are the most often used barrier
materials. Al,Ojs barriers are always amorphous while with MgO it is possible
to deposit singlecrystalline barriers. In both cases the electronic states of the
electrodes are able to penetrate into the barrier as evanescent states, the so-called
metal induced gap states (MIGS’s). The wave vector of the MIGS’s has a complex
part and they build complex bands in the insulator [5, 6]. We can separate the
wave vector in two parts, k| includes the components k, and k, parallel to the

FM /barrier interface, k. is the component perpendicular or transversal. The k|

bt
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Barrier thickness 20 a.u.

conductance

kx . 0 -0.4

Barrier thickness 90 a.u.
conductance

Figure 1.1: Calculations from [8] of the kj-dependent conductance of the minority channel of
two MTJ’s with ordered ZnSe barrier with different thicknesses. Here, only the results for the

parallel configuration are shown.

components are real numbers while k, is a complex number, thus k,=q+ix where
k is the attenuation length of the evanescent wave in the barrier. In the case of a
perfectly ordered barrier and smooth interface we can assume that kj is conserved
by tunneling (specular approximation). It is clear that the MIGS’s with a larger
v decay faster in the barrier regions and the tunneling current is dominated by
a few states with the smallest x and energies near Er. In the limit of very thick
barriers only the state with the smallest decay parameter k,,;, contributes to the

tunneling current.

Intuitively, the states with the smallest decay parameters should be the ones
around k;=0. However, symmetry matching considerations between the elec-
tronic bands of the electrodes and of the electrodes and the complex bands in the
insulator result in new effects. One of them is the formation of resonant interface
states or hot spots [7, 8, 9], for certain kj values different than zero there is a
very small attenuation. These hot spots appear mainly in the minority channel
and dominate the conductance in this channel for all intermediate thicknesses.
The upper plot in fig. 1.1 show the presence of resonant states as peaks in the

kj-dependent conductance . Only at the limit of very large barrier thickness
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the conductance for large k| is suppressed and only the values near k=0 are
important, as shown in the bottom plot in fig. 1.1.

All the previous considerations show that a detailed knowledge of r(k)),
i.e.band structure at the interface, is necessary to understand MTJ’s with epi-
taxial barriers. In the case of amorphous barriers like Al;O3 , the presence of
disorder at the boundary electrode/barrier generates a diffusive scattering that
mixes all the incoming electronic states with the same energy. Details in the con-
ductance plots as seen in fig. 1.1 are blurred out. It must be pointed out that this
diffusive elastic scattering keeps the total density of states invariant since this is
a property summed over states in some energy interval dE. Scattering processes

leading to energy changes or spin flips are not included in these considerations.

1.1.2 Relation between SP of the tunneling current and
SP of electrodes. Validity of Julliere model

Following the Julliere model [4], the TMR ratio is related to the spin polarisation

of the electrodes, P,. In the optimistic definition:

AR 2P, P

=2 (1.1)
Rp 1—-PPF
The model assumes that the spin is conserved during the tunneling process

TMR =

and that the tunneling probability is proportional to the density of states of the
electrodes. The barrier is treated only as a passive element with no influence in
the SP of the tunneling current. In this model, the SP of the tunneling current
is directly related to the SP of the electrodes.

The Julliere model is not able to explain certain properties of the MTJ’s such
as the temperature and bias voltage dependence of the TMR ratio but it is widely
used to correlate measured TMR ratios with spin polarisation. All junctions
with Al,O3 barrier provide consistent Julliere values for the SP. Furthermore
the values of the SP provided by the model are in concordance with the SP
measurements using ferromagnet /insulator/superconductor tunneling junctions
(Meservey-Tedrow contacts). Theoretical support for the validity of the model
was given by Tsymbal and Pettifor [10], who made calculations for very disordered
barriers which show that the TMR is in agreement with Julliere’s formula.

For epitaxial smooth barriers, other kinds of consideration are necessary.
In the last few years, very high TMR ratios have been reported for fully epi-

taxial MTJ’s with MgO barriers using conventional ferromagnets. Values at
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=

Energy [eV]

Figure 1.2: Left: Band structure of Fe from [17] along k.. Black lines represent majority-spin
bands and gray lines the minority ones. Right: Central panel shows the real bands for the insu-
lator MgO, right and left panel show the E(x) complex bands for Re(k,)=0 and Re(k,)=27/a.
Numbers represent the symmetries in the group of rotations around the (001)-A direction which
is Cy, for Fe and Cyy, for MgO.

room temperature as high as 180% for Fe/MgO/Fe [11, 12], 120 to 220% for
CoFe/MgO/CoFe [13] or 230% for CoFeB/MgO/CoFeB [14] have been measured.
The Julliere model applied to these systems produces very high SP values, for
instance, for the CoFe/MgO/CoFe the concluded SP is 85%. This value does not
correspond to the bulk DOS of CoFe, but to the effective SP of the tunneling
current, i.e. to the SP of the states with high transmission probability.

To understand these high TMR values we have to go back to the description
of the tunnel conductance in term of MIGS’s and complex electronic bands. In
the left plot of fig. 1.2 the band structure for Fe is shown [17]. On the left the the
real and complex bands of MgO for k=0 are shown [7]. The central panel of the
right plot shows the real bands, the left and right panel show the complex bands
for Re(k,)=0 and Re(k,)=27/a, respectively. As it can be seen in this figure,

in the complex band structure of MgO there are three bands that intersect the
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Fermi level, with symmetries Ay, As and Ay. It is clear that the band with
smaller decay parameter x is the small A; loop that connects both real bands
above and below the gap'. This band has the lowest attenuation and dominates
the tunneling current for thick barriers.

Let us now consider the band structure of Fe. The first case is the parallel
alignment of the magnetization of both electrodes. The majority A; band of Fe
couples with the complex A; band in MgO and matches the same band of the
other electrode.. All the other possible majority states and the minority bands
couple only with complex bands like A5 which decay much faster.

If the magnetization of the second electrode is now reversed, the junction is in
the antiparallel configuration. Now all the majority A; bandsof the first electrode
face bands of incompatible symmetry Ay and Aj in the second one and the
electrons are blocked in the second interface. The transmission probability in now
much smaller than in the parallel alignment case. As a result, the conductivity
is much smaller in the antiparallel configuration and the TMR ratio is increased.

Thus, the presence of a highly ordered barrier generates a spin filtering effect
since only some electronic band are selected to take part in the tunneling process.
The spin polarisation of the tunneling current in completely ordered systems does
not reflect the total spin polarisation of the DOS of the ferromagnet. In order to
measure the interface SP of a ferromagnetic material with a MTJ an amorphous

barrier like Al;Oj3 is the only possible choice.

1.1.3 Interfaces

The first atomic layers adjacent to the barrier play a crucial role for the value
of the TMR ratio of a MTJ. Already in 1975, first experiments of Meservey and
Tedrow using ultrathin ferromagnetic electrodes showed that only a few atomic
layers are needed to achieve a full SP [18]. Additional experiments introduc-
ing very thin dusting layers between the ferromagnet and the barrier have given
further insight in the importance of the first layers at the interface. These ex-
periments show that the TMR ratio falls exponentially with the thickness of the

dusting layer for the first atomic layers. However, the decay for additional dust-

!The band structure plotted in fig. 1.2 is valid only for the k=0 case. To see if this loop
really corresponds to K.,;, we have to scan all the other k” vectors in order to prove if this is
really the absolute minimum. For MgO barriers this is the case [7], but there is no reason to

be the same in other materials.
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ing layers with larger thickness is much slower [19, 20, 21]. Early calculations
by Appelbaum and Brinkman [22] showed that the characteristic length of the
exponential decay should be of the order of k' at the interface. This is in good
agreement with some experimental observations [21, 23] but the decay may be
faster in other systems.

All these tests confirm the importance of the first monolayers at the electro-
de/barrier interface. In this context, the adequate oxidation conditions of the
barrier are of major significance. An overoxidation of the barrier may lead to the
oxidation of the first atomic layers of the electrode resulting in a reduction of the
TMR ratio. Additionally, the degree of crystallographic order of the last atomic
layers has a great influence on the TMR and the use of surface sensitive analysis
devices like RHEED or LEED are required.

1.2 Spectroscopy

a) b)

[ R
0 (pk
| V=0 |

Figure 1.3: Simple model of a tunneling barrier. Left: No bias voltage applied. Right: A bias
voltage V is applied. The Fermi energy is shifted by eV.

The resistance of a tunneling junction has a non ohmic behaviour. In general
the I(V) curve has terms of second and third order in V. Commonly, the differ-
ential conductivity dI/dV is measured since the current lock-in technique allows
a very sensitive and low-noise determination of this magnitude.

Simmons developed a model [24] to explain the dI/dV(Vy,.s) curve using a
trapezoidal shape for the potential barrier. The model assumes a symmetric

barrier as shown in fig. 1.3a. The current flowing from one electrode to the other
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decreases exponentially with the barrier heigth . The total net current is the
sum of two currents flowing in opposite directions. When a bias voltage is applied,
the barrier potential is deformed (fig. 1.3b). By calculating the total current for

a given bias voltage Simmons arrived to the following expression (see also [26]):

dl/dv (V) 9

— = =143V 1.2

arjavioy -7 (12)
where v &~ %52 when S and ¢ are given in Angstrom and Volt, respectively.

Further considerations by Brinkman et al. [25] included the possibility of
asymmetrical barriers. This is a most realistic description, especially when the
barrier is formed by the oxidation of a previously deposited metallic film. Ad-
ditionally, the presence of different electrodes on both sides of the barrier may
also result in an asymmetrical shape of the barrier potential even for the case of
a direct deposition of an oxide barrier.

The bias voltage dependence of the differential conductivity in the Brinkman’s

model takes the following form:

drjav(v) Aoy 0 A2 )
ajavo) <16¢3/2 Vi, ) V) (1.3)
with Ay = 4(2m)"/25/3h and dI/dV(0)=3.16 - 10 22 exp(—1.025 S5/2).

The value of the conductance for zero bias is the same as given in the Simmons

model. The v parameter of the Simmons model is related with Ag:

_ 34
1280

It is important to note that the parameters S and ¢ are related to the potential

v (1.4)

barrier and not to the width of the physical barrier. Both models are not valid for
very high voltages (eV > ). Furthermore, the validity may be even more limited

by heating effects due to the current generated at medium voltages already.

1.3 Applications of magnetic tunneling

junctions.

One of the first conceived applications for MTJ’s was as a substitution of the GMR
sensors (spin valves) in read heads for hard discs. Unfortunately, the resistance

of the junction and the capacitance of the read head combine to form a low-pass
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filter, resulting in a limit for the reading rate. A low resistance surface product
RS ? is needed to avoid this problem. Additional noise considerations reduce
the upper limit for RS to 4 Qum?. This low RS product must be achieved while
keeping the TMR ratio over 20%. The obvious strategy of using ultrathin barriers
to reduce the RS product may lead easily to an oxidation of the bottom electrode.
Furthermore, the probability of defects in very thin barriers is very high which
reduces reproducibility. Other techniques as two-step oxidation [27, 28] or new
barrier materials with low band gap have been also studied.

In the last few years great progress concerning the reduction of the RS product
while keeping a high TMR ratio was achieved. Kobayashi and Akimoto [29] from
Fujitsu Laboratories reported recently TMR read heads with alumina barrier with
a RS product of 4 Qum? and a TMR ratio of 25% suitable for recording densities
up to 100 Gbit/in? . With MgO barrier the read head TMR ratio achieves 40-50%
for RS = 2-3 Qum? for 200 Gbit/in? densities.

The development of TMR devices for HDD read heads applications has be-
come mature enough to go to market. In 2005 first Seagate introduced a 400 Gb
hard disc drives with a TMR read head device. They were followed by Samsung
and Toshiba [30].

Figure 1.4: Simple scheme of a MRAM array. In order to write a bit in a certain MTJ
(in red), currents (in blue) are sent through two different pads. The addition of the resulting

magnetic fields rotates the free layer of the junction.

An alternative and also very promissory application of MTJ’s is the con-

20r resistance-area product RA.
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Parameter SRAM | DRAM | FLASH | MRAM
Cell Area 3.7 um? | 0.56 pm? | 0.5 um? | 0.7-1.4 pm?
Read access 3.3 ns 13 ns 13 ns 5-20 ns
Write cycle 3.4 ns 20 ns D s 5-20 ns
Data retention power yes yes no no
Read power per bit 15 pC 7 pC 30 pC 7 pC
Write power per bit 15 pC 7 pC 30 nC 45 pC

Table 1.1: Comparison of different memory parameters of MRAM. Adapted from [36].

struction of magnetic random access memories (MRAM). In this case an array
of MTJ’s is built. Each single junction can store a bit since the two possible
magnetic states (parallel and antiparallel) can codify a logic "0’ or '1’.

In fig. 1.4 we can see a simple scheme of such an array. One of the FM layers
is pinned with an antiferromagnet. If currents are sent through two conductor
paths, the combined magnetic field generated by these currents rotates the mag-
netization of the free layer. Another current can be sent through a junction to
measure in which state it is. However, there are interferences produced by leak-
ing currents through neighboring M'TJ’s. A transistor can be connected to each
MTJ to eliminate this problem at a cost of a smaller storage density, but other
strategies are possible as well (see [32]).

With reduced MTJ size, larger fields are needed to rotate the pinned layer and
it becomes unpracticable to send the necessary currents through the conductor
paths. For this reason, great efforts are endeavored studying the current induced
switching or spin torque [33, 34, 35].

One on the main features of a MRAM memory lays in its non-volatility. Since
no refreshing is needed, the power consumption can be reduced in comparison
with DRAM or SRAM memories 3. This feature becomes of high importance in
mobile devices where the total available energy is limited by the battery.

In Table 1.1 a comparison between some parameters of different available
memory systems is shown. For each kind of memory, the parameters in which
MRAM has a clear advantage are marked with a grey shadow. A non-volatile

memory (FLASH) has already been present in the market for some years. The

3Technically speaking, SRAM does not need refreshing. But a standby voltage is required

which generates power loses.
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Figure 1.5: Realization of a AND and a OR gate with a MTJ. The magnetization of the
bottom layer (M2) is pinned.

main drawback of FLASH is the very large write time and power. Since price
and cell size of MRAM is similar to FLASH (and therefore packing density)
MRAM may substitute FLASH in the future. MRAM can not compete with the
high speed of SRAM memories or with the high densities achieved by DRAM
systems but it can substite SRAM in battery-dependent devices where power

saving considerations can compensate speed reduction.

However, some important issues remain to be solved. Since the resistance of
a tunnel element depends exponentially on the barrier thickness, a very high uni-
formity is required in order to have a small resistance distribution. An increased
TMR ratio as provided by high SP materials would be very helpful here. Similar
problems are present with the coercive fields of the free layers. Nevertheless, re-
cent reports show that these complications can be neutralized. In 2006, Freescale
started the marketing of a 4 Mbit MRAM chip [39] and NEC and its partner
Toshiba announced a 16 Mbit chip with 34 ns cycle time [37]. Up to now, this is
still the fastest time for a MRAM chip. A review of different array schemes and

reading and writing strategies can be found in [38].

Arrays of MTJ’s may also have alternative uses. It has been proposed to
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use them as programmable logic gate arrays or morphware [40, 41]. Again, two
currents (inputs) are needed to rotate the magnetization of the free layer. The end
state of the junction is the output bit. Fig. 1.5 shows how a logic AND or OR can
be realized with a single MTJ depending on the initial magnetic configuration.
The NAND(NOR) gates can be realized by reversing the direction of the current
for the OR(AND) gates, by rotating the magnetization of the pinned layer or
by bringing the junction to a state with negative TMR*. XOR can be built with
2 MTJ’s and a full-adder with 3. The main advantage is the high flexibility
achievable by re-programming of the gates. Additionally, no clock is needed and
parallel processing is possible. The re-programming is as fast as the gate itself,
that means as low as 5-20 ns. The future of programmable logic with MTJ’S is
tied to MRAM memories since both will confront the same problems.

Further applications of MTJ’s are as biosensor [42] and as magnetic sensor in

general.

4In the negative TMR the resistance is smaller for the antiparallel configuration
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Chapter 2

Half metallic Heusler compounds

2.1 General considerations

A half metal is a material whose band structure is metallic for one spin direction
while for the other direction there is a gap in the density of states (DOS) at
the Fermi level. Thus, a half metal has 100 % spin polarisation at Ep. The
implementation of such a material in a MTJ would result in a huge increase in
the TMR ratio.

Full-Heusler compounds are intermetallic alloys with the general formula X, Y7
and a L2; structure, as shown in fig. 2.1, left. Z is normally a main group ele-
ment while X and Y are transition metals. The L2; structure is composed by
four interpenetrating fcc lattices. The two lattices of the X atoms combine to a
single cubic lattice. Half-Heusler compounds have the formula XYZ. The struc-
ture can be obtained from the L2, by substituting the X at (3/4, 3/4, 3/4) in
Wyckoft coordinates by void. For this family, the structure is formed by 3 fcc
interpenetrating lattices.

Many compounds from both Heusler families have been predicted to be ferro-
magnetic half metals. In the last years big efforts in research have been directed
to implement these alloys in MTJ’s to obtain the predicted large TMR. For Al,O3
barriers, the highest reported TMR in a MTJ with a single full-Heusler alloy elec-
trode is 159% at 2 K for Co,MnSi [43, 44]. For the same compound, nearly 100%
TMR values have been reported by other groups [45, 46]. Similar results have
been achieved for CosFeAl 551y 5 based MTJ’s [47]. For other compounds, more
modest results can be found in the literature, for Co,FeSi and CosFeAl TMR val-
ues of 67.5% [48] and 50% [49], respectively, are reported. All these experiments

17
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Figure 2.1: Left: 12; structure for a full-Heusler alloy. It consists in four interpenetrating
fce lattices. For the X atoms this results in a single cubic cell. Right: B2 structure, with a

complete mixing between Y and Z atoms.

used CoFe as counter electrode. For half-Heusler alloys the development is much
slower. Only for NiMnSb TMR values of 8.1% [50] at 4K with CoFe electrodes
and 19.5% [51] at 4K with NiFe electrodes are published. Additionally, junctions
using Co,MnSi as bottom and top electrode show a TMR as high as 570% which
is, until now, the highest value for a MTJ with amorphous barrier [52].

2.1.1 Origin of the gap in Heusler alloys

The gap in the minority DOS in Heusler compounds results from the hybridization
of d-states of the transition metals with other transition atoms. The details differ
for the case of half- and full-Heusler alloys.

Let us consider the compound NiMnSb as an example for the half-Heusler

case. The situation is shown in fig. 2.2a. The strong hybridization between the
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Figure 2.2: Schematic representation of the hybridization of states resulting in a gap in the
minority DOS in half-(a) and full-Heusler alloys (b,c), from [53]. The notation d1, d2, d3 states
for dy, dy, and d., tog orbitals while d4 and d5 correspond to the d,» and d,2_,> e, orbitals.

The number before each orbital denotes the degeneracy.

d-states of Ni and Mn generates bonding and antibonding states separated by an
energy gap. The sp-states from Sb lay energetically deeper and do not influence
the DOS at the Fermi level. It must be pointed out that the hybridization by
itself is always able to generate a gap in the minority DOS! but in order to
have a half-metal Er must lay in the gap. In this sense the Sb contribution is
important. Calculations show that the substitution of Sb by another sp-element
can shift Er out of the gap [54]. Furthermore, the sp-elements play an important
role by giving stability to the crystalline structure and by providing deeper lying
sp-bands to accommodate electrons.

In the case of the full-Heusler family let us focuse only on the alloys containing
Co. The situation is shown in fig. 2.2b,c for the case of CooMnZ compounds. Now
the Co atoms are closer to each other than in the case of a half-Heusler alloys and
the hybridization between them is very important although they are only second
nearest neighbours. The states resulting from the Co-Co interaction hybridize

'In principle, the hybridization of the states would also open a gap in the majority channel.
However, as pointed out by Galanakis [53], this is energetically unfavorable because Er would
lay in the middle of an antibonding band and the Mn atom would form a magnetic moment

with the consequent exchange energy gain. Therefore, Mn d bands are shifted and join the Ni

ones to form a common band.
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Figure 2.3: Calculation of the band structure for CooCrAl (from [58]). The upper (lower)
part show the DOS for majority (minority) electrons. The gap in the minority channel results

in a full polarisation at E.

with the Mn states and the gap appears in the minority DOS. The role played by
the sp-elements is the same as in the half-heusler case. It must be noticed that

the size of the gap is determined now by the Co-Co interaction.

2.2 COQCI‘AI and COQCI‘0_6F60_4A1

Band structure calculations [55, 56, 57, 58] predict a half metallic character for
CosCrAl. In fig. 2.3 the DOS for this compound is plotted, showing a gap for
the minority spin channel. Crystalline and magnetic properties of bulk sam-
ples were already measured in 1981 by Buschow and Engen [59], they observed
that CooCrAl crystallizes in the L2; structure. The Curie temperature for this
compound in relatively low, 334K, which reduces the possibility of potential ap-
plication.

T can be increased by doping with Fe atoms. Since for CooCrAl and CosFeAl
the lattice constant differs only by ~0.1%, in principle it is possible to tune the
electronic and magnetic properties without changing the lattice parameters. With
the inclusion of Fe, a family of compounds Co,Cr;_,Fe, Al can be realized and the
most convenient doping concentration must be found. Calculations show that the
gap closes and the spin polarisation decreases with increasing Fe content [57, 60].

The alloy Co,CrggFeg4Al has attracted interest especially since the observa-
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Figure 2.4: Calculation of the spin polarisation of CoaCrAl (from [60]) versus Fe content for
both L2 and B2 structures.

tion of a high magnetoresistance of 30% at room temperature for compressed
powder samples [61]. The effect was observed in a small magnetic field of 0.1
T. The authors tentatively explained it as a spin polarized tunneling through
grain boundaries in the sample. However, the high observed anisotropy of the
effect is not compatible with polarized tunneling and alternative explanations are
possible. Recently, new measurements from the same group on compact powder
mixtures of CoyCrggFeg4Al -Al;O3 showed larger magnetoresistances up to 88%
[62] at room temperature. SEM investigations show an intergranular distance of
50nm, which rules out the tunneling hypothesis.

There are additional reasons to choose x= 0.4 as an optimal doping concen-
tration. The Fe content in CoyCrggFeg4Al increases the Curie temperature well
above T00K. The dependence of the calculated spin polarisation on the Fe dop-
ing is most important reason. As seen in the calculations by Miura et al. [60]
(fig. 2.4), for the 1.2y structure the spin polarisation stays very high until x = 0.4

where it starts to decrease faster.

2.2.1 Disorder effects

Unfortunately, the L2; structure is not the most stable for CoyCrg ¢Feq4Al . This
compound tends to grow in the B2 structure because the formation enthalpy for
the non magnetic state is favorable to the B2 [60]. This structure represents
a complete disorder between the CrFe and the Al positions (fig. 2.1, right). In
fig. 2.4 we can see that the SP for B2 in smaller than for 1.2, but the values are

still well above (~ 80%) the ones of conventional ferromagnets. The CrFe-Al
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disorder has, thus, only a small effect on the spin polarisation.

Concerning the spin polarisarion (SP), the presence of disorder on the Co-Cr
positions is much more disadvantageous. A disorder level of 20% would reduce
the SP below 40% [60]. This kind of disorder is extremely difficult to quantify
via x-ray diffraction because the scattering form factors for Co and Cr are very
similar. Since Cr atoms in Co position would couple antiferromagnetically with
the cobalt atoms or with themselves, a reduction in the total magnetic moment
is expected. An analysis of the magnetic moments of the samples could help to

estimate the degree of disorder.

2.2.2 Spin-orbit interaction and SP

In most of the early band structure calculations for half-metals the effect of the
spin-orbit interaction was neglected. However, as pointed out by Mavropoulos
et al. [63, 64], since the spin-orbit interaction couples the majority and minority
states a true half-metallic gap can not exist. There is always a non-vanishing
DOS in the gap which is a weak reflection of the DOS of the majority band. As
a consequence a 100% spin polarisation can not exist even for perfectly ordered
samples.

It must be noted that even taking into account the spin-orbit interaction
the SP at the Fermi edge can still be very high. For instance, following again
Mavropoulos, the introduction of the spin-orbit interaction in NiMnSb calcula-
tions reduces the SP at Ep from 100% to 99%. For other systems the reduction
can be stronger, for instance, for the zinc-blende MnBi the SP falls to 77%. In the
family of full Heusler alloys, for CosFeSi the SP reduces to 95% when spin-orbit
interaction is included in the calculations [65]. In general, compounds with heav-
ier elements, which generate stronger spin-orbit scattering, would have smaller
SP.

In this context, it becomes also important how deep the Fermi level lies in the
gap. The majority states near the gap edges suffer higher spin flips scattering
than the states situated in the inner part of the gap.

Experimental confirmation of the effect of the spin-orbit interaction on the
gap has been obtained with polarized neutron diffraction experiments. The data
on Coo,MnSi and other full-Heusler alloys can only be explained assuming a small
DOS in the gap [66].

Recently, calculations for CosCrAl and CoyCrggFeq4Al including spin-orbit
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Figure 2.5: Calculation of the band structure for CoaCrggFeg4Al (from [67]). The upper

(lower) part show the DOS for majority (minority) electrons.

interaction have been published [67]. A non-vanishing density of states is vis-
ible in the minority gap of CoyCrggFeqsAl (see fig.2.5). Unfortunately, these
calculations are valid only for the L2; structure. A calculation of the combined
effects of B2 type disorder and spin-orbit scattering on the spin polarisation of

Co9CrggFeg4Al is still missing.

2.2.3 Is the surface/interface also half-metallic?

As already commented in Chapter 1, tunneling is interface sensitive. As a con-
sequence, knowing if the prediction of half-metallicity in the bulk is also valid at
the surface becomes of critical importance.

Even in the case of perfectly ordered surfaces with the same stoichiometry
as the bulk, the prediction of half-metallicity may not be valid for the very last
atomic layers. For CoyCrAl it is possible to think is two scenarios: Co-terminated
surfaces and CrAl-terminated surfaces.

For Co-terminated surfaces, Galanakis [68] argues that the low coordination

number of the Co atoms at the surface would result in a smaller hybridization of
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the minority bands with the Cr atoms. As a result, the minority bands move to
higher energies and Ep is at the edge of a peak of Co minority states. The SP
would differ strongly from the bulk value.

The situation is not so pessimistic for CrAl-terminated surfaces. The gap is
preserved for this surface and a relatively high SP could be achieved. Galanakis
calculates a SP of 78% for the last atomic layer, this value increases to 84% when
also the subsurface layer is included.

For real samples, disorder and segregation effects at the surfaces would play
a very important role. The relatively poor TMR values for NiMnSb may be
explained by Mn and Sb segregation on the surface and in regions near the surface
(69, 70, 71]. Such segregation effects have been also observed in full-Heusler
compounds [72].

Additional complications appear if localized interface states are present in the
MTJ. The problem arises when these states are in the minority channel. They
can be filled or emptied from the minority bands of the electrode via inelas-
tic scattering (electron-phonon, electron-magnon or electron-electron processes).
They are also coupled to the majority band via spin-flips processes generated by
the spin-orbit interaction. Since all these processes occur very fast in compari-
son with the tunnel process itself, the interface states act as electron reservoirs
with large influence on the junction conductivity in both parallel and antiparallel

configuration and consequently also on the TMR ratio [73].

2.2.4 Temperature dependence of the SP in half-metals

Even for compounds like CoyCrggFeg4Al with T above 700K, a priori it is not
possible to assure that the high SP will be present also at room temperature.
Normally, it is assumed that the temperature dependence of the spin polarisa-
tion for HM will be the same that the magnetization, P(T)ocM(T)/M(0) [74].
However, the relation between P and M may be different and the study of this
dependence is not straightforward.

For conventional ferromagnets, as long as we consider temperatures well be-
low T¢, the only expected change in the electronic properties is a smearing of
the occupied states distribution from the one at 0K. This behaviour cannot be
extrapolated to half metallic ferromagnets. At the beginning of this chapter, the
crucial importance of the d-d hybridization for the formation of the gap was men-

tioned. As pointed out by Lezai¢ et al., the hybridization strength of the orbitals
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may change with increasing temperature producing a shift of the electronic bands
[75]. The shift of the edges of the valence and conduction bands in the gap may
contribute to destroy the half-metallicity.

Additionally, thermal fluctuations generate a certain spin disorder and non-
collinearility effects appear [75, 76]. Regions with short range spin order may have
a spin quantization axis not parallel to the global axis. Also the spin axis direction
of individual atoms may be different to the one of the local short range spin order
region. This last case is most important in many-component systems like the
Heusler alloys. In both cases, local spin-up states are projected in the global
minority channel and the spin polarisation is reduced. Thus, the consequence of
the thermal fluctuations of the magnetic moments is a mixing of both majority
and minority conduction channels.

These arguments were proved right experimentally for at least one Heusler
compound, NiMnSh. Neutron diffraction and XMCD experiments provide evi-
dence for a phase transition with vanishing of half-metallicity for this compound
around 80K [77, 78].
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Chapter 3

Preparation of the samples

3.1 Deposition system

The samples of this work were deposited in the deposition system shown in fig. 3.1.
The system is composed of several independently pumped chambers. A transfer
mechanism allows the transport of samples among the different chambers without
breaking the vacuum. The substrates are loaded in a small load-lock chamber
with a carousel with space for six samples.

The sputtering chamber is used for the deposition of CoyCrggFeq4Al , Co, Al
and Pt layers. A system of two coaxial discs with independent rotation allows the
deposition of multilayer samples with different shadow masks. Argon gas with
99.998% purity was used for the preparation of the samples in this work. The
oxidation of the Al layer to form the tunneling barrier is done in this chamber
as well. For this purpose oxygen with 99.95% purity is used. Plasma oxidation
was chosen as oxidation methode. A liquid nitrogen-cooled trap was used during
deposition to improve the base pressure of the chamber and to remove water and
oxygen as contaminants. With the trap the base pressure is in the 5-10~% mbar
range.

In the MBE chamber, Fe and Cr are deposited using electron beam evapora-
tion. These metals are used as buffer layers for the growth of CoyCrggFeq4Al.
The base pressure of this chamber is 107! mbar. The MBE chamber possesses a
RHEED and a LEED system which are used to study the crystallographic order
and morphology of the film surface.

The surface topology of the films is studied as well by in-situ STM. The base

pressure in the STM chamber is 10~ mbar. In order to keep the film surface
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Sputtering MBE Transfer Load STM
chamber chamber chamber lock

Figure 3.1: Deposition system.

as free of contaminants as possible during the transport among the different
chambers, the pressure of the transfer chamber is kept in the lower 10~ mbar

range.

3.2 Deposition of the samples

3.2.1 Substrates preparation

In this work, Al,O3 (1120), MgO (100) and MgAl,O4 (100) substrates were used.
For Al,O3 substrates a standard wet cleaning process is performed. The sub-
strates are cleaned in four steps in a ultrasonic bath with acetone, distilled water,
acetone and isopropanol, subsequently. After loading, the substrates are heated
up to 300°C in vacuum to evaporate water and volatile organic compounds from
the surface.

In order to get a clean surface of the MgO substrates, the wet process described

above is not convenient. It has been observed that in the presence of humidity the
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MgO surface in covered by reaction products, mainly magnesium hydroxide [79].
Only an annealing process at very high temperatures (~1000°C ) can efficiently

remove these contaminants from a MgO surface [80, 81].

For deposition of CoyCrggFeg4Al films, the MgO substrates are annealed for
2h at 950°C in an oxygen atmosphere to prevent the loss of O atoms from the
surface. After the anneal process the substrates are glued with silver glue to a
metallic sample holder. After drying of the glue the substrates are exposed to
a microwave oxygen plasma with a power of 100 W for 10 min. This step is
intented to clean possible contaminants from the solvents present in the glue.
After loading, the substrates are again annealed in vacuum in the MBE chamber
for 30 min at 650°C. The substrates adopt a slightly darker, metallic color after
this last step, probably due to oxygen loss.

No information was found in literature about MgAl,O, substrates cleaning
processes. Since Mg is also present it is possible that the formation of magnesium
hydroxide represents again a problem. The same cleaning process as with MgO

was followed through.

3.2.2 Cr and Fe buffer layer deposition

Fe and Cr thin films are deposited in the MBE chamber using electron beam
evaporation. The purity level for the pieces of metal used in this work was 99.99%
for Fe and 99.97% for Cr. When a electron beam with the sufficient energy is
directed to the Cr and Fe pieces, the metal starts to sublimate directly without
melting. Since both Fe and Cr react with oxygen, it is usual that the surface of
the pieces provided by the supplier is completely oxidized. For this reason the

aspect ratio of the pieces plays a critical role for the reproducibility of the results.

In our first experiments with small pieces (~2-3 mm diameter) a poor repro-
ducibility of the growth of CosCrggFeg4Al was observed. A high reproducibility
was only achieved when bigger (~2-3 cm) peaces of metal were used. Before using
a new piece of Cr or Fe the oxide surface must be removed. This is done in the
MBE chamber by evaporating the surface of the pieces. In order to avoid the
effect of additional contamination of the pieces in the chamber between different

depositions, the surface is again evaporated before each deposition.

The buffer layer for the samples in this work was deposited at 130°C and was

not annealed.
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3.2.3 Co0y,CrygFey,Al and MTJ’s deposition

A buffer layer is used to grow CooCrggFeg4Al on MgO substrates while on Al,O3
and MgAl;Qy, it is directly deposited. The films were deposited by magnetron dc
sputtering with a wide range of deposition temperatures. The deposition param-
eters can be found in Appendix A.2. Annealing temperature and duration were
also varied in order to investigate the effect in bulk and surface crystallographic
order, surface topology, magnetic properties and TMR ratio of the samples. In
the case of films deposited on buffer layers, the time between deposition of the
Fe or Cr film and of the CoyCrggFeg4Al film was kept under 30 min to prevent a
possible contamination of the interface buffer/CoyCrggFeq 4 Al

After the deposition of the CoyCrggFeg4Al films the Al layer is immediately
deposited in the case of non-annealed samples or transferred to the MBE chamber
for annealing. The annealing of the CoyCrggFeg4Al films is done in this chamber
because of the lower base pressure. After annealing, the surface is studied with
the RHEED or LEED system and then the sample is again transferred to the
sputtering chamber for Al deposition. For some selected samples a STM image
is generated additionally.

The time between Al deposition and the oxidation is also minimized. The
oxidation is done by plasma oxidation in the sputtering chamber. Two kinds of
gas composition for oxidation were used in this work: pure oxygen and Ar-O,
mixture. See details in Appendix A.2. Since the chamber is contaminated with
oxygen after oxidation, the top Co electrode is not immediately deposited. A
minimal waiting time of 3h is used before depositing Co.

For technical reasons concerning the lithographic process, a 11 nm Pt capping
layer was deposited on top of the MTJ’s. These reasons will be explained in the

following section.

Materials for electrode magnetization pinning

In order to observe the maximum TMR effect, it is necessary to realize an an-
tiparallel configuration of the magnetization of the two electrodes. Due to the
similarity of coercive fields of Co and CoyCrq gFeg 4Al, this is not possible without
pinning the magnetization of one of the electrodes. When a antiferromagnetic
layer is in contact with a ferromagnetic layer, the hysteresis loop of the ferromag-
net can be shifted and the coercive field increased [82, 83]. This effect is called

exchange bias.
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Figure 3.2: Hysteresis loops at RT and 4K of a Co(100nm)/FeMn(13nm) sample.

The effect depends on the thickness of the AFM layer. Typically, a minimal
thickness is necessary to observe the effect. After a steep increase with AFM

layer thickness, the strength of the exhange bias saturates [84, 85]

A special procedure must be performed to generate the exchange bias. The
sample must be heated at a temperature above Ty of the AFM but below T¢ of
the FM. A magnetic field is now introduced to define the axis and direction of
the exchange bias. The sample is then cooled below Ty in the presence of the
magnetic field. The hysteresis loop is now shifted in the opposite direction of the
magnetic field. In fig. 3.2, the exchange biased hysteresis loops of a 100nm Co
thin film at room temperature and 4 K are shown. An AFM layer of FeMn with
a thickness of 13nm was used in this sample. Ty for FeMn is 490 K, the field
cooling procedure was done in the sputtering chamber. A permanent magnet was
used to generate the magnetic field, for this reason the value of the magnetic field
is below 20mT.

Alternatively, CoO is also used as AFM layer. The CoO layer is created by
oxidizing the last layers of the Co top electrode. The oxidation time is very short

to prevent a reduction of the SP in the bulk Co. The use of CoO has advantages
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Material AE (erg/cm?) | Ty (K) | Ty (K)
CoO(oxid) (10K) 0.4-3.5 200-290
CoO(oxid) (77K) 0.16-0.4 200-290
CoO(poly) (10K) | 0.03-0.12 290 290
CoO(111) (T7K) 0.14-0.48 290

FeMn(poly) 0.02-0.2 390-470 | 490(111)

Table 3.1: Comparison between FeMn and CoO exchange bias properties. The label (oxid)
indicates a formation by oxidation of a previous deposited Co layer. Labels (poly) and (111)
indicate direct CoO deposited polycrystalline and (111)-oriented single crystalline layers, re-
spectively. The values of AE are measured at room temperature. To see the origin of the data
refer to [82].

to the use of FeMn. First, it is not necessary to have an additional cathode for the
deposition of CoO. Since Ty for CoO is 290 K, the field cooling procedure can be
done in the same cryostat used to measure the TMR curve at low temperatures.
There, higher fields can be applied. As shown in Chapter 6, the exchange bias
in MTJ’s was stronger using CoO than FeMn. The reason may not be explained
only by the higher field but also by the nature of the Co/CoO interface. During
the oxidation process, the oxidation can take place between the grain structure of
the Co and therefore the effective surface of the interface is larger than in the case
of deposited FeMn. Therefore, the interaction between FM and AFM is larger
for Co/CoO interface. This issue was not investigated because it escapes from
the main objectives of this work.

An additional temperature parameter is of importance in this discussion.
When the field cooling procedure is done, the exchange bias effect does not ap-
pear immediately below Ty. The system must be further cooled below a so
called blocking temperature Tg. This parameter depends strongly in the crystal-
lographic order of the AFM material.

In Table 3.1, some parameters from the literature for FeMn and CoO deposited
in different ways are shown. The parameter AE is the interaction energy between
FM and AFM and is given per area unit and it is directly related with the strength
of the exchange bias. This energy is larger when the CoO layer is formed by
oxidation of a Co layer than when it is directly deposited. As commented before,
the intergrain oxidation may be the reason for this behavior. On the other hand,

while for directly deposited CoO samples Ty equals Ty, for oxydized samples Ty
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Figure 3.3: Structure of a MTJ stack. The buffer layer is only present for MgO substrates.

can be much smaller depending of the preparation conditions. This is also the
case for polycrystalline FeMn.

With the introduction of a AFM layer, the final structure of a MTJ stack
looks like fig. 3.3.

3.3 Preparation of mesa structures

The multilayer samples are structured to form circular mesas by means of optical
lithography. The circular shape is chosen to avoid the presence of sharp edges
in the structure which may not be well defined and correctly etched. The steps
followed to structure a mesa are shown in fig.3.4. Exact parameters for the
different photoresists can be found in Appendix A.1.

In picture 3.4a, an as-deposited stack is shown schematically. First step con-
sists in covering the stack with a positive photoresist (red layer in fig. 3.4b). The
liquid photoresist is dropped on the sample which is situated on a spinner to
achieve height homogeneity. A soft annealing step is necessary to dry the pho-
toresist. After cooling again to room temperature, the photoresist is selectively
illuminate with UV light. For this purpose, a glass mask with the desired struc-
ture is used (fig. 3.4c). The UV light exposure induces a change in the chemical
properties of the photoresist and the illuminated areas can be removed with an
appropriate liquid developer. In this way, the shape of the mask is translated to
the photoresist (fig. 3.4d).

Now, the photoresist-free area can be etched and removed. In general, this can
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Figure 3.4: Realization of a mesa structure.
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be done by chemical etching or ion beam etching. In the case of chemical etching,
the sample is typically exposed to an acid which dissolves the metal. The main
disadvantage with this method is that it is very difficult to control how deep the
sample is etched. It must be noticed that a metallic layer must remain to send a
current through the mesa. Additionally, it is not clear if the acid also affects the
layers under the photoresist. For these reasons, the ion beam option was chosen.
The samples are etched in an argon ion etching chamber situated inside the clean
room where the lithography is carried out. The quantity of material removed
from the sample is proportional to the bombardment time. A dummy sample
with the same thickness as the top electrode can be etched simultaneously, when
the substrate of the dummy sample is visible the top electrode is etched. The
etching process is continued until a part of the bottom electrode is also etched.
After the etching process, the sample is in the situation shown in fig. 3.4e. The
sample rotates during the etching process around an axis centered on the sample
surface and perpendicular to it. The rotation axis can be tilted with respect to
the direction of the incoming ions.

The positive resist can be now removed with acetone (fig. 3.4f). The capping
layer acquires importance at this point. In first samples deposited without Pt
capping layer it was observed that the positive photoresist was not efficiently
removed by the acetone. We believe that this is due to a reaction between the
photoresist itself and the CoO layer or surface contaminants mediated by humid-
ity. The samples are always exposed for at least one hour to air before setting
them inside the clean room. On humid summer days, the problem with the pho-
toresist is more evident. The problem disappears with the use of a Pt capping
layer.

The presence of rests of photoresist may be difficult to observe with the micro-
scope due to low colour contrast. It is always possible to identify the presence of
photoresist by observing the temperature dependence of the mesa resistance. In
the presence of photoresist, the resistance exhibits a nearly exponential increase
with reducing temperature.

A second photoresist is now put on the sample (fig. 3.4g). As before, the spin-
ner is used. A special photoresist, with very good insulating properties is chosen
(see Appendix). This photoresist is of the negative type, i.e. the illuminated
areas are now removed by the developer. The same procedure as before is used
to open a window on top of the mesa structure (fig. 3.4h). Additional windows

are open to contact the bottom layer. The copper cables used to perform the
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Figure 3.5: Top: photograph of a mesa structure with a diameter of 200 ym. Bottom:
photograph of a mesa structure with a diameter of 150 pm with a metallic contact pad.

measurements are attached to the samples with silver glue. Due to the small size
of the mesa, a three-points measurement geometry is used. This is not a draw-
back because the contact resistances (a few 1) are much smaller than a typical
junction resistance (hundreds of ).

Alternatively, metallic Au and Al contacts pads deposited on the second pho-
toresist were also tried without success. It must be pointed out that the thickness
of the negative photoresist is in the order of a um while typical thicknesses of
the metallic pads are in the order of 100nm. The sharp step of the photoresist
at the windows on the mesas cannot be well covered by the metallic pad. As a
consequence, there is no electrical contact between the metal on the top of the
step and the metal on the bottom. In other words, the metallic pads have no
contact with the Pt capping layer on top of the mesas and can not be used to
measure the electrical properties of the junctions. In fig. 3.5top a picture of a
mesa structure with a diameter of 200 um is shown. The picture was acquired
with an optical microscope. The bottom picture shows a mesa with a metallic

pad.
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3.3.1 Etching angle dependence
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Figure 3.6: Resistance versus temperature for two mesa structures etched perpendicular and

with an angle of 70° respect to the normal to the film surface.

The angle of incidence of the ion beam to the sample surface has a strong
influence on the electrical properties of the mesa structures. In fig. 3.6 the tem-
perature dependence of the resistance for two different samples is shown. Both
samples were deposited with the same parameters. It was observed that when
the ion bombardment is perpendicular to the surface, the resistance of the mesas
show a typical metallic behavior, with resistance decreasing with temperature.
The same occurs when the angle between the ion beam direction and the normal
to the film surface is relatively small (< 70°).

The situation changes when the angle reaches values around 70°. The be-
havior of the mesa resistance looks more than the one for an insulator (see again
fig. 3.6). The resistance increases almost linearly with decreasing temperature.

Concerning TMR values, in samples showing metallic behavior the TMR value
was always zero or smaller than 1%. The absolute resistance is also smaller for
this kind of mesa for otherwise comparable junctions.

We conclude that the reason for this etching angle dependence lies in the
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metal deposited on the sides of the mesa structure. During the etching process,
part of the etched material deposits again on the sides causing a direct contact
between top and bottom electrode. Therefore, for the case of low angle etching,
the mesas are shortcircuited and the current does not flow through the barrier.
When the angle is larger, the sides of the mesa are also etched and the de-
posited material is removed. In this case the current flows through the barrier
and the tunneling process can be studied. The importance of the rotation of the
sample during the etching process must be pointed out. The rotation allows the

etching of the sides from all directions.
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Co09Cr gFeg 1Al thin films

4.1 Crystallographic properties

4.1.1 General considerations

In Chapter 2 it was already pointed out that different types of atomic disorder
may be present in Co,Crg gFeg4Al . The analysis of x-ray diffraction data provides
valuable information about the presence of a certain type of disorder and, in some
cases, it is possible to quantify the degree of disorder.

PowderCell [91] is a software intended to simulate x-ray diffraction in powder
samples. The program provides the angular and relative intensity distribution of
the different reflections of the desired crystalline structure.

In fig. 4.1, a simulation for the different disorder types of CoyCrggFeq4Al is
shown. The green line corresponds to the L2; structure shown in fig. 2.1 left.
Information about the kind of degree of disorder can be obtained by analyzing
the (111), (200) and (400) reflections. For the case of a complete disorder in
the CrFe-Al positions (red line) the (111) reflection vanishes. This is equivalent
to the B2 structure shown also in fig.2.1. Furthermore, if additionally there
is a complete disorder in the Co-Cr atomic positions, also the (200) reflection
disappears (gray line). The structure resulting of the combination of these two
types of disorders is called A2.

It must be noticed that the presence of the (111) reflection is characteristic
of the L2, structure but its presence does not rule out the presence of CoCr-type
disorder. Only in simulations with pure CoCr disorder, the (200) peak intensity

is almost null.
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Figure 4.1: PowderCell simulation of a /26 scan with Bragg-Bentano geometry for different
kinds of possible structures of CooCrg gFeg 4Al .

The lattice constant for CosCrggFeg4Al used in these simulations is the same
as in Table 4.1.

4.1.2 Polycrystalline samples

Previous work from G.Jakob et al.[86] on CoyCrggFeg4Al deposited on AlyOs
(1120) substrates showed that a deposition temperature above 400 °C is needed to
induce epitaxial growth. For lower temperatures, the scattering intensity vanished
in x-ray diffractograms. Growth morphology considerations allowed Jakob et al
to suggest a nanocrystalline structure for films deposited at low temperatures.
The samples deposited for this work at low temperature on Al;O3 substrates
showed no phase as well. A transmission electron microscope (TEM) was used to
analyze the microcrystalline structure of these samples. For this purpose, a cross
section of the sample must be cut and thinned up to thicknesses below 100 nm.
Information about TEM imaging and interpretation can be found in [87], the

sample preparation is described in [88].
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Figure 4.2: Top: TEM image of a polycrystalline sample deposited on Al;O3 at room tem-
perature. The circles mark crystallites with different crystalline orientation. Bottom: Electron
diffraction pattern of the same sample. Reflections corresponding to the B2 structure can be

identified. Both figures are courtesy of Christian Herbort.
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a Para- Misfit | Misfit Misfit Misfit
(A) | meter of | with with with with
interest | CCFA | MgO | MgAlL,O, | ALLO;

Fe 2.8665 2a 0.07 3.7 0.6 -
Cr 2.8840 2a 0.5 3.1 1.8 -
CCFA | 5.7370 | a or a/v/2 - 3.6 0.37 1.6
MgO || 4.2030 V2a 3.6 - - -

MgAl,Oy || 8.0830 | /2a/2 0.37 - _ _
Al,O3 | 4.7580 | acos(30°) 1.6 - - .

Table 4.1: Lattice constants and misfits (in absolute value) between the different materi-
als of interest for this work. Misfits are given in percent values. The lattice constant for
Co2Crg gFeg 4Al is taken from [89]. Other values are from [90].

In the top picture in fig. 4.2, a TEM image of a polycrystalline CoyCrg gFeg 4Al
film deposited on Al,O3 at room temperature is shown. Several crystallites with
different crystallographic orientation can be seen. This confirms the hypothesis
of Jakob et al.

In order to observe which is the crystalline structure of these crystallites,
electron diffraction is used. Unfortunately, due to technical limitations of the
microscope, it is not possible to obtain a diffraction pattern of a single crystallite
with the size of the ones observed in our samples. The resolution of the device
is limited by the optics of the electron beam. The size of the smallest available
aperture between incident beam and sample allows to irradiate a region with a
minimal diameter of 100nm. This area is larger by a factor of 60 than the area
shown in the top picture of fig.4.2. That means that a diffraction pattern will
be a result of diffracted electrons from an area containing more than 1200 of
these crystallites (assuming an average size of 5nm for a crystallite). However,
the aperture is not in direct contact with the sample, a direct projection is not
realistic and the number of crystallites contributing to a diffraction pattern is

indeed larger.

In fig. 4.2 bottom, the electron diffraction pattern for this sample is shown.
The bar with a circular structure at the end is a mask intended to protect the
electron detector from the primary beam. The observation of circles in the pattern

instead of point reflections is explained by the polycrystalline nature of the sample
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Figure 4.3: Schematic representation of the epitaxial relationship of a CCFA thin film on an
Fe or Cr buffer layer on a MgO (100) substrate.

and the previous considerations. However, it is possible to identify each of these
circles with a reflection of the B2 structure of CoyCrg¢Feg4Al. On the other hand,
the (111) reflection, characteristic for the L.2; structure, is not present. From this
we conclude that the samples deposited on Al,O3 substrates at low temperature
possesses a polycrystalline nature and the crystallites have the B2 structure.

Samples with similar polycrystalline nature were obtained when deposited on
MgO and MgAl,O, substrates without post deposition annealing.

4.1.3 Epitaxial films with buffer layer

A Dbuffer layer is used to induce epitaxial growth of CoyCrggFegsAl on MgO
substrates. In this work, Cr and Fe were used for this purpose. A schematic
representation of the epitaxial growth of CoyCrggFeg4Al films on Cr and Fe buffer
layers is shown in fig.4.3. The buffer layers and the CosCrggFeg4Al films grow
(100) oriented but the unit cell of both layers is rotated by 45° with respect to the
substrate unit cell. The lattice constant mismatch between CoyCrggFeq4Al and
Fe and Cr ([2apecr — accra)/accra) is 0.07% and 0.5%, respectively. In Table
4.1, a summary of the lattice constants and mismatches between the different
materials employed in this work is shown.

In figs. 4.4 and 4.5, two-circle x-ray diffractograms of Co,CrggFeg4Al films on
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Figure 4.4: Top: 6/26 scan of a 100 nm thick CCFA film deposited at 100°C on a 50 A thick
Cr buffer layer on a MgO (100) substrate. Bottom: Rocking curve of the (400) reflection.
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Figure 4.5: Top: 6/26 scan of a 100 nm thick CCFA film deposited at 100°C on a 100 A thick
Fe buffer layer on a MgO (100) substrate. Bottom: Rocking curve of the (400) reflection.
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a Cr and a Fe buffer layer are shown. The rocking curve for the (400) reflection of
Co9CrggFeg4Al is also shown. In the case of a Cr buffer layer it is possible to dis-
tinguish between the CoyCrggFeg4Al (400) reflection and the Cr (200) reflection.
In samples with Fe buffer layer, the Fe (200) reflection can not be separated. The
buffer layer was deposited at 130°C and the CoyCrggFeg4Al layer at 100°C in
both cases. The thicknesses were 50 A for Cr and 100 A for Fe. The observation
of the (200) reflection for CosCry gFeg 4Al already excludes a complete disorder in
the Co-Cr positions. However, a certain amount of disorder between this atomic
positions may still be present. A quantification of the the disorder level can be
found in section 4.1.5.

The width of the rocking curve of our samples is related to the distribution
of the crystalline orientation of the crystallites in the film and to the lateral
(in-plane) correlation length.

For as-deposited films on Fe and Cr buffer layer the typical values for the full
width at half maximum (FWHM) lay between 0.7° and 1.2°.

With a two-circle diffractometer it is only possible to study specular reflec-
tions, i.e., reflections for which the transferred momentum vector is perpendicular
to the film surface. In order to prove in-plane order in the samples, off-specular
reflections must be studied. For this purpose a four-circle diffractometer is em-
ployed.

Fig. 4.6 shows a ¢-scan of the (220) equivalent reflections of a 100 nm thick
Co9CrggFeg4Al film deposited on a Fe buffer layer. To realize this the film must
be tilted by 45 ° with respect to the scattering plane and then scanned by rotating
around the film surface normal. The presence of well defined peaks proves that
the film is indeed in-plane oriented. In the figure the scan for the MgO (220)
equivalent reflections are also plotted and it can be seen that they are displaced
by 45° with respect to the CoyCrggFeg4Al peaks. This validates the epitaxial
relation introduced in fig. 4.3. The same study was done on samples deposited on
Cr buffer layers with identical results.

The (111) reflection, characteristic of the L.2; structure is never observed in
films deposited on either Cr or Fe buffer layers. From the observation of the (200)
reflection it is concluded that the films posses the B2 structure.

The thickness of the buffer layer was varied between 20 A and 500 A. No dif-
ferences are seen in the crystallographic properties of samples with buffer layer
thickness between 100 A and 500 A. In samples deposited with Fe buffer layer
thicknesses of 20A and 50 A no phase is observed in the diffractogram. This
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Figure 4.6: X-ray ¢-scan of the (220) equivalent reflections of a CCFA film deposited at

100°C (filled symbols) and of the MgO substrate (open symbols, peaks labeled in italics). A

Fe buffer layer was used in this sample.

behavior can be tentatively explained by considering the lattice mismatch be-
tween Fe and MgO (2ap, — \/QaMgo) [2ap. ~3.7%. A large stress or eventually a
high number of dislocations and disorder can be expected for the first Fe layers
on the MgO substrate. This stress relaxes in the subsequent atomic layers and
allows an epitaxial growth of CoyCrggFeq4Al. For the case of Cr buffer layer,
epitaxial growth was achieved already for a Cr thickness of 50 A. The reason for
this difference is not clear but it may be related to the smaller misfit between Cr
and MgO compared with the misfit between Fe and MgO (see Table 4.1).

The effect of the dislocations on the buffer thickness dependence was studied
with a TEM. Fig.4.7 (top) shows a TEM image of the buffer layer area. A
region with high disorder level is easily recognizable at the interface between the
MgO substrate and the Fe layer. With the dislocations, the lattice mismatch
between Fe and MgO is compensated in the first atomic layers. CooCrggFeq4Al
can then grow epitaxially on a stress-free Fe surface as proved by the absence of

distortions at the interface CCFA /Fe. The bottom panel in fig. 4.7 shows a region
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Figure 4.7: Top: TEM image of the buffer layer region of a CoaCrg ¢Feg4Al thin film on a
the film proving single-crystallinity. Courtesy of Christian Herbort.
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in the bulk of the film. The single crystalline nature of the CoyCrggFeq 4Al films
can be recognised.

Surprisingly, the use of a buffer layer on MgAl,O, substrates did not result
in an epitaxial growth of CoyCrygFeg4Al. In Table 4.1, it can be seen that the
lattice mismatch of Cr and Fe with MgAl,Oy is smaller than in the case of MgO.
The reasons for this behavior is not understood. It may be argued that another
special cleaning procedure, different from the one used for MgO substrates, must
be employed. However, as explained later on in section 4.1.4, direct deposition
on MgAl,O4 substrates did indeed result in epitaxial growth. This rules out the
possibility of a degradated or contaminated MgAl,O, surface.

Subsequent annealing for 5 min of the films at temperatures above 500°C
results in an improvement of the crystalline properties as seen in an increase of
the scattering intensity. However, the width of the rocking curves is not smaller
for annealed samples. The annealing process has a large effect on the surface
crystalline order and on the atomic disorder. These points will be discussed in
sections 4.4 and 4.1.5.

4.1.4 Epitaxial films without buffer layer

Alternatively to the use of a buffer layer, experiments were done to achieve epitax-
ial growth directly on MgO, Al,O3 and MgAl,O, substrates. There are different
reasons to prefer a direct deposition. First of all, a smaller number of deposition
steps for every sample reduces time and cost. The simplification of the process
reduces also the number of deposition parameters and the process becomes more
controllable. Furthermore, the interference of the buffer layer may complicate
the realization of certain kind of measurements. For instance, transport mea-
surements are not possible when good conducting metallic underlayers are used.
Additionally, it is an open question if, during the annealing processes, diffusion
from the buffer layer into the film takes place. This process would change the
stoichiometry of the sample and may be difficult to detect.

Single crystalline CoyCrg gFeg4Al samples were realized on Al,O3 (1120) and
MgAl,O4 (100) substrates upon annealing at temperatures over 500°C . In con-
trast with the samples deposited on a buffer layer, the x-ray diffraction pattern for
as-deposited samples does not show any peak corresponding to CoyCrggFeq4Al
reflections. In this case, the annealing step is needed to induce order in the films.

In fig. 4.8 the results of the two-circle diffractometry on a sample deposited on
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Figure 4.8: Top: 6/26 scan of a 100 nm thick CCFA film deposited at 100°C on a MgAl,Oy4
(100) substrate and annealed at 600°C . Bottom: Rocking curve of the (400) reflection.
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Figure 4.9: Top: 0/20 scan of a 100 nm thick CCFA film deposited at 100°C on an AlyO3
(1120) substrate and annealed at 600°C . Note the small shoulder on the right side of the (220)
peak. Bottom: Rocking curve of the (220) reflection.



52 CHAPTER 4. CCFA THIN FILMS

MgAl,O4 at 100°C and annealed at 600°C for 5 min are shown. The top graph
shows the 6/260 scan while the rocking curve of the (400) reflection appears at the
bottom picture. The films grow with the same orientation as the films deposited
on buffer layers but the widths of the rocking curve are smaller for the direct
deposition case. The smaller width can not be explained in terms of lattice mis-
match between Co,Crg¢Feg4Al and MgAl,O4 (v/2 AMgAl 04/ 2 — Accfa) [ Accta = 0.4%
since this is comparable to the mismatches between Fe, Cr and CoyCrggFeq4Al
(see Table 4.1).

Epitaxial CoyCrqgFeg Al films were also deposited on Al,Os (1120) sub-
strates. As in the case of MgO substrates, an annealing step is necessary to
obtain crystalline order when the films are deposited at low temperatures. Epi-
taxial growth of CoyCrggFeq4Al films on Al,O3 substrates have been already
achieved by Jakob et al. [86]. The strategy followed by Jakob et al consisted in
depositing at high substrates temperatures without annealing step. For deposi-
tion temperatures above 600 °C , films with good crystalline order were obtained.
However, the surface morphology of these films makes them unsuitable for tun-
neling experiments. As observed by ex-situ atomic force microscopy, the surface
exhibits a large roughness resulting from an island-type growth of the films. The
surface possesses 200nm width islands separated by deep trenches which even
prevent electrical conduction for films thicknesses around 20 nm.

By depositing at low temperatures and with a short thermal treatment, epi-
taxial growth with smoother surfaces can be achieved. In fig. 4.9, the 6/26 scan
(top) of a CoyCrqgFeg 4Al films deposited on Al,O3 (1120) at 100 °C and annealed
at 600°C for 5 min is shown. On this substrate the films grow (110)-oriented.
Again, in-plane order was proved by four-circle diffraction by observing the (400)
equivalent reflections. The (111) reflection is not observed. The bottom graph
show the rocking curve of the (220) reflection. The width of the rocking curve,
0.3°, is smaller than for samples deposited on buffer layers (~0.6°) and MgAl,O4
(~0.4°). However, on the right side on the (220) and (440) reflections in the 6/26
scan, a small shoulder is visible. This structure has been only observed on samples
deposited on Al;O3 substrates. A possible explanation may lay be coexistence of
strained domains in the film, most probably at the interface substrate-CCFA.

The existence of these strained domains may be related with the growth ori-
entation of the CoyCrggFeg4Al unit cell with respect to the Al,O3 unit cell. The
misfit value between CoyCrggFeqsAl and AlyO3 (1120) presented in Table 4.1 is

calculated assuming the situation presented in the left panel of fig. 4.10. Consid-
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Figure 4.10: Schematic representation of the epitaxial relation between CooCrg gFeg 4Al and
Al O3 (1120) substrate unit cells. Solid line symbolizes the projection of the AloO3 unit cell,
the dashed line corresponds to CooCrggFeg 4Al . Left panel shows the configuration with the
smallest lattice mismatch. Right panel show the actually preferred growth orientation.

ering the small misfit, it was reasonable to assume this growth configuration for
CosCrggFeg4Al on Al,O3 . However, as already observed by Jakob et al. by four
circle diffraction, the actual growth configuration is the one presented on the right
panel in fig.4.10. Since the misfit for this configuration is much larger, interface

energy reduction considerations must be adduced to explain this behavior.

The same preparation procedure was tried for direct deposition on MgO (100)
substrates. Although in this case the lattice misfit is larger than in the case of
Al,O3 or MgAl,Oy , epitaxial growth was also expected. No success in this sense
was achieved, CoyCrggFeg4Al reflections are not present in the diffractograms.
We assumed that these samples possesses a nanocrystalline nature similar to the
samples deposited at low substrate temperature on Al,O3 (see fig.4.2) though
this point was not studied by TEM.

The difficulty to grow CoyCrggFeg4Al directly on MgO substrates have been
observed by other researchers as well. Matsuda, Yamamoto [93, 92| and collabora-
tors reported epitaxial growth on MgO(100) without using metallic buffer layers.

Nevertheless, in order to obtain single crystalline CosCrggFeg4Al films, a 10 nm
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MgO layer is deposited using rf sputtering. Direct deposition on commercially
available substrates results in films with low crystalline order. The fact that it
is possible by this methode to deposite single crystalline CosCrggFeg4Al films
proves that the lattice mismatch is not responsible for the lack of success in our
case. The most probable reason is the presence of contaminants on the surface
of the MgO substrates as already commented in section 3.2.1.

Epitaxial growth without the use of any seed layer was achieved by other
groups. However, in these cases high substrate deposition temperatures were
used. Kelekar and Clemens [94] deposited at temperatures above 500 °C whereas

Inomata et al. [95] obtained epitaxial growth already at 200°C .

4.1.5 Estimation of the degree of disorder

As pointed out in Section 2.2.1, the presence of disorder on the positions of Co
and Cr atoms is detrimental to the spin polarisation. Therefore, a quantification
of this kind of disorder in our films is of interest.

It has been already commented that, due to the similarity of the scattering
factors of the Co and Cr atoms, an exact determination of the Co-Cr disorder level
is problematic. Nevertheless, by comparing the relative intensities of the (200)
and (400) reflections, I(200) and I(40) respectively, an estimation of the degree of
Co-Cr disorder is possible.

The degree of the Co-Cr disorder was studied by comparing the ratio I(200)/I(100)
with the corresponding values obtained from PowderCell simulations for different
degrees of disorder. However, an important difference between the simulations
and the reality must be noticed. Since PowderCell is a program intended for
powder samples where geometrical effects can be neglected, they are not taken
into account. However, geometrical conditions have an influence on diffraction
experiments on thin films. Due to the aspect ratio of a thin film, the volume
of the sample contributing to the scattering intensity changes with the angle 6
(angle between the incident x-ray beam and the sample surface). The situation
is schematically illustrated in fig.4.11. The red cylinder represents the profile of
a circular x-ray beam. The left image shows the situation for a large incident
angle. When the incident angle is smaller (right) the volume of the sample which
is irradiated is larger and therefore also the scattering intensity. To compensate
this effect, the scattering intensities are corrected by a factor sin(#).

The corrected ratio Iia00) - 5212(6(200) /1(100) - 5i1(8(a00)) (Rz/4 hereafter) for non-
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Figure 4.11: Schematic explanation of the origin of geometrical effects in measured scattering

intensities in thin film diffraction experiments.

annealed samples deposited on Cr or Fe buffer layer has values around 0.06-0.09.
Comparing with the simulation with PowderCell we conclude a disorder level
clearly above 20% for this kind of samples. For annealed samples, Ry/4 increases
up to 0.14-0.26, which is compatible with disorder levels of 20%. Thus, the
annealing process has an important effect in reducing the degree of Co-Cr type
disorder.

In the case of samples deposited directly on MgAl,O4, Ry/4 amounts to values
near 0.25. These samples show, thus, similar level of atomic order compared with
the buffered ones. Since the reflections are not visible for non annealed samples,
no information about the degree of disorder before annealing is available.

For samples deposited on Al;O3, a comparison is not possible since the Co-Cr
disorder type has no influence in the relative intensities of the (220) and (440)
reflection.

Further insight in the quality of the crystalline order in the films can be gained
from the width of the peaks in the 6/260 scans. The Debye-Scherrer equation
(eq.4.1) relates the width of the peaks with the coherence length of the films [96].
This allows to estimate the average size of the crystallites contributing to the

scattering intensity.

kA

="
Af cos ()

(4.1)

In the equation k is a constant (~ 0.94), A is the x-ray wavelength and A#f is
the FWHM of the peak.

A real diffractometer has a finite angular resolution which is contributing also
to the width of the peaks in the 6/20 scan. This contribution can be subtracted
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Buffer layer Buffer layer Directly Directly
on MgO on MgO on MgAl,O4 | on AL,O;
(100) (100) (100) (1120)
(no annealing) | (+ annealing)
Ry/4 0.06-0.09 0.14-0.26 0.24 -
Co-Cr > 20% ~20% ~20% unknown
disorder
L (nm) 30 50 70 50

Table 4.2: Survey of results for the estimation of the Co-Cr degree of disorder and the
coherence length L for different kinds of CoaCro ¢Feg.4Al samples. The parameter Ry /4 stands
for the ratio Ii200) - 5in(6(200))/I(400) - 51(6(400y) (see text for explanation).

by assuming that the width of the peaks from substrates reflection is a result only
from this finite resolution. This is a reasonable assumption since the substrates
are 10x10x1 mm single crystals and the corresponding reflections are in very good
approximation a delta function. The total width of the peak can be separated in

two contributions:

Af = \/(Aeresolution>2 + (Aelem>2 (42)

and (Afy;,) is what must be introduced in 4.1.

Taking into account the previous considerations, the coherence length L was
calculated for some samples of each kind of them. The thickness of the selected
samples is 100 nm. For samples deposited on buffer layers without thermal treat-
ment, L amounts to values around 30 nm. This value increases with subsequent
annealing up to 50 nm. Since these numbers are comparable with the thickness of
the film, they are a sign of the good crystalline properties of the CoyCrg ¢Feg4Al
films. On the other hand, films deposited directly on MgAl,O4 show larger co-
herence lengths around 70nm. In combination with the also higher Ry, ratios
for these films it can be concluded that the crystalline properties are better when
deposited on MgAl,O, .

The coherence length can be also calculated for samples deposited on AlyO3,
with the (110) orientation growth. As pointed out before, a small shoulder is
visible on the (220) peak. Nevertheless, it is possible to use the main peak to

calculate L. The obtained value is 50 nm, which is comparable with annealed
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Figure 4.12: Hysteresis loops at 300 and 4K of a polycrystalline CoaCrg ¢Feg 4Al thin film
deposited on Al,Oz at 300°C and annealed at 450 °C for 60min. The thickness of the films is
100 nm.

samples on buffer layers. If we assume that the shoulder is a result of domains
with strain at the interface CCFA /substrate, the estimated L would correspond
to the strain-free top layers.

The results of the calculation of the coherence length L as well as the Ry/4

ratio and the estimated Co-Cr degree of disorder are summarized in Table 4.2.

4.2 Magnetic properties

4.2.1 Polycrystalline samples

The magnetic moment of CoyCrgg¢Feg4Al polycrystalline samples deposited at
different temperatures on Al;O3 substrates was already measured by Jakob et
al. [86]. They observed an increase of the magnetic moment with deposition
temperature. The maximal measured magnetic moment was around 2.0 pp/f.u.
This value is smaller than the expected 3.8 up/fu. for the L2, structure. This

difference was attributed to the presence of Co-Cr type disorder in the films.
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This disorder leads to an antiferromagnetic coupling of the Cr aroms with the Co
atoms or with themselves.

The magnetic moment of the polycrystalline samples can be increased upon
annealing. In fig. 4.12, the hysteresis curve of a CCFA polycrystalline thin film
deposited on Al;O3 at 300°C and annealed at 450°C for 60 min is shown. The
ramp speed is 2.5°C/min. The volume magnetisation amounts to 550 emu/cm?
at 300 K and 670 emu/cm?® at 4 K. This values correspond to 2.8 and 3.4 ug/f.u.,
respectively. It must be pointed out that the increase in the magnetic moment is
not accompanied by a change in the x-ray diffractograms, no reflection is observed
after annealing. The larger magnetic moment can be tentatively explained in
terms of a reduction of the degree of Co-Cr disorder inside the nanocrystallites
in the film.

4.2.2 Epitaxial samples

The magnetization of the epitaxial samples on buffer layer was measured. The
interference of the contribution of the buffer layer on the total magnetic moment
is eliminated. For this purpose, separated samples were deposited. These samples
are a Fe layer covered with 4 nm Al capping layer for protection against oxidation.
The Fe buffer layer is deposited with the same parameters and thickness and
the buffer layer used for CoyCrggFeq4Al films. The magnetic moment of these
samples, which also includes the contribution of the substrate, is subtracted from
the moment of the CoyCrggFeg4Al samples.

Figs. 4.13 and 4.14 show the hysteresis loops of samples deposited on Fe buffer
layer without annealing and annealed at 550°C for 5 min, respectively. For the
non-annealed sample (top graph in fig.4.13), the saturation magnetization is
2.5 ug/fu. (485emu/cm?) at 300K reaching 3.0 ug/fu. (590 emu/cm?) at 4 K.
The correspondent values for the annealed sample are similar (fig.4.14). The
magnetization amounts to 2.5 up/f.u. (495emu/cm?) at 300K and 2.8 up/f.u.
(555 emu/cm?) at 4 K.

In both cases, the volume magnetization is smaller than in the annealed poly-
crystalline samples. Since the degree of Co-Cr disorder is not known in the
polycrystalline films, it is not possible to elucidate a correlation between order-
ing and saturation magnetization. If the largest magnetisation of the annealed
polycrystalline samples is a result of a reduced Co-Cr degree of disorder and since

this kind is detrimental to the spin polarisation, it could be concluded that the
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Figure 4.13: Top: Hysteresis curves at 300 and 4 K of a 100nm thick CCFA sample deposited
at 100°C on Fe buffer layer on MgO (100) without annealing. Bottom: Dependence of the
magnetization at 20mT on the temperature. The grey line is a fit with a power law with
0 =1.72 (see text).
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polycrystalline annealed samples would be more suitable to achieve high TMR
ratios. This issue will be studied in Chapter 5.

The bottom panels in figs. 4.12 and 4.14 show the dependence of the volume
magnetization on the temperature at a field of 20mT. The grey line is a fit to a

power law with the form

m(T) = m(0)(1 — kT?) (4.3)

Assuming the classical spin wave picture, the Bloch law with § = 3/2 is
deduced. However, for our samples, larger exponent values between 1.7 and 1.8
are measured. Similar exponent values have been reported for bulk samples of
the full-Heusler compound CosFeSi. However, the exponent value reduces to
3/2 for thin films of the same compound [97]. Conventional ferromagnets like
bee Fe [98] or fee Ni [99] do also not follow Bloch’s law but a power law with
(= 2. On the other hand, a 7%/? law describes well the behaviour of amorphous
samples of Co [100], NiFe alloys [101] and Fe [102]. As pointed out by Kobler
[103], this is surprising since the Bloch spin wave theory requires a translational
symmetry of the magnetic lattice which is not present in amorphous compounds.
The coincidence between theory an experiment in this case can be described as
accidental. These examples illustrates the limitations of the classical spin wave

picture.

4.2.3 XMCD and XAS results

X-Rays magnetic circular dichroism (XMCD) and the X-Rays absorption spec-
troscopy (XAS) are two powerful tools for the study of element-specific magnetic
moments in Co,CrggFeg4Al films. Additionally, in combination with the mea-
surement of the total electron yield (TEY), information concerning the magnetic
properties of the surface of the films is gained. The TEY technique measures the
photoemitted electrons from the sample, the escape depth for these low energy
electrons is limited to about 25 A, taking into account the existence of an Al
capping layer in our films.

The possibility of measuring independently the magnetic moment of the dif-
ferent chemical constituents is of special interest for the case of the Cr atoms. The
occupation of the Co atomic sites by Cr atoms results in an antiferromagnetic
coupling with the other Cr atoms. Thus, a reduction of the Cr averaged magnetic

moment is an indication of a large amount of Co-Cr type disorder, detrimental
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to the spin polarisation.

Unfortunately, the estimation of the absolute Cr moments is not straightfor-
ward since the correspondent electronic transitions are not well separated. As
a consequence, the application of the sum rules to this element generates and
underestimated value. This is a general property of the light 3d transition metals
[104].

Several selected samples of two different families of samples were analyzed.
The first family was presented in Section 4.2.1. They are polycrystalline films
deposited on AlyO3 substrates and annealed at 450°C . These samples posses
the highest volume magnetization. The other family consists on epitaxial films
deposited at 100°C on buffer layers without annealing. The results are reported

by Kallmayer et al. in [105] in combination with results from bulk samples.

A correlation between the magnetic moments and the structural ordering is
found. The epitaxial samples show increased magnetic moments, the increase
is most pronounced in the case of the Cr atoms. This is compatible with a
reduced Co-Cr disorder in these films compared with the polycrystalline ones.
This corroborates also the observed decrease in the disorder by x-ray diffraction
(Table 4.2).

In a previous work on annealed polycrystalline films, a reduction of the mag-
netic moments at the surface of the films was observed [106]. This reduction was
estimated in 17% compared to the values in the bulk. Three possible explanations
can be given for this behavior: a result of structural defects at the surface, termi-
nation effect or to Al interdiffusion from the capping layer. The last possibility is
very improbable, since no thermal treatment is done after the deposition of the
capping layer. The termination effect is a result of the missing atomic neighbours

even in ordered surfaces.

It was pointed out that the high reactivity of Cr with oxygen may be prob-
lematic in order to deposit CoyCrggFeq4Al thin films. This effect was evidenced
by measurements on polished bulk samples. Elmers et al. [107] observed a strong
selective Cr oxidation at the surface of the samples due to exposition to air. Nev-
ertheless, the measurements from Kallmayer et al. indicate clearly the absence of

Cr oxidation in our thin films.



4.3. TRANSPORT PROPERTIES 63

L | | | | | | | B
230 - .
225 .
R
© 220+ -
G
= - ]
Q
215 .
210 - -
| 2 | 2 | 2 | 2 | 2 | 2 |
0 50 100 150 200 250 300
T(K)

Figure 4.15: Resistance versus temperature measured for a CosCrg gFeg 4Al thin film with a
thickness of 100 nm deposited on a MgAl2Oy4 (100) substrate.

4.3 Transport properties

The presence of good conducting Fe or Cr layers prevents any transport mea-
surement on samples deposited on buffer layers. Therefore, we perform such
measurements only on samples deposited on MgAl,Oy, in this case the films are
(100) oriented. The samples were not structured and the van der Pauw method
[108] was applied to extract the specific resistivity of the film.

The dependence of the specific resistivity on the temperature is shown in
fig. 4.15. In previous work of Jakob et al. an upturn in the resistivity below 60 K
is observed for epitaxial samples. The residual resistance ratio of the films from
Jakob was 1.02. In our samples, no upturn is visible and the residual resistance
ratio is increased up to 1.10. In combination with the overall smaller resistivity,
we conclude that these films posses an increased electronic mean free path due
to better crystalline ordering. The low residual resistance ratios are a common
property of many Heusler compounds.

Recently, Schneider et al. reported the presence of a small anisotropic mag-
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Figure 4.16: Specific resistivity at 4 K versus magnetic field measured for a CoaCrg gFeg 4Al
thin film with a thickness of 100 nm deposited on a MgAl,O4 (100) substrate.

netoresistive effect (AMR) below saturation in thin epitaxial films of CoyFeSi
97, 109]. The presence of an AMR effect is attributed to a presence of s-d
scattering in the films. Since s bands should not exist if a gap is present, the
observation of the AMR effect is an indication of a loss of the half-metallicity in
those films. Additionally, for larger fields a linear decrease in the resistivity is
observed which may be related to a reduction of spin-flips scattering induced by
damping of spin waves at high fields [110].

The same measurements were also carried out in our Co,Crg gFeg 4 Al samples.
The dependence of the specific resistance on the magnetic field at 4 K show a very
different behavior as shown in fig. 4.16. No AMR is visible at small magnetic fields
below saturation!. This region is shown in detail in the inset. In contrast with
results from CopFeSi films, an increase of the resistivity with magnetic field is

observed. The increase is linear with a slope of 55 nQ2 - cm/T.

IStrictly speaking, in order to estimate the AMR efffect two measurements with different
orientations (I|H and ILH) should be performed. However, when the AMR effect is present,
an abbrupt change in the resistance at very low fields is present. This change is due to the

re-orientation of the magnetic domains following the magnetic field.
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The increase of the specific resistivity can be tentatively explained as a normal
magnetoresistance effect. This effect is a consequence of the Lorentz force caused

by the magnetic field on the moving electrons and obeys the Kohler law [111]:

a0 =F (E) (4.4)
P Po

where pg is the specific resistivity a zero field. When the specific resistivity is
large, the normal magnetoresistance effect becomes very small. In fact, from 0 to
5 Tesla, the effect in our samples is roughly 0.1%.

In conclusion, the absence of a measurable AMR signal and the positive slope
of the magnetoresistance at high fields are indications of reduced s-d scattering

and spin-flip magnon-mediated scattering, respectively.

4.4 Surface ordering and topology

In tunneling devices, the interfaces play a crucial role in the transport proper-
ties of a junction. Therefore, information about the last atomic layers of the
CosCrggFeg4Al films must be obtained. In this sense, as well the crystalline or-
der of the surface of the film as its topology are of importance. The prediction of
half-metallicity is valid only for ordered structures, thus disorder at the surface
may reduce the spin polarisation of the tunneling current and consequently the
TMR ratio. On the other hand, the small thickness of the insulating barrier re-
quires a smooth surface to reduce pinholes defects which result in leaking direct
currents. Additionally, increased interface roughness may raise also the number
of scattering processes.

The morphology of the CosCrggFeg4Al samples is studied by in-situ STM.
The crystalline order is studied by RHEED (Reflection High Energy Electron
Diffraction) and LEED (Low Energy Electron Diffraction). Both methods are
only surface sensitive.

In the case of RHEED, typical electron energies are between 5-100 keV and
the angle between the incident electron beam direction and the film surface is
smaller than 5°. On the contrary, in a LEED system the energies are below 1
keV and the beam incident direction is perpendicular to the surface. In both
cases, the electron cannot penetrate deep in the volume of the film and therefore
only information from the surface is obtained. Further insight in the RHEED
and LEED methods can be found in [112] and [113], respectively.
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Figure 4.17: Schematic representation of a RHEED experiment. For a 2D lattice, the recip-
rocal lattice degenerates in infinite rods perpendicular to the film surface (black lines). The
sphere represents the Ewald sphere. The projection of the intersection of the Ewald sphere
with the infinite rods on the phosphorescent screen gives the RHEED pattern (yellow points in
the green screen).

Since only a few atomic layers contribute to the diffraction pattern, it is pos-
sible to assume a 2-D system. In this case the reciprocal lattice degenerates in a
lattice of infinite rods perpendicular to the surface (see fig.4.17). The projection
of the intersection of these rods with the Ewald sphere forms the diffraction pat-
tern observed in a phosphorescent screen. In the case of a RHEED system, where
electron gun and screen are at the sides of the sample, the resulting diffraction
pattern is an array of points situated in different circumferences corresponding
to the different diffraction orders. In a LEED system, the electron gun and the
screen are situated above the sample and the diffraction pattern observed in the
screen has the same symmetry as the film surface. The interpretation of LEED
patterns is, thus, straightforward?. The interpretation of RHEED patterns is
more complicated because, due to the grazing incidence angle, RHEED is in ad-
dition sensitive to surface roughness. On the other hand, this last property makes
RHEED more interesting to characterize surface roughness. We can conclude that
both systems are complementary for the study of surface properties.

In the bottom picture of fig.4.18, a typical RHEED diffraction pattern of
a CoyCrggFeg4Al film deposited on Fe buffer layer and annealed at 550°C for

2 Actually, more information can be obtained by measuring the intensities of the different

reflections. However, the available experimental setup does not allow this possibility.
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Figure 4.18: Top: RHEED diffraction pattern for an as-deposited CosCrg ¢Feg 4Al thin film
on a 100nm thick Fe buffer layer. The deposition temperature for CosCrg ¢Feg 4Al is 100°C.
The pattern is typical for a 3D lattice, indicating a relatively rough surface (see text). Bottom:
RHEED pattern from a similar sample after annealing at 550 °C for 5 min. Typical 2D circular
configuration of the reflections is seen. Additionally, Kikuchi lines are visible. The energy of

the electron beam is 20keV for both images.
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Figure 4.19: Top: RHEED pattern of a CCFA thin film deposited on a MgAl,O4 (100)
substrate at 100°C and annealed at 600°C. Bottom: RHEED pattern of a CCFA thin film
deposited on an Al,O3 (1120) substrate and annealed at 600°C. Both films have a thickness of
100nm. The energy of the electron beam is 20keV for both images.
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5 min is shown. The bright point on top is the direct non-diffracted beam.
It is possible to see the circular configuration of the reflections of the different
diffraction orders (the last diffraction order is at the border of the phosphorescent
screen, some points are already not visible).

A detailed inspection of the images shows that the reflections are not exactly
punctual but they have a linear shape. There are two reasons for this. First of
all, there is always a certain energy dispersion for the incidents electrons, i.e.
the beam is not completely monochromatic. As a consequence the Ewald sphere
degenerates in a spheric shell and the intersection with the rods is no more a
point. Second reason lays in the mosaicity of the surface. The rods are no more
unidimensional and the width increases with the distance to the surface. Again,
the intersection with the Ewald sphere does not result in points.

Additional linear structures can be observed in this picture. They are the
so-called Kikuchi lines [112]. They are explained by a two-step scattering model.
The incident electrons suffer first a scattering process and as a result the direction
of their wave vectors is isotropically randomized. At this point a quasi-elastic
process is assumed so that the energy loss is minimum and we can consider that
the electrons have still the initial energy. The Kikuchi line appears as a result of
the diffraction generated by the isotropical radiation from the scattering points.
In order to observe a well-defined line, the energy spread in the first scattering
process must be very small. Since the Kikuchi lines can be interpreted as the
diffraction pattern of electrons traveling on a 2D surface, their presence can be
taken as an indication of a good ordered film surface.

On the top image of fig. 4.18, the pattern for an as-deposited CoyCrggFeg4Al
film deposited on a Fe buffer layer is shown. The pattern looks different from
the one from annealed samples. The reflections points are not arranged in circles.
This is the kind of diffraction pattern expected for a 3D lattice. This is interpreted
as a result of an increased roughness of this surface compared to the annealed
films.

In fig. 4.19, the correspondent RHEED pattern of annealed samples deposited
on MgAl,O4 and Al,O3 are shown. In both cases, the RHEED reflections are
sharper that in the case of films deposited on buffer layers. Again, Kikuchi lines
are clearly visible. In contrast with the previous case, for non annealed samples
deposited directly on these substrates, no diffraction pattern is observed. This
points to highly disordered surfaces in the as-deposited case. This behavior is in

concordance with the observations by x-ray diffraction. As already commented,



70 CHAPTER 4. CCFA THIN FILMS

Figurc 4.20: LEED diffraction pattern for a CosCrg.gFeg.4Al film deposited on Fe buffer layer

and annealed at 550°C for 5 min. The energy of the electron is 120 eV.

the annealing step is needed to induce crystalline order in samples deposited
directly on MgAl,O4 and Al,Os3.

Alternatively, LEED diffraction patterns were measured for some selected
samples. In fig.4.20 a LEED pattern of a CoyCrggFeg4Al film deposited on Fe
buffer layers and annealed at 550 °C for 5 min is shown. The four-fould symmetry

of the CoyCrggFeg4Al (100) surface is recognized in the pattern.

The morphology of the films was analyzed by in-situ STM. In figs. 4.21 and
4.22, STM scans for three samples deposited at 100, 400 and 550 °C on Fe buffer
layers are shown. These samples were not annealed. The bright spots present in
the case of the sample deposited at 100°C are probably particles present in the
substrate prior to loading in the deposition chamber. These spots are not repre-
sentative since they only appeared in this sample. A weak tendency to increased
roughness with increasing deposition temperature can be seen but in any case the
root mean square roughness (rms) is always below 1nm. The tendency is more
evident by observing the corresponding height profiles. The advantage of using
a buffer layer to obtain smooth epitaxial films is here evident, especially when

compared with the previous work of Jakob et al. [86].

The corresponding scans for annealed films are shown in fig.4.23. The an-

nealing temperature is 550 °C for the top image and 600 °C for the bottom one.
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Figure 4.21: STM images of 100 nm thin CosCrg ¢Feq 4Al films deposited at 100°C (top) and
400°C (bottom) on Fe buffer layer on a MgO (100) substrate.
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Figure 4.22: STM image of 100 nm thin CosCrg gFeq 4Al film deposited at 550 °C on Fe buffer
layer on a MgO (100) substrate.

The annealed films show increased roughness in comparison with as-deposited
ones. Nevertheless, also in this case the roughness is small enough to allow the
deposition of a tunneling barrier. The differences in roughness between samples
deposited at 550 and 600°C are small. The fact that the sample annealed at
lower temperatures has lower rms is probably due to the statistical deviations

from sample to sample.
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Figure 4.23: STM images of 100nm thin CoyCrggFeg 4Al films deposited at 100°C on Fe
buffer layer on a MgO (100) substrate and annealed at 550°C (top) and 600°C (bottom).
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Chapter 5

Magnetic tunneling junctions

5.1 Exchange bias

In order to measure the TMR effect, it is essential to be able to assure an an-
tiparallel configuration of the magnetization of both electrodes. In materials with
very different coercive fields, it is possible to obtain an separated rotation of both
magntizations at different magnetic field values. However, this is not the case for
many of the most used ferromagnets.

The low TMR values reported in our first work [114] is explained by an in-
complete antiparallel configuration. The TMR amounted to a maximal value of
12% at 4 K. No antiferromagnetic layer was used to pin the magnetization in that
case. In fig. 5.1, top, the magnetic hysteresis loop of a CCFA/AIO, /Co is shown.
The measurement was done with a SQUID magnetometer. It is not possible
to distinguish a separated switching of the magnetization of the electrodes. By
comparison with CoyCrggFeg4Al thin films it was possible to conclude that the
first electrode to switch is the CoyCrggFeg4Al bottom electrode but the top Co
electrode starts to switch before the magnetization reversal in CoyCrggFeq4Al is
completed.

In order to solve this problem, FeMn and CoO antiferromagnetic layers were
deposited with different success. With both materials it is possible to bias the
hysteresis loop of the Co top electrode to higher fields but the effect was not
strong enough for the case of FeMn. This is shown in fig. 5.2. Here the TMR
major loops of two MTJ pinned with FeMn and CoO are plotted. The arrows
indicate the direction of the measurement starting from high positive fields. For

the case of CoO a true plateau is recognized indicating the achievement of a

75
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Figure 5.1: Top: Hysteresis curve at 4K of a CCFA/AlO, /Co multilayer sample. An inde-
pendent rotation of the magnetizations is not observed. Bottom: Hysteresis curve at 4K of a
CCFA/AlO, /Co/Co0O multilayer sample. The plateau indicates a true antiparallel configura-

tion with independent switching of the magnetization.
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Figure 5.2: Major magnetoresistance loops for a MTJ pinned with 10 nm of FeMn (top) and
CoO formed by oxidation of the previously deposited Co electrode (bottom).
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Figure 5.3: Minor loop magnetoresistance curve of a CCFA/A1O,/Co/CoO polycrystalline
sample. The Al barrier has a thickness of 1.5-2nm and the oxidation time is 75s in a pure

oxygen atmosphere plasma.

complete antiparallel configuration. This is not the case for FeMn.

The independent rotation of the magnetization of both electrodes can be also
seen in the magnetic hysteresis loops of a CCFA/AIO, /Co/CoO sample shown
in the bottom graph of fig. 5.1. A plateau is easily recognizable as a result of the
different switching fields for the ferromagnetic layers.

The lack of success in the case of FeMn could be attributed to the lower
interface exchange energy in comparison with CoO as shown in Table 3.1. But
it may be also a result of the different field cooling procedures used for both
antiferromagnets as described in Section 3.2.3. Especially, the low magnetic field

applied for the case of FeMn may play an important role.

5.2 TMR of polycrystalline samples

Most of the results concerning TMR ratios of MTJ’s with polycrystalline Co,Crg gFeg 4Al

films were not obtained from samples patterned with MESA structures but by
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using cross-geometry junctions deposited using shadow masks.

Some remarks must be made about the values of the thickness of the barriers
given in this work. The thickness of the metallic Al layers is known always once
the deposition rate has been measured. However, when Al is oxidized there is
an increase in the volume as result of the change in the crystalline structure. By
comparing the volume per Al atom for Al and Al,O3 the change in the volume can
be estimated. In this discussion, the parameter of interest is the change in one
dimension since we are interested in the barrier thickness. The lineal change is
estimated in 26% for amorph materials. However, this value corresponds to bulk
stoichiometric samples. In a tunneling barrier this effect depends on the oxidation
conditions and therefore there is a certain uncertainty in the final thickness of
the insulating barrier. In order to compare samples, only the nominal thickness
of the Al layer is given. The nominal thickness and the oxidation time are the
only parameters of interest to characterize a barrier!. In the literature, this is the
normal criterion. Only with a TEM it is possible to estimate the actual thickness

of the barrier.

The TMR values of junctions with polycrystalline electrodes vary between 20
and 27%. In fig. 5.3 the minor loop of a CCFA/AlO, /Co/Co0O sample is shown.
The barrier thickness is 1.5-2nm and the oxidation time in pure oxygen is 75s.
During a minor loop measurement the fields are kept small and only the non-
pinned CCFA magnetization rotates. The hysteresis in the magnetoresistance
curve is thus a reflection of the magnetic hysteresis of the CCFA electrode. This
measurement takes much less time than a major loop and it will be used hereafter
to measure TMR ratios?.

The TMR values of polycrystalline samples show a weak tendency to increased
values with reduced oxidation times. The TMR ratios at 4 K are 20.5%, 23.7%
and 27.9% for oxidation times with pure oxygen of 75, 45 and 30s, respectively.

IThis is of course only true if the oxygen pressure, the temperature of the sample during
oxidation and the current generating the plasma are always constant. In this work the oxidation
was always done at room temperature and the current was always 10mA. The pressure was
0.2mbar. Pure oxygen or a mixture of argon and oxygen were used. The kind of atmosphere

will be indicated for each case.
2There is an additional important reason to use minor loops measurements. In the exchange

bias a training effect is observed. That means that once the Co pinned magnetization is rotated
in one measurememt (with a high field), the exchange bias is no longer as strong as before. With
further measurements it may be insufficient to assure an AP configuration. By switching only

the CCFA magnetization, this problem is avoid.
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Figure 5.4: Dependence of the TMR ratio on the Al thickness for polycrystalline samples.

The oxidation time for this series is 150s in a pure oxygen atmosphere.

In order to compare the resistances for tunneling junctions with different sizes,
the product resistance times area (RS or RA) is commonly used in the literature.
The reduction of the oxidation times is reflected also in the value of the resistance,
which becomes smaller with decreasing oxidation times. The RS products are 51,
3.2 and 0.7 M€ - um? for oxidation times of 75, 45 and 30s.

An improvement of the TMR values by varying the thickness of the barrier
is not possible. In fig. 5.4, the dependence of the TMR ratio at 4 K on the Al
thickness is shown for an oxidation time of 150s. A plateau where almost no
changes in the TMR values can be recognized. With thicker barriers a reduction
of the TMR is observed, probably due to the presence of a non-oxidized Al layer at
the interface. Astonishingly, the TMR plateau holds for relative small thicknesses.
A this point we must remember that the thickness of the barrier is larger than
the nominal Al thickness. On the other hand, later measurements of the Al

deposition rates indicated a slight underestimation of the Al thicknesses.

Further reduction in the oxidation time in cross geometry samples is not pos-

sible without the risk of geometrical enhancement of the TMR ratio. As already
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pointed by van der Veerdonk and Moodera [115, 116], when the resistance of
the junction becomes comparable to the longitudinal resistance of the electrode,
the current distribution becomes inhomogeneous. This results in an ill-defined
measurement and in a non-realistic value of the TMR. This effect is of special
importance in magnetic tunneling junctions with electrode materials with large
specific resistivity, as it is the case of CoyCrqgFeg4Al (p, = 210 pm-cm). In con-
sequence, a further reduction of the junction area, achievable only with MESA
structures, is needed. Additionally, when the oxidation time becomes smaller and
smaller, it becomes difficult to adjust it exactly resulting in reduced reproducibil-

ity. For this reason, the mixture Ar-O; is used hereafter.

5.3 TMR in samples with epitaxial
Co,CrysFey 4Al electrode

5.3.1 Annealing temperature dependence

In Chapter 4, the improvement of the crystalline properties of the thin films by
annealing and of the order in the surface is discussed. It is reasonable to think
that this would have an effect also in the TMR values.

The TMR ratio results from samples annealed at different temperatures are
plotted in fig. 5.5 for a barrier thickness of 3nm. The points at 50°C represent
non-annealed samples. The lines are only a guide to the eye. In this graph, two
different sample series with oxidation times of 120 and 90s are shown. All the
samples are oxidized in a mixture argon-oxygen and the annealing time is fixed
at b min.

No change is observed between as deposited samples and annealed samples
with annealing temperatures up to 500°C. An abrupt increase in the TMR is
observed for annealing temperatures above 500 °C reaching a maximum at 550 °C.
Further increase of the annealing temperature results in a fast decrease in the
TMR, already visible at 575°C.

Some words must be said about the reproducibility of this results. Typically
the TMR values obtained from different junctions prepared at the same conditions
scatter in a range of +£2% around a mean value. Sporadic strongly reduced TMR
values can be associated with problems in the patterning process.

A maximal TMR ratio of 40.7% at 4K (34.6% at 77K) is measured (see
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Figure 5.5: Dependence of the TMR ratio on the annealing temperature for samples deposited
on Fe buffer layer on MgO(100) substrates. The lines are a guide to the eye. Two series with

different oxidation times in an Ar-Os mixture are plotted. The annealing time is 5 min.

fig. 5.6). A spin polarisation of 31% was previously deduced for the polycrys-
talline top electrode from Co/AlO,/Co test junctions. Applying the Julliere
model to the Fe/CCFA/AlO,/Co junctions, a spin polarisation of 54% is de-
duced for CoyCrggFeqg4Al. This value of spin polarisation is comparable to the
value reported by Inomata et al. [95]. They reported a spin polarisation of 52%
at 5 K using CoFe as a counter electrode material.

Recently, Cinchetti et al. [117] measured the spin polarisation in our samples
using spin-resolved photoemission. They report a spin polarisation of 45% at
room temperature. Unfortunatelly, the use of a CoO layer as antiferromagnetic
material for pinning in our tunneling junctions does not allow the measurement of
the spin polarisation at room temperature. In this sense, a future switch to FeMn
as material for the exchange bias is planned. Nevertheless, by comparison also
with Co-Co test junctions, a spin polarisation of 48% at 77 K for CoyCrg ¢Feg4Al
is calculated. Thus, we believe that the spin polarisation at room temperature

would stay below the value reported by Cinchetti et al. There are different factors
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Figure 5.6: Maximal measured TMR ratio at 4K of a MTJ with epitaxial CogCrg ¢Feg 4Al
electrode deposited on Fe buffer layer on MgO (100) and annealed at 550°C for 5 min. The

bias voltage is 1 mV and the nominal barrier thickness is 3 nm.

which can explain this disceprancy. The thin films analyzed by Cinchetti suffered
several ex situ sputter/annealing cycles to remove the Al capping layer and the top
atomic layers. This process results in a reconstruction of the film surfaces. On the
other hand, there may be other factors affecting the correlation between the spin
polarisation of the emitted electrons and the DOS in the case of photoemission
experiments and the spin polarisation of the tunneling current and the DOS in
the case of MTJ’s.

Additionally, point contact spectroscopy measurements have been also per-
formed with CoyCrggFeg4Al samples. Auth et al. [118] estimated a spin polari-
sation of 49% with a superconducting Sn tip whereas the group of Karthik [119]
reported a value of 54% with a superconducting Nb tip. In both cases the ex-
periments were performed on polycrystalline bulk samples. By point contact
spectroscopy it is difficult to control how deep penetrates the tip into the sample
and, therefore, it is probable that the measured polarisation does not correspond

to the surface of the sample. Additional complications arise from the fit of the
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experimental data to the theoretical models in order to extract the value of the
spin polarisation. The inclusion of a parallel and a serial resistance as parameters
in the model allows the fit of a determined spectrum with different combinations
of the parameters and different values of the spin polarisation.

Some words must be said concerning the resistance of the junctions. For the
junction series shown in fig. 5.5, the RS product varies between 23-160 M( - ym?
for an oxidation time of 90s and increases to 100-240 M€ - ym? for an oxidation
time of 120s. The resistance of the junctions shows a linear dependence on
the temperature with an increase of ~30% from room temperature to 4 K. We
consider this behavior as an indication of an insulating fully oxidized barrier.

As seen in Chapter 4, epitaxial growth is also achieved on MgAl;O4 and Al;O3
substrates. In fact, RHEED reflections and crystalline properties as observed
by x-ray diffraction are even better for samples deposited on MgAl,O4. For
the case of Al,O3 substrates, RHEED reflections are also sharper but a small
shoulder is observed in the 0/260 scans. The TMR ratios of samples with epitaxial
Co9CrggFeg4Al deposited directly on these substrates are smaller. In the case of
Al,O3 , the TMR amounts to 19% while for MgAl,O, ratios of 31% have been

measured for samples annealed at 550 °C.

5.3.2 Correlation between surface order and topology and
TMR

A clear correlation between the improvement of the TMR ratio and the surface
ordering as observed by RHEED is found. In fig. 5.7 the RHEED diffraction pat-
terns for as deposited samples and for samples annealed at different temperatures
are shown. The annealing time is always 5 min.

The as-deposited samples show always typical 3D RHEED. For some samples,
the spots are very weak. By increasing the annealing temperature we observe
a transition from the previously irregular pattern to a circular arrangement of
bright spots, characteristic from a well ordered 2D system. Additionally, Kikuchi
lines appear and become more defined at higher temperatures. This transition
concurs with the observed increase of the TMR ratio (fig. 5.5). Thus, a correlation
between the surface crystalline order and the TMR is observed. This point shows
again the importance of the interface/surface quality for the spin polarisation of
the tunneling current.

On the contrary, the drop of the TMR at annealing temperatures above 550 °C
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Figure 5.7: RHEED diffraction patterns of samples annealed at different temperatures. All
the samples were deposited on Fe buffer layers and annealed for 5 min. The primary electron
beam energy is 20keV.
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can not be correlated to the RHEED patterns. Indeed, as observed in fig. 5.5, the
quality of the RHEED patterns is better for higher annealing temperatures. At
this point, it may be argued that a larger surface roughness by higher annealing
temperatures is the reason for the decrease in the TMR. This argument is not
confirmed by STM surface imaging®. In fig. 4.23, no significant differences can be
seen for samples annealed at 550 and 600 °C.

Recent XAS measurements seem to indicate a Fe enrichment in the annealed
samples deposited on Fe buffer layers. This enrichment is explained as an interdif-
fusion of Fe from the buffer to the CoyCrggFeg4Al film. In parallel, a Cr diffusion
from CoyCrggFeq4Al to the buffer layer is also plausible. Thus, an enhanced
Fe interdiffusion at higher annealing temperatures may explain the decrease of
the TMR annealed over 550°C . Unfortunately, the available data does not al-
low to estimate if this enrichment is stronger with higher annealing temperature.

Further investigations are needed to confirm this hypothesis.

5.3.3 Surface tailoring

From the correlation between the RHEED patterns and the TMR values we con-
clude that the interface CCFA-barrier is crucial to achieve a high spin polarisation
of the tunneling current. Therefore, the selective modification of the surface of
the CoyCrggFeg 4 Al films opens new possibilities to improve the TMR ratios.

As a first experiment, we tried to confirm the hypothesis relating the drop of
the TMR with higher annealing temperatures to an Fe enrichment (or equivalently
Cr depletion). Very thin Cr layers were deposited on the CoyCrggFeg4Al films.
The deposition of these layers was done before the annealing in the hope that the
temperature treatment would induce Cr to diffuse in the CoyCrggFeq4Al surface.
In this way we may correct the film surface composition back to the desired
stoichiometry.

Two series with different Cr layer thicknesses were deposited, each with differ-
ent annealing temperature: 550°C and 600 °C. The results are plotted in fig. 5.8.

For the samples annealed at 550 °C, no relevant changes are observed between

non-tailored samples and samples with Cr thicknesses up to 2.5 A. For thicker Cr

3 As already discussed, RHEED is sensitive to the surface roughness. However this sensitivity
is limited by the width of the electron beam and the surface properties are promediated over a
certain region. On the contrary, STM has a increased sensitivity and small material exclusions

can be detected.



5.3. TMR IN EPITAXIAL SAMPLES 87

42 T T T T T T T T T T T

40 |

38 |-

36 |-

34 |

TMR(%)

32

30

28 |-

26 1 . 1 . 1 . 1 . 1 . 1
0 1 2 3 4 5

o

Cr Thickness (A)

Figure 5.8: Dependence of the TMR ratio on the thickness of the Cr tailoring layer deposited
on the CoyCrggFeg4Al film. The Cr layer was deposited before annealing. The black (red)
points represent samples from a series annealed at 550 °C (600 °C). The lines connect the highest
TMR values are intended only as a visual guide. The annealing time is 5 min. In all cases the

oxidation time is 90s and the Al thickness is 3 nm.

layers, a fast drop in the TMR is observed. However, an improvement can be
recognized for tailored samples annealed at 600°C in comparison with samples
without additional Cr. Again, a reduction of the TMR for Cr thicknesses larger
than 2.5A is observed though the decrease is less pronounced for the MTJ’s

annealed at higher temperature.

The behavior of MTJ’s annealed at 550°C can be explained if we assume a
reduced diffusion of the Cr tailoring layer into the CosCrggFeg4Al. In this case,
a large percentage of the deposited Cr lays on top of the CCFA and does not
affect its stoichiometry and spin polarisation. Only for larger Cr thicknesses, a
thick Cr layer is situated between the ferromagnet and the barrier and the TMR
drops fast. In fact, this situation is exactly equivalent to the experiments with
dusting layers described in Section 1.1.3 [19, 20, 21, 23].

On the other hand, for samples annealed at 600°C an enhanced diffusion is
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Figure 5.9: Dependence of the TMR ratio on the oxidation time for samples deposited on Fe
buffer layer and annealed at 550 °C for 5 min. The nominal Al thickness for this series is 2 nm.
A mixture Ar-O is used.

expected. In this case, the increase in the TMR can be explained in terms of a
correction of the Fe enrichment. The smaller drop in the TMR with thicker Cr
layers is also in concordance with this argumentation. Since the Cr now diffuses
stronger in the CCFA, the thickness of the rest Cr layer is smaller.

As a conclusion, this tailoring experiment gives an additional indication that
the Fe interdiffusion from the buffer layer is the reason for the fast drop of the
TMR of samples with higher annealing temperatures. Furthermore, different

tailoring strategies could be successful in order to improve the TMR ratios.

5.3.4 Oxidation time dependence

The dependence of the TMR ratio on the oxidation time was investigated for a
series of samples with a nominal Al thickness of 2nm. In this case the maximal
achieved TMR values are slightly smaller than for a thickness of 3nm. The gas

used for this series is a mixture argon-oxygen.
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The results are plotted in fig. 5.9. We observe a strong tendency to a reduced
TMR with increasing oxidation time. We believe this behavior is a consequence
of an oxidation of the CoyCrggFeg4Al electrode with the consequent loss in spin
polarisation. This explains also the increased TMR values for 3 nm thick barriers
for equal oxidation times. With decreasing oxidation time we see an increase in
the TMR with a trend to stabilize near 40%.

5.3.5 TEM

Some selected junctions were studied with a transmission electron microscope
(TEM) in order to investigate the quality of the barrier. In fig. 5.10 two of these
images are shown. The top image shows the complete MTJ stack and covers a
large area. Due to the low contrast it is not possible to distinguish the CoO layer
on top of the MTJ in the top panel of fig. 5.10. For the same reason, the Fe buffer
layer is hardly visible in this image. No Pt capping layer was used for this sample.
The barrier is visible as a bright line separating the CCFA and Co electrode. We
observed that the barrier is smooth and homogeneous on large scales. Also no
pinholes or other defects can be seen.

The presence of weak points or irregularities in the barrier were studied with
increased microscope magnification. An example image is given in the bottom
panel of fig. 5.10. At this scale the barrier looks also smooth, homogeneous and

defect-free.



90 CHAPTER 5. MAGNETIC TUNNELING JUNCTIONS

¥

vacuum_

Figure 5.10: Top: TEM image of a Fe/CCFA /AlO,,/Co/CoO MTJ deposited on MgO. Clearly
it is observed that the barrier is smooth and defect-free on large scales. Bottom: Detail of a

tunneling barrier. Both figures are courtesy of Christian Herbort.



Chapter 6
Tunneling spectroscopy

Spectroscopic experiments in superconductor to normal metal tunnel junctions
are a widespread method for the study of the coupling mechanism in super-
conductors. Alternatively, by substituting the normal metal by a ferromagnet
(Meservey-Tedrow junctions), tunneling junctions are used to estimate the spin
polarisation of ferromagnetic materials.

Spectroscopy has not attracted large attraction in magnetic tunneling junc-
tions and only in the last years the interest has started to grow. Mainly, this
situation can be attributed to two reasons. First of all, the voltage applicable to
a junction is limited by breakdown processes in the barrier. In a tunneling junc-
tion the voltage drop in concentrated in the barrier and therefore, high electrical
fields are generated even for low voltages. These high fields induce a degradation
of the insulating barrier. This degradation can happen in a continuous or in
abrupt way depending on the properties of the barrier [121, 122]. A continuous
degradation is a result of a thermal-assisted growth of pre-existing pinholes due

1. On the contrary, for an originally hole-free

to a high local current densities
barrier, a step-like degradation occurs as a consequence of breakdown processes
which destroy locally the barrier. In this sense, the presence of weak spots, i.e.
local regions with thinner barrier, increases the possibility of deterioration by
reducing the breakdown electric field.

The second reason lays in the parabolic dependence of the differential conduc-

tivity dI/dV on the bias voltage Vgias, as explained in Section 1.2. The quadratic

ISince the current always chooses the way of smaller resistance and the pinholes open a
direct connection between the two electrodes, it is not a surprise that the current density in
them can be very high. The generated heat induces atom migration from the electrode to the

barrier with its subsequent progressive degradation.
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Figure 6.1: Schematic representation of the experimental setup used to measure the differen-
tial conductivity dI/dV.

change of dI/dV blurs out other effects like band structure effects and allows only
very strong features to be visible.

Additionally and partially as a direct consequence of the previous point, the
question of electrical noise can make spectroscopy measurements in MTJ’s a
challenge. Furthermore, for certain kind of measurements noise considerations
plays a more important role. On example is the measurement of the dependence

of the TMR on Vgas where two different measurements must be subtracted.

6.1 Measurements of the differential conductiv-
ity dI/dV

The differential conductivity dI/dV was measured directly using standard lock-in
techniques. Alternatively, the dI/dV curves can be determined by differentiation
of the I(V) curves. However, this method results in increased noise and it is
discarded. In order to perform the measurements, two currents, dc and ac, are
sent through the junction (see fig.6.1). These currents are generated with the
voltage outputs of the lock-in amplifier which are connected in serial to two
independently tunable resistances. In order to obtain an ideal current source,
it must be accomplished that Ric, Rpc > Rjunction- The correspondent ac

voltage signal in the junction (V4¢) is measured by the lock-in amplifier and a
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Figure 6.2: Differential conductivity dI/dV versus bias voltage for non-annealed
Fe/CCFA/A1O,/Co/CoO/Pt samples measured at room temperature (top) and 4K (bottom).
For negative voltages the electrons tunnel into CosCrg.¢Feg.4Al . The red line represents a fit
using Brinkman’s model. Blue points are not considered for the fit. ¢, A¢ are the height and

asymmetry of the potential barrier, respectively. s is the width.
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nanovoltmeter is used to measure the dc voltage (Vpoc=Vpias). The ac voltage
is kept small (100-500 V) to prevent distortions in the measurement of Vgjas.
In order to understand how it is possible to measure dI/dV directly it should
be remembered that the total current going through the junction can be sepa-
rated in two terms: a dc current generated by the bias voltage and a ac current
generated by the sinus voltage output of the lock-in amplifier. Since the ac cur-
rent is much smaller than its dc counterpart, it can be considered as a small

perturbation allowing a Taylor expansion of V(1) around I

, oV : PV o,
V (Lge + Lue sin (wt)) = V(I4e) + o Idcfac sin (wt) + el Idc[ac sin® (wt) +...=
oV , 1O*V |
V(lae) + vl Idclac sin (wt) + 1 Idc]ac (1 —cos (2wt)) + ... (6.1)

When the lock-in amplifier is set to measure signals with a frequency w, the
measured signal is proportional to the differential conductivity dI/dV.

The dI/dV (Vpias) curves for non-annealed samples are plotted in fig. 6.2.
The top panel shows typical measurements at room temperature while the bottom
panel shows the situation for 4 K. The red line represents a fit using the Brinkman
model presented in Section 1.2. The blue color corresponds to data points that
are not considered for the fit. For negative voltages the electrons tunnel into
CoyCrggFegaAl .

The data points for voltages larger than 1100 mV deviate from the parabolic
behavior expected from eq.1.2. This is due to V3 and higher order terms not
included in the model. These terms are important only at high voltages. For
very small voltages, additional deviations from the model are observed. These
deviations are a consequence of a feature growing with decreasing temperature.
This structure is the so-called zero bias anomaly and it characteristic for magnetic
tunneling junctions, also with conventional ferromagnets. Although it is a well
known effect, the origin of the anomaly is controversial and different interpreta-
tions are found in the literature. This subject will be discussed later in Section
6.2.1.

The characteristic parameters for the barrier obtained from the fit are given in
the graphs. It is very important to remember at this point that these values make
reference to the model barrier potential and not to the actual oxide barrier. The
parameter ¢ is the height of the barrier, s is the width and A¢ is the asymmetry

as defined in Section 1.2.
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Figure 6.3: Schematic representation of the potential barrier of a tunneling junction. The
solid line represents the actual barrier while the dashed line corresponds to the Brinkman’s

model.

In order to estimate the error of the parameters, several simulations of the
dI/dV curves with small variations of the parameters from the best fitted values
were performed. In each case only one parameter was varied. For ¢ and s,
already small variations of +0.5% result in curves which differ clearly from the
experimental data. On the contrary, A¢ can be varied by £30% and the resulting
curve still follows quite well the experimental one. The explanation for this
behavior is clear, the width and height of the potential barrier have a large effect
in the overall conductivity and small changes shifts the parabola towards higher
or lower conductivities. A¢ only influences slightly the shape of the parabola.

In the parameters shown in fig. 6.2 an improvement of the barrier characteris-
tics with decreasing temperature is recognized. The barrier becomes higher and
thinner at low temperatures. This a general tendency observed in all of our junc-
tions. It is not a surprising behavior since the resistivity of an insulator increases
with decreasing temperature.

Typical values for s in our junctions vary between 10 and 15 A while ¢ is usu-
ally well above 3.5V, reaching values near 6 eV. These high values are compatible
with band gap estimations found in the literature. Measurements of single crys-
talline bulk Al,O3 samples show a band gap of 8.8V [123] whereas experiments
in amorphous Al;O3 thin films yield a bottom threshold value of 6.2eV for the
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Figure 6.4: Differential conductivity dI/dV versus bias voltage for annealed
Fe/CCFA/AlO,/Co/CoO/Pt samples measured at 4 K. For negative voltages the electrons
tunnel into CosCrggFeg4Al . The red line represents a fit using Brinkman’s model. Blue
points are not used for the fit. The inset shows a comparison between the measurements for

the antiparallel and parallel configuration.

gap [124]. On the other hand, the values of s may look to small when compared
with the nominal thickness of 3nm of the Al layer. It must be remembered again
that the parameters are of the potential barrier and not of the physical oxide
barrier. Additionally, the potential barrier is modeled with a trapezoidal shape.
This situation, with infinitely sharp interfaces is not realistic. Let us consider a
most general shape? for the barrier represented by the solid line in fig. 6.3, the fit
for the potential using a trapezoidal shape is represented by the dashed line. The
"tails” of the barrier are not included in the model, and therefore the parameter
s should best be interpreted as the FWHM of the barrier. Indeed, the smaller
value of s compared to the nominal thickness may be an indication of the good

quality of the barrier since a concordance of both values would only be possible

’Here a symmetrical barrier is drawn. In a more general description a non-symmetrical

barrier should be included.
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with an oxidation of the metallic electrodes.

An example of dI/dV measurements for MTJ’S with annealed CosCrg gFeq 4Al
electrodes is plotted in fig. 6.4. Some differences compared to as deposited samples
are present. An additional wide structure is observed at a voltage of ~150mV.
This structure is extremely weak or inexistent in as deposited samples but it
is always present in annealed samples, with different strength depending on the
sample. Since the major differences between both families of MTJ’s are in the
CoyCrggFeg 4 Al surface (observation of well defined RHEED pattern, see for in-
stance fig. 5.7), it may be concluded that this structure is related to the interface
CCFA /barrier. However, alternative explanations are possible. The interpreta-
tion of this structure and of the zero bias anomaly will be discussed in Sections
6.2.1 and 6.2.3.

Another important detail in the dI/dV curves of annealed samples lays in the
very high values of A¢. The value of A¢ obtained from the fit are as large or
even larger than the averaged height ¢, as for instance in fig. 6.4. This values may
be a failure resulting from the increased overall asymmetry of the parabola due
to the structure at 150 mV. This kind of features are not included in the model
and therefore the values of A¢ may be overestimated.

The inset in fig. 6.4 shows the comparison between the parallel and the an-
tiparallel configuration for a different annealed sample . In general, the structure
at 150mV is less pronounced for the antiparallel configuration.

From the measurements of dI/dV for both the parallel and antiparallel config-
uration, the TMR dependence on the bias voltage is extracted. This dependence
is plotted in fig. 6.5. The top graph shows the case of a non-annealed sample with
epitaxial CoyCrggFeq4Al electrode deposited on Fe Buffer layer. The bottom one
shows the case of a sample with bottom electrode annealed at 550 °C.

In both cases, a fast reduction of the TMR ratio with increasing bias voltage is
observed. This fast decrease is related with the zero bias anomaly observed in the
dI/dV curves. Again, this is a general behavior of MTJ’s. It was already observed
in the pioneering work of Julliere [4]. He observed that the TMR ratio felt to
the half of its zero bias value already at Vgas=3mV. With improvements in
the deposition and oxidation techniques, the voltages at which the TMR reduces
to the half have been increased for conventional ferromagnets to values reaching
200mV [125] and even 500 mV values have been reported by some groups [126,
127].

In our junctions, the TMR drop with the bias voltage is not symmetric. For
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Figure 6.5: TMR dependence on the bias voltage for as deposited (top) and annealed (bottom)
Fe/CCFA/AlO,/Co/CoO/Pt samples measured at 4K. For negative voltages the electrons
tunnel into CosCrg gFeg 4 Al .
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Figure 6.6: Negative TMR measured at 4 K and with 920mV bias voltage for the same sample
as the bottom panel of fig. 6.5.

samples with annealed CCFA films, the half-TMR voltage is 120mV for nega-
tive bias voltages (electrons tunneling into CCFA) and 90 mV for positive bias
(electrons tunneling in Co). For samples with non annealed electrodes, the val-
ues are smaller, 90mV and 50mV for negative and positive voltages, respec-
tively. Concerning junctions containing at least one Heusler electrode, not many
TMR/(Vgias) measurements have been published. From the few papers we found,
a general tendency to asymmetric curves is seen. For MTJ’s with Co,MnSi, half-
TMR voltages of 175 and 100 mV are measured, depending of the sign of the
bias [128]. For the same compound, another group reports values smaller than
100mV [52]. For CosCry¢Feg4Al , no publications were found for junctions with
Al; O3 barrier. For MTJ’s with MgO barrier, half-TMR values of 420-530 mV are
measured [92]. However, the use of a different barrier material does not allow a

comparison in this last case.

A change in the sign of the differential TMR is also observed for high voltages
(>500mV). This negative TMR is also demonstrated with the measurement of

the magnetoresistance curve at high bias voltages, as shown in fig.6.6. This
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graph corresponds to the same junction from which the curve in the bottom
panel of fig.6.5 was obtained. Though the change in sign is verified, a small
discrepancy in the absolute value of the TMR is present. The TMR ratio obtained
from the magnetoresistance curve is larger than the one from the TMR(Vpias)
curve. The reason for the discrepancy is clear. Since the resistance of a junction
changes by changing the magnetic configuration, the bias voltage is not the same
in both configurations. Therefore, a bias voltage-generated additional change in

the conductivity is measured in the TMR curve at large voltages

Let us define 2% (Vpng) as the TMR value obtained from subtracting the

Gap
dI/dV (Vpiag) curves for the parallel and antiparallel configuration. In the

same way, %—f is defined as the TMR value obtained from the magnetoresis-

tance curve plotted for instance in fig.5.6. The previous considerations show
that the curve ﬁ—i(VBIAS) (G = 4L), is not equivalent to the ,A%—f(VBIAs) as one
could have expected. In order to compare results between different groups refer-
ring TMR(Vgias) dependences, one should take this point into account. In the
literature, GA—AGP(VBIAS) are almost always preferred since Vgrag is good defined.
When measuring }A%—f the bias voltage is different in the parallel and antiparal-
lel configuration with the consequent complications at the time to interpret the
measurements and to compare them to band structure calculations. Additionally,
AG

&, measurements are also favored due to their greater sensitivity.

Such changes in the sign of the TMR have been also found in other Heusler
compounds as for instance CopoMnSi [129]. In this case, the voltage needed to
obtain a negative TMR is larger than 1000 mV. Also in tunneling junctions with
conventional ferromagnets, negative TMR induced by bias voltage is observed
[130]. The presence of such an effect in MTJ’s is extremely interesting concerning
applications. In Section 1.3, the possibility to use arrays of TMR elements for
building morphware (programmable logic gate arrays) was appointed. With the
option to switch from a normal to an inverse TMR with a voltage, we can convert
AND and OR is NAND and NOR gates, with the consequent gain in flexibility

of the circuit.

The most striking and interesting difference in the TMR(Vpgjas) curves be-
tween MTJ’s with as deposited and annealed CoyCrggFeg4Al electrodes is the
shoulder observed in the positive bias region. This shoulder in present in all
the annealed samples and appears simultaneously to the feature observed in the
dI/dV curves.
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6.2 Interpretation of the dI/dV (Vgpas) and
TMR(Vpas) measurements

The interpretation of the different observed structures in the dI/dV (Vgas) curves
in not straightforward. In some points, strong discrepancies concerning the mean-
ing of some features can be found in the literature. Here, I will try to comment
on the validity of the different explanations.

In the simple model of Julliere, dI/dV for the a parallel alignment is pro-
portional to Ni; Niy 4+ Noy No; while for the antiparallel case it is proportional
to N1y Nop + Nij Naj. Ny represents the density of states for up (down) elec-
trons in the two electrodes (1,2). It was already mentioned that Julliere’s model
produces coherent values for the spin polarisation which are also consistent with
measurements using superconductor-normal metal junctions. Nevertheless, since
tunneling is a local process at the interface regions, a priori it is not possible to
assume that N represents the bulk DOS.

Moreover, inelastic scattering processes at the interfaces contribute also to
the differential conductivity. The role of the barrier in modifying the overall

conductivity must be taken into account.

6.2.1 Zero bias anomaly

The zero bias anomaly is stronger for lower temperatures, as observed in the
example for polycrystalline samples in fig. 6.2. However, the main characteristic
of the zero bias anomaly that stands out is its ubiquity. It has been observed in
a very wide range of magnetic tunneling junctions containing a large number of
combinations of materials as electrodes. In the same way, a related pronounced
drop of the TMR with increasing bias voltage is reported. This fact points out
that a very general mechanism must responsible of the effect. In this sense, inelas-
tic scattering at the interfaces or barrier effects have been postulated frequently
as a possible reason.

First theoretical works by Appelbaum [131] in 1961 assumed that electron
scattering during tunneling generated by impurities in the barrier is the reason
for the zero bias anomaly. However, this description results in a too strong depen-
dence on the temperature in comparison with experiments. In recent theoretical
developments by Sheng et al. impurities in the barrier are considered as the origin

of the anomaly [132]. A model is developed in which the electrons tunnel inelas-
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tically via magnetic impurities in the barrier accompanied by phonon emission.
This model is able to simulate the zero bias anomalies. Scheng points out that,
since there is a phonon emission in the Al,O3 barrier, an isotope effect should be
visible.

Nevertheless, in the literature a certain consensus toward a different mech-
anism generating the anomaly was reached. The tunneling electrons suffer an
inelastic scattering with magnons or phonons at the interfaces electrodes-barrier.
This hypothesis has received theoretical [133, 134] and experimental support
(134, 135, 136, 23, 137]. The experimental support was gained with the measure-
ments of the so called inelastic electron tunneling (IET) spectra. These spectra
show the dependence of the derivative of the differential conductivity (d?I/dV?)
on the bias voltage. Such dependence shows sharp structures which can be identi-
fied as inelastic processes (excitation of magnonic or phononic modes). This kind
of structures were observed in tunneling processes with ferromagnetic materials
already in 1971 in Ni-NiO-Pb junctions. In their report, Tsui et al. [138] were
able to correlate the observed structures in the IET spectrum with a calculated
magnon density of states and with data from Raman spectroscopy. These points
will be further discussed in Section 6.3, where d?I/dV? measurements on our
junctions will be presented.

Despite the previous considerations, alternative explanations of the zero bias
anomaly must be considered. Davis et al. [139] extended the Slonczewski model®
[140] and calculated the TMR(Vpias) curves for Fe/Al,Os/Fe junctions. The
results fits quite well the experimental data for this system. The height and the

width of the barrier were used as variable parameters. However, they assumed

3In Slonczewski’s model the TMR ratio is related to an effective spin polarisation P.s¢ by

an expression similar to the one from Julliere:
2Pesp Pl i

a L—P.jpPle;

TMR

The effective polarisation P,y is related with the polarisation P of the DOS of the electrodes,

2
R — kal
Pyy=P———
eff K2+ kik)

where k() is the Fermi wave number for the spin up (down) bands and « is the decay length
of the evanescent wave function in the barrier. In Slonczewski’s model the decay length is the
unique since it is assumed that only a narrow distribution of electrons with energies near Ep
and with near normal incidence to the barrier carry most of the current. As a difference with

Julliere’s model, the role of the barrier is taken into account by including the parameter .
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tunneling from a single parabolic band and neglected any kind of band mixing due
to diffusive scattering. Additionally, the cusp-like TMR(Vpias) curves observed
in most systems (included our junctions) is not reproduced.

Very recently, Sakuraba et al. reported the observation of a zero bias anomaly
in MTJ’s with both upper and bottom electrodes consisting of crystalline Co, MnSi
[52]. They interpreted the anomaly as the observation of a half-metallic gap in
the Heusler electrodes. However, alternative explanations are possible. The rel-
atively large anomaly could be explained by an enhanced magnon generation at
the interfaces. This fact is supported by additional experimental data provided
by the authors in the same publication. The CosMnSi/Al;O3/Co,MnSi junctions
of Sakuraba et al. exhibit and unusually large temperature dependence, the TMR
ratio falls much faster than in CooMnSi/Al;O3 /CoFe or CoFe/Al,O3/CoFe junc-
tions. Since the decrease of the TMR with temperature has been explained also
by magnon excitation at the interfaces [141], it is reasonable to think that the
increased TMR temperature dependence and zero bias anomaly in this system

has the same origin.

6.2.2 Change in the TMR sign

In order to check if the negative TMR at higher voltages is related with the density
of states of CCFA, we compare with band structure calculations by G.Fecher
[142]. There is indeed a change in the sign of the spin polarisation for both
empty and occupied states for the whole family of compounds CoyCr;_,Fe, Al
The energies (or equivalently the voltage in the spectroscopic measurements) at
which there is a change of sign in the polarisation are shown in fig. 6.7. The values
are plotted for different Fe doping X. The thick black line represents the case of
Co9CrggFeg4Al. The error bars in the graph represent only the uncertainty in
finding the exact voltage in the available data at which the sign change takes
place.

For the compound CosCrggFeg 4Al, the energies at which the spin polarisation
becomes negative is 490430 meV for the occupied states and 640+20 meV for the
empty states. In our sign convention for the spectroscopic measurements, the bias
voltage is negative when the electrons tunnel in CosCrggFeg4Al i.e. for positive
bias we investigate the unoccupied states.

In the measurements, for negative bias (unoccupied states) the TMR changes

sign at 520+30mV. The given error is the typical data scattering from sample
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Figure 6.7: Predicted bias voltage values for a sign change in the spin polarisation of the
alloy Co2Cry_,Fe,Al, for different Fe doping concentrations X. Top (bottom) panel shows the
case for the occupied (empty) DOS. The plotted values are from band structure calculation by
G. Fecher [142].
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to sample. This value is smaller than the value provided by the band structure
calculations.

For the positive bias side, the comparison is not straightforward due to the
shoulder structure which may not be related to the CCFA density of states.
The TMR changes its sign at 700£20mV which is larger than the calculated
640+20mV. An extrapolation of the experimental data excluding the shoulder
provides values of ~400 mV, which is again smaller than calculated.

It may be argued that, since there are certain indications of a Fe enrichment,
the doping parameter X chosen for comparison must be higher than 0.4. However,
in order to achieve a concordance between the measured and predicted voltages
a X value near 0.7 should be taken. Such a strong iron enrichment appears as
very improbable.

Thus, it is not possible to affirm that the origin of the negative TMR lays
in the electronic structure of CoyCrggFegsAl. Nevertheless, the DOS related
explanation can not be completely discarded since the bulk calculations may not
describe correctly the DOS at the interfaces.

On the other hand, alternative explanations are possible. Li et al. [143] ex-
tended the Slonczewski model [140] for high bias voltages. They modeled the
DOS in the ferromagnets using the free-electron approximation, i.e. assuming
that the two spin bands of the ferromagnet are parabolic. With additional in-
clusion of a trapezoidal shape for the barrier, they obtain a change in the sign
of TMR at high voltages. Li et al. observed that the height of the barrier has
a strong influence on the voltage at which the TMR sign change takes places.
This voltages increases with the height of the barrier. This behavior seems to
point out that the barrier properties, rather than the DOS of the electrodes, are
dominating the TMR sign change. For this reason, just a rough qualitatively
concordance between band structure calculations and experimental data is not a
proof of the validity of the calculations or the interpretation of the experiment.

When a feature is observed in the spectroscopic measurements in a junction
with dissimilar electrodes, it is always difficult to decide which material is re-
sponsible for it. In this sense it is interesting to observe the results for junctions
consisting of Co as both top and bottom electrode.

Measurements of the dependence of the differential conductivity and of the
TMR ratio on the bias voltage for Co/Aly03/Co tunneling junctions can be found
in work published by LeClair et al. [144]. In this work, the effect of dusting

Cu layers between the electrodes and the barrier is studied. Nevertheless, the
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Figure 6.8: Measurements from [144] of the differential conductivity G=dI/dV (left) and of
the TMR(Vgias) (right) for Co/AlzO3/Co junctions with Cu dusting layers. The control Cu

free junctions are also shown.

measurements are also shown for Co junctions without dusting. The results are
reproduced in fig. 6.8. On the right panel the TMR(Vgiag) curves are shown. A
change of the sign of the TMR ratio is also recognized. The voltage at which this
change takes places lays around 500 mV, which is comparable to the voltage at
which the sign change is observed in our junctions. Due to this similarity, we can
not conclude anymore that the CCFA electrode is responsible for the sign change
of the TMR. The negative TMR could be understood as characteristic of the Co

electrode or as a result of a more general barrier effect.

6.2.3 Additional structures

In this section the structure observed at ~160mV in the dI/dV measurements
and the asymmetric shoulder in the TMR(Vgjag) curves are discussed.

As mentioned before, both features appear concurrently in our junctions with
epitaxial CosCrggFeg4Al electrodes with 2D RHEED patterns. But this behavior
does not mean that both structures have the same origin. Let us refer again to the
work of LeClair et al. [144]. The correspondent dI/dV(Vgias) and TMR(Vpias)
for Co/Al;O3/Co tunneling junctions are shown in fig. 6.8. The same structure is
seen in the dI/dV measurements (fig. 6.8, left), indicating that the Co electrode
is responsible for it. Note that the shoulder in the TMR(Vgag) is not present
(fig. 6.8, right), indicating dissimilar origins for both phenomena.
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Figure 6.9: Differential conductivity (dI/dV) measurements for a sample series with varying
oxidation times. The data is normalized to the value of dI/dV at zero bias. The CoyCrg ¢Feg 4Al
electrode was annealed at 550°C for 5 min. The nominal barrier thickness is 3nm and the

oxidation took place in an Ar-Os mixture.

Structure in the dI/dV curves

Notwithstanding the Co origin, there is indeed a correlation between the surface
characteristics of the CoyCrggFegsAl electrode and the structure at 160 mV in
the dI/dV measurements since it is only observed in annealed samples with 2D
RHEED patterns. This is not surprising, the different morphological and crys-
talline properties of the CoyCrggFeg4Al surface may have an influence on the
growth of the barrier and indirectly on the growth of the Co layer, modifying the
Al,03/Co interface electronic properties as well.

In a different paper from LeClair et al. [145], a comparison of the dI/dV
curves for Co/Al;O3/Co between polycrystalline hep and epitaxial fec electrodes
is shown. Again, the structure at 150mV is seen, but only in junctions with
epitaxial electrodes. In polycrystalline samples the structure disappears. This is
different to our samples since we see the structure though the Co electrodes are

polycrystalline. We assume that the CoyCrg gFeq 4Al surface properties influences
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only the first Co layers near to the barrier and they are responsible for the feature.

Again, this shows how sensitive is tunneling to the interfaces properties.

With the duration of the oxidation process, the interfaces are also modified,
specially the CCFA/Al;O3 one. Therefore, a change in the structure with the
oxidation time is expected. In fig.6.9, the dI/dV(Vpas) curves for annealed
junctions with different oxidation times are plotted. In order to allow compar-
isons, the curves are normalized to the value of the conductivity at zero bias.
Though certain differences are seen from sample to sample, no systematic behav-
ior is recognizable. Nevertheless, the presence of the zero bias anomaly and the
parabolic background, which changes also strongly with the oxidation conditions,

does not allow a completely independent study of the feature at 150 mV.

Shoulder in the TMR (Vgas) curves

Concerning the shoulder in the TMR(Vgag) curves, this feature is not present in
the Co/Al;O3/Co junctions. Therefore, it may be possible that in this case the
CCFA electrode is responsible. At this point it should be remembered that the
shoulder is situated at the positive bias region, i.e. it is associated with electrons
tunneling into Co. In fig. 6.7 the estimated spin polarisation from band structure
calculations of G. Fecher [142] is plotted. The cases for Fe doping concentration
X=0.25 (top) and X=0.5 (bottom) are shown. CoyCrgg¢Feq4Al lies between this

two cases with X=0.4.

The half-metallic gap is clearly visible in the calculations for both compounds.
At higher voltages the gap closes and the spin polarisation drops. At this point is
when a shoulder is recognizable in the occupied states polarisation. This shoulder
is indicated by the arrows in fig.6.10. The width of the shoulder changes with
the Fe content. This structure is situated at the same energies than the shoulder
in the TMR(Vgas) curve. In contrast to the negative TMR values or to the
structure in the dI/dV curves, no alternative explanation could be found. Thus,
this shoulder may indeed be a feature generated by the DOS of CCFA.

However, before a certain identification is possible, it would be helpful if

calculations including the effect of the B2 disorder were available.
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Figure 6.10: Estimated spin polarisation for CoaCr;_,Fe, Al for the cases X=1/2 and X=1/4
from calculations by Fecher [142]. The arrows indicate the structure which is tentatively pos-
tulated as origin of the shoulder in the TMR(Vgiag) curves.
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Figure 6.11: IET spectra measured at 4 K for a Fe/CosCrg gFeg.4Al/Al;03/Co junction. The
Co9Crg gFeg 4 Al electrode was annealed at 550°C for 5 min. The nominal barrier thickness is
3nm and the oxidation took place in an Ar-Os mixture. The sharp peaks at 16 mV are due
to inelastic electron-magnon scattering processes during the tunneling process. The structure
at ~220mV (solid arrow) is related to the Co counter electrode feature observed in the dI/dV

measurements. An additional overlapping structure (dashed arrow) is also observed.

6.3 IET measurements

The measurement of the d?I/dV? (Vgag) curve, also called inelastic electron tun-
neling (IET) spectrum in the literature, provides additional information regarding
processes occurring at the interfaces FM /barrier. More precisely, as the name in-
dicates, the IET spectra contain information about inelastic scattering processes
implicating electron-phonon or electron-magnon interactions. Pioneering analysis
of IET spectra in MTJ’s were performed by Moodera et al. in Co/Aly,O3/NiFe
junctions [23, 137].

Equivalently to the differential conductivity, two methods can be used to
determine the d*I/dV? (Vpias) curves. A differentiation of the dI/dV curves or

a direct measurement. The first method has the advantage that no additional
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measurement is needed. However, the last method results in spectra with reduced
experimental noise. In this work, both methods were used.

Equation 6.1 shows that the measurement of the amplitude of the second
harmonic with a frequency 2w is directly proportional to d?I/dV?2.

In fig.6.11 an IET spectrum measured at 4 K is shown. This spectrum cor-
responds to a junction with a CosCrggFeg4Al electrode deposited on a Fe buffer
layer and annealed at 550°C for 5min. The nominal barrier thickness is 3nm.
The TMR ratio for this junction is 40.2%. Two large sharp peaks are observed
symmetrically around zero bias at a voltage ~16 mV. An additional wide struc-
ture, indicated by the solid arrow, is observed at ~220mV. Furthermore, the
sharp peaks at small voltages show a shoulder (dashed arrow) indicating an ad-
ditional overlapping structure.

The sharp peaks at low voltages are related with the zero bias anomaly and
have been attributed to inelastic magnon scattering [23, 46, 137, 134, 146] The
theoretical description of magnons introduces a wavelength cutoff to avoid a di-
vergence in the magnonic density of states at low energies [133]. This cutoff
energy has a physical justification. It represents anisotropy effects and finite co-
herence length due to grain boundaries. There is additionally a maximal magnon
energy Fj; which is related with the Curie temperature of the ferromagnet and
the spin S of the localized d electrons Eyy = 3kpTc/(2S + 1). This energy lies
typically below 200 meV and explains why the zero bias anomaly and the sharp
peaks in the IET spectra appear at lower voltages.

Nevertheless, as pointed out by Schmalhorst et al. [46] or Han et al. [147], the
position of the sharp peaks is not identical to the gap in the magnonic density of
states but to the energy with maximum probability for magnon excitations Ejy;p.
Some authors reported a change in the position of these peaks from the parallel to
the antiparallel configuration [147]. Following their interpretation, this change is
related to an asymmetry of Ej;p with respect to the magnetic configuration of the
junction. In their opinion, also the wavelength cutoff should change. However,
other authors did not observe any asymmetry [46].

In fig.6.12 (top), a comparison of the IET spectra for the parallel and an-
tiparallel configurations of the same junction as shown in fig.6.11 is presented.
In both cases the peaks are situated at the same voltage. On the other hand, the
wide structure situated at ~220mV is slightly weaker for the antiparallel config-
uration. We believe that this structure is related to the wide feature observed in
the dI/dV(Vpas) curves, see fig. 6.4 and therefore is related to the Co counter
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Figure 6.12: Top: Comparison of the IET spectra for the parallel and the antiparallel mag-
netization configuration. Bottom: IET spectra for the same junction measured at different
temperatures. The broadening and the voltage shift of the peaks at low voltages are due to
thermal smearing and to an increase of the low energy wavelength cutoff for magnons with
increasing temperature. The structure at ~220mV is only modified by thermal smearing. For
comparison, the different curves are normalized to the value at +500mV. The nominal barrier

thickness is 3 nm.
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electrode.

The bottom panel in fig.6.12 shows the IET spectra for the same junction
measured at different temperatures for the parallel configuration. All the struc-
tures becomes less pronounced with increasing temperature. However, there are
certain differences between the behavior of the peaks at low voltages and the
feature at 220 mV. In the latter case, only a reduction of the height is observed,
with no change in the width or voltage. On the contrary, the height change of
the peaks at low voltages is accompanied by a shift to higher energies with in-
creasing temperature and a widening of the peak. This behavior was attributed
to thermal smearing and to an increase of the low energy wavelength cutoff for
magnons with increasing temperature [133, 148].

The identification of the overlapping structure indicated by the dashed arrow
in fig. 6.11 is also possible. Since the large magnon peaks at 16 mV are symmetric
respect to Vpias=0, the subtraction of the negative bias side from the positive
eliminates their contribution. In this way, the overlapping peak is visible. The
results of this procedure for different temperatures is plotted in fig. 6.13. In order
to be able to compare the curves, they have been normalized to the value at
+500mV. The curves are also displaced along the Y-axis for clarity.

A peak around 83 mV is observed. The peak intensity reduces with increasing
temperature and it is almost lost at room temperature. Han et al. [146] stud-
ied the IET spectra for Aly_,Co,/Al;_,Co,-oxide/Al junctions and observed a
peak with a x-dependent energy. This peak is identified as a phonon since it
is still visible for x=0, i.e. Al/Aly03/Al junctions. The phonon peak for large
Co concentrations (x=0.75) is situated at 84 mV and corresponds to an Al-O-Co
strechting mode. This peak is slightly asymmetric with respect to the bias volt-
age and it is situated at 75mV for the opposite voltage sign. We believe that the
peak observed in our spectra has the same origin.

Due to this origin, changes of the interfaces properties by changing the oxida-
tion conditions may influence its position. Unfortunately, only dI/dV data sets
are available for samples series with different oxidation times. The differentiation
of this data to obtain the IET spectrum result in an increased noise in comparison
with a direct measurement. This is problematic in order to observe the behavior
of the phonon structure at 85 mV since additionally a subtraction is needed.

Fig. 6.14 shows the subtraction of the negative bias voltage side from the pos-
itive bias voltage side of the IET spectra for junctions with different oxidation

times. The nominal thickness of the barrier of all these samples is 2nm. Please
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Figure 6.13: Subtraction of the negative bias voltage side from the positive bias voltage
side of the IET spectra for different temperatures. The overlapping structure observed in the
IET spectra (fig. 6.11) is now visible as a peak centered at ~85mV. This peak is tentatively
identified as a phonon generated at the interface barrier/electrode (see text for explanation).
The CosCrg gFeg.4Al electrode was annealed at 550 °C for 5 min. The nominal barrier thickness
is 3nm. The TMR ratio for this sample is 40.2%.

note that the barrier thickness for this series is different to the samples presented
up to now in this section. This makes these samples more vulnerable to overox-
idation. The behavior of the TMR ratio for this kind of samples was shown in
fig. 5.9.

Though the increased noise level, a certain tendency is recognized. The
phonon peak is situated at ~85mV for oxidation times of 30 and 45s, this is
the same position as in fig.6.13. This position is marked with a dashed line.
With increasing oxidation time the peak shifts to lower voltages, 75 mV for 60s
and roughly 70mV for 75s. For oxidation times of 90s, the peak is extremely

weak and its position can not be determined.

An interesting fact should be pointed out. As shown in fig.5.9, for small

oxidation times the TMR ratio approximates to 40% and falls with increasing
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Figure 6.14: Difference of the negative bias voltage side from the positive bias voltage side of
the IET spectra at 4 K for samples with different oxidation times. The dashed line is a guide
to the eye and indicates Vpiags = 85mV. The increased noise level is a consequence of the
non-direct measurement of d2I/dV2. The peak position shifts slightly toward lower voltages
with increasing oxidation times. For oxidation times of 90s this tendency can not be confirmed
due to the small size of the peak. The CoyCrg gFeg.4Al electrode was annealed at 550°C for 5
min. The nominal barrier thickness is 2 nm.

oxidation time. When the TMR ratio approaches the same values as for samples
with 3nm barrier thickness, the phonon peak approaches also the same position.
This can be an indication that under these conditions the interfaces of both kind
of samples are similar.

As a conclusion, although there are difficulties concerning the interpretation
of the IET measurements, important information about the interfaces can be
gained from them. In future a more systematic study of these spectra should
be done. In particular, information about the magnon properties (magnonic gap
and Eyp) of the CCFA /barrier interface can be gained by the measurement of
IET spectra of CCFA/Al;O3/Al junctions. In this way, the interference of the

Co electrode is eliminated.
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Summary

The present thesis studies the crystalline and magnetic properties of thin films
of the theoretically predicted half metal CoyCrggFeg4Al. The films were imple-
mented in magnetic tunneling junctions (MTJ’s) and the tunneling magnetore-
sistance effect (TMR) was investigated. A maximal spin polarisation of 54% at
4 K was measured in tunneling junctions with epitaxial Co,CrggFeg4Al electrodes
and a correlation between crystalline properties, surface ordering and TMR ratios
was found.

Epitaxial thin films of the alloy CosCrggFeg4Al with two alternative growth
orientations were deposited. Metallic Cr and Fe buffer layers were used to induce
(100)-oriented epitaxial growth at low temperatures (100°C) on MgO(100) sub-
strates. An annealing step at temperatures above 500°C is used to improve the
crystalline properties of the thin films. Alternatively, epitaxial thin films were
obtained on MgAl,O,4 (100) and Al,O3 (1120) substrates without buffer layers.
In this case an annealing step is needed to generate crystalline order. On Al,O3
substrates (110) orientation is achieved.

The films possess the B2 structure, i.e. considering the Heusler structure the
Cr-Fe and Al positions are completely mixed. Band structure calculations show
that this type of disorder is not detrimental to the spin polarisation.

The film surfaces are smooth as proved by in situ STM imaging which makes
them suitable to deposit an insulating barrier for tunneling experiments. Since
tunneling is very sensitive to the barrier/electrode interfaces, the existence of
crystalline order at the film surfaces is of crucial importance. For samples de-
posited on buffers layers, surface crystalline order is higher for annealed films as
observed by RHEED. In the case of samples deposited without buffer layer, no
RHEED reflections are observed for as deposited films. In this case, the annealing
step is needed to induce crystalline order at the surface.

The CoyCrggFeg4Al films were used as bottom electrodes of MTJ’s. Co was

used as counter electrode and Al,O3 was chosen as barrier material. The use of

117



118 CHAPTER 6. TUNNELING SPECTROSCOPY

an amorphous barrier allows the applicability of the Julliere model. The junc-
tions were exchange-biased with CoO. The deposited MTJ stacks were patterned
lithographically in MESA structures.

A maximum TMR value of 41% was measured. From this value, a Julliere
spin polarisation of 54% at 4K is determined for Co,CrggFeg4Al. This value
is similar to the 52% measured by Inomata et al. [95] in tunneling experiments.
At 77K the spin polarisation amounts to 48%. Investigating our films by spin
resolved photoemission, Cinchetti et al. measured a spin polarisation of 45% at
room temperature [117].

A strong dependence of the TMR values on the annealing temperature of the
bottom CoyCrggFeg4Al electrode was found. For annealing temperatures over
500°C, an abrupt increase of the TMR ratio is observed reaching a maximum
at 550 °C. Further increase of the annealing temperature results in a drop of the
TMR ratio.

The increase of the TMR ratio with the annealing temperature could be cor-
related with an improvement of the surface properties as observed by RHEED.
However, the drop of the TMR at higher annealing temperatures could not be
correlated with RHEED. An STM study ruled out the possibility of an increased
roughness to explain the decrease. X-ray absorption spectroscopy (XAS) pro-
vides evidence for a possible Fe enrichment of the CoyCrggFeg4Al electrode due
to annealing. This effect could be a result of interdiffusion from the Fe buffer
layer used in these experiments.

A surface tailoring experiment was performed to prove the hypothesis of the
Fe enrichment as reason for the TMR decrease at annealing temperatures above
550°C. Very thin Cr layers (1-5 A) were deposited on top of the CoyCrggFeg Al
electrode before annealing. The results seems to support the hypothesis of a
Fe enrichment. Independent of the conclusions of this study, surface tailoring
experiments open a wide range of possibilities to modify the properties of the
interfaces and eventually increase the TMR values.

Spectroscopic measurements were performed on the MTJ’s presented in the
present work. Structures in the dI/dV (Vpjas) curves are attributed to electron-
magnon scattering at the interfaces and to effects of the Co counter electrode.
On the other hand, an asymmetric shoulder observed in the TMR, (Vgag) curves
is tentatively correlated with band structure calculations. Additionally, a sign
change of the TMR is observed at voltages ~500mV.

With the measurement of inelastic electron tunneling (IET) spectra, informa-
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tion about processes occurring at the interfaces electrode/barrier can be gained.
The measurements in our junctions show sharp peaks at low voltages (16 mV)
attributed mainly to electron-magnon inelastic scattering. An additional peak at
85mV is tentatively attributed to an Al-O-Co phonon stretching mode.

Within this work, reliable experimental techniques to produce epitaxial CCFA
thin films and to implement them in MTJ’s were developed resulting in repro-
ducible results. In the future, other electrode combinations with different counter
electrodes should be investigated. Ferromagnetic counter electrodes with higher
spin polarisation than Co should be used to increase the size of the TMR effect.
Al electrodes could be used to measure IET spectra. In this way, the contri-
bution of the Co electrode is eliminated and information about the magnonic
density of states in CosCrggFeg4Al can be obtained. Additionally, with Al in the
superconducting regime (Meservey-Tedrow junctions), an alternative way to esti-
mate the spin polarisation is available. Concerning the exchange bias properties,
FeMn could substitute CoO allowing the measurement of TMR ratio at increased

temperatures.
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Appendix A

A.1 Patterning of CCFA/AlOy/Co/CoO/Pt

mesa structures

Steps in italic are not strictly necessary, but highly recommendable to achieve

high reproducibility and defect-free structures.

1. Sample cleaning on the spinner, with isopropanol for 15 s at 300 rpm and
then 15 s at 4000 rpm for drying. This will remove particles from silver

clue and dust that may be on the film.

2. Cover with positive photoresist ma-P 1215 (micro resist technology GmbH),
drop on at 300 rpm 10 s and then 30 s at 3000 rpm.

3. 90 s on the hot plate at 100°C .
4. 40 s UV exposure, mesa mask in contact.

5. Develop with maD-331, drop on without rotation and wait 45 s. Rinse with
water for 15 s, 300 rpm and then 15 s, 4000 rpm for drying.

6. Ton etching for 16 min for a 50 nm thick counter electrode, rotating the

sample (15-20 rpm) tilted 70° with respect to incident beam.

7. Sample cleaning with aceton in a ultrasonic bath, 1 min. The presence of
particles must be checked with the microscope. If necessary repeat this step

until the sample is free of particles.

8. After cleaning in the ultrasonic bath, wash the sample with acetone on the

spinner for 15 s, 300 rpm and then dry for 15 s, 4000 rpm.
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10.

11.

12.

13.

APPENDIX A.

Cover with photoresist SU-8-2002. Then spin 5 s at 500 rpm (acceleration
factor 9) and 30 s at 3000 rpm.

Softbake of the resist on the hot plate. The sample must be heated up to
95°C in 8 min. Hold for 1.5 min and then take it from the plate and let it

cool down.
40 s UV exposure, window mask in contact.

Post-exposure bake on the hot plate. The sample must be heated up to
95°C in 6 min. Hold for 1 min and then take it from the plate and let it

cool down.

Develop with XPSU-8, 75 s. Rinse with isopropanol, 15 s, 300 rpm and dry
for 15 s at 4000 rpm.
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A.2 Sputtering and oxidation parameters

For magnetron sputtering, the configuration of the magnetic fields around the
target has an influence on the deposition rate. This configuration depends on
the thickness of the target and if the target is composed of several peaces or
not. During this work, several different CoyCrgg¢Feq4Al targets were used and
the deposition rate varied from one to the other. I present here the parameters
for the last target (~3 mm thick, one piece).

Except for Al, the deposition rate was measured by the determination of the
film thickness by x-ray reflectometry for several samples. This was not possible
for Al because no Laue oscillations were observed. For this metall, an AFM was
used to measure the step height at the edge of scratches on several thin films.
Additionally, results from steps patterned by litography were consistents with the

scratch methode.

For CoyCrogFegsAl : par = 1.5 2mbar
I =50mA
Va310V

Dep. rate = 28 nm/min

For Al: par = 2.0-10~2 mbar
I =20mA
Va235V

Dep. rate = 4nm/min

For Co: par = 1.8:1072 mbar
I =25mA
Va230V

Dep. rate = 3.6 nm/min

For Pt: par = 2.0-1072 mbar
I =40mA
Va7V

Dep.rate = 22 nm/min

For oxidation with pure oxygen Po, = 0.2mbar is used, for mixture Ar-O,,

the chamber is filled with Ar until P,, = 0.1 mbar and then with oxygen until
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reaching 0.2 mbar. The current in the oxidation cathode is 10 mA. The voltage
is over 500 V. During the operation the voltage is not stable and slowly drifts

towards higher values.
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